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Abstract

The goals of this research have been to find and demonstrate design

procedures for reducing the mechanical ringing of piezoelectric disc

transducers under impulsive electrical excitation. The transducer has

been treated as a three—port device: the two mechanical ports and one

electrical port. Improvements to the transient response have been

sought through the determination of appropriate matching networks at the

ports. The optimization of specified time domain characteristics is

accomplished by performing a gradient search over a parameter space

defining the port matching configurations. It is assumed that only one

mechanical port radiates into the acoustic medium. The transducer and

mechanical matching sections are modeled using the Mason equivalent

circuit and the distributed parameter wave guide model, respectively.

Transformation to the time domain is achieved using a numerical

approximation to the Laplace transform.

The primary criterion of the optimization procedure is the

minimization of face velocity ring—down peaks under the constraint of

limiting loss from the peak velocity. Back—side mechanical matching

methods are restricted to anechoic , resistive backings. Front—side

matching is considered for one— , two— , and three—cascaded matching

sections between the disc and acoustic load . Conventional inductance—

tuned matching at the electrical port is demonstrated to be detrimental

to the goal of reducing transient ringing .

The findings indicate a natural division of the optimization

process. Lightly backed and heavily backed transducers define the

categories, each with an appropriate set of design criteria. Within

each category, the new time domain optimization procedures described in

I 
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iv

this research result in improved transient performance over prev iously

reported techniques based on frequency domain analysis. The procedures

also demonstrate the utility of suboptimal solutions when the variable

parameters are constrained. Those findings offer considerable design

fl~ cibilty in situations where material availability is limited.

Experimental demonstrations are prov ided to verify the theoretical

design improvements.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

Ultrasonic flaw detection and medical ultrasonics are two

appl ications of piezoelectric transducers where transient response

performance is critical. Certain characteristics are required for

maximizing spatial resolution during conventional echo imag ing. The

impulse response of a transducer can be characterized by the shape ,

height , and duration of its major pulse and subsequent ring—down . It is

generally desired to maximize the peak level of the face veloci ty  and to

minimize the width of the peak pulse and the energy in the ring—down.

In situations where signal attenuation may be significant , penetration

depth is improved by maximizing the peak acoustical power , at least as

long as load materials are relatively noadispersive.

With respect to a piezoelectric transducer driven by an electrical

impulse, the requirement of minimizing the acoustical ring—down energy

presents an inherent difficulty. For a band—limited excitation , it has

been shown (18] that the necessary and sufficient conditions for

minimizing distortion are that the frequency domain response have:

1. constant amplitude over the band and

2. linear phase over the band .

An impulse—like excitation signal represents a very wide spectrum

waveform. Piezoelectric thickness—expander transducers, on the other

hand , have zeros of transmission at d.c. and at even harmonics of their

fundamental operating frequency [21]. It is therefore impossible to

have wide transducer pass bands compared to the bandwidth of a pulse—
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like excitation. Because of this inherent pass band limitation , a

transducer having a constant amplitude and linear phase response near

its fundamental operating frequency can still be expected to exhibit

considerable distortion with respect to an impulsive excitation. In

echo imaging, reduction of ring—down energy is especially important.

For a generalized wide—band excitation, Sittig [46] has shown that the

specific distortion of ring down is closely linked to the linearity of

the pass band phase.

Unloaded piezoceramic disc transducers typically have a resonance Q

greater than 50 (21]. This research has specifically examined

piezoceramic devices although the modeling and procedures are, in

general, applicable to piezoelectric trnasducers. Even when loaded by

water, an overall Q of 10 to 15 is not uncommon, due to the high

mismatch between the specific acoustic impedances of water and ceramic.

Therefore, without mechanical or electrical matching , the impulse

response of a piezoelectric transducer rings for several cycles at the

half—wave resonance frequency. This dissertation examines various

methods for improving the time domain response of those transducers by

use of mechanical and electrical matching . A procedure is developed for

optimizing a few of several possible impulse response characteristics.

Numerous authors have examined the problem of providing matching

schemes at the two mechanical ports and at the electrical port. Their

approaches to increasing the transducer bandwidth include:

1. quarter—wave matching layers between the transducer and the

acoustic load ,

2. iossy loading on the back, i.e., the nonradiating ,

mechanical port, and

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _
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3. lumped electrical components between the generator and

transducer .

These techniques for a piezoceramic transducer are illustrated in Figure

1.1 and are discussed in detail in Chapter II. Previously, these

schemes have been implemented in the frequency domain with the aim of

improving the impulse response. For the first time, procedures

developed in this dissertation base the design directly upon optimizing

certain impulse response characteristics. In addition , the consequences

and interdependencies of simultaneously matching at the available ports

are examined.

1.2 Statement of Objectives

The objectives of this work are to devise and contrast procedures

for improving the impulse response of piezoelectric disc transducers.

Since it is not possible to design such a transducer with no ringing in

the impulse response, compromises in the response quality must be

tolerated. These compromises are generally based on engineering

judgment and depend upon the specific application of the transducer.

Typical optimization goals include the following:

1. maximizing the ratio of peak power to peak ring—down power

and

2. maximizing the energy delivered to the acoustic load within

a specified time.

In addition to single objective goals as stated above, parameters can be

optimized under various constraints and restrictions. It should be

clear that there are several other possibilities for objective

functions. This work examines both of those listed above, but directs 

•—‘..•••
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its primary effort toward the first goal.

An alternativ e design goal , which might hav e been posed , is to

design for an impulse response with specified levels and restrictions on

the waveform . The chief drawback of that alternativ e is that physically

realizable goals are difficult to establish a priori. It therefore

seems more practical to optimize and improve the characteristics which

are of specific interest.

Since the ultimate design goal is to improve the pulse—like quality

of the face velocity, use of an impulsive excitation may be

unnecessarily restrictive. The use of other excitations is suggested in

Chapter IV. However , to offer a standardized comparison between

different electromechanical systems, this study is limited to impulsive

excitations, which is also the most common means of transducer driv e in

both the medical science and nondestructive evaluation.

It is a final objective of this work to check both the validity and

utility of the theoretical procedures by means of appropriate

experiments. To this end , a few lead metaniobate disc transducers have

• been constructed and tested. The experimental finding s are reported in

Chapter VI. Various mechanical matching schemes are utilized with the

discs to demonstrate the possible improvements to the transient

response. These experimental discs are half—wave resonant in the low

megahertz range. This range is a convenient one from the materials cost

point of view and requires modest—sized test facilities and fixtures.

At those frequencies, however, special considerations must be given to

the electrodes and the thickness of the bonds. The importance of

includ ing these factors in the design process is also demonstrated in

~~~~ later sections. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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— A



6

1.3 General Approach and Procedures

1.3.1 Approach. The impulse response is to be improved by

adjustments made at the electrical or mechanical ports. At the

front—side of the disc , as many as three matching sections are anal yzed .

Later discussions detail the theoretical and practical r’~strict1ons of

using more than three sections. Both the impedance and leng th of each

section can be considered as variables. Resistive backing s covering the

range from air loading through the mechanically matched condition are

included . The possible com binations of mechanical matching are

• presented in a way to cover most of the cases of practical interest.

Electrical matching networks with low—pass and band—pass characteristics

have also been examined . There are special difficulties associated with

electrical matching and these are mentioned in the final section of this

chapter.

As described by others [11 ,19,30,35,473, quarter—wave matching

layers between the ceramic and acoustic load are known means of

broad—banding the frequency response and hence of improving the

transient response. Although these procedures do not optimize the

impulse response, they do offer a significant improvement and are

described in later chapters. These early finding s motivated the

expectation that an appropriate optimization of the front—side matching

sections in the time domain can offer still greater improvements to the

transient response. It is assumed that the number of matching sections

as well as the acoustic impedance and length of each section are

adjustable. Cases are presented where some of these parameters are

fixed. A practical application is a situation where the designer has

only a limited selection of materials available for the matching layers.
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With that constraint , only the number of sections and layer lengths are

available for optimization.

The options for front—side matching are first examined for an air

backed transducer , and then reexamined for a back loaded transducer.

Back—side loading is modeled as being purely resistive and is selectable

by the designer. As with the air backed case, it is meaningful to

examine a number of different situations separately. Any of the

aforementioned impedances or lengths can be considered constrained or

fixed. A few of the most practical situations are examined in Chapter

V. For both the backed and nonbacked cases, the sensitivity to

parameter perturbation is also examined.

1.3.2 Procedures. The Mason equivalent circuit [3] and the

classical distributed parameter wave guide model are used for analyzing

the piezoelectric element and mechanical matching sections,

respectively. Lumped elements are used to model the electrical matching

— 
network. Use of the Mason circuit implies that plane wave propagation

Is assumed . In the experimental work, the diameters of the disc

transducers are selected to be several times their thicknesses so that

the radial components will be small compared to the plane wave

component. The Mason model also assumes that the disc is laterally

fixed at its edges. Although this requirement may be difficult to

achieve in general, a large diameter—to—thickness ratio means that

lateral motion at the edges will be secondary even though the disc is

not physically constrained . The model parameters are developed for

poling and motion in the thickness direction. The mathematical

development linking the piezoelectric equations and boundary conditions

to the equivalent circuit are developed fully in Chapter III.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
_ _ _ _
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To emphasize energy transfer as a result of optimized matching

schemes, the transducer and matching sections are modeled as lossless

materials. The layers are thin and any losses are assumed small. In

any case, for the broad—band systems under consideration , small losses

do not seriously affect the shape of the impulse response as

demonstrated in Chapter V. To further simplify the demonstration and

understanding of the design procedure, the epoxy bonds and silver

electrodes are not included in the model. However, these factors , as

well as ceramic losses, are considered In the sections of this work

which describe transducers that have been designed , buil t, and tested

according to the procedures reported herein.

By virtue of its distributed elements, the Mason circuit represents

a piezoelectric transducer throughout a multiplicity of resonances.

Applying the usual transformation from real frequencies to the complex

plane allows time responses to be computed from Laplace transform

calculus. Due to the complexity of the inversion, numerical

approximations must be employed in lieu of closed form solutions. Two

different approximations to the Laplace inversion are examined in this

research: the z—form and Pade methods. A third inversion technique,

the fast Fourier transform, which approximates the analog response by

its digital representation, is also considered. Armed with a suitable

inversion method and optimization goal, a gradient search adjusts the

variable parameters toward that optimum solution. A computer program

has been written to perform the circuit analysis, the Laplace inversion,

and the gradient search.

-- - -- .- - - -.-
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1.4 Nature of the Findin&s

The design procedures developed in this research are sufficientl y

general to accommodate a variety of physical and acoustical situations.

It is presumed that the basic transducer app lications and objectives are

known. From that starting point , a piezoelectric material , a

fundamental resonance frequency, and a typ ical load impedance must be

selected . The characteristic impedance of the electric generator must

also be known. Having established these fundamentals , the specifics of

the design configuration can be determined. For demonstrating the

numerical procedures and experimental verification , lead metaniobate

discs, half wave resonant at 3.5 MHz, are chosen to drive a water load .

Acoustically , that situation represents a mismatch of approximately

fifteen to one. The generator is assumed to have a resistive input

impedance of 50 ohms.

— 
Depending upon the application , two very broad categories of

transducer systems have been identified :

1. air backed or lightly damped , ZB
< 0.25 and

2. heavily damped , ZB
> 0.75,

where Z
B is the specific acoustic impedance of the backing normalized

with respect to that of the ceramic. Although the above ranges are

meant as guidelines, there is a definite midrange. The heavily damped

systems are used when higher losses can be tolerated for improved

impulse response performance. In Chapter V, it is shown that certain

optimization goals preclude designs using midranged values. Another

reason for distinguishing between the above two categories relates to

the optimization procedure. With lightly backed transducers, there is

little interaction between optimizing the backing and the front—side 

• •~~~~~~ _ - .~~ —, , • —•---— •-—-,- - —
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match. This is not so for the heavily backed cases. Due to the

differences in performance and optimization , these categories are

treated separately throughout this dissertation.

Within each category, numerous designs and results are presented in

Chapter V. The designs in that chapter are limited to optimizing

mechanical matching with no electrical compensation. Comparisons are

presented between previously established designs and those offered by

the time domain optimization developed in this work. The emphasis of

optimization is to increase the ratio of peak power to peak ring—down

power. In general , it is found that the application of this time donate

optimization technique results in transducer designs with performance

measures surpassing those of the best designs previously reported . A

second important finding is the considerable design flexibility afforded

by optimization. If a desired backing or front—side impedance is not

available, other design adjustments can often offset much of the

deterioration in the impulse response. In Chapter VI, the experimental

findings confirm that length adjustments to the front—side sections do

effect improvements to the time response.

The results in Chapter IV demonstrate that lumped electrical

elements between the generator and transducer can increase the total

energy del ivered to the acoustic load . The increase (s achieved at the

expens’~ of extending the duration of significant ring—down. Since a

suitable resolution to this conflict has not been found , it is

conjectured that the usual types of matching networks may not be

appropriate for the present application and seems to be consistent with

the find ings of other investigators.
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CHAPTER II

REVIEW OF THE LITERATURE

2.1 Introduction

Remarks in Chapter I have indicated the desirability of

broad—banding the frequency response to effect improvements in the t ime

domain. A review of the relevant frequency domain design procedures is

therefore in order. The important time domain procedures are also

reviewed.

The question of obtaining a broad—band match between a resistive

generator and an arbitrary load is certainly not a new one. The first

significant contribution in analyzing this problem has been made by Bode

[4]. Bode’s development provides a fundamental theoretical limitation

on the reflection coefficient for a load consisting of a shunt resistor

— 
and capacitor. Fano [14] has generalized Bode’s solution to include

arbitrary loads by developing a set of integral equations specifying

relations between the bandwidth and reflection coefficient. Subsequent

studies have greatly expanded and simplified the procedures of Bode and

Fano. To the knowledge of this author, none of the techniques are

directly applicable to the generalized problem of broad—banding a

piezoeleetric disc with the intent of achieving specific improvements to

the transient response.

With certain approximations or restrictions, the problem of

broad—banding the transducer can be readily examined by some of those

techniques. As an example, an air—backed transducer with lossless

mechanical sections can be treated as a lossless two—port. Under those

restrictions, procedures have been developed for synthesizing an

__________ 
~~~--.--~-.-- 
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electrical matching network between the generator and the transducer

(8,22]. Similarly, a mechanical network between the transducer and the

acoustical load can be devised if it is recognized that only certain

topologies can be realized with mechanical elements. Another technique

assumes that the electromechanical coupling is weak. According ly, the

transducer and mechanical matching sections can be analyzed as a series

of wave guide sections.

The above representations, as well as the transducer as a three—

port , have been discussed by numerous authors. This chapter examines

the important features of their approaches. The objectives of this

literature review are twofold. It allows for meaningful comparison

between previous procedures and the new methods presented herein.

Secondly, it demonstrates the rationale for the selection of one

approach over the possible alternatives.

2.2 Frequency Domain Des~gn of Front—Side Matching Sections

The physical structure of a transducer with matching sections

renders certain aspects of two—port matching theory appropriate. Since

the transducer and matching sections constitute a mechanical delay line,

the system is analogous to electrical transmission line segments. By

neglecting piezoelectric effects and electromechanical coupling, the

mechanical delay line of the transducer is precisely equivalent to the

transmission line networks discussed by Collin (10], Cohn 19],and Young

[50,51). With respect to impedance matching , these piezoelectric

effects are weak. Other authors have successfully applied classical

transmission line theory to shaping the pass band response of

piezoceramic transducers [11, 19,20).

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The transmission line design procedure developed by Collin is to

prov ide an optimum matching network between a resistive load and

resistive generator . The resulting design yields a Tchebychev type

amplitud e response in the pass band : for a fixed number of sections ,

the bandwidth is maximized for a given pass band voltage stand ing wave

ratio (VSWR). However, this does not insure that any aspect of the

impulse response has been optimized. In Chapter V, it is shown that

Collin’s results can be used to give approximate Tchebychev pass band

results for piezoceramic transducers. Moreover, the pass band phase is

shown to exhibit good linearity. Since these frequency domain

characterisics do possess some of the intuitively desired properties for

achieving a good impulse response, the Collie’s design is a likely

starting point in many of our optimization procedures. There are two

additional reasons for considering his solution as a good starting

point. The first is for comparative reasons. In some applications, the

Tchebychev solution may be the desired one. The second is that the

technique is well documented and has been tabulated by Cohn [9] and

Young (50]. With its role of providing a starting point in the

optimization procedure, the importance of the Tchebychev transformer Is

of special interest and its development is briefly reviewed.

One parameter which is often discussed in matching theory is the

power loss factor ; it is also utilized throughout this thesis. The

power loss factor is defined as follows:

power delivered to load
P — . (2.1)
L total power available from generator

In terms of the reflection coefficient , r, as seen by the generator , the

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ••.
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power loss factor is equivalently expressed by:

- I — r2 . ( 2 . 2 )

From filter design theory, Collie rationalizes that P~~ can be expressed

as:

— 1 + a~T
2 (a ’(cos(kl)] , (2.3)

where T is the Tchebychev polynomial of degree n, a1 is called the pass

band tolerance, a2 is a scale factor, k is the usual wave number and 1

is the length of the matching sections. The Tchebychev polynomials are

selected since they have the desirable properties of:

1. oscillating between ±1 for arguments within that range and

2. all n zeros occurring within that same range.

The scale factor therefore determines the bandwid th over which the above

two conditions are met. The pass band tolerance sets the amount of

ripple allowed within the band . The “quarter—wave” nature of the design

is evident from the symmetry condition occurring for cos(kl) 0 (at

kl~~/2) at the center of the pass band.

At d.c., where cos(kl) 1, P~
’ is equivalent to the value with no

matching sections. Alternatively, this condition is achieved for

sections with zero length. Denoting that d.c. value as P~
1(0), Equation

(2.3) can be rewritten as:

P~~(0) — 1 +a~T
2(1/a2

) . ( 2 . 4 )
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From Equation (2.4) it is seen that specifying either the scale factor

or pass band tolerance fixes the other. For a given load /generator

impedance ratio [equivalently, fix ing P~~ (0 ) ] ,  an ~th order polynomial

is uniquely determined by fixing n additional points. Collin further

demonstrates that those n points are uniquely defined by the requirement

of maximizing bandwid th for a given VSW R, or by the converse. For the

situation where adjacent impedance steps are modest, Collin has

developed a set of equations relating a1, a2, and the impedances of the

n matching sections (for n<4). Cohn (9] and Young [50] have tabulated

these design equations.

A comprehensive work by Young [51] expands the results of Collie.

In addition to considering half—wave band—pass filters, Young provides

formulae and tables covering very large load—to—source impedance ratios.

However, like Collie, he is solely concerned with shaping the amplitude

of the frequency domain response. Riblet (43] adds theoretical

credibility to Collin’s work by proving that the quarter—wav e Tchebychev

and maximally flat transformers are realizable with nonnegative, real

characteristic impedances. Riblet also develops a true synthesis

procedure rather than depending upon Collin’s procedure of undetermined

coefficients. The procedure starts with the functional form of the

reflection coefficient and proceeds to relate the coefficients of the

input impedance function to the unknown characteristic impedances.

Gleedhill and Issa [17] have simplified Riblet’s synthesis procedure and

have provided design formulae for commensurate quarter—wave section .

Kinariwala (27] has generalized these results by the development of a

synthesis procedure for determining the impedances and lengths of a

stepped , noncommensurate transmission line transformer given a val id 

. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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impedance function.

Recently, Desilets , Fraser , and Kino [11] have described a method

for improving the shape of the frequency domain amplitude response . The

design yields a more Gaussian—like response than the Tchebychev

transformer. The authors have therefore concluded that this design will

improve the impulse response . Their approach is to use the Krimholtz ,

Leedom , and Mattaie (KIM) model for piezoceramic transducers. The KIM

transmission line model is derived via a series of network

transformations from the Mason equivalent circuit. The principal

advantage of the transformation is that both the transducer and matching

sections ar~ more readily viewed as transmission lines. Their design

innovation is to calculate an effective impedance as seen at the center

of the ceramic. The front half of the ceramic is then considered to be

the first quarter—wave section of a matching transformer . The authors

present a table for calculating the impedance values for matching

sections up to a three- ~ectioo transformer (two matching sections plus

the ceramic) based upon the following binomial transformer design:

— n n  ZLln j—- 2 C
1
ln j— (2.5)

i+1 in

where Z
L 

is the termina ting load impedance , z~ is the ~th quarter—wave

matching section (with i—i adjacent to Z
L

) ,  Z~~ is the effective

impedance at the center , and C~ is the binomial coefficient for n

matchi ng sections. Unless o therwise noted , impeda nces throughout this

work refer to a component’s mechanica l impedance; i.e., its specific

acoustic impedance multip lied by its area. The authors demonstrate that

their design procedure approximately satisfies the criterion for 

-,• —---• -———-~ 
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optimizing bandwidth and efficiency tradeoffs for light back—side

loading. Their basic criterion is the equalization of the electrical

and the mechanical Qs. No attempt is made at time domain optimization .

Chapter V compares the time and frequency domain results using their

procedure with the results obtained by the optimization techniques

described in this work.

Goll and Auld (20], and Coll(19] have also demonstrated the

effectiveness of mechanical matching sections for broadbanding air

backed piezoceramic transducers. Souquet, Defranould , and Desbois [47]

have expanded those efforts to include the study of more front matching

sections and the use of backing materials. Coil performs the analysis

using the one—dimensional piezoelectric equations. The effective load

impedance, Z f f ~ presented by the mechanical matchings sections and

acoustic load is calculated from the standard transmission line

transformation:

ZL
cos(kl) + jZ1sin(kl)

z — , (2.6)e Z 1cos(kl) + j Z~ sin(kl)

where Z1, k, and 1 refer to the impedance, wave number, and length of a

transformer section; and ZL is the load impedance on the transformer.

These parameters are illustrated in Figure 2.1. By successive

application of Equation (2.6), it is possible to transform the load

impedance through multiple transformers to determine the effective

loading . Their method for selecting the impedances of the quarter—wave

matri~hing sections is to design for a perfect match near resonance. From

classical transmission line theory, this condition is satisfied for the

following condition: 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Z ff 

] 

ZL

2. = length of section

• Z = charac ter istic impedance of sec ti on

ZL 
= load impedance

Zeff = effective input impedance

Figure 2.1. Parameters of a transmission line section 
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z z z z1 3 5 n _ 1 ( 2 . 7 )

where the are the impedances of n matching sections starting from a

load Z
L
. The impedances are all normalized with respect to the

cer amic’s impedance. For a single matching section , Equation (2.7)

fixes the impedance of the matching transformer to be the geometric mean

of the load and source impedances. For more than one matching section ,

the impedances are not uniquely determ ined. Goll has demonstrated the

effectiveness of employing one and two matching sections for a PZT disc

transducer operat ing in a water load having an impedance mismatch of

approximately 25 without the transformer. The theoretical predictions

and experimental results of Goll and Auld show a 40% poss ible bandw id th

with one matching section and 70% bandwidth with two matching sections.

A trial and error type procedure which prov ides good bandwidth and small

pa ss band ripple is used to select the impedances for the two

transformer case. The impedances selected from this procedure

correspond closely to commercially available quartz and lucite.

Moreover, the results show that the pass band phase has good linearity.

Hav ing selected the impedances for the two—layer match , they proceed to

show that it is possible to improv e the symmetry of the frequency

response by small adjustments to lengths of the sections. These length

adjustments tend to make sections quarter—wave at the frequency of

maximum response. No analysis of the time domain response is included

in thei r f indings.

in an earlier work, Kossoff [30] presents results describing

frequency domain effects of back—side loading , front—side matching, and

electrical tuning . The analysis is performed using the Mason equivalent

/

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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ci rcui t  on a PZT7a disc. His f ind ing s show that bandwidth c~in be

considerably improved wi th  the use of back—side  loading on the

t r a n s d u c e r .  However , th i s  increased bandwid th  is at the expense of

increased i n se r t i on  loss. Kossof f  ,ilso d e t a i l s  c e r t a in  advan tages  to

qua r t e r  wave matching low impedance , lossy m a t e r i a l s  to the back of the

ceramic. This type of configuration provides a wider bandwidth with

increased ri pp le than by emp loy ing resist ive back—side  loading which  is

matched to the ceramic at all frequencies. The increased bandwidth and

ri pp le is understood by recal l ing that  the two s i t ua t i ons  are Iden t i ca l

at resonance but tha t  the case with quarter—wave matching provides less

loss o f f—resonance  since the ceramic and back—side load are no longer

matched . In addi t ion to a matching section between the t ransducer  and

backing , Kossoff exam ines the use of f r o n t — s i d e  matching sect ions .  He

• demonstrates that  a single front—side section can provide a bandwidth

improvement comparable to d i rec t  back—side loading with substantially

less insertion loss. Using both a sing le f r o n t — s i d e  matching section

and back—side loading , larg e bandwidths  with reasonable ripple and

insertion loss can be achieved.

The previously cited wo~ks are not intended to be an e x h a u s t i~~e

list of references in quarter—wave matching theory. However , they are

representative of the different research approaches that have been

applied to broad—band piezoceramic transducer design. It is observed

that the literature extensiv ely examines the effects of the lengths and

impedances of the matching sections in the frequency domain. The usual

goal is to broad—band the device with good phase linearity. This type

of frequency domain design has also been examined for piezoceramic disc

receivers [40], acoustic delay lines [1), and cylindrical piezoceramic

_ _ _ _  
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transducers ( 2 ] .  To a t t a i n  speci f ic  impulse response cha rac t e r i s t i c s,

addit ional  cons t ra in ts  must be imposed.

2.3 Frequency Domain Desig n of an Electr ical  Matching Network

As already discussed , it is possible to include an e lec t r ica l

matching network between the generator  and t ransducer .  Two f r e q u e n c y

domain numerical procedures hav e been developed for  opt imizing the

element values for a matching network of f ixed topology. One method ,

developed by Carl in [8] ,  uses tabulated impedance data of the t ransducer

or its model along with an objective such as max imizing minimum pass

band gain.  Another method described by Hjellen et al. [22]  requires

tabulated impedance data of the transducer and an electrical model

providing impedance data.  The object ive of each method is to opt imize

some aspect of the frequency domain response.

Carlin chooses to maximize the minimum pass band gain under the

constraint that the power loss factor is approx imately f la t  over the

pass band . Hjellen et al. adjust the trar’sducer’s frequency response by

improving alig nment with the desired response o f fe red  by the model .

However , these frequency domain methods are not , in general , re l iable

for improving the t ime domain response of a t ransducer .  Since a

p iezoelectric transducer with mechanical matching sections is a

nonminimum phase system , the ampl i tude  response , 
~L’ is not s u f f i c i e n t

to define the phase response uniquely.  Hence , improvements to the time

response cannot be guaranteed .

Kossoff, Goll, and Desilets et al. have also demonstrated the use

of a series or shunt inductor for reducing insertion loss. Although

they cite reductions of insertion loss, Kossoff cautions of possible 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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resonance problems in pulse detection work. Desilets et al. have

ind ica ted  the need fo r  more comp l icated networks when con sider abl e

mechanical matching is provided .

Lakestani , Beboux , and Fleischman [31] have described the des ign  of

a t ransmission line at the e lectr ical  port for  broad—banding  a

p iezoceramic receiving t r ansduce r .  For the simple case of a disc

acoustical ly loaded by i n f in i t e ly long mechanical transmiss ion lines at

each face , the amp l i tudes of the face veloci ty pulse train are readi ly

calculated f rom the re f lec t ion  and t ransmission c o e f f i c i e n t s  between the

ceramic and acoustic media . The re f lec t ion  c o e f f i c i e n t , r , and

transmission c o e f f i c i e n t , T , are calculated by the well—known

expressions:

r = (2.8a)

and

T - z2 
(2.8b)

where a pulse is incident upon the medium of acoustic impedance Z
2 

from

the medium with impedance Z
1
. When performing these calculations , It is

assumed that the piezoelectric coupling can be neglected . The

ind ividual pulses can be summed and Lap lace t ransformed to form an

overall frequency domain transfer function.

The authors approach the problem of broad—banding the transducer by

itaplemeatl.ng a transfer function which is approximately the reciprocal

of the transducer ’s transfe r function. The produc t of these two

functions is then approximately independent of frequency. If the

network of the inverse function can be appended to the transducer , the

.1
_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  _ _.

~
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resulting s t ruc tu re  should hav e a f la t  response over a very broad band .

This concept is theore t ically and experimental ly v e r i f i e d  using a PiT

transducer symmetrically loaded on each face. For the symmetric

configuration , the authors show that a single transmission line circuit

app ropriately coup led to the transducer throug h a t ransis tor  prov ides

the necessary inverse function , up to the second harmonic. For the case

where the acoustic load ing is not symmetric , a second transmission line

must be included in the matching circuit .

2.4 Transient Response Analysis

In theo ry ,  the time domain solution to the piezoelect ric transducer

with mechanical and electrical matching can be found by pe r forming an

inv er se Laplace t ransform on the frequency domain response. However , it

is not generally possible to find a closed form solution to the

inversion problem. For a few special cases , closed form solutions are

possible , but even then , they are quite tedious to bring about . Redwood

[42] considers the exact solution of a stressed piezoceramic bar. The

transient solution is calculated for the case when the stress is

suddenly removed and , simultaneously , a resistor is shunted between the

electrodes. In a separate work , Redwood [41 ] has dev eloped exact and

approximate time domain solutions of an electrical step excitation to a

piezoceramic plate with a rigid backing. The equations utilized for

describing these solutions are the boundary conditions, laws of motion ,

and piezoceramic equations for developing the Mason equivalent circuit.

Procedures for calculating the inverse transform for simple piezoceramic

configurations hav e been extended by Onoe [37] to ultrasonic delay

lines. Onoe and Redwood have recognized the importance of using a model

_ _ _ _  —~~~~~~~ --- - —— , - —------
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valid over the whole frequency doma in f or analysis  o f pulse

transmission. To meet this requirement , they present an approach

linking the Mason equivalent circuit with Laplace transform calculus.

The approaches of Onoe and Redwood are to manipulate the equations

into a form suitable for calculating the inverse Laplace transform.

However , even for  the simple cases , considerable algebraic  mani p u l a t i o n

is required. In the final form , the frequency domain response is shown

to be an i n f in i t e  sum of harmonically related exponentials:

U(s )  = C (s) + C 1(s) e
_5T0 + C 2 (s) e

_ 25 T0 + . . . , ( 2 .9 )

where U ( s )  is the face ve loc i ty ,  C
r

(s) is a function dependent upon the

par t i cu la r  t ransducer  conf igura t ion , and T
0 

is the time required for the

wav e to travel between the mov ing faces. From Equation (2.9), it is

clear that the impulse response is represented by the sum of sh i f t ed

t ime funct ions .  For example, the inverse transform of C1
(s) does not

contr ibute  to the time domain solution unt i l  time T .  Ph ysically,  this

corresponds to a mechanical wav e undergoing refl ection and t ransmiss ion

at the ends of the ceramic. Redwood demonstrates that it is possible to

express the C~ of Equation ( 2 . 9 )  in terms of the reflec tion

coefficients.

Al thoug h the methods of Redwood and Onoe provide the formaliam , as

well as a physical in te rpre ta t ion, for  calculating the time response , in

practical  s i tua t ions  with a r b i t r a r y  mechanical and electr ical  loading

the methods are d i f f i c u l t to app ly. Reducing the t r ans fe r  func t ion  to

the form of Equat ion ( 2 . 9 )  may be quite tedious. even for the cases

which can be expressed in the form of Equation (2 .9 ) , closed form

El 
-~~~~~~. - --~~~~~~~~~~~~~ - - -~~~~~~~~~~~~~ . .,-.- 
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solutions of the separate Laplace inversions do not necessarily exist.

In spite of these d i f f i c u l t i e s, some meaning fu l  numerical  r e su l t s  are

possible with these methods. For examp le , from the f i r s t  exper iment

described above, Redwood demonst ra tes  that the mechanical energ y is

released very slowly compared to the electrical energy for low—valued

shunting resistors.

Another approach using an iterative procedure is offered by Kasai,

Okuyama, and Kikuchi ( 2 6 ] .  Their procedure ut i l izes  a network derived

from the Mason circuit for calculating the reflection coefficients

between the ceramic and both mechanical loads. The e f f e c t s  of

electrical load ing are incorporated by calculating the transmission

coefficient between the two mechanical ports. From a known set of

initial conditions, it is possible to calculate the f requency  domain

current d is t r ibut ion in the model during each time interval a pulse

traverses the ceramic. The method is i terative in that the nex t

solution uses the currents determined from the previous solution as the

new Initial conditions. Upon summing the frequency domain solutions ,

the time response can be evaluated from an inverse Laplace transform.

The authors have analyzed a piezoceramic disc operating in both the

transmit or receive mode. The loading at the mechanical ports is not

required to be symmetric but is assumed to be resistive. The analysis

becomes cumbersome with intervening mechanical sections of arbitrary

length. This process of Kasai et al. will lead to the same solutions as

developed by Redwood and Onoe.

Kitting er and Rehwald (29] have adopted classical transmission line

techniques for analyzing the transducer time response. Their

fundamental assumption is that the effects of the electrical components
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on the mechanical t ransmission l ine are small. Under  this condit ion , it

is assumed that most of the energ y leaves the t ransducer  system throug h

one of the mechanical ports. The accuracy of that assumption is

dependent upon the lumped elements at the elec trical port and the amount

of mismatch at the mechanical po r t s .  Their objectiv e is to improve the

received tone—burst  pulse shape during echo imag ing by means of a f r o n t —

side qua rter—wav e p late. The previously discussed match ing schemes of

Goll and Auld fo r matching hig h impedance t ransducer materials operating

into low impedance med ia , such as wate r , suggest that the impedance of a

sing le matching layer should be near the geometric mean of the

transducer and medium impedances. However , Kitting er and Rehwald show

the advantages of selecting the impedance of the matching layer to be

greater than the impedance of the ceramic element for single—frequency

operation.

Stepanlshen [48] has anal yzed the t ransient response of p lana r

p iezoelectric arrays. His results are directed toward the use of a

pulsed sinusoidal electrical excitation. Individual array elements are

p iezoceramic bar transducers. The analysis is performed by modeling

each element with its Mason equivalent circuit.  Since the ar ray

elements are close to each other , the ef fec t ive acoustical load

impedance is not only a function of the load medium, but also of the

mutual coupling between elements. Time domain solutions are calculated

with the use of z—fo rms. The method of z—forms is a numerical

approx imation for determining the inverse z—transform and is described

in Chapte r III.  Al thoug h Stepanishen has demo nst ra ted  the accuracy of

z—fo rms for his par t icular  app lication , the use of z—forms  for  the

ge neralized disc transducer is very tedious. The aforementioned chapter 

———-.. - . ,  .
~~~~~~~~ — ~~~~~ -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.
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indicates that even for a simple disc configuration, the method requires

considerable algebraic manipulation. Dvorak [13] has proved that the

method of characteristics (6] and the z—transform method for calculating

the time domain response are, in fact , mathematically equivalent.
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CHAPTER III

DEVELOPMENT OF THE THEORY

3.1 The Transducer’s Equivalent Circuit

Throughout this dissertation , calculations regarding the behav ior

of a piezoceramic disc are based upon the equivalent circuit orig inally

described by Mason (34]. The equivalent circuit is developed from the

laws of motion and piezoelectric equations governing a thin disc. The

development presented here follows that as outlined by Berlincourt ,

Curran, and Jaffe(3], but additionally includes the detailed steps that

directly link the equations to the final circuit.

The piezoelectric equations relate the mechanical and electrical

conditions of a piezoelectric device. The mechanical properties are the

stress T and strain S; and the electrical quantities are the electric

field E and electric displacement D. Since the details of deriving

those equations are provided by Berlincourt et a]., they need not be

repeated here. The one—dimensional form of the piezoelectric equations

to be used in developing the equivalent circuit of a piezoceramic disc

is as follows:

T cS —liD (3.la)

and

E —hS + bD 
‘ 

(3.lb)

where c = elastic stiffness determined at constant D

h piezoelectric coefficient 
~~~~~~ ~~ 

~~
1IL’ 

and

b = dielectric impermeability for constant strain. 
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It is seen that Equations ( 3 . la)  and (3 . lb)  reduce to the expected

results relating stress , strain , elect r ic field , and e lec t r ic

displacement for  a nonpiezoelectric device (h =O ) .  All of the parameters

in Equation (3.1) re fer  to the thickness direction and assume that the

piezoelectric material is anisotropic, but poled in the thickness

direction. It is assumed that there is no leakag e flux , so tha t  the

only D component is in the thickness direction . Moreover, D is assumed

to be uniform. These assumptions on D are generally valid since the

relative dielectric constant of most piezoceramic materials is greater

than 100 and the two f la t  surfaces are coated with a conductive layer.

For lateral dimensions much larger than the thickness d imensions , the

ceramic can be considered const rained in all direction s ex cept the

thickness direction. This is consistent with the assumption that the

wav e propagation can be desc r ibed by a plane wave in the thickness

direction. The equivalent circuit to be developed is appropriate for an

arbitrarily shaped transducer face (i.e., round , polygonal, etc.)

prov ided that the above conditions are satisfied. Reference is made to

a thin disc transducer since that is the shape which is u l t imate ly

considered.

The final equation required for describing the motion of a

p iezoelect r ic tran sducer is the one—dimensional plane wave equation .

For plane wave propagation , it is assumed that all of the par ticles in a

plane parallel to the transducer surfaces have equal velocity.

Therefore , by Newton ’s second law , the particle displacement ~ is given

_______________________ . , .. 
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by.

aT
( 3. 2)

2 ax

whe re is the densi ty  ol the material  and x is in the d i rec t ion  ot wa ’e

propa~ation . Substitution ot Equation (3.la) into Equation (3.2)

yields.

2
~~~ ~S aD

~
—T = ca— — 115— . (3.3)
3t

By definition , S = -
~~~~~ , so Equa tion (3 .3)  can be r ewri t ten  as;

= c!_4 — h~! . (3.4)

As p reviously mentioned , it is reasonable to assume that D is uni form in

the piezoelect ric element and the one—dimensional wave equation is

simp ly ;

2 2
( 3 5p—1 c—~- .

ax

By manipulat ing and app lying the app ropriate boundary conditions to

Equatio ns (3.1) and (3.5) ,  the equivalent circuit for  the piezoelectric

dis c can be de .reloped. Figure 3.la illustrates the disc showing the

convention assumed for  the direction of force F
i and particle velocity

at each face.  Figure 3.lb  shows the convention for  representing the

fo rce and veloci ty  in an equivalent c i rcu i t.  The sign con vention shown

is consistent with that  used for  describing a network in terms ot i ts

.,

~ 

- - -,
~~~~ - - ..

----~~ -.~~ -.. -,- -“—. ,
~~~~~~~~~~~~—--
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U1, F1 

~ 

x = 0  

area :

F
_ _ _

(b)

Figure 3.1. The mechanics for describing a planar disc
a. The actual disc
b. Its schematic representation

-~~~~~~ —~~~~~~~~.- ~~~.,-
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impedance matrix .

The gene ral solution to the wav e equation , assuming that  t h e  t ime

var ia t ion  is ~~~~~ ts g iven by:

wx wx jwt(B
1sin— + B 2cos—]e , (3.6)

where B i and B 2 are constants to be determined by the boundar y

conditions , and v is the velocity of the plane wave. The constants B 1

and B2 can be evaluated in terms of the face velocities by noting tha t :

U 1 
~~~~~~~

, = -
~~

_
= jw(—B 1sin~~ + B2cos~~ ) (3. 7a)

and

U 2 = ~~~~~~~~~~~~~~~~~ —jw(B
1sin~~ + B2cos~~ ) , (3 .7b)

where the time factor  is implicitly assumed . Solv ing fo r B 1 and B 2

y ields:

B 1 = — ( U
1 

+ U 2)/ 2j wsin~2 (3 .8a)

and

B 2 = (U
1 

— U
2
)/2jwcos~~ . (3.8b)

Substi tut ing Equatio n (3.8) into Equation (3.6) gives:

U +U U — U1 2 wx 1 2 wx
— -

~~~~~~~~ sin— + cos— (3 9)
2jwsin~~ 

v 2jwcos~~ 
V

The force at each face can be calculated from Equation (3.la) as

follows:

—~~~~~~~~~~~~~~~~~~~~~~~~~~~ —,— -— ..-~~~~~~~~~-
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F
1 AT(~~~) (3.lOa)

and

F (4) F2 
= —AT(4) , (3.lOb)

whe re A is the area of each face as i l lus t ra ted in Figu re 3 . la .  The

st ress , T , is evaluated in terms of the face velocities from Eq u a t i o n

( 3.la) by recalling that :

s = —  . (3.11)ax

The following exp ression is obtained by subst i tut ing Equat io n (3 .9)  into

Equation ( 3.11):

U +U U -Uw i  2 wx w 1 2 •wxS — — ——— cos— — — sin — . ( 3 . 1 2 )v . wl v v wi v2jwsin~~ 2jwcos~~

Performing substitutions to Equation (3.10) (from Equations (3.la) and

(3.12)] gives the following results:

F 1 = —A{— .E~~
1 +

w~
2 cos~~- ~~~ -‘~~~~~~~~~ w~

2 
sine — hD) (3.13a)

sins cos~-

and

U + U  U — U
F —A C— ~ 

—
~

——-- - --
~~ cos!~ — 

c 1 2 
~~
wj 

— hD } . (3. 13b)2 V wl 2v v wi 2vsins cos~-

It is well known tha t Equation (3.5)  defines the velocity of plane wave

p ropagation in the ceramic as:



V — . ( 3 . 1 4 )

Using Equation ( 3.14) along with  the fol lowing de f in i t ions :

I J wAD ( 3 . l S a )

and

Z~~~~~ v A = A ~J~ 5 , (3 .15b )

whe re I is the current supp l ied to the t ransducer and Z is the

transducer ’s mech anical impedance. Equation (3. 13) can be rewri t t en  as

follows :

wl wlZ cot— Z tan—
F ~ ~‘ (U + U ) —  ~~~~~~~~~~ — U ) +~~! (3.16a )1 1 2 2j 1 2 ~iw

and

, wl wlZ cot. — Z tan—
F2 — ° 

~~ (U
1 + U 2

) + ° 
~~ (U

1 
— U 2 ) + ~~~~~~ . ( 3 . l 6b )

2 2 3 W

The voltag e V across the plate is obtained by s u b s t i t u t ing

E quations (3.12) and (3. 15a) into Equation (3 . lb )  and integ rating:
•1,

~
I
l

1/2 1/2 wx wx(U + U )cos-__ .. (U — U ) s in_
v =  \Edx=\—h (— ~~ 

1 2 v w 1 2 V
÷ b

I ]dv wl v wi jwA
/ 2j wsin 2jwcos

—1/2 — 1/2 2v 2v

h(U 1 + U 2 ) I
— + , (3.17)

j w j wC

where C A — (3.18)
0 bl

~~~~ . . • . ~~~~~~~~ .
~~~~~~~~~~~~~ ii . _~~~~~~~~~~~~~ . 
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Equation s (3.16)  and (3 .17 )  can be a r range d  in to  a m a t r i x  f o r m a l i s m

as follows :

wi wl wi
Z (cot— — tan—) Z (cot~— + tan —)o 2v 2v o 2v 2v hF —___ ..._. .. ~ 

--- U
1 2• jw 1

wl wi
Z(c ot~— +  tan~—) Z(c otT__ tan~—)

F
2 

— 

Zj 2j ~~~ 2 ~~~~

3w jw jwC

The most direct way of finding the equivalen t circuit corresponding to

Equation (3.19), is by starting with the generalized form of the known

solution. Then , by calculatin g the impedance matrix of the generalized

circuit and by equating the elements to the values in Equation (3.19),

the equivalence between the two can be established. Figure 3.2 shows

the general form of the equivalen t circuit of a piezoelectric disc

transducer. With all por ts open circ uited , the following relation s can

be ob tained from F igure 3.2 by inspection :

F
1 

= (Z + Z ) U
1 

+ Z U
2 

+ (U~ + U
2

) (Z  + Z
b)4

2 
+ IZ

F
2 

= Z U
1 

+ (Z + Z)U
2 + (U

1 
+ U

2
)(Z + z

b)4
2 ÷ IZ , (3.20)

and

V = 4 Z U +~~Z U  + IZa l  a 2  a

Collecting similar terms in Equation s (3.20), they can be rearranged

into the following matrix format: 
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z z
S S

WV
U1 

zp 

U2

: 

hh

~~~~

JVVV

T

Figu re 3.2. Generalized equivalent c i rcu i t  of a p i ezoe lec t r ic
element 
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F1 
Z+Z +4

2(Z +Zb
) Z+4

2(Z +Z
b
) ~Z U

1

F
2 

— Z +
~~

2
( Z +Z

b
) Z + Z +$

2
( Z +Z

b
) 

~~a 
~2 (3.21)

E z I
a a a

By equating the matrix elements of Equation 3.19 with the matrix

elements of Equation (3.21), the following results are obtained:

Z
a -j

~~ 
(3.22a)

and

~ 
~~~~~ 

= hC . (3.22b)

However, Z , Z , and are not uniquely determined by Equations (3.19)

and (3.21). By selecting

Zb = — Z , (3.23)

Z~, and Z5 are then given by:

Z = j Z~,tan~~— (3 .24a)

and

Z — —jZ /sin~!~. , (3.24b)
O i j

which is consistent with the definitions of Z and Z for the case where

the electric field is perpendicular to the direction of poling. Under 

..-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —.-~~ .- . - —-——-~~~ “-
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the condition of Equation (3.23), Z
b has the frequency response of a

negative capacitor , C , where C0 represents the clamped capacitance of

the disc. The complete equivalent circuit of a piezoelectric disc

ope rating in thickness m ode is shown in Figure 3.3. The impedances ZL

and ZB represent a rb i t ra ry  mechanical loading at the fron t and back

por ts , respectiv ely.  Acoustic load impedances are t ransformed to

mechanical impedances by multiplying their specific acoustic impedances

(density — sound speed product) by the area A. Losses and attenuation

through the ceramic are typically modeled by including an imaginary

velocity component . The loss is analogous to the at tenuat ion constant

of a t ransmission line. Mathematically,  that loss is included as

follows :

v — v ( 1  -Fyj ) , (3 .25)

where v is the real component , and y is the loss fac tor .

For nonpiezoelectric materials, q is equal to zero and the c i rcui t

of Fig ure 3.3 can be simpl i f ied to the fo rm shown in Figure 3.4. A

l i t t le  algeb r a quickly shows that the mechanical section represented by

Figure 3.4 is exactly equivalent to the transmission l ine transformation

of Equation (2.6). Cascading the circuit of Figure 3.4 to either of the

mechanical ports in the circuit of Figure 3.3 corresponds to including a

mechanical layer at that face of the transducer. The process can be

continued to account for all subsequent layers. In this work, the

terminating front— and back—side acoustical loads are modeled

resistively. This is justified at frequencies where the characteristic

dimension of the transducer is substantially larger than the wavelength

L .~~~~~~~~~~~~~~~~~~~~~~
--- 

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ . - -- .
~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~—~~ - . 

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



~

39

zs z s

ZB 

~~ 

~~~ 

~~1:~~~~ 

~~ 

Z L

Z~ = jZ 0tan(~~-)

Z =-j Z /s in (~~-)

pVA
A

= h C 0

ZB, ZL 
= mechanical loads

Figure 3.3. Equivalent circuit for a planar disc operating

in the thickness mode with poling and electric
field in the thickness direction.

~
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F2

— p  -0--

Fig ure 3.4. Equivalent circuit for a generalized nonp iezoelect ric
section 
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(in the load) and when there is no significant reflected wave in the

load medium [28]. The restric tion on the reflected wave is satisfied

for infinitely long or highly lossy media. The boundary conditions

require cont inui ty  of force and normal face velocity at each interface.

Cascading two—ports automatically insures that requirement since voltag e

and current are continuous at port boundaries. Because the complete

t ransducer model can be represented by an equivalent electrical c i rcu i t ,

all of the theorems and procedures that apply to circuit analysis ca n be

util ized in the analysis of the transducers. Append ix A shows the

mechanics of u t i l i z ing  the equivalent circuit of Figure 3.3 for  a

low—frequency evaluation of the piezoelectric coupling coef f ic ien t .

The generalized equivalent circuit allowing for electrical and

mechanical matching is illustrated in Figure 3.5. As drawn , it

represents a transmitting element. By inserting a voltage source in

series with the acoustic load ZL, and replacing the original source with

an impedance, the resulting circuit describes a receiving element. The

emphasis of this work is to optimize the transmitting response. It

should be pointed out, that optimizing a particular aspect of the

transmitting response does not insure that it is optimized in the

receiv ing mode. According to electrical reciprocity, the receiving

response is identical to the transmitting response to the extent that

the acoustical and electrical boundary conditions are maintained equal .

Consequently, d i f fe ren t  s trategies may need to be emp loyed in the desig n

of transducers operating as transceivers than for single mode

app lications.
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acoustic mediwi
ZL

Wv

front-side
matching section s 

A--
~~~~~~~~~~~~~~~~~~~ The component values

within each distributedfront section are determ i ned byelectro de 
____________ the associated material

constants.

ceramic -c
-G 0element

e l ec t r i ca l

____________ 

m a t c h i n g
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— ——— —  — — —— 0
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electrode Rg
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Figure 3.5. Equivalent circuit of the disc transducer
and matching systems
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3.2 Characterizing the Transducer ’s Frequency Domain Response

The objectives of this section are twofold. The first is to

elaborate upon the power loss factor , 
~L’ 

that was mentioned in Chapter

II. The second is to illustrate its use with specific examples. These

examples are used later to demonstrate the theoretical improv ements of

optimization. A suitable choice of piezoelectric material can

simultaneously prov ide numerical and experimental examples. Throughout

the remainder of this work, lead metaniobate is used exclusively as the

active piezoceramic element. Although the optimization procedures of

Chapter IV are not dependent upon the type of piezoceramic material

selected , lead metaniobate has the advantage of reducing complications

from radial mode contributions due to low coupling between the radial

and thickness modes t Appendix B describes the experimental procedure

for measuring the material constants necessary for modeling lead

isetaniobate. The numerical values to be used are those listed in

Appendix Table 3.2 with set to 0.018 to account for additional losses

as descr ibed in the tex t of App endix B.

As mentioned in Chapter II , the power loss factor  is of ten  used as

a frequency domain descriptor in matching theory. In the time domain ,

the velocity response at the transducer— medium interface prov ides an

appropriate descriptor of the system’s behavior. For a resistively

loaded disc, this velocity is proportional to the time differential of

on—axis pressure. Using the notation of the equivalent circuit , the

face velocity is equal to the current U
L through the load Z

L 
in Figure

3.5. The average output power , P0~t , is calculated by:

= IU L(w)I
2Re (Z

L
(w)] , (3.26) 

—~~~~~~~~ -~~~~~~
, - ---
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where UL
(w) represents the rms sinusoidal face velocity. Standard

circuit analysis techniques caii be utilized in calculating the frequency

response of the face velocity per unit dolt drive, denoted by UF(w). It

is assumed that the transducers are to be driven by a voltag e generator

with a constant and real input impedance , Rg~ The m ax imum average power

available from a voltage source V(w) in series with R
g 

occurs for

conjugate matching and is given by [10]:

IV (w) 1
2

P (w) = , (3.27)
avail

g

where V(w) also represents the rins value. The power loss factor is

given by substituting Equations (3.26) and (3.27) into Equation (2.4)

and is equal to

IU (w)I~~Re[Z (w) ]
P (w) L 

2 
L 

(3.28)
L IV(w) I / (4R

g
)

Unless specifically stated otherwise, references to the frequency domain

response refer to the power loss ratio.

A program for a digital computer has been written to evaluate the

transducer input impedance, the power loss factor PL
(w) , and velocity

response UF(w). The prog ram is sufficiently versatile to specify

several layers surrounding the transducer and to allow for arbitrary

acoustical loading (Z
B 

and Z
L
). Appendix B demonstrates an application

for utilizing the input impedance. The following section examines

various methods of calculating the time domain response of the face

velocity, uF(t), from its frequency domain representation, UF(w). This 

I__.,.~~ -.—-~~~~~
, -- .
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section concludes by presenting a few simple systems to be used as

examples in the next section.

An interesting test case is to examine the effect of the silver

electrodes on the transducer faces. As described by Heuter and Bolt

(21], one would expect that the mass loading caused by the thin silver

layers to decrease the resonance frequency. Figure 3.6 compares the

frequency response of the lead metaniobate disc in Appendix Table 3.2

with and without the silver layers. In each case, the transducer is

acoustically loaded by water on one face. For zero thickness and

mnassless electrodes , the resonance frequency would shift from 2.8 MHz to

3.5 MHz. For future referencing , the system with no electrodes is

denoted as system A. The solid curves in the figure show the amplitude

response and the dashed curves the phase response . The same

representation is used throughout this work.

As described in Chapter II, transmission line theory suggests the

use of a quarter—wave matching section between the transducer and water

load to improve bandwidth. With infinite length transmission lines, a

perfect match at resonance is achieved by selecting the impedance as the

geometric mean of the load and generator impedances. For later

comparison, the matching section for this next example is set to the

geometric mean of the impedances of the ceramic and water. For the sake

of simplicity, the silver is assumed massless, so the length of the

section must be quarter—wave at 3.5 MHz (the frequency at which the

ceramic is half—wave resonant). Future references to “quarter—wave”

length sections always refer to the frequency at which the ceramic is

one half—wave long. Table 3.1 lists the properties of the matching

section. Its speed of sound is near the value for quartz , but the 
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Figure 3.6: Effect of silver electrodes on frequency response
a. Without silver
b. With silver 
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TABLE 3.1
PARAMETERS OF THE QUARTER—WAVE MATCHING

SECTION FOR SYSTEM B

Para meter Val ue

Density 1.19Kb 3 kg/m3

Speed of sound 4.94X103 rn/sec

Thickness 3.512X10 3 m

Loss factor 0.0

densit y of the section is greater to give the desired impedance. The

frequency response of this system , denoted as system B , is shown in

Figure 3.7.

Due to the distributed element representation of the Mason

equivalen t circui t , the f requency response above the second harmonic is

still meaningful . (For lumped circuit approximations, the equivalence

is only valid near the fundamental resonance.) Figure 3.8 shows the

full frequency response of systems A and B up to the tenth harmonic.

3.3 Calculation of the Time Response

In the previous section, the frequency domain velocity response at

the transducer—water interface, TJ
F

(w), is calculated by applying

standard circuit analysis procedures to the Mason equivalent circuit.

The response in the complex frequency plane is found by substituting the

complex variable s for jw. This s—plane representation is the Laplace

transform of the impulse response. Throughout this work, the time

response of the transducer system is characterized by various rlualities

of the velocity impulse response at the system—water interface. The

.

~ 
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Figure 3.7. Frequency response of system B with the qua r t z
matching section of Table 3.1.
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Figure 3.8. Frequency response of systems A and B
up to tenth harmonic
a. Amplitude response of system A
b. Amplitude response of system B
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Laplace transform of U
F(s) and its inverse are given, respectively, by:

and 

U
F
(S) ~~e

5t
~~(t)dt (3.29a)

C+jco

uF
(t) = jj

~j ce
stU

F
(s)ds (3.29b)

c-j~
where U

F
(t) represents the impulse response, and UF

(s) is required to be

analytic for the real part of s greater than C. Since UF(s) is the

system function of a passive, realizable circuit that includes at least

some resistive loss, all of its poles are within the lef t  ha l f—p lane .

Therefore , the parameter C in Equation (3.29b) can be set to zero.

For transducer networks, Equation (3.29b) will not, in general ,

hav e a closed form solution for arbitrary Us(s). Consequently,

numerical methods must be utilized for obtaining the time response.

Three possible techniques are to be described in this section. Two of

them, the z—form technique and the Pade approximation , are direct

numerical evaluations of Equation (3.29b). The third procedure uses the

discrete Fourier transform.

3.3.1 Discrete Fourier Transform. A possible approach for

obtaining the impulse response is to consider the use of the inverse

discrete Fourier transform. It is well known that a band—limited signal

can be uniquely defined by its dig ital representation. An N—point

discrete Fourier transform (DFT) and its inverse (IDFT) are defined by

the following:

U(k) — U(n)W~
’ 0<k<N—1 (3.30a)

and

.. ~~~~~~~~~~----~~ ~.... ~~~~~~.. .~~~~~~ ..~~~~~~ ~~~~~~~
._ . a -- . .~ 



u( n) *:~u(k)w;kn 0<n<N-1 , (3.3Ob)

whe re WN e ; u ( n )  represents the time series, and U(k) represents

the f requency domain series. The f i n i t e  duration sequences represent

one per iod of a period ic sequence. The implied f requency and t ime

domain analog periods are and T, respectively. The time and

frequency increments t~T and t~f are therefore related by:

1~T 
. -

~~

- (3.3la)

and

= . (3.3 1b)

Fr om Equations (3 .3Oa) and (3.3 1b) it is readily seen that the frequency

components used for reconstructing the signal are the fundamental and

harmonics of the time domain repetition rate. This is similar to the

continuous Fourier series except that only a finite number of harmonics

are considered. In practice, the DFT and IDFT are calculated by a fast

Fourier transform algorithm [38].

Since the time response is a real sequence, certain symmetry

properties of the frequency response can be utilized :

1. The real part of the frequency response is symmetric about a

reference point.

— 2. The imaginary part of the frequency response is antisymmetric

about the same reference.

For even transform sizes, these are most readily interpreted by

considering the N/2 point as the symmetry point , starting the

denumerating from point zero. Under those conditions , U (O)  is not
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symmetric with any other point in the series. From Equation (3.3Ob) it

Is easily seen tha t  the imaginary components of U(O) and U(N/2) must be

ze ro. Because of the symmetry , it is onl y necessary to calculate the

frequency domain points up to U(N/2), the others being defined by

symmetry. The situation is illustrated in Figure 3.9. From the

sampling theorem, it is recalled that the f/2 (or N/2) frequency

component is actually the highest that can be represented without

aliasing.

Using the DFT to obtain the time response requires that a transform

size and sampling rate be selected. Selection of any two of transform

size, sampl ing rate , and max imum frequency component will olw iously

determine the third. It must also be remembered that a sampling rate

which marginally satisfies the Nyquist criteria may not necessarily

insure good interpolation.

To achieve a greater sampling rate in the time domain , Equation

(3.31a) dictates that f~ must be increased. For most practical cases,

is selected to be greater than twice the actual band—limiting

frequency , denoted henceforth as f .  This practice improves

interpolation in the time domain. Figure 3.10 illustrates an

operational interpretation of 
~c

• At frequencies above zeros can be

substituted for the true frequency response without any serious

distortion occurring in the time domain. If this condition is not met ,

then the choice of is too low for the IDFT calculation.

The freque ncy responses of Figure 3.8 show that there is not an

obvious point at which the piezoceramic transducer can be considered

band—limited. As a matter of fact, under certain conditions, the Mason

equivalent  circuit  does not present a band—limited representat ion.

~ 
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Figure 3.9. Frequency domain symmetry fo r IDFT t ime r espon se
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Figure 3.10. Demonstration of band—limiting at frequency f .
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This is most readily demonstrated for a disc transducer with arbitrary

resistiv e, mechanical loading . From Figure 3.4 , the face veloci ty  per

volt  drive, U F (w) ,  is given by:

jwC 4 Z LU~ (w) ., ~
, 

° 
2 (3.32 )

-w C Z R  + JwC Z -o m g  o m

where Z is the net impedance presented on the mechanical side of the

t ransformer. If )’ is zero , is truly periodic with no high frequency

limit. The high f requency resonance peaks are therefore v ery depe ndent

upon y ,  Rg~ and C as seen by Equation ( 3.32) .  For the l imiting case of

Rg =O and y 0, UF (w) is not band—limited .

It is tempting to suggest that the IDFT be used on the transducer

configurations that are, in theory, band—limited . However, when so

doing , the resulting impulse response does not accurately depict the

observed (experimen tal) response. The difficulties appear to be from

the inclusion of the higher harmonics. Although the value of does

influence the amplitudes of those harmonics, the model seems to over

predict their importance. Input impedance measurements of the

transducers suggest that there are other high frequency losses not

considered by the model. As a result, explicit inclusion of the

predicted harmonics tends to overemphasize their importance. At the

other extreme , excluding all of the pred icted harmonics does not

accurately portray the transducer operation. Figure 3.11 demonstrates

the point using system B as an example. In that figure , the impu lse

response has been calculated for two d i f ferent  choices of f
~

: at the

second and sixth harmonics. The responses are normalized to the peak

velocity of system A band—limited at the second harmonic. Harmonics 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --.~~ . . - - . -
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(a)

I .6

(b )

Figure 3.11. ~~a1uating the time response of system B using a
2048 IDFT with ~f=50 KHz, including components up to
a. Second harmonic
b. Sixth harmonic 
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above the sixth ha rmonic are found to effect only minor changes to the

impulse response. The difficulties with the IDFT technique arise from

the Inaccuracies of the Mason model and are not caused by the

approximations associated with the IDFT.

3.3.2 Z—Forms. The method of z—forms applies techniques from z—

transform theory to the analysis of nonsampled systems. By cha ng ing the

s—plane representation of the Laplace transform integral to its

equivalent :—p lane representation, the form of the inversion in tegral is

similar to the inverse z—transform integral. The inversion process is

completed by recalling that the z—transform inversion of the ratio of

two polynomials can be calculated through synthetic division. Z—form

approximations are used to transform the z—plane representation into a

ratio of polynomials. The development of this transformation is

detailed by Boxer and Thaler [5], and its applicability to the Mason

circuit has been demonstrated by Stepanishen 148].

Boxer and Thaler have used four steps to summarize the entire

procedure for obtaining the approx imate z—form time domain response.

They are:

1. Express the function UF(s) as a rational function of S ’ .

The numerator and denoinicator are polynomials of s 1 and

possibly include a constant term.

2. Subs t i tu te  for s ’, ~~2 , etc. , the corresponding z—form in

powers of z~~ and rearrange UF (s) as a rational fraction in

powers of z 1.

3. Divide the resulting expression by ~iT, where AT is the time

interval between points at which the solution is desired .

4. Expand the fraction by synthetic division. The quotient is
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a polynomial in powers of z ’, and the coefficient

corresponding to z~~ is the approx imate value of the time

response at t nAT.

The a—forms corresponding to have been tabulated up to N equal 5 by

Boxer and Thaler. A more complete table is offered by Jury [25J. To

better appreciate the possible complications with z—forms , a few simple

transform pairs are listed in Table 3.2.

The utilitity of z—form s for calculating the transient response of

bar transducers operating with electric field perpendicular to the

stress has been demonstrated by Stepanishen. In that mode, there is no

negative capacitor in the equivalent circuit [3). Therefore, the

transfer function defining the face velocity per volt drive can be

represented by distributed elements only. By expressing the distributed

elements in terms of complex exponentials , the overall transfer function

consists exclusively of sums, products , and quotients of exponentials.

As Table 3.2 indicates, s—plane exponentials have a simple (and exact)

a—form. Consequently, the algebra required by Step 2 is fairly

manag eable.

Introduction of the negative capacitor (required for transducers

operating with the electric field parallel to the stress) or other

elements that are not in parallel with C requires that the transfer

function be described by both distributed and lumped elements. In

addition to the lumped elements, the introduction of intervening layers

on the front face and resistive backing adds considerable complexity to

the circuit transfer function. The combination of these two

complications makes Step 2 difficul t to implement In a dynamic fashion

on a digital computer. Considerable algebraic manipulation is required 

— - — ~~~~~~~ .r~~~~~~—--——~~~~~~~ -
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Table 3.2
AN ABBREVIATED TABLE OF Z—FORM PAIRS

S—plane Z—forin

-L~Ts -1e z

—1
—1 ~~~1 + z

S 
2 —11 — a

(~~~2 1 + 1Oz~~ + z 2
S 

12 — 1 2(1— z  )

—1 —2

- ~~3 (AT)3 a +z 
—

2 (1 — z~~)
3

L 4 - .
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to rearrange U
F

(s) as a ra tional frac tion In powers of z~ ’. Because of

these drawbacks , the a—form technique is not readily adaptable to the

present app lication and wilL not be considered further.

3.3.3 Pade Expansion. Under certain circumstances , the Laplace

inver ion integral of Equation (3.29b) can be evaluated by considering

the residues of the integrand . If the limit of the integrand

approaches s~~ (where n>1) as s increases to infinity, the path of the

integral can be extended to enclose the appropriate half—plane. The

in tegral can then be calcula ted as:

3 UF(s)e ds — ~(residues of UF
( s )e

~
t

at poles inside the closed pa th) , (3.33)

where the positive sign app lies when the path is closed w-ith

counterclockwise rotation , i.e., in the left half—p lane , and the

negat ive sign for the other case . Although the poles of U F (s) are not

explicitly known , they must be in the left—half plane since h
F
(s)

describes a stable circuit. Representing the exponential function , eZ,

where z=st , in the comp lex plane with the Fade approximation , 
~N,M 

[4 5 ) :

(M+N)1 + (M+N_1)t(N)z + (N÷N_2)1(N)z2 ~~~~~
~ (z) = 1 2 N
N,M (M+N)’ — (M+N_l)!(M\z + (M+N—2)1(~~ z

2 _ ...+(_l)M N! (M~,2
m

~M 1
(3 34)

allows immediate identif Ication of the integrand ’s right half—p lane

poles. All right half—plane poles are due to the poles of Equation

(3.34) and can be found by using a standard polynomial root—finding

I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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routine. The poles and corresponding residues hav e been tabulated to 16

decimal places, up to M=24, for M minus N differences up to 3 (45].

Append ix C lists a few se ts of Fade coeff icien ts and ou tl ines a method

fo r their  calculation.

With the substitution of z—st and 
~~~M

(z) for the exponential , the

Laplace inversion of Equation (3.29b) becomes:

V
F
(t) = 

1t~~~F
(
~~~N ,M

( Z  . (3.35)

For small differences between M and N, the poles of Equation (3.34) have

been shown to be simple [45). The Fade approx imation can therefore be

expressed in terms of its poles z~ and correspond ing residues k. as

follows:

M k

~ (z) ~~ i

N ,M 1=1 a — z~
(3.36)

Upon substituting Equat ion (3.36) into Equation (3.35) and applying the

results and conditions of Equation (3.33), the time response is

approx imated by:

u F (t) = _
~~~~~

Z k
i

U
F

(.E!) ( 3 . 3 7 )

The negative sig n is included since the path of integration is clockwise

around the r ig ht half—plane. For real time sequences, the compu tations

of Equation (3.37)  can be approximatel y halved from symmetry 

, —.- - .--—---“ -—---- -- .—-—---.~~~~ t
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consideration . In practice , Equation (3.37) is imp lemented by:

?f/2 i —

u
F
(t) = — - -

~~~ ~~~ 

k~U(-~
2.) —- ~k U ( ~~-) , (3.38)

where the are the poles in the upper half—p la ne and 
~ 

is the real

pole fo r odd M, correspondi ng to the residue k .

Singhal and Vlach [45) have also examined the accuracy of the Pade

inversion from an analyt ical and emp irical viewpoint. The Pade

expansion of Equation (3.34) has the first N+M+l terms of its Tay lor

• expansion equal to the Taylor expansion of e
Z
. Equation (3.37)

rep roduces the true time response to its f i r s t  N+M+ 1 Taylor  terms , so

that the accuracy is g ood for those time sequences which can be

rep resented by the init ial  te rms of a Tay lo r expansion.  From a

theoretical standpoint , it is expected that accu racy should be hig h fo r

small times. Sing hal and Vlach have confirmed th is  by consider ing

several poorl y conditioned pulsed and stepped time responses tha t could

be computed exactly and then compared with the approx imation of Equation

(3.37). Althoug h increasing the order of t)~e approx imation generall y

Improves the accuracy for later times, it also introduces the

possibility of computer round—off error .

In a separate work, Vlach [49) sugges ts an approach for  f ind ing a

suitable order of the Fade approx imation. As might be expected , the

approach is to incr ease the or de r of the approx imation until any

additional increase causes a large variation from the results of the

previous order. This procedure has been applied to the transducer

configurations A and B of Section 3.2, with selected results shown in

Fig u res 3.12 and 3.13. From those figures , it is seen that round—off 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~
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error beg ins to occur at N 1 6 , M 1 8  (16 ,18). The approx imations of

(12 , 14) or (14,16) would therefore be suitable for evaluating the t ime

responses of systems A and B. For situations which are similar hut not

equiv alent to those cases, the (12,14) approx ima t Ion has cer ta in

advantages over th e (14,16) approximation. Such conservatism reduces

the possibility of encountering a chance numerical situation causing

round—off errors. In all cases, the d if fe rence  be tween H and N is two

wh ich insures tha t the in teg rand of Equation (3.35) has the required

115n (n>1) behavior at large s. For a stable transfer function with

loss or driven by a resist ive generator , it is well known that there can

be no more zeros than poles. Therefore , two more poles in the Fade

fraction are sufficient to provide that behavior at large s. The

impulse responses of Figures 3.12 and 3.13, and all subsequ ent impuls e

responses , have been normalized to the peak velocity of system A for the

(12 ,14) approx imation . In the chapters that follow, the choice for this

normalization becomes evident. It serv es to emphasize the e f f e c ts of

matching schemes on relative output. The unnormalized peak velocity (to

an impulse excitation) is 1.32X1O
4 

rn/sec.

For transfer functions with equal numbers of poles and zeros , it i~.

not advantag eous to increase the difference between M and N beyond two.

In so doing , M would have to be increased to increase the order of the

approximation. Increasing M has the undesirable effect of increasing

the magnitudes of the residues and risking increased round—off [45].

Although permissible, odd values of N and N having a difference of two

are not computationally efficient. For real time sequences, the (13 ,15)

approximation is computationally equivalent to the (14,16) approx imatIon
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(see Equation (3.38)).

3.3.4 Summary of the Time Inversion Techniques. The Pade

approximation to the time response has several advantages over the IDFT ,

the z—form , and the other techniques mentioned in the literature survey

of Chapter II. As indicated by Equation (3.38), the calculation of the

time response is straightforward and Is read ily implemented on a digital

computer once the frequency response has been prog rammed . Use of the

IDFT requires large array area on a dig ital computer , but the Fade

method does not. Equation (3.38) shows that the Fade method requires

M/2 circuit evaluations for each time domain point. For the IDFT, all

points up to the band—limiting frequency , f , must be calculated . For

the app lication at hand , there are modest computational savings with

the IDFT method .

As mentioned in Section 3.3.1 , the choice of f and Y in the IDFT
c

calculation has a critical effect on the time response. Explicit

inclusion of the higher order harmonics seems to overemphasize their

theoretical contribution to the impulse response compared to the

observed situation. On the other hand , the Fade method itnplicitly

incorporates all of the harmonics in the calculations. High f r eq uen cy

components are indirectly neglected by the fact that the response is

approximated by a Taylor series. Truncation of the Taylor series will

cause the inaccuracies to become more significant at larger times.

Comparing the time responses of system B as calculated by the Pade

method (Figure 3.13) wi th the responses determined by the IDFT method

(Figure 3.11), it is observed that the two are most similar when

band—limiting the IDFT at the second harmonic. That compariso. also

reveals that the Pade t ime response does include frequency components

L. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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above the second harmonics as is ev idenced by sharper time peaks than

with the IDFT response (band—limi ted at the second harmonic) . The

p resence of th i rd  and f i f t h  harmonic components in the Fade time

• response has been conf i rmed by pe rformin g a DFT on the Fade time

response. The inaccuracies that are incurred by the Pade approx imation

tend to compensate for the overemphasis of the harmonics by the Mason

model. As a consequence , the Fade inversion is considered to be

supe rior than the IDFT method .

Since the methods of Chapter II are not readily extendable to the

generalized transducer configuration of FIgure 3.5, they , too, are

rejected for the present application in favor of the Fade approx imation .

The major disadvantage of the Fade inversion is its increased (but

bounded) inaccuracy for large times. For impulse response eva lua t ion

where high accuracy is required for small times, the Pade response has

been shown to be v ery accu rate (4 5 ) .  The Lap lace inversion via the Fade

approximation with N 1 2  and M 14 is used throughout this study for

obtaining the impulse response immediately following excitation.
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CHA PTER IV

OPTIMIZATION PROCEDURE

4.1 Effects of Matching at Each Port

A piezoelectric disc transducer has two mechanical ports and one

electrical port. The transfer of energy to any one port is, in general ,

a function of the effective termination at all three ports. Since it is

onl y desi r ed to constrain the response at one of the ports , there should

be considerable flexiblility in selecting the various port terminations

for achieving that goal . This flexlblility is discussed later in this

chapter and its utility is demonstrated in the next chapter. The

purpose of this section is to demonstrate that the matching at each port

has its own characteristic effect on the transient response which is

dependent upon the particular port rather than the precise details of

the matching scheme . With this premise accepted , there is justification

for considering possible parameter subspaces during the optimization

procedure and is discussed in detail later in this chapter.

To simplify the circumstances underlying energy trasnfer between

the element and Its loads , the ceramic and mechanical matching sections

are assumed to be lossless (i.e., Y=O). Under this condition , energy

loss can only occur by a resistive element at one of the ports.

Lossless systems of this type are denoted by a tilde; e.g., X and B

correspond to systems A and B of Chapter III. It is also emphasized

that all of the theoretical and experimental conditions utilize an

acoustic load of water and assume that the loading is purely resistive.

In addition , any electrical excitation is applied with a voltage source
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having a series resistance, R~ 1 of 50 ohms.

4.1.1 Load ing at the Back Face. U pon examining the front face

veloci ty t ransient  under a vol tag e input for several conditions of back—

side loading , one can ga in a physical Interpretat ion of the disc ’s

mecha nics. Figure 4.1 shows this impulse response of system A for  a i r

backing , and for backings which are equal and double the specific

acoustic impedance of the ceramic. As mentioned , these impedances are

modeled resistively. (Subsequent references to the backing or front—

side load impedances are typically normalized to the ceramic impedance.)

From Figure 4.1 it is seen that the response up to approximately 0.14

microseconds is independent of the back—side load . Calculating the

mechanical transit time, T , through the disc from the parameters of

Table 3.2, it is also found to be about 0.14 microseconds. Hence, that

first part of the response which includes the first velocity peak is

caused by motion at the disc and water interface prior to any

reflection. That part of the response is, therefore, unaffected by the

backing .

The initial motion occurring at the back face can be considered

1800 out of phase with the front—face motion in the following sense : if

the electrical excitation had a polarity causing the disc to expand , the

wate r at the face would be compressed , but a rarified condition would

simultaneously be p ropagated to the front  face from the back face. The

second pulse in Figures 4.la  to 4 . lc  results from the relaxation of the

orig inal f ron t—face  motion and is reinforced by the motion that

orig inally occu rred at the back face. This process continues as the

thickness of the disc successively changes from thin to thick over each

half—cycle. 
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i.e

-I.e

Figure 4.1. (continued)
c. Backing set to 2
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Pete rscn and Rosen [39] suggest that  the t r ans ient  response of am

air—backed disc should appear more like a series of alternating

positive— and negatIv e—going Impulses , separated in time by T seconds.

However , there is an important difference between their case and the

s i tua t ion of Figure 4 . la .  Tha t d i f f e r e n c e  is the short  c i r cu i t  boundary

condition of Peterson and Rosen compared to the 50—ohm source impedance ,

Rg~ included in the calculations for Figure 4.la.

The reason for this difference is readily demonstrated in the

frequency domain. As Peterson and Rosen describe, the successive

impulses are reduced in amplitude depending upon the relative impedance

mismatch between the ceramic and water. The Fourier transform of that

time domain series of pulses is:

A e
_mm To

n~O n

where the An 
is the amplitude of the ~th pulse, and T is the transit

time through the ceramic. Qualitatively, the above series has a

magnitude response with a maximum at wT T~/T and minima at d.c. and at

w~.2If/T . Moreover, the f req uency response is per iodic with per iod 1/T .

The periodicity is expected from the uniformly incremented discrete

nature of the time response. The qual i ta t ive description of the

frequency response corresponds to the calculated responses of Chapter

III (up to the second harmonic). However, Equation (3.32) demonstrates

that the frequency response of a disc driven by a resistive generator is

not period ic. For the frequency response to be approx imately periodic ,

that equation shows that the electrical termination must be short

circuited. In practice, a short circuit condition still does not insure

- .

~
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a series of time domain impulses. Losses within the ceramic , I.e., y~’O ,

have also been shown to reduce the amp litude of the higher harmonics.

Reanalyzing the equivalent circuit for an air—backed , lossy disc with

R
g
=O does, in fact, result in a time response more closely resembling a

series of impulses (up to 3T). After that time, the response is as

depicted in Figure 4.la. This discussion should serve to emphasize the

potential imp.ortance of the electrical boundary conditions.

In Figure 4.la, the decay of the response from one peak to the next

is determined by the rate at which energy is removed from the transducer

system. Improving the impedance match between the ceramic and front or

back—side loads should generally increase this rate, as evidenced from

Figure 4.lb. The response during 0.14 to 0.28 microseconds ,

corresponding to the second velocity pulse , primarily results from the

original motion at the back face of the transducer. The peak velocity

of the second pulse in Fig ire 4.lb is approximately half that of the

corresponding pulse in the air—backed case. The situation is somewhat

analogous to doubling the series resistance of a constant voltag e

( f o rce) g enerator.

Additional increases to the backing impedance continues to augment

the restriction of motion at the back face of the transducer. From the

voltag e source analogy, back—side loading with twice the impedance of

the ceramic should reduce the peak height of the second pulse to

approximately one—third the height of the air—backed case. This result

is confirmed by Figure 4.lc. The velacity of the third pulse has

changed sign since the reflection coefficient between the ceramic and

backing changes sign upon increasing the impedance of the backing beyond

the impedance of the ceramic (see Equation (2.8a)]. 

.
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With these very  simp le examples In mind , it is possible to make

some gene ral observat ions about the u t i l i z a t i o n  of back side load ing fo r

modif y ing the t rans ien t  response. Using a backing impedance equal to

the ceramic ’s impedance should approx imatel y minimize the velocity peaks

beyond the second pulse. It is expected that the third and subsequent

pulses would be reduced since waves propagating throug h the ceramic

towa rd the back face are mostl y tran -mitted Into the backing rather than

reflected toward the front face. This configuration of matched backing

achieves improvements to the transient response at the expense of

reducing the peak power delivered to the water load by a factor of four

compared to the air—backed case. Power , it is recalled , is proportional

to the square of the face velocity (for a constant load impedance).

Uti l iz ing a back—side impedance g reater than the ceramic ’s to fu r ther

red uce the amp l itude af ter the second pulse , resul ts in Increased energy

beyond the second pulse due to the increased mismatch between the

ceramic and backing .

4.1.2 Front—S ide Matching . System B of Section 3.2 is an examp le

of an air—backed transducer system with a quarter—wave matching plate

between the front face and water load . In contrast to back—side

loading , front—side matching can increase the ampli tude of the f i r s t

velocit y pulse due to the reduced impedance mismatch between the ceramic

and water load . That f i r s t  pulse is still  onl y caused by the in i t ia l

motion at the front face of the ceramic. However , it is now delayed in

reaching the water load by the transit time throug h any ma tch ing

sections. Because of the quarter—wav e section , the subsequent pulses

are comprised of more than one component as i l lustrated in Figure 4 .2 .

In the f igure , wave propagation orig inating from the two faces of the

- - -~~~~~~-.



_ _  
_  ---

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

75

air ceramic 
— matching sectionbacking

water load
III 0.5 T

~
7~~I~~~~J

:+  +
~ 1.5 1 Signals caused by

,

~~~~~~
_‘ 

the init ial
— 

front face
~
‘-

~~~—-~~ ~ 2.5 1 rarefraction
0

“ ~~~—. 
~~
‘ 3.5 T

~~~~
‘ 3.5 I~

+

__________ _____ — — 2.5 i- Si gnals caused by

+ a the init ial
front face

~
.2.— —.t - 

~~~~~~ 

condensation

+ +
~ ~~~~ l . 5 T

Signals caused by
— 

~~~~
- 2.5 1 the in i t i a 1

+ o back face
con densa ti on

3.5

+ indicates condensation
— indicates rarefraction
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disc 4s traced to the acoustic load . From the f r o n t  su r face , two

dist inct pressure waves are genera ted :  one into the ceramic and one

into the adjacent load . For an air—backed transducer , the air is

assumed to provide a pressure release condition. As a consequence ,

motit n at the back face only propagates a signal into the ceramic . No

pressure waves are generated in the air , and waves reaching the air from

the ceramic are assumed to be perfectly reflected with a sign change.

The signals arriving at the acoustic load are labeled according to the

• ~
. 

time at which they arrive in terms of T , the travel time throug h the

ceramic. As an example , the first signal reaching the load arrives

after a delay of O.5T through the matching section. Although the

analysis incorrectly assumes a pulse—like response , it serves to

demonstrate the relative signs of the components within each velocity

pulse . For the case with a backing impedance less than the ceram ic

impedance , there are no ou t—of—p hase componen ts within a given pulse

until 3.5T , corr espond ing to the fo ur th pulse . This result is

considered when establishing optimization criteria .

One can interpret front—side matching as a mechanism for increasing

the removal rate of mechanical energy from the transducer system to the

wate r load . It has the e f fec t of increasing the peak powe r as well as

the total energy del ivered to the acoustical load . The specif ic  examp le

of system B has been illustrated in Figure 3.13a. The increase to peak

power is due to the improved matching between the ceramic and water. As

a conseq uence , the to tal energy (propo r tional to the squar e of the

velocity response integrated over time) is increased . Wi th  the

mechani cal energy spend ing less t ime in the ceramic , the oppo r t u n i t y  I

d issipative and electrical losses is thereb y red uced . An examp l~ Is
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presented to demonstrate the point.

Considering the energy del ivered up to 2.0 microseconds and

normalizing with respect to the energy of system A , the energy for

system B is found to be 1.90. For systems with considerable loss, such

as those with substantial back—side load ing , front—side matching is very

important for preserv ing device efficiency. The point is to be explored

in the nex t chapter.

The above findings about the delivered energies of systems A and B

can also be estimated by considering the reflection coefficients along

the mechanical delay line. Using Equation (2.8), the reflection

coefficient between the ceramic and water, in the absensce of matching

sections, is denoted as r . Likewise, the reflection coefficientcv

between the ceramic and the matching section, r , can also be

calculated. With the impedance of the matching section equal to ~he

geometric mean of the ceramic and water impedances, the reflection

coefficient between the matching section and the water, r w, is equal to

r .  From Equation (2.2), the overall improvement in power transfer of

system B over system A is given by:

(1 — r2 ].(1 — r2 j
cm 

= 1.75 , (4.1)
Icv

where the reflection coefficients are calculated from parameters given

in Tables 3.1 and B.1. It is conjectured that this estimated

improvement is lover than the previously calculated improvement since

the electromechanical coupling factor has been neglected in calculating

the former. The rate of energy transfer to the load is greater for

system B than for system A, and there is therefore less opportunity for

L __________ _
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energy loss to R
g•

4.1.3 Matching at the Electrical Port. Matching at the electrical

port has a twofold effect:

1. to increase the power delivered to the transducer by

providing impedance matching between the transducer and

resistive generator and

2. to broad—band the frequency response of the transducer

system.

The impact of the electrical termination on the impulse response has

already been observed and is further examined in this subsection.

Redwood’s (42) observations about a stressed piezoceramic bar

provide a clue to the performance of lumped element matching circuits

with a piezoceramic disc. Redwood notes that his results are

qualitatively correct for other transducer shapes and polarizations. He

shows that the stored electrical energy is removed much more quickly

than the mechanical energy for low shunting resistances. The initial

discharge rate of electrical energy is approx imated by an R—C discharge,

where C=C ff (see Appendix A) and R is the generator resistance. Using

system A driven by a 50—ohm generator as an example, the R—C time

constant is about 2.6 times smaller than the mechanical transit time

through the ceramic. It is reasonable to expect that the addition of

lumped elements could store and prolong the release of electrical

energy. In the examples that follow, it is shown that electrical

matching can increase the total energy delivered to the acoustical load

and in some ways improve the characteristics of the impulse response.

However, there are certain complications which seem to result from the

delayed release of the electrical energy at inopportune times.

-~~~ —-~~~~~
p
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The very simple matching circuit of Figure 4.3 demonstrates these

effects. This type of circuit has been suggested by Coll (19], Desilets

et al. [11], Kossoff [30], and others. The value of the inductance is

selected to be resonant with the transducer’s clamped capacitance at a

trequency slightly less than the resonance frequency of system A. The

transformer ratio also tends to match the real part of the transducer’s

input impedance to the 50—ohm generator impedance at frequencies

somewhat removed from the transducer resonance. It is desirable to

restrict the turns ratio to two since wide—band transformers with

arbitrary turns ratios are difficul t to construct [22]. As is then

expected , the frequency response is broad—banded and the insertion loss

is improved off resonance compared to the case with no matching . The

resulting response is shown in Figure 4.4 and is compared to the

response without matching . The impulse responses for the two systems

are shown in Figure 4.5. The electrical matching has increased the

total energy delivered to the water load by a factor of 1.73.

Unfortunately, this increase is achieved at the expense of extending the

duration of significant energy transfer to the load.

A time domain interpretation on the effects of electrical matching

is that the network increases the width of the pulse that reaches the

transducer. As a result, the energy Is delayed in reaching the

transducer and prolongs the ultimate release of energy to the acoustical

load. This situation is demonstrated by using both matched backing and

the electrical network of Figure 4.3. The frequency and impulse

responses are presented in Figures 4.6a and 4.6b, respectively. Figure

4.7 replots that time response on the same axis as the time response

with backing but no electrical matching (from Figure 4.lb). From the
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comparison presented in Figure 4.7, it becomes clear that significant 
9

velocity peaks now appear after the second pulse (I.e., later than 0.28

microseconds). They result from the condition of delayed electrical

energy causing delayed motion at both faces.

It can be argued that certain pulse shapes (or equivalently,

electrical matching networks) should improve the transient response by

delivering energy to the transducer at precisely the right time and

phase to cancel unwanted transients. However, a judicious design

procedure must be employed if the network is to reduce ring ing. It

seems that Kossoff’s warning about the use of lumped elements wher

concerned about the transient response cannot be treated lightly. A

direct approach for the design of an electrical matching network would

seem to be as follows:

1. By convolution , determine a time domain excitation for

achieving the desired face velocity.

2. With Fourier transform techniques, calculate the frequency

response of the required signal.

3. From the frequency response, network synthesis techniques

can be used for devising a suitable matching circuit.

The development of such networks for use with piezoceramic elements will

be left for future researchers. This work concentrates on the use of

matching at the two mechanical ports for improving the transient

response to an impulse excitation.

4.2 Optimization Criteria

In Section 1.2 goals for optimizing the impulse response have been

offered. Selection of a particular optimization procedure is

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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necessarily dependent upon the intended application of the transducer.

In medical situations, it is often desired to reduce the ring—down even

at the expense of transducer efficiency. For other applications , the

need for increased pulse penetration may sacrifice ring—down quality for

higher peak velocities. It quickly becomes evident that the concept and

definition of ring—down must also be clarified. Traditionally, ring—

down or transient energy refers to the spurious energy after the major

pulse. With slight modification , that interpretation is to be applied

here. The purpose of this section is to discuss the various

optimization criteria and the concept of ring—down.

The optimization goal emphasized in this work is to increase the

ratio of the peak power to the peak ring—down power, without

significantly reducing the peak power. This ratio is denoted as the

peaks ratio. In pulse detection applications where high resolution is

important, this type of response offers an improved signal—to—noise

ratio and should enhance image reconstruction. In transceive operation ,

it reduces the time required for receiver recovery after transmitting .

Another optimization goal is to simply maximize the total energy

delivered up to a specified time or event. Selecting that cutoff time

so that most of the energy (approximately three—fourths or more)

eventually delivered to the load is included in the calculations yields

designs similar to that described by Desilets, Kino, and Fraser [11].

This confirmation of the Desilets et al. design (demonstrated in Section

5.2) is expected when it is recalled that their goal is to maximize the

efficiency . It has also been found that if the cutoff time is chosen in

a way which does not include a substantial portion of the energy

delivered to the load, the results of that optimization are

L _ _ _ _ _ _ _ _ _ _ _ _  _
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unpredictable.

For the sake of consistency, the start of ring—down energ y is

defined in terms of an event rather than a specific time. Ring—down is

defined to begin after a specified number of velocity pulses have

occurred and is denoted as the separation time , t (n), which defines the

completion of the ~th pulse. The minor pulses which may precede the

first major pulse are not included in the pulse numbering. The energy

delivered up to time t (n) is called early energy, and subsequent energy

is referred to as late energy. The time response of system B is shown

in Figure 4.8 with t (3) included for illustration. The advantage of

defining t5(n) in this manner is that the first few peaks of the

transient response are relatively fixed in time location , approx imately

independent of the mechanical matching scheme. Any overall shift is

caused by a change of time delay from the intervening layers between the

ceramic and load. The relative amplitudes of the peaks can change, btt

their location and width are relatively fixed ~~ the propagation delay

through the ceramic. Although the results in Section 4.1.1 indicate the

possibility of widening the second pulse by using backing impedances

greater than the impedance of the ceramic, the implications with respect

to the changes on t
~
(n) and on the optimization outcome are not serious.

In Chapter V, it is demonstrated that the practical solutions generally

do not result in significant second pulse distortion. Having defined

it is then possible to also illustrate the peak ring—down

velocity, v • In Figure 4.8, v happens to occur for the firstring ring

peak of ring—down. This is not true in general.

The rationale for selecting the value of n of t
~
(n) is understood

by considering the discussion of Section 4.1. As explained in that
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section , back—side loading reduces the height of the second pulse and

can almost eliminate the third pulse. For an air—backed or lightly

backed system , little can be done to moderate the height of the second

or third pulse , and not increase velocity peaks after t5(3). On the

contrary , improved front—side matching increases the height of the first

three pulses, and reduces the amplitude of later pulses. Since two

distinct situations exist, it is reasonable to apply the following

criteria for selecting n:

1. For light backing , the minimum value of n is three. The

most important elements available for optimization are the

parameters of the front—side matching sections. From

Section 4.1.2 it is observed that a front—side section has

the effect of increasing the amplitudes of the first three

velocity pulses. Although the discussion of that section

is limited to a single quarter—wave matching transformer ,

the amplitude increase to the first three pulses is

observed for multiple matching sections. The increase over

the unmatched case is observed even if the section lengths

dev iate modestly from quarter—wave. After t (3), there are

components contributing to the response w~tich are out of

phase with the resulting response. it is therefore

expected that these additional components can be adjusted

to alter the post—t (3) part of the response by varying the

design of the front—side match.

2. For heavy backing , the minimum value for n is two. In

Section 4.1.1 back—side loading matched to the impedance of

the ceramic is shown to substantially reduce the transient

I

L •. ~~~~~~~~~
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response after t (2). Without electrical matching , it is

not possible to achieve a unipolar impulse response. Even

under the conditions of perfect acoustical matching at both

mechanical faces, a bipolar impulse response is expected

due to the motion at the back face [16].

For most applications, it is assumed that it is desirable to keep t (n)

as small as possible. This restriction is appropriate if the pulse—like

quality of the impulse response is to be improved . The distinction of

different separation times should not be considered as arbitrary or

artificial. The two types of transducers would normally have different

applications. One should not expect the transient response of a lightly

backed transducr to have the same ring—down characteristics of a heavily

backed system . Until later clarification , light backing implies an

acoustic impedance less than about 25% of the ceramic’s impedance and

heavy backing greater than about 75%. The present discussion is limited

to the use of resistive backings. No reflections from within the

backing are taken into account , though this could readily be done.

Generally, backing materials , when used , are sufficiently lossy to be

considered echo—free for all practical purposes.

The optimization criterion for the backing impedance must be

modified for cases that are to have light backing material. Without any

modification , all peaks ratio criteria would drive a lightly backed

solution to a heavily loaded situation. Therefore, a separate

• optimization goal is to be established for determining a suitable

backing impedance in the lightly damped case. This a1terr~ative

• procedure must recognize a condition where additional increases in back-

side loading deteriorate the pre—t9(3) response at an unacceptable rate .



91

In Chapter V, it is demonstrated that there is such a compromise between

the reduction of peak power and the increase of the peaks ratio that is

expected with increased backing . It is demonstrated that this rate

change is modest for a one—layer match, but is quite considerable for

the two—layer match. This can probably be attributed to the fact that

the velocity response after t (3) contains several more components from

internal reflections for the two—layer case than for the one—layer case.

Through the previously used ray—tracing procedure, it can be determined

that several of these additional components are a function of back—side

loading as well as the front—side matching scheme. Regardless of the

precise details of the front—side matching configuration, the results

indicate that the optimal amount of backing impedance is about two to

three times the impedance presented by the water load. This result is

consistent with the findings presented by Desilets et al. [113 when

considering tradeoffs between efficiency and performance.

Although the peaks ratio is calculated by the division of only two

time domain velocities, a considerable portion of the impulse response

must be calculated in order to select those proper two points. With the

availability of this data, it is reasonable to search for an

optimization parameter that utilizes the additional time domain

information to enhance the process of improving the peaks ratio. One

disadvantage of applying the peaks ratio directly in the search routine

is that very fine interpolation is required to insure that the values of

the true peak is not being overstepped. Another possible drawback is

that all other time domain characteristics are ignored with the peaks

ratio criterion. For some applications, it may be lesired to increase

the early energy and accept a slightly poorer peaks ratio. In such a

~~ t_~~~~ ~~~~~~~~~~~~ —~ - -—~~~~ —~~~~-—— , ~~~~~~~ •~~~~~~~
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case, it is possible that the supplemental energy would be manifested as

an increase to the energy of an early pulse without affecting the peak

power. It is therefore desirable to allow for some flexiblity in the

optimization parameter beyond the criterion of improving the peaks

• ratio.

At the very least , an optimization parameter could be defined by

calculating the energy in the vicinity of V e k  and v
1

. Although

this app roach would reduce the impact of poor interpolation that has

been suggested abov e , it does not address the requirement of including a

substantial portion of the available information into the optimization

process. Beg inning the search for an optimization parameter with fairly

straightforward routines , it has been found that maximizing the ratio of

early energy to peak ring—down power is quite successful as an

optimization goal . It recognizes the importance of at tempting to

increase the peak power and early energy subject to the constraint

imposed by the peak ring—down power. Concurrently, the optimi zation

goal may be achieved by reducing the peak ring—down power. Maximizing

the ratio of early energy to peak ring—down power has the disadvantage

of not being specific as to which of those two mechanisms are dominant.

As a consequence, the likelihood of encountering locally optimal

solutions is increased. Although locally optimal solutions tend to be

somewhat annoying , they are tolerable by pointing out the availability

of alternative designs.

It is important that the early energy used to calculate that search

function includes most of the significant energy ultimately delivered to

the load. For cases with substantial back—side loading , the requirement

is typically satisfied for t
5
(2), but is not necessarily met for lightly 
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loaded designs with t (3). When the earl y energy does not satisfy this

requirement, the optimization parameter has been found to lose some

dependability. Excluding significant energy from the calculation of the

optimization parameter does not allow for an increase to late energy

resulting from improved matching . To account for this, the optimization

parameter to be maximized is defined as follows:

total energy delivered to load
opt(n) — . (4.2)

• peak power delivered to the load after t
~
(n)

For reasonable matching, most of the energy transfer occurs within the

first ten transit times, T0
. The results presented in Chapters V and VI

confirm that maximizing opt(n) does, in fact, lead to an improved peaks

ratio.

4.3 Implementing the Optimization

4.3.1 Selection of the Search Procedure. Once the optimization

goal has been defined, a suitable search technique must be devised.

Considering that each mechanical section adds both a length and an

impedance available for optimization, and that back—side loading is

possibly available for adjustment, the need for an efficient search is

quickly recognized. It would be an almost endless task to examine the

entire parameter space even for the case of a single matching layer and

back—side loading. Fortunately, in terms of minimizing the parameter

space, it is not necessary to consider the sound velocity of the

matching section as a separate parameter. From Equations (3.15b) and

(3.24), it is readily determined that the product of density and

velocity and ratio of velocity to length are sufficient to define the
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relevant characteristics of the matching sections. Alternatively, these

quantities can be independently controlled by the density and the

length, respectively.

Having selected a suitable optimization criterion and defined the

set of variable parameters, it is now feasible to beg in the optimization

process. As with most search procedures, the determination of the

starting point parameters (i.e., the initial guess) can greatly

influence the efficiency and outcome of the optimization. Realistic

limits on the allowable range for each parameter should also be

established in accordance with the physics of the situation. Such

limits restrict the optimization from wandering into regions which have

limited physical meaning .

In the case of transmission l ines , there has been considerable

ef for t  and research documenting impedance matching and the broad—band ing

between a resistive generator and load. As has been noted and is to be

further demonstrated , mechanical quarter—wave sections effect changes to

the f requency domain characterist ics of p iezoelect ric transducers that

can result in improvements to the impulse response. Young [50] has

tabulated t ransformer designs up to four sections for Butterworth or

Tchebychev pass band characteristics for impedance ratios from 1.25 to

100 . A po ssible starting point is then established by selecting the

number of front—side sections and the desired type of frequency

response. The tables include bandwidths, W, for the Tchebychev

transformers from 0.1 to 1.2. W is defined as:

f — f2 1 (4 3)
£
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where f is the center frequency at which all the sections are quarter—

wave; and f 1 and f
2 specify the lower and upper limits of the Tchebychev

pass band response . The bandwid th, W, is a means of specifying the

scale fac to r , a2 , in Equatio n (2.3) , wi th  and f 2 corresponding to the

points at which cos(kl) a2 . For notational purposes, the maximally flat

configuration is denoted by W MF. As a starting guess , it has been

found to be reasonable to compromise bandwidth and pass band ripple by

selecting W 0.6. It is stressed that the transmission line analogy is

not exact with respect to a piezoceramic transducer because of the

electromechanical coupling. Consequently, a true Tchebychev type

response is not expected.

A search procedure can now be adopted for maximizing opt (n) of

Equation (4.2). Search techniques of many varieties abound throughout

the literature. When evaluating the appropriateness of the different

techniques, the following factors of the optimization problem must be

considered:

1. likel ihood of local max ima ,

2. accuracy and difficulty of calculating derivatives,

3. closeness of the initial guess to the final solution,

4. required accuracy of the final solution,

5. general qualities of the optimization function, and

6. speed of the convergence.

Although details of the opt(n) function are not known, some general

characteristics are anticipated . For example, it is expected that the

impedance of the matching sections should decrease monotonically away

from the ceramic and be bounded at the low end by the impedance of the

water load. Matching theory also dictates that section lengths would

L~~ . . • 
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not be idealized at values much longer than quarter—wave. Any increase

in length tends to make a section more frequency sensitiv e which is

• typ ically counterproduct ive to broad—banding . At the very least , the

leng ths should not approach the ha l f—wave value as half—wav e sections

are not useful  for impedance matching . It is also reasonable to

estimate that a back—side impedance in the v ic ini ty  of the ceramic ’s

impedance should minimize the amp litude of the third veloci ty peak and

therefore be a good starting guess for opt(2).

From the above discussion, it is seen that the parameter subspace

defining the anticipated solutions is fairly well restricted . In

addition , the starting point already provides a good , but not optimal

solution. Due to the loose interpretation associated with the sear ch

function, opt(n), it is likely that more than a single optimum solution

will be found. In fact, the search function has been designed with the

intent of locating local maxima corresponding to physically d i f f erent

alternatives. Accordingly, the search routine should be able to

identif y locally optimal solutions.

At this point , it may be beneficial to recall that the actual

device or system , not the model , is the ul t imate target for any

simulation and optimization. In Appendix B, it has been demonstrated

that there are noticeable variations between the model of a simple disc

with no matching sections and its physical counterpart. It is likely

that the addition of matching layers, leads, housing , and backing will

enhance, rather than diminish , these differences. Variations are also

to be expected due to limited accuracy in measuring the physical

constants of the sections. The construction process Itself introduces

the possibil i ty  of irregularities. Even if the model were a nearly

--

~ -
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pe rfect  representat ion of the physical dev ice, calculation of the time

response is by numerical approx imation, necessarily In t r o d u c i n g  some

error. The purpose of this discussion is to suggest that a locally or

globally optimum solution need be found to only modest accuracy. The

solutions and experimental cases in the subsequent chapters are

calculated to within a percentage or two and are probably examples of

over—calculation.

The gradient search (or steepest descent) method is a recommended

procedure for well—behaved search functions when only the function value

and its g radient are known at each iteration [7]. It is formalized by:

2
i+1 

= 2
1 + q1 V iopt( n) , (4 .4)

where the superscripts indicate the Iteration number , ~ is the vector of

parameters being varied , ~ iOp~ (~~) is the gradient , and q i is a scalar

to control the step size. The gradient, it is recalled , is a vector

defi ning the direction of a function ’s maximum positive change. The

compone nts of the vector are defined by the part ia l  derivat ives

( sometimes referred to as sensitivities) of opt(n) :

3opt (n)

~ opt ( n) . (4.5) p

~opt(n)

Any small motion in the direction of the gradient will therefore

increase opt (n). By jud iciously selecting the starting point, different

subspaces can be examined for the possibility of other local maxima. A
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disadvantag e is tha t  convergence is , at best , linea r. This is not a

severe difficulty since the starting point is assumed to be good and

only modest accuracy is required for the f inal  solution. The g radient

search suggested by Equation ( 4.5) is qui te  successful in f ind ing

improved transducer configurations. Its use is demonstrated in the

following chapters. A variation on Equation (4.4) is to search in one

direction until a maximum is found and then recalculate the gradient

vector. Such a strategy should reduce the total number of computations.

A possibility of improving the search direction is to u t i l ize

information obtained from all of the previous gradient vectors at each

step. These modifications and the precise implementation of Equation

(4.4), including the calculation of the grad ient and qi, are discussed

in Section 4.4.

Because of the physical differences between the lightly and heav ily

backed cases, there are some differences in the search strateg ies. The

two procedures are separately described in the following two

subsections, matching sections.

4.3.2 Qp~ imization with Light Back—S ide Loading. For transducers

with light backing , the optimization process is somewhat simplified

since the actual value of the backing has very l i t t le e f f ec t  on the

finalized front—side configuration. Consequently, it has been fou nd

that the back side impedance can be optimized after a suitable

tront—side design has been found. As a matter of fact, results in

Chapter V show that there is little difference between optimizing the

tront—side sections for either air loading or the optimal light backing.

It turns out that the optimal light  backing impedance is approx imately

20% of the ceramic ’s impedance or about twice that presented by the
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wate r load . These results are not surprising upon a review of the

l ight ly backed system. By de f i n i t i o n , the peak power of a lightly

backed t ransducer system is not to be sig n i f i c a n t l y  impai red compared to

the ai r—backed case. Res t r i c t ing  the impedance to the aforement ioned

level allows for  only s l ight  energ y t r ans fe r  to the backing . The impact

o f l igh t  backing on the impulse response is therefore secondary compared

to the changes caused by the f ront—side matching .

It has alread y been suggested th roug h physical arguments that  the

opt imiza t ion may be conducted port by po rt , working in par amete r

subspaces rather than the ent i re  parameter space. In practice , it has

been fou nd to be beneficial to fur ther  separate the f ront—side  length

variables from the impedance variables. In other words , the vecto r 2 of

Equation ( 4.4) would contain either leng th or impedance variables during

the f ront—side optimization. However , that sepa ration does not preclude

the possiblity of f indin g an optimal set of lengths , restar t ing the

search on the impeda nces f r om those leng ths , and continuing successively

on leng ths and impedances unti l  no additional improvements are possible.

The results to be presented in Chapter V jus t i f y th at separation when

considering the d i f f e ren t  e f fec ts  of length and impedance op t imiza t ion .

It will be seen that leng th adjustments generally achiev e improvements

to opt ( n) by decrea sing v rj ng . With changes to the lengths , the time

delays of the separate velocity components are selected to minimize

V ring • On the other hand , impeda nce adjustments tend to improve the

overall match ( compared to length opt imizat ion)  and thereby increase

either peak power or total energy. From that process , energy is removed

more quickly, with the possibility of depressing V
ring• 

Another reason

for not combining the parameter subspaces is more directly related to
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the g radient search technique and , more speci f ica l ly ,  to the g r ad i en t .

I t  is possibl e that  the length sens i t iv i t ies  could be considerabl y

d i f f e rent from the impedance sensi t ivi t ies .  Under such c i rcumstances ,

the convergence of the g radient search is very slow. The poss ib i l i ty  of

la rge d i f fe rences  (in magni tude)  between the maximum and minimum

compo nents of the gradient vector are reduced by not mixing the two sets

of pa ramete r s and by keep ing the number of var iable  parameters small.

One app roach to beg inning the search is to demand that major

improvements to the impulse response are to be from Impedance

adjustments , reserving the length var ia t ions  for small e f f ec t s .  Goll

[1 9] suggests a similar techni que in the frequency domain whe re small

changes in length are shown to improv e pass band symmetry .

Implementation is achieved by beg inning the opt imizat ion on the

impeda nces and then alternately ad jus t i ng length and impedances as

needed . The optimum set of impedances for quarter—wav e matching

sections has been found to be unimodal (i.e., no locally optimal

solutions have been encountered). The foregoing claim is made after

testing a variety of starting points. Continuing the optimization on

leng ths from that set of impedances yields only minor improvements to

the peaks ratio and results in only small deviations from quarter—wave.

Since this optimal set of lengths is near the quarter—wave starting

point , very few successive iterations on lengths and impedances are

required to reach a final solution which is presumably the best that can

be achieved for approx imately quarter—wave sections.

In addition to checking solution uniqueness by utilizing different

starting points , another test has been incorporated . For the particul ar

case of light backing , the same solution is usually achieved whether the

_ _ _  - - ~~-.—
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opt imizat ion process is begun with lengths or impedances. The only

disadvantag e of beg inning with lengths is that  a poor in i t ia l  guess for

the impeda nces may cause the f i r s t  set of optimal lengths to s t ray more

from quarter—wave than required by the final solution . With suboptimal

impedances, length adjustments become more cruc ial. Deviations from

quarter—wav e are observed to become significant as the dependence upon

length adjustment is increased. The resul t is that more successive

iterations to lengths and impedances are required to reach the globally

optimal solution than by starting the optimization on impedances.

Having determined a satisfactory front—side matching scheme, the

next step in the procedure is to change the back—side loading . The most

direct way of selecting a suitable backing impedance is a graphical

approach. By plotting the peak power against the peaks ratio (for

different values of backing), one immediately sees the tradeoff between

improvements to the peaks ratio at the expense of losing the desirable

energy. Results in Chapter V demonstrate that there is a max imum level

of backing beyond which an increase to the peaks ratio is achiev ed at a

considerable decrease to the peak power. Figure 4.9 summarizes the

optimization procedure for the lightly backed transducer.

4.3.3 Optimization with Heavy Back—Side Loading. Unlike the

lightly backed situation, there is considerable interaction in the

heavily loaded case between the back—side loading adjustment and the

design of the front—side match. The interaction complicates the

optimization procedure and , though the general approach outlined in

Section 4.3.2 is applied here, the results are somewhat different.

A successful method for starting the optimization procedure is by

f ix ing back—side damping equal to the ceramic’s impedance. However, 

-—~~~~~~-—
- •~~~~~

- •
~~~~--~~~~~~~-
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• Starting point:
Tche bychev match ,
Quar ter-wave sections ,
ZB 

= 0.0

Optimize Z. and continue Optimize L. and continue
w it h succe~sive l ength wi th succe~sive im pedance
an d impedance adjustment s and length adju stments

If desired , test 1 Yes
d i fferen t star ting points

__________4

uo

Determine optimum backin g for
selected front-side design

Readjust front-side Z. and L.,
as nee ded , to account 1for Z8

1

“P
Desi gn complete

Figure 4.9. Flow chart of the optimization procedure for
light ba cking
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unlike the l igh t ly damped case , two separate locall y opt imum so lu t ions

will typ ically be reached depending on whethe r the f r o n t — s i d e

optimization beg ins with leng th or impedance adjustments. If it is

desired to mainta in  the f ront—side t r ans fo rmer  sections approx imately

quarter—wave, in leng th , impedances should first be optimized . Length

adjus tments  the n lead to only modest devia t ions  from quar te r—wave.

However, a completely different set of lengths and impedances is

sometimes fou nd to be optimal by allowing more substantial  depar tures

from qua rter—wav e leng ths. The consequences on the impulse response of

one method compa red to the other are examined in the nex t chapter .  For

the present discussion , the salient f ea tu re of these two procedures is

that they aid in searching d i f f e rent sectors of the parameter subspaces

fo r locally optimal solutions. Hav ing dete rmined an appropr ia te

selection fo r the f ron t—s ide  match , the inital  back—side impedance can

- now be modified . In general , once the f ront—side op t imiza t ion  is

completed , onl y small changes to the backing impedance are required , and

sub sequent readjust ments to the f ron t—side  match will be minor .  This

• seems to be t rue whether leng th or impedance emphasis has been used fo r

the f ront—side match.  Several successive optimizations between the

f ront—side match and backing can sometimes lead to more substantial

• chang es to Z3, but the p rocess is slow and not conclusive.

Th e aforementioned approach substantially neglects most of the

available subspace for optimizing the backing impedance. Consequently,

the sol ution that is found might  only be locally optimal . H owever , by

beg inniqg the sea rch p rocedure with the backing impedance ( and a

nonoptimal f ron t—side  scheme) , a g reat er emphasis is p laced on the

backing to achieve improvements to the impulse response. It is

_ _ _  _ _ _ _  -• - - • • - - - -  
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consequently observed that ZB undergoes larger changes when optimized in

a configuration which does not possess an optimal front—side matching

scheme. The utility of this approach for searching other subspaces for

locall y optima l solutions is examined in the nex t chapter. Althoug h the

presence of numerous locally optimal solutions is confusing , it allows a

great deal of desig n flexibility. In Chapter V it is shown that a range

of the backing impedance reduces the r ig id i ty  of the impedance

specificat ions required for the front—side sections. The number of

d i f f e rent solutions yielding very similar impulse responses will also be

shown to be not as larg e as might be thought.  There are sig n i f i c a n t ly

d i f f e rent characteristics between solutions emphasizi ng leng th over

impedance opti mization. Likewise , the re are also certain drawbacks with

using some ranges of backing impedances. Figure 4.10 flow charts the

optimi zation procedure for the heav ily backed case .

4.4 Additional Remarks and Limitat ions on the Gradient Search

Procedure

To cont rol and limit the step size duri ng the sea rch , Equation

(4 . 5)  is implemented by:

2
i+1 

2
i[1 +q l7iopt (n) ] , (4 .6)

where V iopt (n) is normalized so that its max imum component is unity.

By the representation of Equation (4.6), qi represents the maximum

$ fractional change of any parameter during the ith iteration . The

purpose of this section is to describe the calculation of the gradient

iand the determination of a suitable q
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Starting point:
Tchebychev match ,
Quarter-wave sections,

F 

ZB = 1.0

4

11 11 JP

Optimize 2. Optimize L. Optimize
and contin~e and contin~e Z8successive ly successively
on L1 and Z1 on L1 and 2.

Optimize Optimize Z. Optimize L.
and contin~ie and contin~esuccessively successivel y
on L1 an d Z 1 on Z~ and L~

Continue successive optimization s
between the backing and the front-
side configurations (as needed)

I 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

4No

Design complete

Figure 4.10. A flow chart of the optimization procedure for
heavy backing
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There are two typical methods for calculating the gradient: by

parameter perturbation or by the method of adjoint network analysis.

Per turbat ion  is a direct means for determining the partial derivatives.

The y are calculated by:

opt [n ,p~~ 14c~) J — o p t ( n ,p~ ) (4 . 7 )
AP j  L~Pj

whe re p .  is one of the parameters being varied , and c~ is the f ract ional

amount of va riation. The major disadvantage of perturbation is that for

n variable parameters , a total of n+1 circuit  analyses are required .

With the the method of adjoints [7 , 12 ,24] , only two network analyses are

needed ; howev er , more incidental “bookkeep ing ” is required . In the

presen t app lication , whe re the sensi t ivi ty vector is limited to a

max imum of th ree elements , the re is only a modest computat ional

advantag e for using the method of adjoint  anal ysis. This is especially

true if the g radient does not need to be recalculated at each iteration .

Pa rameter perturbat ion has been used to calculate sensitivities in this

research. Selection of n is described in the next paragraph .

The scheme fo r selecting the search step size, qi, is based upon

successive g radient calculations. A necessary condition at an extremum

is that :

V i t ( n) 0 . (4.8)

When all of the componen ts of Viopt(n) change sign from one it e r a t i on  to

the next , indicating that the condition of Equati on (4.8 ) ~as bee n met ,

the value of q i is halv ed to improve the solution accuracy. Due to the
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linear nature of the search process, the maximum relative error in

locat ing a locally optimal solution is q1/2 in j~j~~ immediate v i c i n t i ty

of a solution. In the examples of Chapters V and VI, qi is set to 0.02

and is reduced to 0.01 when all of the components of the gradient .hange

sig n from one iteration to the next. No attempt has been made to speed

up the search by increasing qi during regions of no sign changes to the

components of the sensitivity vector. In all cases, a in the

sensitivity calculation has been set equal to qi~ The parameter changes

are therefore restricted to regions where there is a direct knowledge of

the g radient.

For any reasonable front—side matching scheme up to three sections,

t here is a unique value of (heavy) backing impedance which globally

max imizes op t (2) .  On the contrary , with heavy backing the likelihood of

local optima for f ront—side designs is found to increase as the number

of matching sections Is increased. As has already been suggested , the

impedanc e or length starting points must be supplemented with others to

insure an adequate search of the subspaces. In performi ng that forced

sea rch of the front—side subspaces , it has been found that the section

adja cent to the ceramic has the greatest overall e f f ec t .  A successful

app roach in the search for other leng th solutions has been to start  with

that section leng th reduced to between 50% and 70% of its quarter—wave

value . A reasonable search range for the corresponding impedance is

def i ned b y its value for W=0.6 to approx imately one—half that value.

Althoug h the search pr ocedur e in this work does recalculate the

gradient vector by Equation (4.7), at each iteration , considerable

efficiency can be gained by the adoption of a more liberalized approach.

One possibilty is to perform a recalculation once a maximum is reached.

•
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A somewhat more conservative system is to recalculate the gradient after

a prescribed number of iterations. The point to be made is that the

search function seems to be sufficiently well—behaved to not warrant a

recalculation at each iteration. In light of the above comments , the

method of Fletcher and Powell [7 1 , which utilizes previous gradients for

modi fying the search direction , woul d probabl y be of onl y ma rg inal use

within a leng th or impedance optimization set. That modification would

not be meaning ful when switching from optimizing one parameter subset to

another.

_____ 
____ --1
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CHAPTER V

RESULTS OF OPTIMIZATION

5.1 Introduc tion

Upon implementing the optimization procedures of Chapter IV , a

variety of satisfactory transducer designs are found. These designs

offer improvements to the impulse response compared to the techniques

outlined in Chapter II. Some solutions maximize the peaks ratio ,

whereas other configurat ions yield locally optimal results. In

addition , there are suboptimal designs offering good performance. When

material availability and space limitations impose constraints on the

pa rameter ranges , the requirement for such suboptimal solutions becomes

ge rmane . The purpose of this chapter is to present the var ious

solut ions in a way which contrasts the adv antages and t radeof f s  that  are

possible.

The theoretical improvements achieved by optimization are most

meaning ful by examining the lossless, nonsilvered model of the lead

metaniobate disc combined with lossless front—side matching sections.

With those restrictions, improvements to the transient response are

directly attributable to energy transfer to the acoustical loads. The

backing and water loading are included resistively. A maximum of three

front—side sections, with impedances Z~ and lengths L1, are considered

in these results. The sections are numbered consecutively starting with

the one closest to the water load. The utility of more than three

sections is doubtful from both the theoretical (401 and availability

point of view. The results in this chapter also support those

theoretical conclusions. 

~~~~~ • • - ----•-— • •-•~~~~~~~~~
--.---—
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Rather than attempting to meet a set of design specifications, the

optimization procedure is devised to find a locally or globally optimal

solution for a specified number of front—side sections. Consequently,

the question of selecting the number of front—side sections is not

directly addressed. A separate comparison is therefore presented which

allows the effectiveness of increased matching sections to be evaluated.

The two broad categories of lightly and heavily backed transducers

are treated distinctly. Within each category , results are presented for

one , two , and th ree front—side sections. Since lig ht backing has onl y a

small influence on the design of the front—side matching system , the

optimization of the backing is presented independently of the f ront—side

adjustments. However, the particular value of heavy backing does

influence the front—side match , rendering that separation approach

inoperative. The results demonstrate the interaction between the

backing impeda nce and front—side designs fo r one— , two— , and three—stag e

transformers.

To facilitate the comparison with the unmatched case, the impulse

responses in this chapter are all normalized with respect to the peak

tace velocity of the air—backed disc loaded directly by water (system

A).  Under that normalization , system A has V peak equal to one .

Similar ly,  the total energy, E~ , del ivered up to 2 microseconds is

normalized with respect to the energy of system A. When it is useful

for illustration of certain points, the complete impulse response is

presented graphically. For demonstrating small changes in the response,

it is often more appropriate to tabulate the important characteristics

of the response. The tabular and graphic techniques are combined to

present a thorough explanation of the potential advantages of time

— ‘ ‘  ‘ — - • - • - .---•----— -- ~~~‘ -~~---~~~~~~ -— ‘ T T :i’ ~r’ :TT ’. IT
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domain design. Impedances and lengths are reported normalized to the

ce ramic impedance and to the sect ion s quar te r—wave leng th at resonance ,

respectively.  In certain cases , p lots of f requency domain responses are

also included .

5.2 Lightly Backed Transducer Systems

5.2.1 Preview of the Results. To emphasize the possible impulse

response Improvements by front—side matching, the optimizations are

f i rst per fo rmed for air—backed transducers. Upon selection of a

front—side match, light backing is increased to an optimal value. A

subsequent readjustment of front—side sections demonstrates that only

small changes are required to maintain optimum transducer performance.

With at least one matching section , peak power is found to be

almost independent of the design of the front—side transformer. This

insensitivity extends to reasonable variations in length, impedances,

and number of front transformer sections. Any improvement to the peaks

ratio must be made by decreasing v • The results show that v canring ring

be reduced by increasing the number of matching sections , with the most

substantial decrease occurring by changing from a single—layer match to

a two—layer match. With the number of matching sections fixed, length

adjustments can usually effect a considerable improvement to the peaks

ratio when materials having optimal impedances are not available. If

the best set of matching impedances are selected , length adjustments can

prov ide only a small improvement to the peaks ratio and are close to the

quarter—wave solution.

5.2.2 Air Backing with a Single Front—Side Section. For a single

matching section, a possible starting point in the optimization
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procedure is from system B: a quarter—wave plate having an impedance

eq ual to the g eometric mean of the water and ceramic impedances. The

impulse response for such a system has been shown in Figure 4.9. The

details of the matching  scheme and impulse response character is t ics  are

listed in Table 5.1. Subsequent references to this entry are made as

case ‘5.1:1” . That notation is used throughout the chapter. The

results of max imizing opt(3) by either length (case 5.1:2) or impedance

(case 5.1:3) adjustments are shown in Figures 5.la and 5.ib. As a

cot’trast, Figure 5.lc shows the results of maximizing the total energy

delivered to the water during the first two microseconds (case 5.1:4)

with the section length fixed at quarter—wave.

Al though Figure 5.1 demonstrates that there is a considerable

difference in the impulse response after t5(3) between the length and

impedance optimized cases, their pre—t (3) responses and peaks ratios

are approximately the same. On the contrary , energy maximization , case

5.1:4 , causes some loss in peak powe r and a considerable reduction of

t he peaks ratio. It is interest ing to note that the procedure of

Desilets et al. [11) would recommend an impedance of 0.16 for

maximizing transducer eff ic iency.  That calculation is accomp lished

di rectly f rom Equation (2 .5)  and confirms the f indings of case 5. 1:4 ,

which suggests an impedance of 0.17.

Figu re 5.2 presents the frequency responses of cases 5.1:2, 5.1:3,

and 5.1:4. It demonstrates that there is no obvious correlation between

the compromises of bandwid th , phase linear i ty ,  the allowed ripple in

each , and the resulting impulse response. Case 5.1:4, which offers an

approx imatel y gaussian response and a very l inear phase in the pass

ba nd , has the worst peaks rat io with respect to t (3) . Yet af ter  its

I
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Figure 5.1. Impulse response with a single matching section
a. Length optimized to maximize opt(3)
b. Impedance optimized to maximize opt(3) 
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Figure 5.1. continued
c. Impedance optimized to maximize energy

delivered to the load
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fou r th  ve loc i ty  pulse , its r esponse decays more rapidly than the two

optimized designs. By tolerating more ripp le in the amplitude response ,

case 5.1:2 can be considered more broad—band than case 5.1:4. Likewise ,

case 5.1:3 has a larger region of linear phase .

The case of the simple one—layer matching system is also useful for

demonstrating another u t i l i t y  of the opt imizat ion procedure.  The

results in Table 5.1 suggest that there is a considerable range of

impeda nce and leng th combinations that  mig ht y ield similar peaks rat ios .

A few checks within the implied limits of cases 5.1:2 and 5.1:3 have

confirmed that property. The impedance optimized case of 5.1:3 is, in

fact , the global maximum fjr the single—section system. That property

has been verified by utilizing several other starting points. It also

happens that the length optimized case, 5.1:2, is a local optimum; for

small step sizes, the solution of 5.1:3 cannot be found from 5.1:2.

Another point to be made is that the global maximum occurs by

emphasizing impedance adjustments which is similar to lightly backed

systems with two— and three—section transformers.

5.2.3 Air Backing with Two Front—Side Sections. All of the cases

to be described in this subsection are summarized in Table 5.2. The

first three entries, cases 5.2:1 to 5.2:3, represent the maximally flat

case and the Tchebychev W 0.6 and W 1.0 cases, respectively. For

notational purposes , the maximally flat case is represented as W=MF.

With respect to the peaks ratio, the performance of all three systems is

V very similar. Figures 5.3 and 5.4 show the frequency and time domain

responses for the W~MF and W~1.0 systems. Comparing the differences

between the frequency amplitude responses, the tradeoffs between

bandwidth and flatness are as would be expected . However, the phase

V -~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V•V ~~~~~ ~~~~~~~~ V - .
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responses do not d i f f e r  drast ical ly which supports the possibility of

similar peaks ratio data in the time domain.

System 5 .2 :4  is devised by employ ing the opt(3) criterion on the

impedances with any of the above cases as the starting point. Other

sta rt ing points hav e also confirmed that the results of case 5 .2 :4  are

indeed optimum for quarter—wav e leng ths. A slight improvement over case

5 .2:4  can be accomplished by subjecting the section lengths to the

optimization process. The results of performing successive leng th and

impedance adjustments from case 5.2:4 are listed as case 5.2:5 and are

displayed in Figure 5.5. No other locally maximum solutions have been

found over the impedance and length subspace even when searching far

from the solution of case 5.2:5. Furthermore, starting the complete

optimization process on leng ths rather than impedances ultimately leads

to the solution of case 5.2:5. However , the convergence is somewhat

slower. It is there fore surmised that case 5.2:5 is indeed a globally

optimal solution.

Comparing cases 5.2:4 and 5.2:5, it is observed that only a very

slight improvement is gained by length adjustments from a situation with

optimal impedances. With impedances somewhat removed from the optimal

set, the impact of length adjustments becomes more significant. As an

example of length optimization, case 5.2:6 shows the possible

improvement by using the opt(3) criterion to adjust the lengths from the

W 1.0 system (case 5.2:3).

The final situation considered in this subsection is case 5.2:7

whose frequency and time domain responses are shown In Figure 5.6. With

lengths fixed at quarter—wav e, the impedances are adjusted to max imize

the total energy during the first two microseconds. A qualitative 

-,-~~~ -—~~~~~~~~~~~~~~ J
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comparison with Figure 5.5 shows that the energy is maximized at the

expense of significantly increasing the amplitude of the fourth peak.

In effect , energy that had lingered in the system is now mostly removed

during that fourth velocity pulse. The narrower bandwidth and smaller

reg ion of phase linearity also suggest that case 5.2:7 should result in

more pulse distortion than case 5.2:5. Calculations from Equation (2.5)

show that the impedances recommended by Desilets et al. for maximizing

transducer efficiency are:

= 0.100

and

= 0.220

which approximate the impedances (Z1=O.089, Z2=.241) of case 5.2:7.

5.2.4 Air Backing with Three Front—Side Sections. Table 5.3 lists

the transducer systems described in this section. Entries 5.3:1 to

5.3:3 have sectIons with quarter—wave lengths and impedances providing

W=MF, W=O.6, and W=1.O responses. The maximum peaks ratio and max imum

V
k 

are achieved for W 1.0. App lying the optimization criterion of

opt(3) to the lengths of those systems yields the results summarized as

cases 5.3:4 to 5.3:6. A wide variety of different nonquarter—wav e

starting points have confirmed that these length optimized solutions do

represent global maxima for each respectiv e impedance set. For these

length optimized cases, impedances with W 1.0 still provides the

greatest peaks ratio. The results show that most of the improvement to

the peaks ratio is achiev ed by reducing v
1 for each system with only

minor atteauat ion to vpeak

S 

_ i .
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Similarly ,  f ix ing the lengths  to quar t e r — w a-.rc and appl ying the

opt(3) criterion to the front—side impedances also achieves an increase

in the peaks ratio by causing a reduction to V
r iflg

S The res ul t is

listed as case 5.3:7 and its impulse response is shown in Fi gu re 5 .7 .

Incorporating length optimization to the result of case 5.3:7 onl y

offers a slight improvement. The data of cases 5.3:6 and 5.3:7 suggest

the possibility of a modest range of length and impedance combinations

providing a good peaks ratio. The gradient search technique app lied to V

the op t (3) cri ter ion is no t su f f i c i e n tly sensitiv e to find the true

global maximum over the length and impedance spaces for the three—

section case. However, it is presumed to be near the ranges indicated

from systems 5.3:6 and 5.3:7. The impulse response of case 5.3:7 shows

that the post—t (3) ring—down peaks have been fairly well equalized.

This characteristic has been noticed for the optimal one— and

two—section t rans former  systems . Coup l ing this observation wi th  the

fact that situation 5.3:6 offers a slight peaks ratio improvement over

case 5.3:7 at the expense of a modest decrease in V
k

, suppor t s  the

hypothesis that these two cases should approx imately define the limits

of a g lobally max imum peaks ratio.

5.2.5 Lh~ Use of Light , but Non—Zero BackinA. The purpose of

addi ng light backing to a transducer is to improve the transient

response without significantly degrading the device efficiency. Several

possibilities have been considered to quantify the efficiency versus

ring—down tradeoffs. One logical approach is to directly itwolve the

important quantities of interest: peak power and peaks ratio. The

relationship between these quantities is most readily understood by

plotting peak power as a function of the peaks ratio for various backing

~~~~~~V~~~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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impedances and fixed front—side matching . The results in this

subsection utilize that particular relationship for selecting an optimal

backing impedance. However , substitutions can be made if other

quantities are deemed more important. For example, it might be desired

to emphas ize earl y energy ra ther than peak power. For that particular

substitution , it has been observed that there is no significant change

from the results about to be described .

Since the present measure of efficiency is linked to peak power , a

performance limit on allowable loss must be established. It will be

demonstrated that a natural break often occurs for approx imately 1—dB

loss of peak power as compared to a 5— or 6—dB loss with heavy backing .

However, the effectiveness of light backing is dependen t upon the desig n

of the front—side match , and for some configurations, the break is less

apparent.

The potential benefit offered by lig ht  backing seems to be related

to the value of the peaks ratio of the air—backed systems. The

three—section systems and optimized two—section systems do not show the

amount of improvement that can be achieved with other front—side

des igns. As an examp le , Figure 5.8 presents plo ts of the peak powe r as

a func tion of the peaks ra t io with backing impedance as an implied

parameter. Curve a is of case 5.1:3, a sing le—sec tion optimized desig n,

and curve b is of case 5.2:2, front—side impedances set to W=O.6 and

leng ths quarter—wave. The importance and meaning of the break poin t are

best illustrated from Figure 5.8b. It shows that by sacrificing 1 dB of

peak powe r, the peaks ratio can be improved by 3 dB. However, to

achieve another 3 dB improvement in the peaks ratio, an addi tional 3 dB

of peak power must be sacrificed . The break point is observed to be
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Fkgure 5.8. Peak power and peaks ratio as a funtion of Z
E withthe following front—side designs

a. One—section impedance optimized (case 5.1:3)
b. Two—section W=0.6 (case 5.2:2)
c. Two—section impedance optimized (case 5.2:4)
d. Three—section impedance optimized (case 5.3:7)
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better defined for the two section case rather than the single section

case. This is attributed to the fact that the additional internal

reflections caused by a second layer produces a greater variety of face

veloc ity components that are a function of backing impedance .

Figures 5.8c and 5.8d show similar type curves for a two—section

transformer (case 5.2:4) and a three—section transformer (case 5.3:7).

Each has its front—side impedances optimized with lengths set at V

quarter—wave. The curves have no definitive break point that would

opt imize the efficiency and performance compromises. A 1—dB improv ement

in the peaks ratio is achieved with a 1—dB loss to the peak power. The

results in Figure 5.8 quantify the back—side loading and efficiency

compromises sugg ested by Desilets at al.

There remains the question about the quality of the front—side

matching scheme having added the back—side loading. Selecting a backing

impedance of 0.17, the results of reoptimizing the front—side impedances

under the criterion of opt(3) are listed in Table 5.4. Upon compar ing

the results in Table 5.4 with the orig inal air—backed cases, it is

observed that only minor impedance changes are required to maintain an

opt imum conf iguration with respect to the peaks ratio. Front—side

lengths a re also found to require onl y slight readjustment as a resul t

of l ight  backing .

5.3 He avily Backed Transducer Systems

5.3.1 Preview of the Results. As with the lightly backed systems ,

these results are separated according to the number of front—side

matching sections. This approach allows a detailed study and comparison

of different systems that can be devised with a fixed number of

__ _ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _  ~~~~~~ V V~~~~~~~~~~ V V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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sections. It serves to emphasize the flex ibility and tradeoffs

available through front—side and back—side adjustments. Unless stated

otherwise , all of the optimizations in this section are carried Out

under the criteria of opt (2). After thoroughly examining systems with

up to three front—side sections, a summary discussion details the

considerations for selecting the number of sections to be used .

Since the backing now interacts with the selection of the front—

side matching scheme, it must be treated activ ely during the

optimization procedure. Its activ e role adds a new comp lication to the

opt imiza t io n process , but it p rov ides considerable flex ibi l i ty  in

selecting different front—side matching schemes which y ield

approximately similar impulse responses. To alleviate some of the

po ten tial confus ion , the results are further subdivided according to the

amount of backing required to achiev e an optimization . Fortunatel y,

only a few values of backing impedance are required to demonstrate the

utility and flexibility of the optimization scheme. The lower limit of

optimal backing is approx imately equal to the impedance of the ceramic.

Depend ing upon the details of the front—side match , a larger impedance

may also be acceptable. An addit ional complica t ion caused by the

backing is that there are some situations where more than one locally

optimal solution can be found for a fixed backing and a fixed set of

front—side impedances or leng ths. These cases are specifically noted

and examined.

5.3.2 With a Single Front—Side Section. The results in this

subsection demonstrate the considerable flex ibility available when

desig ning heav ily backed transducers. As initiating values , it is

reason able to beg in with backing equal in impeda nce to that of the

L VVV ~~~~~ V V V ~~~~~~~~~~~~~ V~~~~~~~~~~~~~~~~~~~
V
~~~~~~~

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V V  V
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ceramic (i.e., ZB 1) and a quarter—wav e, c;eometric mean front—side

section . For such a system , the resul ts  are l isted as case 5.5:1 in

Table 5.5 with the response shown in Figure 5.9. App lying the op t ( 2)

cr i t e r ion  to ZB leads to the solution of case 5.5:2. The 4 .9—dB

reduction in v is accomplished at no loss to v • Al thouc’h leng th
r ing peak

adjustments to the front section of 5.5:2 are not too helpful , some

improvement in the peaks ratio can be gained by successiv e adjustments

of the backing and front—side impedances. The general trend is to

reduce both. For examp le , case 5. 5:3 p rov ides a locall y op t imal

solution over the impedance space with the f ront—sect ion  leng th f ixed .

The ab ove results  suggest the possibi l i ty  of using less back—side

loading in an attempt to reduce the loss that occurs to Vpeak• To

examine that approach , the front—side rather than the backing impedance

of case 5.5:1 is first subjected to optimization with the results

entered as case 5.5:4. Its comp le te impulse response is shown in Fig ure

5.lOa. Unfortunately, the poorer front—side match dispels any chance of

increasing V k even with the substantially reduced backing impedance.

Figure 5.lOb and case 5.5:5 display the results of accomplishing the

optimization from case 5.5:1 by deviations from the quarter—wave

front—section length. Although the length adjustment is helpful , it is

not as powerful as the changes to the front—side impedance. Utilizing

successive optimizations on leng th, impedance, and backing from case

5.5:5, the solution of case 5.5:6 is found. The system described by

case 5.5:6 seems to g lobal ly max imize the peaks ratio. By presetting

the backing impedance at other values, no optimization of the front—side

match could improve the peaks ratio beyond its value for case 5.5:6.

The f igu res and results in this  subsection do demonstrate that
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F1~ure 5.10. Impulse responses with either impedance or
length optimization (ZB

sl.O )
a. Impedance optimized (case 5.5:4)
b. Length optimized (case 5.5:5)
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systems with  vastly different parameters can be designed to providc very

similar impulse responses. There are , of cou rse , some v a r i a t i o n s  which

should be considered depending upon the particular application. In

addition to the characteristics listed in Table 5.5, the wid th of the H

second pulse and the total energy may also be important.

5.3.3 With Two Front—Side Sections. To appreciate the flexibility

and improvements possible with time domain optimization , Tchebychev

front matching and matched backing are selected as a starting point.

Systems 5.6 :1 and 5.6:2 in Table 5.6 list the parameters and

characte r ist ics for  W—M F and W 1.O , respectively.  Performing opt (2) on

the backing impedance leads to the designs of cases 5.6:3 and 5.6:4.

The requirement for greater backing in conjunction with the maximally

f la t  match can be anticipated f ro m frequency d omain arguments. Since

removal of high frequency energy is more neglected by the maximally flat

match , additional resistive backing is required to suppress the high

frequency components. The results of cases 5.6:3 and 5.6:4 also

demonstrate that there is a considerable range of backing impedance

(Z
8
=O.98 to 1.63) for maximizing the peaks ratio. By selecting a few

representative values from this range, the utility of incorporating a

— 
front—side optimization scheme is readily demonstrated. Three values of

backing are specifically chosen: 0.98, 1.19,and 1.40. The upper range

of Z
B 

is l imited due to the considerable widening of the second pulse

that occurs for Z
B~

l.63s Therefore, ZB 1.40 is selected since it

represents the optimal value for maximizing the peaks ratio with a

f ront—side W=0.6 conf i gurat ion , and it does not significantly compromise

the W~MF peaks ratio.

With Z8’O.98, the front—side lengths and impedances are

_ _ _ _ _ _



139

Cl 0 U) ~ )  0 C-I ‘0 ~~ s-i . 0
4.4 0 -. 0 ‘-4 s--i C’ C-I I/) C’) C’) C’

C.) I!) I! ) ~~ U) C’) Cl -~ C’) C’) -~ C’)

C’) ~~ C-) N- -~ N- -~ C’) U) ‘0 -. . S S S ~ 0 ~ S •
0. -~ U) C’) U) ‘.0 N- C’) U) U) Cl 0”

s-I s- C’ — C-I Cl C’) C’) Cl C-I C-I

0” ‘.0 0 ‘.0 ‘-0 0’ C’) ‘.0 N. ‘.0 U)
4-i Il) C’ U) C’ C’) C-) 11) -~~ C’-) ‘0 C-I

N. C’) - N. 0” 0) Cl N- N- ‘.0 Cl
0. C’) — C-I C’) U) C’ U) C’) C’) C~ C’)

U) ~> U) U) N- U) N. ‘.0 N- U) N- U) N-
z . . . . S S S S
0
4-4
El
0 0 0 0 0 — ‘.0 C’-) C ‘.0 ‘1) 0
C.) C’-) 0 0 0 0 ‘-0 0 0 0 0 C’) 0
U) . . . • ‘0 N- • ‘0 N- ‘-0 0’

s—i s-i 5.4 S 4  5 5 s—I

0z
4-I C 0 0 0 N- ..-, ‘0 in U) a’-

s-i 0 0 0 0 N C’ C’) U) 0’ ‘.0 0
C.) ~

.) . • . , ‘.0 C” • U) Q\ N-
f-i — s-i s--I 0 s-I S

C.) C’) N- C’) N- N C U) U) C-.) N. 0
0 C--.) 0 N- 0 C’-. It) C’) It) it) N- N- C’-
I-I N Il) C’) U) CS) s—i -~ C--I C’-) -~ C’) C’)
U) S . • . . , . , .

El
Z 03 —

‘~0 0 03 — - s—i C’) C” C-I C-I C’ — C’)
s-i C-I N- C--I N- C’— ‘.0 0 0 N- N- C’

U) ~‘ N — — — — 0 0 — s--i 0 s-i C

C . ) 0

CO El 0 0 C’) C’) C’) C’) C’ C’ C’ 0’ 0
CO I 0 0 ‘.0 03 0) o~ s--i s-~ — ~~

E-I~~~~~ N • . . C’ C” C’ . . .
0 s_~ s-—I . 4  • s—I s-I s—I s s--4 

--~~~



~ ‘- - - - - - - --
~~~~ 

—-——--- — — - — ~~~~~~ —.-- —--

140

successively optimized to the outcome listed as case 5.6:5. That

solution is found by either:

I. proceeding directl y from a front—side configuration of

W 1.0 or

2. using a starting point with lengths approx imately 0.7.

The f i r s t me thod is som ewha t slower since the Tchebychev impedances are

approx imately a local optimum for quarter—wave sections. Similar

impulse response characteristics can be obtained for a wide range of Z2

values. As an example, starting the optimizing process from WMF ,

either of the above procedures lead to the design of case 5.6:6 which

has a Z 2 value more than three t imes that  of the 5.6:5 case. The design

of case 5.6:6 is locally optimal over the subspace of front—side

parameters. The similarity of the frequency responses of cases 5.6:5

and 5.6:6, as shown in Figure 5.11, conf irms the time domai n similar ity

of the solutions. With the large range for different solutions , the

opt(2) criterion is not adequate for finding a globally optimal

configuration , even with fixed backing. However , there are certain

tradeoffs and considerations for selecting one system over another.

These are to be illustrated with Z
B
=lSl9 , where the special case of a

matched backing Is avoided.

Rest r icting ZB to 1.19 and starting with the optimization of the

front—side impedances, the front—side design of case 5.6:7 is found .

That solution is determined by strating with an impedance optimization

trom either the WMF or W 1.0 systems. The peaks ratio of case 5.6:7

can be Imp rov ed by permit t ing more sig nif icant  deviat ions from

quarter—wave. The point is demonstrated by the locally optimal solution

of case 5.6:8 which has its impedances fixed to the values of case 5.6:7 

~~~~~~~~~~~~~~~~ - - - - ~~~~~~~ -~~~~~ j
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bu t utilizes considerably diff erent section lenc ths. System 5.6:8 is

to und by starting a leng th optimization from system 5.6:7 with L
2 

Ui-st

changed to approx ima tely 0.7. These two impulse responses are

illustrated in Figure 5.12 which shows that system 5.6:8 has the added

advantag e of reduced second pulse width. The maximum value for opt(2)

with Z~ fixed at 1.19 occurs for the configuration of case 5.6:9 shown

in Figure 5.13. That solution is reached by beg inning with length

opt imization from the quarter—wav e, maximally flat starting point.

Numerous other starting points seem to confirm that this front—side

configuration is globally optimal for the set value of backing .

Comparing cases 5.6:8 and 5.6:9 suggests that there is a wide range

of impedances that will yield good results. The flex ibility aspect of

the desig n and optimization procedure is again demonstrated by

considering the midrange situation of case 5.6:10. ~Jith the impedances

fixed to prescribe a W=1.0 match, a reasonably satisfactory peaks ratio

can be achIeved by leng th adjustment . The improvement to the peaks

ratio over the quarter—wave configuration with matched backing (case

5.6:2) is greater than 4 dB.

The design of case 5.6: 11 represents the global ly opt imal  design

for ZEa1.40. That solution is found directly from either the WMF or

W=1.0 systems and starting with either leng th or impedance optimization .

Several other starting points have been examined and seem to confirm

that system 5.6:11 is, in fact, the only solution for ZB~
L . 4 O S  Al thoug h

the possibility of other solutions has been found for considerably

reduced front—side impedances, they have been rejected due to their very

Low peak face velocities. Figure 5.14 illustrates the response of

system 5.6:11 and the fact that there is some widening of the second

t 
- —---- _ _ _ _  
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Figure  5.12. A time domain comparison between two locally
optimal solutions
a. Case 5.6:7
b. Case 5.6:8
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pulse.

5.3.4 With Three Front—Side Sections. With three matching

sections, the problems of local max ima are as severe as with the

two—section transformers. It is therefore difficult to demonstrate

whether or not a solution represents a globally optimal design.

Consequently, the results in this subsection only serv e to demonstrate

that:

1. The procedures described in Chapter IV can realize

significant imp rovements in the peaks ratios over the

classical designs.

2. A three—section transformer has certain benefits and

certain drawbacks over the one— and two—section

arrangements.

The transducer systems in this subsec tion are all descr ibed in

Table 5.7. Entries 5.7:1, 5.7:2, and 5.7:3, respectively, list the

results of incorporating matched backing with front—side WMF , W 0.6,

and W=1.0 quarter—wave matching schemes. The subsequent three cases

demonstrate the improvements possible by adjusting the backing

impedance. It is observed that an increased bandwidth requires a

reduced ‘ backing impedance , which is reminiscent of the two—section

situation.

For demonstrating the effects of front—side matching , fixed backing

impedances of ZB OOS2 and 1.07 are selected. These two values

correspond to the implied range defined by the values of Z
B 

for  cases 
-

5.7:4, 5.7:5, and 5.7:6. With Z
R~
O 82 and with quarter—wave section

leng ths , case 5.7:7 shows the result of optimizing the front—side

impedances. That same solution is reached from a wide range of starting

~
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impedances. The major factor contributing to slowing the convergence is

that Z~ is not very critical to the final result. With the impedances

of case 5.7:7, the quarter—wav e lengths prov ide at least a Locally

opt imal situation. Sev eral nonquarter—wave starting points suggest that

system 5.7:7 represents a unimodal max imum over the leng th subspace (for

fixed impedances). On the other hand , the W’1.0 system of 5.7:6 has at

least two locally optimal solutions over the length subspace: one found

at quarter—wave (case 5.7:6), and the other by starting the search for

near 0.7. The latter solution is listed as system 5.7:8.

The following cases serv e to demonstrate that there are locally

optimal solutions within the subspaees of either front—side leng ths or

front—side impedances. The backing impedance, ZB, is fixed at 1.07.

With the lengths fixed at quarter—wave, the impedances of case 5.7:9

maximize the peaks ratio. Testing a variety of starting leng ths, the

quarter—wave lengths of system 5.7:9 also seem to be the best selection

for maximizing the peaks ratio for that set of impedances. Therefore,

case 5.7:9 is locally optimal aver the subspace of all front—side

parameters. Another quarter—wave solution , 5.7:4, is also confirmed to

be locally optimal with respect to the front—side parameters. Also, for

the impedances of system 5.7:4, a superior solution (case 5.7:10) is

located by starting the search with short.

Al thoug h the complete versat i l i ty  afforded by the opt imizat ion of a

three—section transformer has not been fully demonstrated , the results

show the potential for selecting a wide variety of good designs. In

addition to flexibility, there are other features of the design that are

worth mentioning . Figure 5.15 illustrates the impulse response of case

5.7:7 which has optimized impedances for quarter—wave lengths.

_ _ _ _ _  _ _ _ _  _ _ _
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Figure 5.15. Impulse response with a three—section quarter—wave
transformer with optimized impedances (case 5.7:7) 
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Contrasting its response with a one— (case 5.5:4) or two—section (case

5.b:7) case that have been impedance optimized using nearly quarter—wav e

lengths reveals the following :

1. The peak ring—down velocity, ~~~~~~~~~~ occurs sign if ican tly

beyond the second pulse for the three—section transformer.

2. Although V
k 

is no t significantly increased, the second

pulse is heightened to an amplitude approximately equal to

the first pulse.

On account of the additional layer , there is increased possibil ity for

energy storage within the mechanical sections. As a consequence , the

peak ring—down power can occur significantly after the peak power has

occurred. (In practice , this effect may not be observed due to the

mechanical losses that have not been considered in the model.) It is

also expec ted tha t addi tional sections should improve the qual ity of the

ma tch and thereby increase the total energy delivered to the water.

This conclusion is confirmed by rev iewing the results of the three

aforementioned cases which are repeated for convenience in Table 5.8.

5.4 Parameter Sensitivity

The consequences of parameter sensitivity during the optimization

procedure have been mentioned in the previous section. Although

parameters imposing only minor effects on the search function complicate

and slow the convergence process during optimization, they can be

beneficial to the finalized design. In practical situations where

quality control becomes a factor , it is desirable for the most sensitiv e

parameters to correspond to the most accurately controllable physical

quantities , and vice versa. It may even be desirable to trade some

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _  ---- 
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performance for achieving a more favorable distribution of parameter

sensitivities.

This section is devoted to examining the impact of parameter

variability on the peaks ratio. By selecting and perturhing

representative solutions from Section 5.3, the element sensitivities can

be estimated. The ramifications of different optimization schemes and

transformer complexity can also be evaluated with respect to

sensitivity. A fixed deviation of +5.0% is used (although the first

derivative may not be quite constant aver that large a range). From a

practical standpoint, most quantities can be readily measured and

maintained to that accuracy. Perturbation is limited to one parameter

at a time to allow for a direct analysis of each. Although a nonl inear

composite effect may occur with more than a single var iation, the number

of possibilities are too numerous to consider separately. Several test

cases have generally shown that the total deviation is approx imately

represented by the sum of the individual perturbat ions. As with the

presentation of the performance characteristics, the perturbation

results are reported separately for air and heavy backing.

5.4.1 Air Loadin&. The results of Table 5.9 show that it is not

possible to generalize whether optimization of a parameter will increase

or decrease its sensitivity. For the the single matching section ,

either length or impedance optimizaton increases the sensitivity of the

respective parameter. Conversely, impedance optimization on the

two—section case of 5.2:1 (leading to case 5.2:4) significantly

decreases the sensitivity of Z
1
. By contrasting cases 5.2:1 and 5.2:3

with cases 5.3:1 and 5.3:3, it is observed that the dev iations as a

function of bandwidth are not consistent when changing from a two— to

-- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r. ~~~~~~
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three— stage transformer. However , one generalization can be noted:

the largest sensitivities are associated wi4.h the matching section

adjacent to the ceramic , with the impedance parameter being dominant.

Although the length sensitivity of this section is not as large as the

corresponding impedance sensitivity, its length sensitivity is typically

greater than the leng th sensitivities of other sections.

5.4.2 Heavy Backing. For all of the quarter—wav e Tchebychev

situations listed in Table 5.10, the sensitivities of the front—side

parameters are increased as the backing impedance dev iates from the

matched condition of Z
B~

l.O. The cas of backing equal to the ceramic s

impedance tends to maximize the energy del ivered to the backing and

thereby diminishes the available energy that can reach the active face.

The requirements of the front—side match for controlling the peaks ratio

is consequently reduced .

A few examples are also listed which demonstrate the effects on

sensitivities as a consequence of front—side matching. Upon optimizing

the impedance of a single quarter—wave section , its length and impedance

sensitivities are considerably increased (cases 5.5:1 and 5.5:4). On

the other hand , the length optimized system of case 5.5:5 is very stable

with respect to impedance variations, but length deviations inflict a

substantial e f f e c t .  The global ly optimal system of case 5.5:6 o f f er s

good performance as well as a good compromise of sensitivities. The

examples of cases 5.6:5 and 5.6:6, which have additional flexibility

afforded by a second matching section, demonstrate another point of

interest. Tolerating only minor differences in performance offers the

choice of assigning a low sensitivity to either or ZB with the

remaining sensitivities approx imately unchanged . The effects of
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sensitivity as a function of the Tchebychev bandwidth are reversed from

the lightly backed case. With matched backing , generally decreased

sensitivities are associated with decreased bandwidth for two matching

sections and increased bandwid th for three matching sections.

5.~ Effects of Includ ing the Electrodes in the Model

In Chapter Itt it has been demonsttated that the electrodes can

have a s ignif icant  impact on the frequency response. Changes in the

time domain must also be anticipated . The purpose of this section is to

examine these effects on the impulse response. By adding sections

simulating silver electrodes to a few of the optimized systems of

Sections 5.2 and 5.3, a de teriora tion of the peaks ra tio is seen to

result. The finding emphasizes the need for including electrode

characteristics in the analysis during the optimization. Table 5.11

lists the cases considered and the changes caused by the electrodes. In

add ition to degrading the response , it is also shown that the prev iously

calculated solutions are no longer optimal when the electrodes are

appended to the model . The results in Table 5.11 establish that these

peaks ratios can be improved by subjecting the complete system to the

optimization process. One and two front—section systems with both air

and heavy backing are included in the examples that follow. The

parameters describ ing the silver layer are listed in Appendix Table B.2.

Figure 5.16a plots the impulse response of the air—backed

single—section system of case 5.1:3 on the same set of axis as system

~.1:3s , where the s denotes that silvered electrodes have been included .

Figure 5.16b presents a similar plot for the air—backed two—section

system of cases 5.2:5 and 5.2:5s. The responses of the heavily backed
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Figur e 5.16. The e f f e c ts of the electrodes on the impulse response
of air—backed systems (solid curves represent the
nonsilvered)
a. With one front—side section
b. With two front—side sections
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designs of cases 5.5:6 and 5.6:11 are plotted together with their

silvered counterparts in Figure 5.17. The two figures and data of Table

5.11 establish the following consequences on the impulse response

attributable to the electrodes:

1. v is reduced ,peak

2. the peaks ratio is increased ,

3. the width of the second pulse is increased (for the heav ily

backed sys tems) , and

4- the post—t (3) response of the lightly backed sys tems is

somewhat modified.

Due to problems with locally optimal solutions and changes to the

waveform , it would be difficult to present a meaningful comparison

between the truly optimal silvered and nonsilvered solutions. On the

contrary, a direct review of adjustments to either the section leng ths

or impedances is more effective for prov ing that the nonsilvered

solutions, with elec trodes subseq uently incl uded , are no longer optimal.

The proper design procedure must be to subject the comp lete model ,

incl uding the elc trodes , optimization.

The theoretical impact of excluding the electrodes during the

optimization process is illustrated by examining a few such

re—optimizations. For the air—backed systems , impedance re—optimization

is applied to the single—transformer system (case 5.l:3S0) and length

optimization to the two—transformer system (case 5.2:5S0). Each

solution is unimodal for all the other parameters fixed . The

improvements to the single—section heavily backed system are slight for

ei ther  leng th or impedance (case 5.5:6S0) adjustment. With two

front—side sections, length (case 5 .6: 1ISO) or impedance (case 5.6:IISI)

_ _ _ _
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(a)

(b)

Figure 5.17. The effects of the electrodes on the impulse response
of heavily backed systems (solid curves represent the
nonsilvered)
a. With one front—side section
b. With two front—side sections

_ _ _ _  
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readjustments show a more dramatic improvement. Although not exp licitl y

demonstrated , the optimal backing impedance is not significantly changed
- 

by the inclusion of the electrodes.

_
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CHAPTER VI

EXPERIMENTAL RESULTS

6.1 Object ives

The purpose of this chapter is to prov ide experimental verification

that the procedures described in the previous chapters can be reduced to 
- -

practice. To achieve that goal , an assortment of transducer systems,

summarized in Table 6.1, have been constructed and tested. Half of

those systems represent a control group employing nonoptimized , quarter—

wave matching schemes. With those systems, the matching sections are

quarter—wav e at the fundamental resonance of the ceramic. The

corresponding optimized systems have been designed ~~ allowing leng th

variations to the front—side sections. For light and heavy backing ,

both one and two front—side sections have been tested. Frequency and

time domain measuremen ts are carried out on each sys tem and are

contrasted with the predicted results.

In additon to comparing the measured and predicted results , there

are complete discussions of the construction and experimental

procedures. By evaluating the results with an understand ing of the

construction and measurement processes, it is possible to account for

some of the discrepancies between the theoretical and observed findings.

Identifying the critical areas of design and construction should

increase the likelihood of improving transducer performance. Although

there are numerous potential sources for error , the results in this

chapter show generally good agreement between the experimental and

predicted results and , therefore, demonstrate the applicability of the

optimization processes.

1 1  
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TABLE 6.1
SUMMARY OF TIlE EXPERIMENTAL CASES

Code Descrip tion of the Transducer System

L—i Lightly backed ; quarter—wave section
of quartz on front side

L—i—O Leng th optimized version of L—1

L—2 Lightly backed; quarter—wave sections
of quartz and lucite on front side

L—2—O Length optimized version of L—2

H—I Heavily backed ; quarter—wave section
of quartz on front side

H—1—O Length optimized version of H—i

11—2 Heavily backed; quarter—wave sections
of qua r t z and lucite  on front side

H—2—O Length optimized version of H—2
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6.2 Designing the Test Examples

Due to a limited number of commerciall y available materials having

suitable impedances for front—side sections, demonstration of the

optimization process is limited to adjusting the section lengths.

Although it is possible to synthesize composite materials with proper

impedances , their use introduces new questions concerning uniformity and

repeatab ility . The secondary changes to the ring—down that are being

examined could be masked by such variat ions.  Using commercial quar tz

and lucite reduces the possibility of material variability. Lucite and

quar tz  hav e been selected since their impedances are in the proper rang e

for prov iding a good impedance match between ceramic and water. Also,

others [19 , 20] have specifically demonstrated impedance matching with a

two—section (quartz and lucite) transformer. The backing impedance is a

fabricated material . Since the desired acoustic signal does not pass

throug h the )ack—side loading , a high degree of quality control is not

required. It is sufficient to know the material’s impedance and tha t

the backing is very lossy.

The required physical constants for the matching sections and

back ing impedances are listed in Table 6.2. The quar tz  is General

Electric fused quartz , and the lucite is marketed as Plexiglas. The

backing material is fabricated by suspending tungsten particles in Abson

using a hot molding process [32]. The densities of the materials are

measured directly by standard weight—volumetric techniques. The speed

of sound in lucite is easily obtained by measuring the round—trip travel

time of an acoustic pul se in a 0.64—cm (1/4—inch) thick sample. Due to

the high attenuation of the backing materials, a one-way travel time is

measured by using a transducer at each end of the sample. For both 

——— — — - -— - -~- _ — ——---- - - -.——— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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TABLE 6.2

~IYSICAL PROPERTIES OF ThE BACKI NG
AND FRONT—SI DE MATCHING SECTIONS

Speed of Impedance
Dens4y sound normalized Loss

Material (kg / rn  ) (m/sec) to ceram ic (dB/ c m )

Lucite I.17X10
3 

2.80X10
3 0.141 0

Quartz 2.15X103 5.90X10
3 U.545 U

Light backing 2.00X10
3 

1.46X10
3 0.126 >30

Heavy backing 12.4bXiO
3 

1.21XIO
3 

0.680 >30

processes , times are measured on a delayed—sweep oscilloscope. The

soun d speed in quartz listed in Table 6.2 is from published data

pr ovided by the manufacturer. The attenuation through the 1—cm long

backing materials is greater than 30 dB. This attenuation rate and

leng th insure tha t there is negligib le reflec ted energy available to

reen ter the ceramic (from the backing) during the first several

microseconds of the impulse response . Losses in the thin quartz and

lucite section s are assumed to he small and are neglected.

The determination of optimal front—side lengths proceeds as

described in Chapter IV. The process is considerably simp lif ied since

the back—side loading and front—side impedances are assumed to be fixed.

The light backing is selected to be approximately twice the impedance of

the water load. The impedance of the heavy backing is del ibera tely

chosen to be considerably less than the optimum value (which would

approximate the ceramic ’s impedance). In that situation , it is possible

to emphasize the improvements tha t can be achieved through adjustments

to the lengths of the front—s ide sections. Since the silver electrodes

.--- -

~ 
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have a considerable influence on the performance of the transducer , they

are now included in the model with the parameters listed in Append ix B.

Table 6.3a summarizes the required lengths and perf or mance

characteristics of the different transducer systems.

From tha t table , it is observed that the optimized length of the

quartz section does not change appreciably from the one—section to the

two—section case. Selecting the same quartz length for each simplifies

the construction process. Upon building and testing any one—section

system, the corresponding two—section system is simply fabricated by

adding a layer of lucite. Therefore , only four distinct assemblies of

backing , ceramic , and quartz need to be constructed. The two—layer

sys tems are then easily built from the corresponding one—layer cases.

The single section designs are buil t with the quartz lengths listed in

Table 6.3a. Since the “optimized” two—section transducers also use

those leng ths , there must be a performance loss compared to the truly

optimal solutions of Table 6.3a (caused by the use of nonoptimal quartz

leng ths). That deg radation can be minimized by reoptimizing the lucite

leng ths for the specified quartz lengths. Table 6.3b summarizes the

results for those two subop t imal solu tions , denoted by the suffix SO.

6.3 Assembly of the Transducer Systems

The construction process is aptly summarized as a series of

cleanings and epoxy curings. The front sections, ceramic disc , and

backing are attached to each other with Hysol epoxy (R9—2039 with

hardener H2—3561 , degassed in an evacuated environment). The leads are

connected to the silver electrodes with conductive Ablestik adhesive.

To insure good adhesion, reliability, and repeatability, all surfaces
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TABLE 6.3a
SECTION LENGTHS AND IMPULSE RESPONSE CHARACTERISTICS

OF THE VARIOUS TRANSDUCER SYSTEMS

System Lucite Quartz v v Peaks ratio
code length (m) length(m) peak 

-_
ring (dB )

L—I — 4.19X10 4 0.83 0.33 8.1

L—1—O — 5.31X10 4 0.87 0.27 10.2

L—2 l.99X10 4 4.19X10 4 1.05 0.20 14.2

L—2—O 2.01X1O 4 4.91X10 4 1.09 0.16 16.5

H—i — 4. 19X 10 4 0.66 0.18 11.3

11—1—0 — 3.02X10 4 0.67 0.08 18.3

11—2 l.99XlO 4 4.19X10 4 0.83 0.26 10.0

11—2—0 1.27X10 4 2.85X1O 4 0.74 0.12 16.0

TABLE 6.3b
SECTION LENGTHS AND IMPULSE RESPONSE CHARACTERISTICS

OF THE SUBOPTIMAL TWO—SECTION SYSTEMS

System Lucite Quartz v v Peaks ratio
code leng th(m) length (m) 

peak ring (dB)

L—2—SO 2.13X10 4 5.31X10 4 1.09 0.16 16.4

11—2—SO l.21X10 4 3.02X10 4 0.74 0.12 15.7

L _____ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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must be thoroughly cleaned p rior to bonding . This section ou t l i ne s  the

steps in bui ld ing any of the one— or two—layer  t r ansducer  systems

men tioned in the previous section.

The clean ing process consists of app lying organic solvents for

removing any oil or grease. Toluene , acetone, and ethanol are used on

the ceramic , qua r tz , and the leads. To p revent possible damag e to the

plastic materials , only ethanol is used to clean the lucite and backing .

After each cleaning , the pieces are hea ted for two hours at 70°C to

remove any absorbed solvent. Cleaning and heating are done at each 
~~~ 2.

of the assemb ly ,  immediatel y pr ior to bonding .

The fIrst step in the cons truc tion process is to bond a pa ir of

leads to each elec trode. The leads, about 2 cm long and about 7X10
3 cm

in d iameter , are attached to the electrodes on the ~~~~ of the disc.  In

this way, the front and back surfaces are maintained flat to allow for

the attachment of backing and matching sections. The Ablestik

conductive epoxy must cure at 150°C for approx imately one—half hour.

This tempera ture is well below the 400°C Cur ie tempera ture of lead

metaniobate. An ohmmeter was used to confirm that there was no dc short

between the electrodes and that the resistance through the bond was less

than 0.5 ohm. As a final check , a Hewlett Packard Vector Impedance

Meter confirmed an input impedance similar to that of Figure B.1 (in

Append ix B). Al though the discs are presumed to be from the same

p roduction lots , some small ( i nput)  impedance differences can be noticed

from disc to disc.

The nex t steps in the process are to bond the backing and quar tz to

ceramic. It is advisable to perform these in two separate operations.

The disadv antage in so doing is that an extra delay is introduced

1
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waiting for epoxy curing , but the advantages are as follows :

I. independent evaluation of the bond by measuring the input

impedance at each step and

2. allowing additional force to be provided during the

backing—ceramic curing without the risk of damag e to the

frag ile quartz.

Bond thicknesses were estimated by measuring the individual sections

before bond ing and measuring the composite structure after bonding . The

backing—ceramic bond is less than 2.54X10
4 

cm (0.0001 inch) thick. To

some extent , the two materials are actually in contact. Contact is

conf irmed b y no ting tha t there is a f inite elec trical resistance be tween

the backing and silver electrode. This measurement is possible since

the tungsten particles cause the backing to be conductive. The front—

side bonds are from 7.6X10 4 to 12.7X10
4 

cm (0.0003 to 0.0005 inch)

thick. For repeatabil ity, curing was cond ucted at r oom tempera tu re

( approx ima tel y 2 1°C) with relative humidity less than 50%. It was

observed that elevating the temperature or the humidity reduces the

rel iability of the bond .

At this point , const ruct ion of a transducer system with a single

ma tch ing sec t ion is complete. Waterproofing is accompl ished by using

the type of housing described in Appendix B. Fifty-ohm coaxial cable

(RG—174), approx ima tely 0.75 meter long , is soldered to the leads of the

ceram ic prior to sealing the housing .
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6.4 The Experimental Procedure

6.4.1 Frequency Domain. In practice , the f req uency respon se of a

transducer is not measured in terms of its power loss ratio. The

disadv antage of the power loss ratio is that it is not uniquel y

dependent upon the transducer; it is also a function of the particular

voltage generator. For cases where the precise characteristics of the

g enera tor are no t known and may be mor e comp licated than a resistor in

series with an ideal vol tage source , power loss calculations may be

impossible. Therefore , the transducer ’s vol tage (short—circuit) or

current (open—circuit) transmitting responses are typically the quantity

of interest. The voltag e transmitting response is defined as:

p ( w , r )
S (w ,r ) = , (6.1)

S 0 V 
v=l

where p
0

(w ,r )  is the on—axis m s  pressure at distance , r0 
and f requen cy

w, for one vol t, V, across the transducer. As a frequency doma in check

on the accuracy of the Mason model , S(w ,r )  is used as the basis for

determining the experimental rms power del ivered to the water per rms

vol t of excitation. The open—circuit response , S ( w ,r ) ,  is sim i l a r l y

def ined for a current driv e situation.

The total rms power , P~ , del ivered to the water medium by a p l anar

disc transducer in an infinite baffle is given by (281:

411r 2i 2J (2ka)
0 0~~ _ _ _ _rD 

= 
2 

— _______

(ka) 2ka

where k is the wave number in water , a is the rad ius of the transducer ,

I 

~~~
_ — - - -~~~—~~~- - — . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~ - --I is the Bessel function of t lit - first kind of order one. The

on—axis rms intensity, I is:

2

I = 
0 

(6-3)
0 

(pv)

For ka>4 , J
1
(2ka) is approximately zero and the requiremen t for an

infinite baffle can be removed without appreciably changiug the

direct ivity function . With t~ater loading at I ~41z, the 1.27—cm diameter

transducers have ka=26.6. Equation (6.3) can be substituted in to

Equation (b.2) yielding:

= 

4~ r p 2 

, (6.4)
(ka ) (pv )

~~~~

where the Bessel function has been neg lected. The abo-ie derivation

assumes tha t the front—sid .~ matchin g sections do not affect the

directivity pattern of the disc transducer. Mensurements on the

transducer systems of Section 6.2 have confirmed that assumption . At

wors t , deviation s are secon d order and can be contributed to

experimental error. Therefore , Equition (6.4) allows for a direct

trequency domain comparison between experimental and theoretical

results. The theoretical rms power is calculated as the mis power

del ivered to Z
L 

(with generator resistance , R
g
=O) in tIie model of Figur~

3 .5 .

Measuremen ts of p have been conducted in a Plexig las tank , I.~

meter long, 0.6 meter wide , and 0.5 meter deep . A tone—burst signa l

prov ides the transducer excitation . The pulse duration is short en ough
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to prevent interfering reflections from the walls but is sufficiently

long to allow signals to reach steady state . Approximatel y twenty

cycles of signal were found to be satisfactory. A commercially

available 10—MH z transducer serves as the receiving transducer for

measuring p .  Its open circuit receiving sensitivity, M , was measured

by substitution with a 2.25—MHz transducer whose open—circuit

sensitivity was determined by reciprocity calibration [15]. Repeated

calibrations with interchanged and different transducers confirmed the

repeatability of the reciprocity calibration to within 0.5 dB from 1 to

4.5 MHz. The drive voltage and receiver output voltage were measured on

an oscilloscope. Voltage measurements from the oscilloscope were

obtained by matching the ampl itudes of a steady s inusoidal signal with

the pulsed amp litude and then measuring the sinusoidal voltage directly

on a RF voltmeter . The experimental setup is illustrated in Figure 6.1.

The separation distance between transducers has been maintained rt

40 cm. This distance is well beyond the last maximum of the Fresnel

zone for disc transducers in the ir fundamental operating band [28]:

d
f 

= = 12 cm J f 4 5 1 f f l  , (6.5)

where a is the radius of the transducer and X is the wavelegth in the

water. The free field is assumed to be achieved beyond 2d
f
. On—axis

intensity measurements beyond 40 cm confirmed that distance as being

adequate for insuring free field conditions . Axial alignment between

the two transducers was achieved by positioning the transducers for

maximum output at the highest frequency of interest (4.5 MHz). By

expressing M
0 
in dB re I voltf(N/m

2
) and S in dB re 1 (N/m

2) /volt, S
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polarization

_  _:

t:_ 
_

transmitter receiver

Tone-Burst Generator: Tecktronix
Hewlett Packard 547 Oscilloscope
3312A Generator
modulated by —
E-H Research Labs
122 Pulse Generator

Genera l Radio Genera l Radio Ballantine
1159 Frequency Counter 1310 Oscillat or 

~~~~eter

All voltage measurements have been made using a sing le voltmeter
to measure a free-running sine si gnal . The free-running signal
has been adjusted to have the same amplitude as the tone-burst
signal under test.

Figure 6.1. Experimental setup for measur ing the frequency response

L _ _ _  
_ _ _ _
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is determined as:

E
S (dB) = 2Q10g(~

0Ut
) — M (dB) , (6.6)

where E
t 
is the receiver output voltage. Calculation of rms power ~~~j

rms volt of drive, P , is acc omp lished by substituting Equation (6.1)

into Equation (6.4):

417r
2S (f ,r )

p S ° . (6.7)v 2(ka ) (pv)wa ter

Using the resul ts of Equation (6.6), P in dB re 1 Watt is:

I 4iir2 1 E
P (dB) = lOlog 2 2

° — + 2Olog(~
0Ut
) — M (dB) . (6.8)

k a (p v )
L wa ter

Equation (6.8) together with the general procedure outlined in this

sec tion, form the basis for the experimental determination of acoustical

power delivered to the water load by the disc transducers. The

theoretical calc ulation of P procedes direc t ly from the Mason

equivalen t circuit with R =0 and a 1—rms volt excitation . The measuredS
and predic ted power responses are presented in Section 6.5.

6.4.2 Time Domain. Measuring the impulse response is somewhat more

straightforward than measuring the frequency doma in power response. An

electrical impulse is applied to the transducer , and the resulting far

field pressure response is measured by the 10—MHz hydrophone of Sec tion

6.4.1. The open—circuit receiving response of that transducer has been

experimentally verified to be frequency independent up to 4.5 MHz, and
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since it is heavily damped , it is presumed to be fla t up to a t leas t 7

or 8 MHz. Its flat response over the primary operating range of the

transducers under test should allow reproduction of the far—field

press ure with only minor distortion. Transducer alignment is

accomplished in the frequency domain at 4.5 MHz. By prov iding an

electrical impulse with a repetition rate in the vicinity of 30 K~1z , a

stable osc illoscope disp lay is obtained at the rece iver and is

photographed. These results are presented in Section 6.5.

A special pulsing circuit has been built to provide a —40—volt

pulse ac ross a 50—ohm resistive load . With no t ransducer  connected , the

20—dB time—width of the pulse is less than 0 .1 microsecond . Connect ing

a transducer increases this time to about 0.2 microsecond . The exact

details of this experimental excitation as well as its effect on the

transient response are detailed in the next section.

For the measurement of the transient pressure response it was also

Impor tant to ascertain the relative polarity of the receiving

transducer. This was accomplished by dr iving one of the test

transducers from Table 6.1 with a fixed electrical excitation. To

receive the acoustical signal , two separate measuremets were made: one

with another transducer from Table 6.1 and one with the 10—MHz receiver .

The polarity of the 10—MHz receiver can then be inferred since the

polarities of the test transducers in Table 6.1 are known. With the

polarities arranged as in Figure 6.1, a negative electrical excitation

will result in the first received pulse being negative.
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6.5 Resu l t s

6.5.1 Frequency Domain. A comparison between the theoretical and

measur ed power responses for the transducer systems of Table 6.3 would

reveal an approximately constant frequency shift. For each case , the

observed resonance peaks were as much as 0.5 MHz lower in frequency than

were predic ted . By t e s t i ng  the t r ansduce r s  at each phase of the

const ruc t ion process , it was de termined t h a t  the addi t ion  of the  quartz

layer induced the d i sc repancy .  The f i r s t  attempt to explain these

differences was to attribut e them to an inaccurate de t e rmina t i on  of the

physical properties of the quartz. However , 20% variations to the

model’s densities and sound velocities did not account for the observed

discrepanc ies.

The next approach to resolving this problem was considerably more

successful. By including the epoxy bonds (at the silver—quartz and

quartz—lucite boundaries) to the model , the necessary shif t was

achieved . Since the bond between the backing and ceramic has virtually

zero thickness , i t  does not need to be considered . The amount of

frequency shift is very sensitive to the thickness of the silver—quartz

bond and is comparatively less sensitive to the quartz—lucite bond .

This result is expected due to the high impedance mismatch be tween the

epoxy and the adjacent quartz and ceramic. On the other hand , there is

only a small mismatch between epoxy and lucite. Using the approxmately

known bond thickness as a guid e, small adjustments to the bond thickness

in the model quickly lead to a good alignment of the pred ic ted and

observed resonance peaks . Even by r e s t r i c t ing  the two bond lengths  to

being equal , a s a t i s f ac to ry  al ignment  between the predic ted  and

experimen tal power responses was achieved. Table 6.4 lists the

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



178

charac teris t ics of the epoxy bonds , and Figures 6.2 to 6.5 show the

results of includ ing those bond s in the model as compared to the

measured power responses , P .

Having inc luded the correction for the bonds , Figures 6.2 to 6.5

demonstrates tha t the greatest discrepancy between the the theoretical

and observed responses is a level shift , which is most severe at the

high frequencies and resonance peaks. Losses which have not been

considered in the model are assumed to be at leas t par tially res pons ible

for these differences. Possible causes include:

1. energy lost to radia l mode components ,

2. high frequency losses in the ceram ic , quar tz , and lucite

which are not fully accoun ted for by the loss fac tor

3. e f f e c t s  of the capaci t ive  loading caused by the coaxia l

cable be tween the transducer and genera tor ,

4. electrical and mechanical losses incurred as a result of

the conductive adhesive bond , and

5. mechanical coupling between the transducer and housing .

From an experimental point of view, it is also expec ted tha t there is an

increas ed possibility of error at the high frequencies . The relative

error is cer tainly grea ter due to lower signal level. Also , at high

f r equenc ies , al ignment becomes much more critical. Since the

directivity fac tor increases with increased frequency, an off—ax is

condition manifests itself by under—measuring the true on—axis response

a t high frequenc ies. However , because of the consistency of the

differences , it is expected that the theoretical factors are probably

more responsible for the discrepancies than the experimental .

A special note is necessary about system 11—2—SO . The comparison
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Figure 6.2. A comparison betwe~en the theoretical (solid curves)
and measured power responses 

~~~~ 
wi th a s ingle

front—side section and light backing
a. Nonoptimized (case L—1)
b . Optimized (case L—1—O )
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Figure 6.3. A comparison between the theoretical (solid curves)
and measured power responses (P

~~
) ;  with two

f ron t—side  sections and light backing
a.  Nonoptimized case (L—2)
b . Optimized case (L—2—S0)
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I .e  FREQUENCY (MHZ) 4.5

(b)

Figure 6 .4. A comparison between the theore t ica l  (solid curves)
and measured power responses 

~~~~ 
with a sing le

fron t—side section and heavy backing
a. Nonoptimized case C d — i )
b. Opt imized  case (1 1—1—0)
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Figu re 6.5. A comparison between the theore t ica l  (solid curves)
and measured power r espon ses 

~~~~ 
with two

f ron t—side  sectio ns and heavy backing
a. No noptimized case ( 11—2 )
b . Optimimized case (H—2—SO)
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TABLE 6.4
PrIYSICAL CONSTANTS OF ThE EPOXY BONDS

1
System Bond Densiy Spe?d of
Code l eng th  (m)  (k g / r n  ) sound (rn/sec)

H—i and 11—1—0 O.8XlO~~ 1.1 5X10
3 

2.60X10
3

All others 1.1X 10 5 1.15X 10 3 2 .60X 103

‘Typical values for the type of epoxy

between the predicted and measured responses indicates a significan t but

approx imately cons tan t dif ference acr oss the en t i r e  f r e q u e n c y  band. The

loss in the exper imental system is direc tly attributable to a partial

breakdown of the conductive adhesive during the pulsing process of

system 11—1—0 (recalling the construction process of Section 6.3). While

pulsing, an excessive voltage peak caused the damage. Remeasuring the

trequency response of system H — i — U  confirmed a constan t loss over the

band. Likewise , the impulse response meas urement suf fered only a loss

in sensitivity with no appreciable change in its characteristics.

Con sequen t ly, frequency and time domain measurements of system 11—2—SO

should and do reflect this level shift.

6.5.2 Time Domain. From the discussion in Section 6.5, it becomes

clear that for the model to predict the frequency response accurately,

and thus the time response , the epoxy bonds must be included in the

equivalen t circuit. Another factor to be considered in the time domain

is the effect of a non—zero width excitation in the experimen tal

procedure . Figures 6.ba and 6.~~b are oscilloscope photograp hs of the

applied excitation across a 50—ohm load measured at the generator and at

the transducer , respectively. The time response to a given time

exci ta t ion , v(t), can be ob tained by a discre te convolution :

a

_ _ _ _ _ _ _ _ _ _ _ _ _ _  .~~~~~ . -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A



184

Ver t i ca l :
10 v/d iv

Horizontal :
0.1 ~isec/div

I
(a)

_ 
Vertical :

_ 
10 v/div

Horizontal :

_ _  

0.1 ~isec/div

•uauau~sa
(b )

Figure 6.6. The experimental excitation
a. As measured at the generator
b . As measured at the transducer
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e( t )  = 
i~~O 

h ( n ~~t ) v ( t - n~~t )  , (6.9)

where h is the impulse response , e is the resulting response , t is t h e

time incremen t , and t is an in tegral multiple of At. For the purposes

of implementa tion , the infinite summation can be terminated at a poin t

where subsequen t values of li can be neg lected. System 11—2 is selected

to demonstrate the effect of using a pulse similar to the one in Figure

6.6b. Figure 6.7 compares the theoretical impulse response of system

H—i (includin g epoxy bonds) with its theoretical response from the

tinite amplitude pulse. It demonstrates the importance of inc luding the

e tt e c t s  caused by an exper imenta l  approximat ion to an impulse.  The

amp li tude of the f i n i t e  pulse  is normal ized so that  its t ime averaged

voltage is equal to that  of an impulse . As expected , the response to an

impulse is more peaked than wi th  a f i n i t e  wid th  pulse.

With the instrumen tat ion available , the f a r — f i e l d  on —ax is  pressure

response can be measured more readi ly  than the face veloci ty .  In the

t a r  f ie ld  (r > > a ) ,  Stepanishen [481 and others have shown that  the

on—axis pressure  f r o m  a disc mounted in a p lanar ri g id b a f f l e  is

propor t iona l  to the time d i f f e r e n t i a l  of the face veloci ty .  This r e su l t

is due to the d i f f r a c t i o n  e f f e c t s  f rom a f i n i t e  aperture transducer.

Stepanishen has extended the analys is to bo th the near  and f a r  f i e lds .

He has demonstrated that the on—axis pressure resulting from a velocity

impulse at the transducer face consists of two equal and opposite

impulses. The arrival of the initial impulse corresponds to the

propaga tion time from the center of the transducer to the observation

poin t, and the arrival of the second one corresponds to the propagation

time from the transducer edge. The response is pictured in Figure 6.8.

1~
_ _ _  ~~~~~~~~~~ .
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l.0

-~1 .0

(a)

1.0

— 1 .0

(b)

Figure 6.7. The effects on the face velocity of system ~1— 1
(with epoxy bon d included ) of a finite width
excitation pulse
a. Theoretical impulse response of H—i
b. Theore t ical response to a finite width pu lse

_ _ _ _ _  _
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a = radius of transducer

r = axial distance from
0 transducer to observer

v~ = speed of sound in water

Figure 6.8. On—axis pressure response from a disc transducer

having an impulsive face velocity
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the  on—axis  pressure  response to an a r b i t r a r y  face  ve l o c i t y  is

p r o p o r t i o n a l  to the convolution  of the face  veloc ty  w i t h  the f u n c t i o n

indica ted  by Figure  6.8.

The measured pressure  responses , wi th  the pulse e x c i t a t i o n  of

Figure 6.6b , are shown in Figures 6.9a to 6.16a. The predicted on—axis

pressure responses to that excitation are shown in Figures 6.9b to

b .16b. The epoxy bonds of Table 6.4 are included in the models that

hav e generated those predic ted pressure respon ses. Examination of

Figures 6 .9  to 6.16 indica tes  genera l ly  good agreemen t between the

exper imenta l  and predic ted resul ts.  In all cases , the first

exper imen tal pulse has lower amplitude and longer rise time than

predicted.  In a few of the cases , there are some va r i a t ion s p r e d i c t e d

within a pulse but are not observed. Those differences can be

a t t r ibu ted  to the limited bandwidth of the receiving system.

A mean squared difference comparison between the predicted and

measured pressure responses is possible but is unwarranted. A simp le

and more meaningful check between the theoretical and observed results

can be achieved by examin ing the characteristics of specific interest.

A peaks ratio type calculation using the predic ted and observed pressure

responses o f f e r s  tha t  sort of comparison . However , it is first

necessary to adapt a modified interpretation of the separation time

between early and late energy. A l i t t le  thoug ht conf i rms tha t

differentiating the velocity response will result in a pressure response

wi th its f i r s t  pulse one—half the time—wid th of the first velocity

pulse. A f t e r  t ha t , the veloci ty  and pressure respon ses wil l  have the

same general  t ime h i s to ry .  This is true to the exten t that  the veloci ty

response can be cha rac t e r i zed  as a damped sinusoid.  As a m a t t e r  of

_ _  ~~.- 
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Vertical:
0.05 v /d iv
(inverted)

Horizontal:
0.2 ~isec/div

U
(a)

IS bg
TIME

a.

1.0 2.0

(b)

Figure 6.9. Comparison between the experimental and pred ic ted
on—axis transient pressure of system L—1
a. Experimental
b . Predicted
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Vertical:
0.05 v/ d iv
(inverted)

Horizontal:
0.2 ~sec/div

(a)

— 1 .0

+1.2

(b)

Figure 6.10. Comparison between the experimental and predicted

on—axis transient pressure of system L—1—O

a. Experimental
b.  Predicted
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—— Ver tical:
0.05 v/div
(inver ted)

1 :111
(a)

—1.0

UI

v)
?1I

TINE
a.

I I I I

ps~c
1.9 2.0

LU

+1.0

(b)

Figure 6.11. Comparison between the experimental and pred icted
on—axis transient pressure of system L—2
a. Experimental
b. Predicted 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Vert ical :
0.05 v/div
(inverted)

Horizontal:
0.2 ~sec/d iv

(a)

+1.2

(b)

Figure 6.12. Comparison between the experimental and predicted
on—axis transient pressure of system L—2—SO
a. Experimental
b. Pr edicted
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Vertical:
0.0 5 v/div
(inve rted)

Ho rizontal :
0.2 ~isec/div

Ii
(a)

— 1 . 0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

+1 .0

(b)

Figure 6.13. Comparison between the experimental and pred icted
on—axis transient pressure of system H—i
a. Expe rimental
b.  Predicted 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Vertical:
0.05 v/div

IIIu uIII~(a)

—‘~
0 r

+1.0

(b)

Figure 6.14. Comparison between the experimental and predicted
on—axis transient pressure of system H—1—O
a. Experimental
b . Predicted
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Vert ical :
0.05 v/div
(inverted)

I Horizontal:

I 0 .2  psec/div

I
(a)

—1.0

~~ A r ~ TIME

÷1 .9

(b)

Figure 6.15. Comparison between the experimental and predicted
on—axis transient pressure of system H—2
a. Experimental
b . Pred icted
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Figure 6.16. Comparison between the experimen tal and predicted
on—axis transient pressure of system H—2—S0
a. Experimental
b . Predicted

I
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tact , a comparison between the velocity and pressure responses would

reveal a good (but sign inverted) pulse by pulse alignmen t after the

tirst pressure pulse . For the lightly backed situation , it is therefore

reason able to suggest t
5
(4) as a separation tine for pressure

corresponding to a t (3) separation time for velocity. Similarl y, a

t (3) separation time for pressure is selected for the heavily backed

systems.

Employing the above criteria for determin ing pressure separation

times, the ratios of the third pressure pulse to the peak ring—down

pressure pulse is computed for the responses in Figures 6.9 to 6.16.

The third pressure pulse mos t closely corresponds to the secon d velocity

pulse which has been calculted (from the model) to be the peak velocity

pulse for the systems of in terest. The nuner ical comparison between

those predicted and m easured pressure ratios are presented in Table 6.5.

Althoug h there is some discrepancy between the actual values of the

observed and pred icted rat ios , the measured relative change due to

optimization is in good accord with the theoretical change.

The results in this section demonstrate that the agreemen t between

the theory and the observed results is adequate for achieving the

desired time domain characteristics. Inclusion of the epoxy bonds in

the model has also been demonstrated to be important. Consequently, it

is reasonable to suggest that the optimization procedure should be

carr ied out on a model incorporating the epoxy bonds of Table 6.4.

System L—2—S0 is an example where optimization without the bonds

Included in the modeling degrades the performance (see Table 6.5).

Table 6.6 shows the results of length optimization on a model including

the epoxy bonds. In Table 6.6 , the sys tem code s u f f ix , EO , den otes
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TABLE 6.5
RE SULTS OF O1’TIMIZINC ThE EXPERIMENTAL SYSTEMS

Face velocity
Sys t~ m peak s ra ti o 

2 Pressure ratio
3 

Pressure rati~code (pred ic ted dB)  (pred ic ted dB) (measur ed d f~)

L—1 7.0 8.1 7.4

L— 1—0 7.0 6 .7  6 .8

Change due to
optimization 0.0 —1.4

L—2 12. 1 13.4 12.7

L—2—SO 10.4 10.7 10.0

Change due to
optimization —1.7 —2.7 —2.7

H-i 8.6 5.8 8.2

8—1—0 12.4 10.5 13.0

Change due to
opt imiza t ion  +3.8 +4.7 +4.8

H—2 8.2 6.0 6.0

8—2—SO 9.0 9.2 9.1

Change due to
optimization 40.8 +3.2 +3.2

‘Ihe op timized sys tems are designed wi thou t includ ing the epoxy bonds in
the model.

2The values are the predicted peaks ra tio incl udin g the epoxy bonds in
the model.

3
The the ratio of the third pressure peak to the peak ring—down pressure
in Figures 6.9 to 6.16.

_ _ _ _ _ _ _ _  _ _  _ _ _ _  _ _ _
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optimization on the quartz and lucite lengths w i t h  the epoxy bon ds

included in the model. A comparison between the E0 cases of Table 6.6

(optimization includ ing the epoxy bonds) with the 0 cases of Table 6.3a

(no bonds included in the modeling) shows the impact of optimizing when

includ ing the effects of the bonds. The other systems in Table 6.6

(followed by *) are the optimized designs of Table 6.3a with the epoxy

bonds considered in the peaks ratio calculation s, but not considered in

the optimization process. In other words , the compar ison s o f f er ed by

the examples within Table 6.6 demonstrate the consequences of wrongly

assumin g that the epoxy bonds will impact the tran sien t response but

will not  a f f e c t  the f ina l  design.

~~~~~~~~~~~~~~~~ ~~ —-~~~ ——— ~~
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TABLE 6.6
sECTION LENCIIIS AND ThEORETICAL IMPULSE RESPONSE

UI ARACTER I STI CS OF T~ E VARIOUS TRANSDUCER SYSTEMS
(WI~N EPOXY BONDS I NCLUDE D IN Th~ MODEL)

System Luci te  Quar tz  v v Peaks r a t i opeak r ingcode leng th (m) leng th (m ) 
______ ______ 

(dB )

L— l —EO — 4.25X lO
4 

0.83 0.29 9.1

L_ 1_O* — 5.3 1X 1044 0.66 0 . 2 7  7 . 7

L—2—E0 2 .O3X 1O~~ 5 . 6 / X i O ~~ 1.08 0. 16 16.4

L_ 2_O* 2.01X 10 44 4 .9 1X10~~ 0.94 0 .25 11.7

H—1—EO — 1. 98X1O~~ 0.54 0.09 15.5

— 3.02X10~~
’ 0.56 0.20 8.9

H—2—EO 1.07X10
: 

1.78X10~~ 0.66 0.14 13.1

H~-z_ O * i .27X 10 2 .85XiO~~ 0.69 0.26 8.6

* — recalcultion s with epo~cy bonds appended to the model after
op timiza t ion

— cases that model the epoxy bonds dur ing the optimiztion 

- —,-— ,._,~~~~~~~~~~~~~~~~~~~~~~~~~~ ——~~~~~—- . -~~~._ ._-—-
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~F{APTR VII

SUlIMAR Y AND CONCLUSIONS

7.1  Summary

The goals of this research have been to design and test procedures

tor improving the acoustical response of piezoelectric disc transducers

trom an impulsive , electrical excitation. Plan e wave p ropaga t ion  Is

assumed which implies zero output at even harmonics of the half—wave

resonance. An impulsive excitation with a characteristic time shorter

than the t r a n s i t  time throug h the ceramic has f r e q u e n c y  compon ea ts

higher than that fundamental resonance frequency. Since the transducer

canno t be ~iideband compared to tha t excitation , the acoustical output

must be a distorted version of the electrical input including transient

ring ing. The methods described in this study yield designs for

minimizing that ringing.

The Mason equivalen t circuit has been utilized for modeling the

piezoelectric disc. The resulting network has two ports correspondin g

to the disc’s two faces, and one por t represen ting the elec trical input

to the transducer. It is assumed that adjustments can be made at all

three ports for achieving the desired improvements to the transient

respon se. Matchin g at the e lec t r ica l  port  is res t r i c ted  to passive ,

lumped elements; at the back (nonradiating) mechan ical port , purel y

resistive loading is con sidered , and up to three front—side matching

sections are allowed. The acoustic load medium is modeled resistively.

The features of interest in the acoustical output can be characterized

by the veloc ity at the load medium. In the model , the velocity is equal

to the curren t through the resistive load. 

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~- _
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The impulse response is ca lcu la ted  by evaluating the inverse

Laplace transform of the face velocity from its s—plan e representation .

Since the transfer function between the acoustical output and electrical

Input is a comp licated expression involving transcendental functions ,

the Lap lace inversion must be performed numerically. The Pade

approxima tion to the exponential function Is used for this purpose.

Alternatively, the time response can be calc ulated using the inverse

Fourier transform. h owever , a comparison between the two techniques

reveals certain advantages  wi th  the Fade approximation . Although the

h i g h — o r d e r  modes i n f l u e n c e  the  transien t response , they are ob se rved to

have a smaller impact than predicted by the Mason model. The abrupt

termination of these modes incurred with the use of the Fourier

transform leads to less accurate prediction s than the gradual

inacc urac ies introduced by the Pade method. The errors caused by the

Fade approximation compensate for the fact that the Mason Model under—

predic ts the atten uation of the higher modes.

~1aving obtained the impulse response , the analysis of various

matching configuration s can be evaluated once a suitable objective has

been determined.  An op tim izin g cri terion has been devised to improve

tr~e peaks ratio of the velocity response at the interface between the

transducer and acoustical load. The peaks ratio is defined as the ratio

of the peak velocity to the peak ring—down velocity. The separation

between useful energy and ring—down energy is somewhat dependen t upon

the transducer configuration . Even for matched acoustical loading at

both mechanical por ts , the mechan ics of the transducer dictate that

there must be at least two major velocity pulses. Hence , ring—down for

heavily backed t ransducers  beg ins a f t e r  that  secon d pulse. For a

--— . .~~~~~~~~~~~~
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lightly or air—backed system , an additional pulse Is tolerated so tha t

r ing—down beg ins a f t e r  the th i rd  velocity pulse. Due to these differen t

physical situations , the results throughout this dissertation have

ana lyzed the lig htly ari d heav i ly  backed cases separa te ly.  With the

above d e f i n i t i o n s fo r  op t imiza ti on  and ring—down , a gradien t search is

then appended to probe the parameter space for improved solutions. The

circuit analysis, Laplace inversion , and grad ien t search have all been

programmed to be calcula ted on a digital computer.

The numer ica l  data  provided for  modelin g describes a lead

metan iobate disc, half—wave resonan t in the low megahertz range. Lead

netan tobate has been selected as the test  mate r i a l  because of its

relatively low Q and its low coupling between planar and radial modes.

After demonstratin g the theoretical utility of the design proces s,

several examp les have been built and tested. Because of the potentia l

app lication s in medical ultrasonics and availablity, wa ter is used as

the acoustic load. The impedance mismatch between the ceramic and water

is about fifteen to one.

7.2 Conclusion s

Elec t r i ca l  m a t c h i n g  wi th  lumped elements can improve the impedance

match between the electr ical  generator  and t r ansduce r , thereb y

Increasing the energy delivered to the acoustical load. Although

electrical m atching can also broad—ban d the frequency response , the

peaks r a t io  is decreased.  The energy s torage e lements  tend to broaden

the pulse that r ca c lmen  the t r an s d u c e r .  The change  to ti le peaks r a t i o  is

more detrimen tal than helpful since peak power is only sl ight ly

in creased compared to the s u b s t a n t i a l  increase to r ing—down energy .  I t

— . _ .



204

is believed that proper pulse shap ing thr oug h an electrical network

could improve the t r an s i en t  response. However , active circuits seem

more sui ted to the task of providing rapid ly  chang ing pulse amp l i t u d e

and phase. In e f f e c t , the prob lem is equivalen t to f i n d i n g  the

appropr ia te e lect r ica l  exci ta t ion. Since the approach to tha t  problem

Is considerably differen t from optimizing the mechanical matching , this

work has examined only the latter.

It has already been men tioned that li ghtly and heavily backed

systems have been treated separately. Accordin gly, their des ign s ar e

summarized separately,  commen cin g with the ligh t l y and a i r—backed

transducers .  The parameters  that have been considered fo r  o p t i m i z a t i o n

are the backing impedance and impedances and lengths of the front—side

sections. For l i gh t ly  backed transducers , there is l i t t l e  in t e r ac t ion

between the op t imiza t ion  of the f ron t— and back—side matchin g schemes.

Consequen t ly , they can be performed independently. The op timal backin g

tor  ligh tly damped systems has been found to presen t approximately twice

the impedance of the water load. This resul t  is independen t of the

specific details of the front—side match for one, two, or three matching

sections. Selection of the opt imal  backin g has been found to  o f f e r  a

good compromise between losses in peak power and suppress ion of peak

r ing—down power. The break poin t is most discernable for  a two—section

f ront—side t r a n s f o r m e r .  For that situation , the optimal backing y ields

a 1—dB loss in peak power with a 3—dB in crease to the peaks ra t io . With

larger backin g impedances , the t radeoff  is closer to one to one. These

t indings regarding the selection of suitable backing impedances

substan t iate and q u a n t i f y  the conclusions of other investigators.

For air—backed t ransducers , adjustmen t of f r o n t — s ide lengths and
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impedances can provide cons iderable  improvements  to the peaks r a t i o  over

the classical maximal ly f l a t  t r an s fo rmer .  With the number of f r o n t — s i d e

section s fixed at one , two , or three , the possible gain from

optimization is 3.0 , 3.0, and 7.5 dB , respec tively. Qualitativel y ,  the

ettect of optimization is to redistribute the peak ring—down power

throughout the ring—down range. In so doing, the design criteria

prevent any major loss to the peak power. The optimization process on

the fron t—side parameter space proceeds in a relatively s tra igh t fo rward

manner without severe comp lications from locally optimal solutions.

When considering suboptima l so lu t ions  wi th  some parameters f ixed , the

tiexibili ty afforded by optimization becomes apparent. As an examp le,

length ad jus tmen t s  cam onl y accomplish minor improvements when the

impedances are close to being optimal. However , when the proper

impedances are not available , length optimization becomes much more

impor tan t .

With heavily backed transducers , the value of backing impedan ce

does significantly affec t the des ign of the front—side matchin g scheme.

Consequent ly ,  the backin g impedance must take a more act ive role in the

optimization process. Although this complicates the optimization due to

the presen ce of locally optimal solution s, it is beneficial in providing

added f l ex ib i l i ty  to the f inal ized design. The resul ts  show tha t  even

with the backing impedance f ixed , there is a considerable range and

selection of fron t—side design s that yield acceptable impulse responses.

Removing the restriction of fixed backing supp lemen ts this flexibility.

The design procedures do not specifically address the question of

d e t e r m i n i n g  the optimal number of matchin g sections.  For l igh t ly  backed

t ransducers , the g rea t e s t  improvemen t in the peaks ra t io  occurs for

L.. -.~~~~~~~~~~~ -- . . -
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increasing the n umber of sections from one to two. The addition of a

third sec tion only achieves marg inal improvemen t over tile two—section

transformer. The major effect of increasing the number of section s is

to decrease the peak—r ing down velocity. There is little change in the

peak velocity. With the heavily loaded transducer , tile major benefit of

a two—section transformer over a single matching section is added

tiexibility to the design of the fron t—side transformer . Some increases

to the peak power and total  energy are also to be gained.  Al though  a

third section can continue the increase to peak power and total energy,

it may also increase the peak ring—down power. Peak ring—down power is

increased due to the in creased possiblity for energy s torage within the

mechanical transformer.

For f ixed ( res ist ive)  e lectr ical  boun dary conditions , an d for a

speci f ic  acoustic medium , the results demonstrate the importance of

selecting the proper mechan ical matching. A suitable choice of

mechan ical elements can improve and optimize the impulse response over

classical frequency domain designs. The techn iques also perm it a degree

of design flexibility for achieving comparable performance. Matchin g at

the elec trical por t presen ts spec ial problems with respec t to the

qua l i ty  of the transien t response. These difficulties have been

examined and possible solutions have been suggested; however , no attempt

has been made to resolve them.

The sensi t iv i ty  to parame ter variat ion has also been investigated.

In general , the most sensi t ive fron t—side elemen t is the sec tion

adjacen t to the ceramic. In the proximity of an o p t i m i z e d  so lu t ion , i ts

length and impedance tend to be more critical than for the other

sections. The impedance is typ ically foun d to be mor e s e n s i t i v e  than

~
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the length. A useful proper ty associa ted w ith the wide rang es of

designs is that it also allows for some redistribution of parameter

sensitivity.

Several transducer configurations have been constructed and tested

to confirm the validity of the design procedure. Lightly and heavily

backed systems have been checked , each with one— and two— matching

sections. In addition to buildin g a set of length optimized

transducers , a con trol group risin g quarter—wave sections has also been

tabr icated. The frequency and time domain measuremmtent3 have con f i rmed

tha t the model and numerical Lap lace inversion are sufficientl y accurate

tor predic ting the performance of the disc transducers. The

experimental results therefore prove that the procedures developed in

this research can e f f e c t the desired changes and improvemen ts to the

transien t performance. The con sequences of diffraction caused by a

finite—sized disc are observed and offer direct experimental evidence to

the correctness of diffraction theory. It has also been demonstrated

that electrode layers arid epoxy bonds should be included in the modeling

during the optimization process.

7.3 Recommendation s for Future Study

One of the most fundamental requirements for effective analysis is

the accuracy of the model and associated numerical  techn iques.

improvements to the modeling are vitally impor tan t for  be tter

correlation between the theoretical and observed results. Although the

Mason model provides an exact represen tation of a piezoceramic disc , it

does not  e x a c t l y  describe the behavior of a physical  disc. Radia l mode

coupling is neg lected. Losses are on ly included by a l lowing a comp lex

~~~~~~~~~~~~~~~~~~~~ -,- - . . - --.
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Yo ung ’s modulus. Non uniformities , such as those caused by lead

attachmen t , are not considered.  Increased losses at the higher modes H

are not properly treated. Procedures for incorporating these effects

into the model must be devised.

A limited number of mechan ical matchin g schemes have been

considered in this work. Although the  combin a t ion  of a r e s i s t i v e

backing and a f r o n t — s i d e  layered match has been exten s ively examined ,

there are numerous other possibilities . One addition , which has been

previously frequen cy domain tested , is the use of matching section s

between the ceramic and backing. Comp lex backing, in general , may also

be useful for improving the transien t response. These mechan isms for

transien t respon se improvemen t merit furthe r study.

A top ic wh ich has received l i t t l e  a t t e n t i o n  wi th  respect  to

improving the t rans ien t response is matchin g at the e l e c t r i c a l  por t .

Trad itionally, ma tching a t that por t has been approached from the

requirements p laced upon the reflec tion coefficien t be tween the match ing

ne twork and elec trical generator. From an app lications point of view,

the transducer transien t problem could justifiably be attacked somewhat

differently . A more direct approach is to determin e the excitation

requi remen ts for  producing an acous t ica l  impulse. Another  means of

adjusting the electrical boundary conditions is achieved by changes to

the electrode c o n f i g u r a t i o n. I t  might also be possib le to extend the

optimization procedures in this disser ta t ion  to include an e lec t r ica l

por t matching scheme.

Another area for study is the utilization of differen t optimization

criteria. In addition to maximizing the peaks ratio , many dif feren t

charac teristics may be deemed important. Under those circumstances , 

~~~~~~~~
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goal programming could be useful for assigning weights to the various

parameters being moni to red.  It may e ven be desirable to incorporate

parameter and load sensitivities into the optimization procedures. The

search routin e itself should be examined from an efficiency poin t of

view. The experiences during this study have demonstrated that tile

gradien t search is effective for reachin g improved solutions. However ,

there have been problems with local maxima and slowness of convergence.

The problems of se arch convergenc e and locally optimal solutions are

directly lin ked to the optimiza t ion goal.

The resul ts have con sidered the con sequenc es of var iab ility among

the transducer ’s parameters. ~Iowever , there has been no analysis on the

effects of load variability. Since the finalized designs provide

broad—band devices , it is expected that small changes to the resisti e

loading can he tolerated without seriously impacting the impulse

response. ~1owever , nonhomogeneous load med ia may n o t be purely

resistive. A n ori resistive load is also encountered when the disc ’s

d iameter is comparab le in size to the fundamen tal wavelength. Another

common appl ication resultin g in comp lex aco us t ic load impedan ces is fr om

the in teraction between elements within an array. It is anticipated

that any significan t increase in the reactive compon en t compared to the

resistive value of the load would result in deviation s from the

previously determin ed designs. However , the procedures developed in

this research should be adaptable  for generat ing the new so lu t ions .

This work has demons t r a t ed  tile importan ce of in c lud in g the fac tors

per tain ing to the construction of an actual transducer in the

optimization process. Bon d and electrode characteristics are specific

examp les. There are also operating requirements , specific to an 

.~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .- 
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applica tion , wh ich may need to be in c l uded in the des ign proced ures.

Diffraction effects and off—axis operation are examp les within this

latter category. Althoug h diffraction must be considered in both  the

near and f a r  f i e ld s , it is conjectured that the performance changes due

to diffraction would not affect the designs of transducers operating in

the far field. For near—field operation , the consequences are more

significant. Depen ding upon the app lication , new f ac tors may ne ed to be

considered to account for diffraction effects in the optimization

process . Off—axis operation would also requi re  tha t a d d i t i o n a l

constraints be incorporated in to the optimization . The consequences of

these ancillary factors with respect to optimizing the transducer

transien t response need further study.

ii.
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APPENDIX A

LOW—FREQUENCY EVALUATION OF THE

PIEZOCERANIC COUPLING COEFFICIENT

The piezoelectric coupling coefficient can be defined as the ratio

of the mutual elastic and dielec tric energy densi ty to the geome tr ic

mean of the elastic and dielectric self—energy. Its value is not only

dependent upon the physical proper ties of the mater ial but also on the

appropr iate boundary conditions. For a thin disc transducer , with

poling parallel to the applied elec tric field, the coupling coeff ic ient

is typ ically deno ted as k
~
. Berlincour t et al. outline the procedure

for  deriving k
~ 

direc tly from the piezoelectric equations. For the thin

disc under considerat ion, k
~ 

is evaluated as:

kt ~~~~~~~ 
. (A.1)

The equivalent circui t of Figure 3.3 can also be used to evaluate

k
~
. Since k

~ 
is assumed to be independent of the mechanical loading and

f requency over the range fo r  which the equivalent c i rcui t  is valid , it

can be calculated for any particular loading and frequency range. For

the case of air loading (Z L ZR =O ) ,  the c i rcui t  of Figure 3.3 can be

redrawn as shown in Figure A. la .  The total  impedance Z on the

mechanical side of the t r ans fo rmer  is given b y:

cos~~~
Z = JZ [ O .5 t an ~~ — 1/s inki] = —j 

~~ ki 
( A .2 )
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Figure A. 1. Equiva lent  c i r cu i t  fo r  a i r  loading on each face
a. Mason Equivalent circuit
b . Low—frequency approximat ion
c. Low—frequency approximation a ft e r  removal of t r ans former
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At low frequencies , where cos~ 1- is approximately unity and sin~! can be

approximated by ~!, Z can be expressed as follows :

jZ 
LZ

n 
= ~~~ =1/j2 1rf (-~ - -) , (A.i)

where L is used to denote  the section length 1 to avoid confusion with

the numeral one. Therefore , at low frequencies , the total load on the

mechanical side of the transformer responds like a capacitor of value :

C = —— - (A.4)in v~0

as shown in Figure A. lb .  Recalling the de f in i t i ons  for Z and C from
0 0

Equat ions  (3.15) and (3.18),  C can be expressed as:

L 1 1
C =  

2 
=

‘ 
=— . (A.5)

V p A  v p C b  cbC
0 0

The final simp lification of the ci rcui t  is shown in Figure  A .1c where

the t r a n s f o r m e r  has been removed by scaling capacitor C by the  square

of the t ransformer ’s t u r n s  ratio. The value of the scaled capac itance

is:

C~ =L~.Q= k2C . (A .o)in cb t o

W ith the application of a voltage V at the input terminals , the

energy stored in the capacitors is readily determined from:
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Energy -j C~V (A. .7

where V is the voltage across a capacitor  of capacitance C .  App lying

Equa t ion  ( A . 7)  to the c i rcui t  of Figure A .1 , the ra t io  of the energy

stored in —C and C’ to the total energy stored in the circuit is found
0 in

to be equal to the square of the coup ling c oe f f f i c i e n t.  From Figure

A. lc the e~ fec t ive  low-frequency input  capacitance is given b y

C’ .C
C = C  + ~ ° - . (A.8)ef f  ~ c —

~~~~~~
‘

o in

S u b s t i t u t i n g  Equat ion (A .6)  into Equa t ion  (A. 8) results in:

I
C = C  (A.9)eff  0 (j  — k~ )

which provides a direct  way f o r  calculat ing k
~
.

_ _
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APPENDIX B

EXPERIMENTAL DETERMINATION OF THE

PARAMETERS IN THE EQUIVALENT CIRCU I T

The re are several t ime and frequency domai n methods fo r de termining

the piezoelect r ic  parameters  [33 , 36 ,44 ] .  Basical ly ,  these approaches

adjust the appropriate parameters of the Mason equivalent circuit until

the theo ret ical  response agrees with the experimental  response. A

simila r technique is used here.  Where available , da ta o f f e r e d  by the

manufacturer  is used to determine approximate parameter values. A

systematic app roach to imp r ove those i n i t i a l  estimates is accomplished

by noting that each pa rameter has i ts  major impact on a par t i cu la r

aspect of the response. The mater ia l  constants  and c i r cu i t  parameters

necessary for  describing a p iezoelectric  disc are defined in Table B.1.

The mechanical constants of densi ty,  area , and length can be

me asured by any suitable means . The main caution in maki ng those

measu rements is to account for  the conductive layer of silver on each

face. Because of the relative dimensions and densit ies , the sil ver

accounts for  approximately 20% of the total disc mass . As is shown in

Section 3.2 , the mass loa di ng caused by the silver resul ts  in a

significant shift of resonance frequency and should not be neglected.

Consequently, the f i nal model of the disc includes a model of the

cerami c sandwiched between two silve r layers . The thickness of each

silver layer must also be determined .

For establishing v , y ,  q~, and C , the transducer ’s measured

electrical input impedance is to be compared to the impedance as

p redicted by the model . The experimental disc is approximately

1.
.

~ 
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TABLE B . 1
DEFINITION OF CONSTANTS FOR DESCRIBING A

PIEZOCE RAMIC DISC

Symbol D e f i n i t i o n

Density

v Speed of sound in the thickness direct ion

y Loss factor which defines the imaginary

component of Young ’s modulus

A Area

1 Thickness

Tu rns ratio of ideal transformer in Fi gu re 3.3

C Clamped capacitance 

_~~~~±. ----  —---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .
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1.27X 10 2 
in (0.5 inch) in diameter and approximately 6.75X10

4 
in (0.027

Inch) thick including the silver layers. Short leads are attached near

the edge of each face by conductive epoxy. Impedance measurements are

made with a Hewlett Packard 4815 RF vector impedance meter. Figure B.la

shows the measured input impedance of a nonmounted disc , air loaded on

each face. For no othe r losses in the system, it has been found that v

and y set the frequency of maximum motional impedance and Q,

respectively. The frequency of maximum motional impedance , f , occurs

within the impedance ioop and is labeled on Figure B.! Although the

values of v and y are very specific for establishing the aforementioned

parameters , it is desirable to determine y first. This is because, with

y=0 and with no other system losses , the impedance loop would have an

infinite diameter. Once v and y are set, the next step in the procedure

is to adjust ~ and C. The turns ratio, 4 ,  primarily adjusts the

diameter of the loop , whereas C
0 
establishes the low-frequency response.

Keying in on those aspects of the response, ~ and C are altern atel y

adjusted to match the predicted response with the measured response.

Since the adjustments of 4 and C do interact with each other , about

four iterations are required to achieve a suitable match between

predicted and measured responses. The adjustments of • and C cause no

appreciable change to Q or f .  Table B.2 compares the estimated and

final values of the various constants. The predicted impedance using

those values is shown In Figure B.lb. For the unmounted air—loaded

disc , y is determined to be 0.015.

Two low-frequency data points can be used to verify the dynamically

determined values of 
~ 
and C .  At 0.5 MHz , the input impedance is

approximately —269j ohms corresponding to a capacitance, C , of .

eff

~
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2.743 MHz

2.825 f = 2.805 MHz

REACTANCE

—~so ‘ ___.__ 1___— I

200

~° 1 2.745

r

c825
. ;

2
~~~~

800

2 .770

U
z

f
5

2 845

2.880
REACTANCE

~~~~~~~~~ ~~
________

0 200

Figure B.1. Electrical input impedances for air loading
a. Measured (unmounted disc)
b. Predicted ( = 0.015)
c. Measured (disc mounted in housing)
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TABLE B .2
ESTIMATED AND FINAL VALUES OF CONST ANTS

FOR AN UNMOUNTED DISC

Constant Estimated Value Actual Value

p (ceramic) 5.5X103 kg/rn3 5.5X103 kg/rn3

v (ceramic) 3.31X103 in/sec 4.23X103 in/sec

1 (ceramic) 6.OIXIO 4 m

p (si lver) 1O.5X 10 3 kg/rn 3 not measured

v (silver) 3.7X103 in/sec not measu red

I (silver) 4 .23X 10 5 
in

A l.29X 10 4 
in

2

I none available see text

4.17 coulomb/rn 1.45 coulomb/rn

C 1.34X10 9 Farad l.08X10 9

k 0.3~ 0.30t
Note : The v alues fo r k

~ 
are calculated from the other

pa rameter s using Equations (A.l) and (3.22b) .
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l.18X10
9 

Farad. A similar measurement on a depolarized sample has

confirmed the value of C in Table B.2. With those two values, k is
0 t

calculated from Equation (A.9) to be 0.30. Equations (3.14) and (3.18)

can be used for evaluating c and b:

10 2c = 9.84X 10 Newtons/rn

and

b = l.99X10
8 
m/Farad

Using Equation (A.1 ) for  calculating h , 4) is determined from Equation

(3.23b) and Is found to be 1.42 coulombs/Farad . This low— frequency

determination of k
~ 

and 4) agrees well with their values in Table B.l

which have been determined dynamically.

For the model to be useful , i t  must successfully predict

performance under other acoustical load conditions. Since it is

ultimately desired to operate the transducer into a water medi um , water

is a logical selection as an acoustical load. Figure B.2 illustrates

the housing and waterproofing so that only one face is loaded by water.

Care has been taken to secure the transducer to the housing only near

the disc’s edge. Figure B.lc shows the measured air impedance of the

mounted transducer. Figure B.3a displays the impedance of the

water—immersed transducer , while Figure B.3b shows the predicted .

Comparin~ ’Figure B.la with Figure B.lc, it is seen that the housing

itself h~s
’affected the input impedance and has lowered the effective Q.

HowyMr, Figure B.3 shows that the model still provides a reasonable

~.‘rediction to the water—loaded case. Some of the additional loss caused

by the mounting can be approximated by increasing gamma from 0.015 to

, 
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Fi gure B.2. Housing to waterproof one face of the disc
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2 .685 MHz

2.870 MHz

REACTANCE
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2.770 MHz

2.920 MH z
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I
REACTANCE

—Iso 1 -____
0 200

Figure B.3. Electrical input impedance for water loading
a. Measured
b. Predicted values (1 0.015)
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0.018. The impedance diagrams for 1=0.018 with air and water loading

are shown in Figure B.4a and B.4b. For subsequent use , the e f f ec t iv e

value of gamma is considered to be 0.018. This effective 1 not only

includes the internal  losses of the disc , but also accounts for  a i r

loading , the losses of mount ing ,  and damp ing resulting f rom a t t ach ing

the leads. As demonst rated in Figures B.3a and B.4b, and as would be

expected , the effects of small errors in estimating are reduced as the

total loss is increased.

_______ _ _ _  -- .- . .-~~ ~~~~~ ~-.. . . 
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so

2.73 5 MHz
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REACTANCE
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0 200

~° r
2.685 MHz

2.880 MHz

REACTANCE
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0 200

Figure 8.4: Predicted input impedances for 1=0.018
a. Air loading
b. Water loading
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APPENDIX C

CALCULATION OF THE FAD E POLES AND RESIDUES

The Fade poles and residues are found directly from Equat ion

(3.34). A standard polynomial root finder has been used to determine

the poles (the zeros of the denominator). The IBM IMSL [23) subroutine

ZPOLR was utilized for this purpose. For simple poles it is well known

that the residue k ,, corresponding to the pole z
1
, is evaluated f r om:

Numerator(z)
k~ = (C.1)

Denomonator’(z)
z=z

i

where the Numerator(z) is the numerator of Equation (3.34) and

Denominator’(z) excludes the factor (z — z
1
) from the denominator of

Equation (3.34). Implementing the above procedure in double precision

arithmetic on an EBM/168 conputer yields the results in Table C.1.

Comparison with published data shows good agreement to 15 significant

figures.

_
_ _ _
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