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ABSTRACT

A new model for plezoelectric ultrasonic transducers 1s pro-
posed. Using a systems engineering approach, the cohcept of
feedback 1s used to explain secondary'piezoelectric effects
and to clearly describe electro-mechanical interaction. The
model is derived from the fundamental piezoelectric equations
and it embraces the relevant practical situations where the
transducer is subject to arbitraryelectrical and mechanical

loading. The following main features are incorporated within

the model.

It is valid over a wide range of frequencies,

b It is applicable in both transmission and reception
modes,
c It involves realisable elements which are readily

simulated, and

d Pilezoelectric, pressure and voltage interactions

are clearly related.

The model has been verified extensively in computer simula-
tions and water tank measurements of transducér profiles.
Extremely close substantiation of the theoretical analyses

was obtained, and the model is considered to offer sighificant

advantages over existing transducer analogies.

(vi)



CHAPTER I

’

INTRODUCTION




The conversion of electrical energy to mechanical energy and
vice versa'may be achieved by a number of physically different
processes. Such_electro-mechanical transducers include
magnetostricﬁive, electro-magnetic, electrostatic, moving
coil, piezoelecfric and ferroelectric devices. The present
application is concerned only with transducer action involv-
ing the latter two effects, namely piezoelectricity and

ferroelectricity.

1.1 PIEZOELECTRICITY AND FERROELECTRICITY

Plezoelectricity is the phenomenon whereby electric dipoles
are Qenerated in certain anisotropic crystals when the
material is subjected to a mechanical stress. This is
known as the direct pilezoelectric effect. The inverée pilezo-
electric effect occurs when the same materials demonstrate
a dimensional change under the influence of an electric
field. For a material to exhibit an anisotrdpic effect
such as piezoelectricity, it is a requiremeﬁt that its
crystal structure should.have no centre of symmetry. That
is, there is at least one axis in the crystal where the
atomic arrangement appears different as one proceeds in

. opposite directions along the axis. Naturally occurring
plezoelectric crystals include quartz, tourmaline and

rochelle salt.

While the piezoelectric effect is exhibited to a marked

degree only in certain anisotropic crystals, all dielectrics



are electrostrictive, in that they show a dimensional change
parallel to an applied electric field. In most cases, the
magnitude of this effect 1s relatively small, but some mater-
ials, notably certain titanates and zirconates, demonstrate
electrostriction to a considerablé extent. Such materials
form the very important class of electromechanical trans-

ducers known as pilezoelectric ceramics, or ferroelectrics.

Above a certain temperature (the Curie temperature), the
crystal structure of a ferroelectric material does'possess
a centre of symmetry and thus no resultant dipole moment is
possible. Such a crystal, when cooled below the Curie tem-
perature, contains domains for which each electric dipole
is aligned in a specific allowed direct;on. When summed
over the entire crystal, the net electric dipole for all of
the domains is zero. However, if the crystal is cooled in
the presence of an electric field (polling field), the
domains tend to align in that allowed direction which is
nearest to the direction of the applied electric field.
After removal of the polling field, the dipoles cannot
easily return to their original positions, and there exists

within the ceramic material, a remanent polarisation.

The crystal thus exhibits a permanent electric dipole and
when subject to mechanical stress, the lattice distorts,
resulting in a change in the total dipole moment of the

crystal. The material has thus become piezoelectrically



'‘polarised! and is hence capable of electro-mechanical
transducer action. Such devices are termed ferroelectric
because this behaviour presents a physical analogy with the

remanent magnetic behaviour of ferromagnetic materials.

In the present application, ferroelectrics are considered

to behave like naturally occurring pilezoelectric crystals,
each having identical relationships between electrical and
mechanical quantities. Consequently, the term 'pilezoelectric!
is used throughout to describe both truly piezoelectric and

ferroelectric materials.

1.2 APPLICATION OF PIEZOELECTRIC TRANSDUCERS AND

SYSTEM MODELLING

The devices under consideration are assumed to operate, for
both transmission and reception, in the thickness mode.

That is, each device comprises a thin plate or disc of piezo-
electric material which undergoes uniform, compressional
vibration in the thickness direction. The fundamental
operating frquency of such transducers 1is generally in

the range Q.1 to 10 MHz, although this may deviate con-
siderably, depending on the application and piezoelectric
material employed. Operating either as single, independent
elements, or as part of an array of identical devices, thick-
ness mode plezoelectric transducers have found widespread

application in the following principal areas.



. : Underwater sonar, navigation and communications

systems,

. Ultrasonic non-destructive testing kndt) systems.

’ Acoustic Emission systems.

. Medical diagnosis,

K Imaging systems, including acoustic holoéraphy and
tomography. |

. Layer thickness testing.

. The measurement and evaluation of some material
characteristics.,

An essential pre-requisite to the practical implementation
of any transducer based system is the availability of a
model which accuratelympredicts transducer performance and
response characteristics. Such a model should also embrace
the entire acoustic system and as a result, must include

the following operating factors.

1 The majority of pilezoelectric transducer applications
involve some form of transient excitation. Any model must
therefore accurately predict transient response character-

istics.

2 The mechanical boundary conditions relevant to the

particular application,



3 The electrical boundary conditions often exert con-
siderable influence on transducer response. These are often
overlcoked, especially in transient operation, where accurate
modelling of the transmitting and receiving.circuitry is

required.

It should be noted that the relative complexity of any trans-
ducer model is closely related to the particular application
and‘operating conditions. Relatively simpie tfansducer
approximations may be sufficient for some continuous wave
(CW) applications, whereas more accurate and‘sophisticated

modelling techniques are required for transient operation.

The behaviour of piezoelectric ultrasonic transducers has
been widely investigated in the transmission and reception
modes. Several models, for example Mason (28), Cook (&),
Redwood (36), Martin (27), Kossof (18) and Krimholtz (21)
have been proposed to explain‘this behaviour,;gyt in general

~ they suffer from one or more of the following -Fimitations.

a Some are not truly wideband, being valid only over
a narrow range of frequencies in the region of mechanical
resonance. Consequehtly, their application to transient

problems is strictly limited. r

b None bringsout clearly the physical nature of the

plezoelectric transduction process.



c Unreal circuit elements such as negative capacitance’
are frequently employed in the electrical analogues proposed,

making exact physical interpretation difficult.

d The effects of external electrical and mechanical

loading are usually difficult to interpret.

e Because of the complekity of some of the models,

only simple, often impractical situations can be analysed.

1.3 " AIMS AND CONTRIBUTIONS OF THE THESIS

A model is described which is the outcome of attempts to
eliminate the previously mentioned limitations. Using a
systems engineering apprbach, the concept of feedback is used
to explain piezoelectric interaction and to clearl&-describe
the complex electro-mechanical relationships. The resultant
model is derived from the fundamental piezoelectric equa-

tions and it possesses the following main features.

a It is valid over a wide range of operating frequen-

cies and as such it may be applied to both CW and- transient .

modes of operation.

b The theory is applicable in both transmission and

reception modes.,

c : Feedback mechanisms are involved which clearly

relate pressure and voltage interactionms, .



d The model involves realisable elements which are

readily simulated.

e The model embraces relevant practical situations
where the transducer is subject to arbitrary electrical and

mechanical loading.

£ The physical nature of the transduction process,
for example primary and secondary plezoelectric interaction,
are clearly emphasised and the factors influencing such

effects are readily recognisable.

For these reasons, the model is believed to offer significant
advantages over existing piezoelectric transducer analogies.
Consequently, development of the feedback model is con-

sidered to comprise the major contribution of the present

work.

In the course of the thesis, the model is verified extensively
using computer simulatiop, vo1tage measurement and water

tank measurement of transducer wave profiles. As a result

of such investigations, it is considered that the thesis
offers the following additional contributions to piezo-

electric system design.

1 The thesis clearly defines all parameters which
influence secondary piezoelectric action. The omission of
such effects permits considerable simplification of the

modelling process, thereby permitting the use of relatively



simple computer algorithms for direct evaluation of trans-

ducer response in the time domain,

2 A method is presented which permits accurate modell-
ing of the electronic ﬁulser configuration employed in the
great majority of transient excitation systems, Consequently,
it is possible to accurately predict and calibrate piezo-
electric transducer performance under practical operating

conditdions.

3 Techniques are described for the simple and accurate
measurement of acoustic impedance ratios and/or mechanical
bond integrity at the transducer faces. These are con-

sidered to offer considerable improvement over existing

methods,

4 A new type of membrane hydrophone was employed for
the water tank measurements of acoustic pressure wave pro-
files. It is demonstrated that the transducer model may

readily be extended to cover this type of device.

The following chapters (II, III, IV, V) outline development
of the feedback model and offer detailed comparisons with_
existing transducer analogies. Chapters VI and VII exten-
_sively discuss transducer action in conjunction with experi-
mental verification, while chapter VIII presents an alter-
native modelling technique under limited conditlons of no

secondary pilezoelectric action.



CHAPTER I1

PIEZOELECTRIC TRANSDUCER MODELLING TECHNIQUES




2.1. INTRODUCTION

This chapter is a review of the various methods which
have been employed in otder to model the thickness mode
piezoelectric transducer.' The more important, (and
widely applied), transducer analogies are described in
some considerable detail, with particular emphasis on

the following aspects:-

(i) A clear illustration of the underlying physical

concepts involved with piezoelectric transducer

behaviour.

(ii) The applicability of the various models in ultrasonic

system design,

The concluding section in the chapter describes the
proposal of a new model which is believed to offer
significant advantages over existing analogies and

simulation studies.

The physical behaviour of a piezoelectric transducer may
be predicted by a set of lineaf equations and as a»result,
it is possible to construct a model which accurately
describes operational characteristics of the device.

This may be achieved by a variety of methodé, all of

which must symbolically represent the appropriate governing

equations of the system.

Two principal analytic techniques have been developed in

order to describe thickness mode transducer properties.



Gne method, most often applied to resonator theory,
involves solving the relevant differential equations
with specific boundary conditions (usually zero stress)
in order to determine impedance characteristics for a
particular vibrational mode. Solutions correspahding

to steady state plate vibrations have been given by
Tiersten (56) and more recently Meeker (30), wholextended
the basic analysis to include finite boundary conditions.
With this technique, the relationships among transducer
material constants.are clearly defined, and the method
has found principal application in the determination of

piezoelectric parameters (i5).

A second, much larger group of analyses, incorporates
solutions of the relevantdifferential equations with
arbitrary boundary conditions, in order to develop some
form of model analogy for the transducer. Because the
boundary conditions are arbitrary, this latter concept
is of particular interest in ultrasonics systems design.
In addition, familiarity with the properties of the
analogous model results in a clearer insight into the
physical behaviour of the system. Such models include
electrical networks, block diagrams, signal flow graphs

and analogue or digital simulation diagrams.

In the case of electro-acoustic devices, it has been found

convenient in the past to represent such an inter-

10



disciplinary system by some form of equivalent electrical
circuit., That is, the device is modelled by a purely
electrical system with éoverning differential equations

of the same form as those describing piezoelectric element
behaviour. Common electro-mechanical analogues are those
of force-voltage and velocity-current, thereby allowing
mechancial system properties to be conveniently evaluated

by means of relatively familiar electrical network concepts.

On the other hand, advances in bothlanalogue and digital
computer technology have led to the development of
mathematical transducer models which are more amenable
to simulation analysis. An example of this technique,
which is described in section 2.5. of this chapter,

involves formulating the transduction process using matrix

theory.

Before commencing with the review, it is worthwhile to
state briefly the major physical assumptions involved

in thickness mode transducer behaviour,

a. The transducer only operates in the thickness mode
and has lateral dimensions comprising many wave-

lengths of sound.
b. The transducer and all surtounding media are loss free.

c. The transducer generates a single mode stress wave.

That is, wave modes are uncoupled, thereby Permitting

description by a single electro-mechanical coupling factor.

11



d. The transduction process is linear and confined

to one dimension.
e. Force and velocity fields are uniform over the

surface area of the transducer.

Any deviation from these five basic assumptions is clearly

outlined under the appropriate model section.

2.2. THE EQUIVALENT ELECTRICAL CIRCUIT ACCORDING TO
W.P. MASON

This section describes the derivationof an exact transducer
electrical equivalent circuit (within the confines of
earlier assumptions). Basic physical concepts behind

the analogy are clearly defined, along with a brief

discussion on the relevant model applications.

Much of the original work on piezoelectric transducer
dynamic analogites was performed by W.P. Mason (28)

and this book provides a classic introduction to equivalent
circuit treatments of various piezoelectric configurations.
In order to derive the electrical equivalent circuit for

a particular transducer, Mason utilised the fundamental
piezoelectric relationships, in conjunction with the
appropriate wave équation and boundary conditions.relevant
to that configuration. This technique yields three

coupled equatiéns, describing the transducér system in

terms of three dependent and three independent variables;

12



“representing a network with one pair of electrical
terminals and two pairs of mechanical terminals.

By postulating an eleétromechanical transformer, these
equations may be related to an equivalent circuit,

the parameters of which are electrical analogues of

the coefficients in the original equations.

This model, (or the techniques eﬁployed in its derivation)
has provided the basis for a large number of subsequent
transducer analyses. For example, using the model, Kossof
(18) and Thurston (587) developed simplified electrical
analogues designed to approximate transducer operation in
the vicinity of the first thickness resonance. Redwood (36)
and others (g,1,54), using either the basic model or the
fundamental equations involved in the derivation, discussed
transducer operation under transient conditions. Sittig
(so), Papadakis (34) and others have used the basic model
to help analyse layered transducer structures. Because

of the significance of Mason's model in the historical
development of transducer systém characterisation, it is
well worthwhile at this stage to consider the major aspects

involved in the derivation.

\

13



Derivation of the Mason Equivalent Circuit

The piezoelectric equations appropriate to the case of

a flat, electroded thickness mode transducer are outlined

in Al.1, where the relationships between electrical and

mechanical quantities are expressed in terms of charge.

That 1is,

and,

r = Y Sx - hD Indirect Effect,
r is the mechanical stress,

YP is Young's Modulus of Elasticity, measured

under conditions of constant electrical displacement.

h is the piezoelectric constant relating stress to

applied charge density.
Sx is the mechanical strain.

D is the electrical displacement.

1L

E = -hsx+ D/eS Direct Effect.

h relates the electrical field developed per

applied mechanical strain.
: z

¢S is the material permittivity measured under

conditions of constant strain.

14



AL

Assuming that the device vibrates only in the x-direction,

the piezoelectric relations may be written as follows,

r = Y3g = hD
SaX
1
E =-h3t + D/
X €

Where £ denotes particle displacement within the transducer

and the suffixes have been dropped for convenience.

Under the assumption that any applied field is sinusoidal,
the disc is expected td undergo sinusoidal expansion and
contraction. Consequently, elastic waves travel backwards
and forwards inside the transducer. 1In other words, the

mechanical behaviour is similar to that of a transmission

Jine,

Solving the wave equation in one dimension yields,

[P

£ = (ae"JBX 4 pelB¥X)elwt

A and B are constants determined by boundary conditions
at opposite faces of the transducer. By substituting for
g into the pie20electric relations, an equation which
relates force, F, to the charge on the transducer plates,

Q, is obtained;

15



-(F + hQ) = {'(ijcA)e_JSX + (—ijcB)eJBx}eth

Where Zc is the acoustic impedance of the transducer.

Differentiating equation 2 with respect to time yields,

-3}
[l

%— [(JchA)e x-—(ijcB)eJBx]e]Wt

@
(a3

Equations 3 and 4 are formally identical with those of
an electrical transmission line of characteristic
g

impedance Zc. The term 5t (particle velocity) is analogous

to current and - (F+hQ) analogous to voltage.

By integrating the expression for electric field in
equation 1, it is possible to obtain the following

relationship between voltage and charge.

Q—hCOV+hCO[8E,'2_ 351] 5

Where Co is the clamped or static capacitance of the
transducer and the expression contained in brackets
represents the difference‘in particle velocity at the

rear and front faces. Since the term hQ denotes force,
both terms on the right hand side of this equation must
also represent forces. By considering the first of these
terms, hCQV, as the force generated by an applied voltage
V, then hCo becomes a transformation factor relating force
to voltage. Mason represented this electrically as a

force to voltage 'transformer' of turns ratio hCo, such

16



that when a voltage is applied across the primary, a

force is generated across the secondary and vice versa.

By means of current-velocity and voltage-force analogies,
the term %;99 in equation 5 may be interpreted as a
'mechanical impedance'. That is, F%EB may be considered
a mechanical capacitance. However, care must be taken
concerning the sign of this quantity. In equation 5

the total driving force is hQ and this must appear across

the secondary of the electro-mechanical transformer. This

implies that the force term h Co[agl 35*] is negative in
value, otherwise the total force across it and the

secondary of the transformer (hCoV) would be of greater
value than the total driving force (hQ). Consequently,

the element E%EB must be regarded as a negative capacitance.
This illustrates one of the drawbacks of dynamical analogies
in that unreal circuit elements often have to be used in

order to model system characteristics.

In order to fully define the transducer at its electrical
terminals, a relationship between input voltage and
current must be determined. Since current flowing into

the device is given by jwQ, equation 5 yields,

I = jwCoV + hCo [agl aél] 6

17



The first term of this equation represents current
flowing into a capacitance Co which is across the
primary of the electromechanical transformer. The
second term may be construed as an electrical current
flowing through the transformer primary due to a flow

of 'mechanical current' in the secondary.

The complete equivalent circuit, according to Mason,

may be drawn as shown in figure 2.1, which depicts a
transducer loaded at front and rear faces by mechanical
impedances 2, and 2, respectively. The transducer is
considered a six term}nal device, one pair representing
the electrical terminals and the other two pairs as
mechanical terminals connected to loading media situated
at the opposite faces. The transmission line, which is
assumed lossless, represents the necessary time delay for
mechanical signals to travel through the transducer
thickness. A negativeé capacitance effectively simulates
secondary piezoelectric action, while force to voltage
conversion is represented by an ideal transformer. Since
the model is derived from the fundamental system
relationships, it is exact, within the limits of the initial
simplifying assumptions, which were stated in section 2.1.
In addition, the model is applicable under both continuous
wave and transient conditions, although in many instances
calculations are extremely complex and the important
underlying electromechanical relationships tend to become

obscured.

18



A useful variant of Mason's model, especially
convenient for the analysis of steady state systems,
may be readily obtained by replacing the transmission
line with its lumped T equivalent circuit. The

resultant model is shown in figure 2.2.

Although the electrical equivalent circuits of figures
2.1 and 2.2 have served as the basis for very many
subsequent transducer analyses, Mason's fundamental

model suffers from the following inherent disadvantages.

1. Effects of mechanical loading and backing
variations are difficult to determine without
recourse to full mathematical analysis. Similarly,
the effects of various electrical load terminations
on transmission and reception characteristics are

not readily envisaged.

2. The electrical equivalent circuits involve the unreal
element of negative capacitance. Consequently,
physical interpretation of piezoelectric action is
difficult to conceive. In addition, the effects of
transducer parameter variations on operating

performance are not readily predictable.

3. Transient analysis, for all but the simplest of cases,
is extremely difficult due to the mathematical

complexity involved.

19



4. Use of the model requires a certain degree of
competence in network theory and a knowledge of

transmission line behaviour.

As a result of these drawbacks, the exact equivalent
circuits have not found widespread acceptance in the
analysis of a generalised transduction system. That

is, under conditions of arbitrary excitation (force

or voltage) and arbitrary electrical or mechanical
loading. Instead, analyses based on the Mason Model

tend to consider simplified versions, either by constraining
the frequency range of interest or interpeting only simple
cases of mechanical and electrical loading. However, many
of these investigations do provide enhanced understanding
of transducer performance and for this reason the more
important works are briefly presented in the following

section.

20



2.3 SOME IMPORTANT ELECTRICAL ANALOGUES

2.3 (i) The Basic Lumped Parameter Equivalent Circuit

In the model, the properties of a piezoelectric

vibrator are represented by the lumped parameter
equivalent circuit shown in figure 2.3. The circuit
comprises a series branch consisting of C, (the motional
capacitance), L, (the motional inductance) and R,
(motional resistance), shunted by a capacitance Co,
representing the electrical capacitance of the transducer.
L, and C, are chosen such that they resonate at a
frequency equal to the mechanical resonance of the
piezoelectric element. By suitable alteration of these
components, different modes of vibration may be studied.
Mechanical loss is included in this model by means of
the resistive component R,, and the transducer quality

factor which is defined by,
. 1/2
Q = (L,C,) /R,

Inspection of the equivalent circuit shows that two
conditions of resonance exist; a series resonant condition
when L,,'b, and R, resonate to produce an impedance minimum,
and a parallel condition when the L,-C,-R, branch is
inductive and tunes with Co to produce an impedance maximum.
The frequencies at which these conditions occur are defined

as the resonance and anti-resonance frequencies respectively.

21



It should be noted that the representation of a
piezoelectric vibrator by this circuit is useful only

if the ciruit parameters are constant and independent

of frequency. In practice this is not the case and

the model is applicable only over a very narrow frequency
interval in the vicinity of an isolated mechanical
resonance. However, as indicated in the IEEE Standard
on Piezoelectricity (1S ) the model may be extended to
incorporate neighbouring resonances by including
additional R-L-C branches in parallel with the main

R!-Cl-Ll branCh-

Since it is-only valid over a limited range of operating
frequencies, this model cannot be applied to transient
analysis of transducer behaviour and in acoustic systems
the main applications are confined to continuous wave
operation in the vicinity of the transducer resonant
frequency. Using this equivalent circuit, Thurston (57 )
analysed transducer bandwidth as a function of mechanical
and electrical terminations. Effects of electrical
matching networks on improving transducer transmission

characteristics were also investigated.

Despite being confined to narrowband systems, this form
of representation is widely used in the experimental
determination and verification of piezoelectric transducer

characteristics. Standard methods of obtaining these

22



constants basically consist of determining the electrical
impedance of a piezoelectric resonator as a function of
frequency. In principle, it is necessary to measure the
resonance and anti-resonance frequencies along with the
free and clamped capacitances in order to determine the
relevant material constants. In some instances, accurate
measurement of the anti-resonant frequency can be
obscured due to the presence of other vibrational modes.
For example, radial vibrations are often troublesome

when measuring thickness characteristics of piezoelectric
discs. In such cases, it is more convenient to
characterise the resonator by a lumped parameter circuit
and calculate the material constants from the measured
parameters of this circuit. A full description concerning
the use of this equivalent circuit in determining

transducer properties is given in (i§) and (b).

2.3ii The Equivalent Circuit According to Kossof

An inspection of Mason's‘lumped parameter equivalent
circuit (fig 2.2) reveals that the term jZc tan"‘/2
tends towards infinity as the mechanical resonant frequency
is approached. Since this term appears in series with both

mechanical output ports, transducer behaviour
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around this resonance is severely distorted. However,

by utilising a standard network identity, Kossof (i3 )
derived an alternative equivalent circuit which
effectively overcomes the problem. This equivalent
circuit is shown in figqure 2.4, depicting a thickness
mode transducer mechanically loaded at opposite faces

by media of acoustic impedancesZ, and Z,. The figure
outlines a force F,, produced at one of the transducer
faces, by a voltage v applied to the electrical terminals.
Note that the converse is also true, that is, a voltage v

produced by an applied force, F,.

By treating any intermediate layer between the transmitting
transducer and irradiated medium as a lossless transmission
tine, the effects of various backing and matching layers
were analysed according to conventional network theory.

In a similar manner, the effects of inductive electrical
matching circuits on the transmitting, receiving and
impedance transfer functions were also investigated. The
analyses were performed under steady state operating
conditions and all computational results presented in the
frequency domain. In this way, changes in bandwidth,
centre frequency and transmission characteristics were
readily evaluated as functions of mechanical loading
(including quarter wave matching), electrical tuning and

negative capacitance of the equivalent circuit.
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It should be noted that the work done by Kossof was
essentially narrowband, being restricted, through

mathematical complexity, to a narrow range of frequencies
centred around the mechanical resonance. (Approx. 0.5fo-1.5f0
where fo is the mechanical resonant frequency, according to
Kossof's notation). 1In addition, the analysis was based
almost entirely on network theory, with tuned circuit
analogues used to explain resonant behaviour. Consequently,
the underlying physical interactions involved in the
transduction process tend to be obscured by electrical -

circuit topology.

2.3iii The Equivalent Circuits of Martin and Sigelmann

Furthet simplification of Mason's equivalent circuit

model is possible if the electrical or acoustic excitation
functions are known along with the electrical.or mechanical
impedance; For a transducer operating as a source, this
condition is met if the genérator emf and imped;nce are
both known. Operating as a detector, the condition is
satisfied if the incident acoustic signal gnd the acoustic
impedance of the loading medium are known. The overall
transduction system may then be modelled as a Thevenin
mechanical equivalent circuit for the transmitting mode.

and the Thevenin electrical equivalent circuit for the

receiving mode.
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In the analysis of Martin and Sigelmann (27 ), Mason's
three-port equivalent circuit was reduced to two, single
port networks representing transmission and reception.
The circuit appropriate to the transmitting mode consists
of a source Fmeq, which is equivalent to that force
exerted by the transducer on a perfectly rigid medium,
and an impedance Zmeq, which models the mechanical
impedance of the device. The corresponding analogy for
reception consists of a voltage source Veeq, which
corresponds to the open circuit voltage, and an impedance
Zeeq, corresponding to the electrical impedance of the
transducer. 1In each case the Thevenin parameters were
derived from the constituent equations used by Mason.

Both models are outlined in figure 2.5.

Martin and Sigelmann used these equivalent circuits in
order to study transducer system behaviour under various
conditions of mechanical loading, transducer element size
and output resistance of the electrical excitation source.
Experimental data for transducer electrical impedance as

a function of frequency was in good agreement with the
simulated predictions. However, it may be added that their
method of adjusting transducer parameters in order to
obtain a 'closestfit' for these curves must be questioned,
since discrepancies invariably arise due to the presence
of radial modes. This is discussed in gréater detail in

chapter seven.
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Although this form of presentation has advantages in
that the models are simple and lend themselves fairly
readily to computer simulation, the following two

disadvantages are apparent.

a. With the formulation of Martin and Sigelmann (27 )
an extension to a generalised case including transient

excitation is extremely difficult.

b. The Thevenin parameters Fmeq, Veeg are effectively

black boxes.

Consequently, the electrical model itself gives little
or no insight into the physical behaviour of the
transduction process. I£ is significant that in their
presentation, Martin and Sigelmann make very little
attempt to relate experimental and simulation results

to the transducer physical behaviour.

In addition, as pointed out by the authors, the parameter
Fmeq implies that one face of the transducer is rigidly
clamped. That is, no motion of that face may occur.
Since this condition cannot réadily be aéhieved,
"experimental verification of Fmeq is extremely difficult
and simpler techniques of verifying the simulations (such
as measurement of electrical impedance as a function of

frequency) have to be employed.
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2.3iv The Transmission Line Model of Krimholtz, Leedom
and Matthaei (KLM Model)

Criginally developed to facilitate the analysis of
interdigital surface wave trahsducers (21) this

transmission line model of the thickness mode transducer has
found application in some ultrasonic systems design ( 22,

44 ). While retaining the intuitively satisfying concept
of a transmission line, the KLM analysis differs from that
of Mason in that the cumbersome distributed coupling of

the piezoelectric effect is replaced by a single coupling
point at the centre of the transducer. The differences
between distributed and single point coupling are incorporated
by means of a coupling transformer with a frequency
dependent turns ratio, and a series reactance. 1In this
manner, the acoustical and electrical ports may be
considered separately, hence aiding the interpretation

of various matching schemes.

The KIM model corresponding to a thickness mode piezoelectric
transducer is shown iﬁ figure 2.6 and a detailed account of
its derivation is outlined in (). In the figure Zc and Vc
are the characteristic impedance and vglocity associated
with the acoustic transmission line. fhe,line length, L,

is equivalent to the transducer dimension in the direction

of acoustic wave propagation.
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Although exact equivalence.between this model and that
of Mason has‘been demonstrated (21), basic understanding
of the system behaviour is facilitated by the KLM
technique. For example, consider a transducer ffee of
any electrical loading. That is, the electrodes are

on open circuit. Under these conditions, transducer
behaviour is analogous to that of a mechanical transmission
line free of electrical loading. This fact.is readily
observable from figure 2.6,‘since no current may-flow
through the traﬁsformer primary. However, in the case
of Mason's model, this effect is not so readily apparent
unless the negative capacitance is transferred to the
transformer primary where, under open circuit conditions,

it cancels with the clamped capacitance, Co.

Furthermore, in Mason's circuit, the acoustic forces

F; and F, are not-developed across the transmission line
alone, but are developed partly across the line terminals
and partly across the transformer secondary. In the KLM
analysis, the forces appear directly across the transmission
line terminals. This is physically more acceptable, since
it enables a clear distinction to be drawn between the
lumped element electrical behaviour and the wave acoustic
behaviour of the transducer. The analysis of complex
electrical ahd mechanical matching systems is also
simplified. For example, the investigation of multi-

layered transducer structures is facilitated since the
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equivalent circuits corresponding to each layer may be
simply added to the 6utput ports of the model. Use of
the KLM technique in this respect has been performed

by Silk ( 44 ) where the transmission characteristics

of a 12-layered transducer system have been investigated.
Using similar techniques, Desillets et al ( 7 ) developed
criteria for optimum broad band transducer design using
quarter-wave matching‘techniques. In each case, a
transfer function of the system was obtained in the
frequency domain and the effects of finite bond thickness,
electrical and mechanical loading were determined. By
means of the/}pversg\Fourier Transform, transfer function
impulse response was also investigated, although this was
. performed only for the simpler electro-mechanical

configurations.

Although this model aids physical and computational
interpretation of various mechanical matching schemes,

the effects of various electrical 1oaq1ng configurations
cannot bé readily comprehended due to the compiex nature
of the coupling transformer and series reactance. 1In
consequence, the important phenomenon of secondary
piezoelectric action is not clearly illustrated and in
this respect the model suffers from the same disadvantages

as that of Mason.
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So far, the discussion has centred round a group

of analyses which tend to be devoted to steady state
system performance, despite the fact that both the
Mason and KLM equivalent circuits are applieable to
wideband systems. In the following section, transient
analysis and modelling of the transducer is described
along the lines of Cook, Redwood and Filipczynski, all
of which yield considerable insight into transient

performance.

2.4. TRANSIENT ANALYSIS OF THE PIEZOELECTRIC TRANSDUCER

The transient analyses contained in this section, with

the exception of Cook (6) are based on Mason's piezoelectric
stress—-charge relations. 1In each case, the development

of a system transfer function follows similar lines to

those adopted by Mason in the formulation of his

equivalent circuit. Apart from the important wofk of
Redwood (3%) and Filipczynski (11), no real attempt is made

ﬁo obtain an electrical analoque of the transducer,.

the transfer functions themselves being used to study

performance under transtent conditions.

2.4i The Transtent Analysis of Cook

In the analysis according to Cook (6) , Mason's fundamental
charge relationships were not employed, instead the

piezoelectric constant, e, (see Appendix 38) was used
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to relate stress to an applied voltage. By solving

the relevant system and boundary equations for the
thickness-mode transducer loaded by real, semi-infinite
media, it;Was shown that the distributed input

stress could be fepresented by two stress generators
situated at opposite faces of the transducer. The
situation in fig :2.7. where the piezoelectric generator
is represented by two lumped stress sources of equal
magnitude, eVo(t), where Vo(t) is the voltage applied
across the transducer faces. Physically, transient

operation of this model may be interpreted as follows:

When an impulse of voltage is applied to the transducer,

two stress impulses are initiated at each face, one
travelling into the loading medium and the other into

the transducer. The relative magnitude of each stress
impulse is determined by the appropriate impedance ratio.
These impulses reverberate to and fro inside the

transducer until they eventually die out due to transmission
losses into the surrounding media. Graphical superposition
techniques were then used by Cook in order to determine

the form and magnitude of the generated acoustic pulse.

In the analysis, effects of the negative capacitance in
the transducer transfer function were ignored. Consequently)
the model is sfrictly only applicable to transducers

having low values of electro mechanical coupling, such as

quartz. Reasonable experimental verification was obtained
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for an X-cut quartz crystal, immersed in water, when
unit impulse, unit step and sinewave voltages were
applied to the input terminals. Nevertheless, the
following points should be noted when cohsidering
any extension of Cook's model to a more generalised

system.

1. Only mechanical behaviour was considered, with no
attempt made to include effects of electrical

loading on transmitter characteristics.
2. No analysis was performed for the receiving mode.

3. The analysis is only justified for transéucers of
low values of electromechanical coupling coefficient.
That is, K less than 0.1, For higher values of K,
applicable to piezoceramic . devices, the simple
reverberation technique should not be considered
as secondary piezoelectric effects must be.taken

e
3.

into account.

2.4ii The Transient Analysis of Redwood

Following the analysis adopted by Mason, Redwood (3¢) -
obtained transfer functions for the thickness mode
transducer during transmission and reception. @ommencing
with the fundamental system equations, and applying
Laplace Transform techniques, solutions were obtained

for the transient performance of the piezoelectric

transducer corresponding to the following three@ponditions.

-
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The case of an electrically free transducer subject
to semi-infinite conditions of mechanical load with

arbitrary acoustic impedance.

For this example it was demonstrated that the open
circuit voltage produced by an incident stress

wave is proportional to the time integral of that
stress wave. In addition, due to multiple
reverberation within the transducer, the resultant
transient wave shape is formed by repetition at
regular intervals of the transducer transit time;
eventually decaying to zero by virtue of reflection

losses at the front and rear faces.

Mathematically, Redwood demonstrated that the open
circuit receiver response V(t), due to an incident
stress F,(t) is represented by the following

Laplace transfer function,

gf?)s) B f%-m—)[1~‘(1+rx)e's"1'+rx(1+ro)e"zST

-rorx(1+1:’x)e-3ST

..........]

Where,

s is the hLaplace complex variable

ro, rx are reflection coefficients for waves of
particle displacement at the transducer front

and rear faces respectively. They are less than unity.
V,(s), f,(s) are Laplace Transforms of the output

voltage and input force respectively.
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Consequeﬁtly, the open circuit voltage follows the
integral of the incident force, with the relative
amplitudes of successive electrical signals at t = o,
T, 2T esesess being given by 1, - (1 + rx), rx(l + ro)
esesesess €tc. Using graphical techniques, Redwood

(36, 37 ) demonstrated how to construct the overall
voltage output for a step input of force applied to

the transducer front face. It should be noted that,
within the basic assumptions of Mason's model, this
transient solution for the electrically free transducer

is exact.

The case of a rigidly backed receiver with a purely

resistive load connected across the electrodes.

Due to mathematical complexity of the analysis

and difficulty in obtaining an inverse Laplace
Transform solution, Redwood (3¢) treated the
relatively simple case of a transducer rigidly
backed at one face. Using this example, he was
able to demonstrate that when the transducer is
terminated by a small resistive load, the waveform
of voltage follows that of the incident force very
closely,-but:not exactly (37); As the value of
resistance is increased, the result tends towards
that outlined in the previous case, where the transducer

was on electrical open circuit.
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Although the physical significance of these

results tended to be obscured by mathematical
complexity, Redwood was able to show (3%,31), by
means of simple equivalent circuits, that the
differences could be attributed to the negative
capacitance present in Mason's model. It will be
demonstrated in chapters three and four that such
effects are caused by secondary piezoelectric action
and that the.results may be extended to arbifrary

conditions of electrical and mechanical load.

The piezoelectric transducer as a generator of

ultrasound. .

In this case, an exact analysis, valid over all time,
was not attempted due to mathematical complexity

and the resultant ‘lack of physical interpretation.
However, by provisionally ignoring the negative
capacitance, a physically meaningful approximation
was obtained for the.transmitting response of a
piezoelectric element (strictly speaking, such an
approximation is valid only for devices possessing low_
values of coupling coefficient). Subsequently, it was
demonstrated (3¢,37), that the transient mechanical
behaviour of the transducer is very similar to that

of the open circuit receiver, except that there is
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no l/s multiplier, i.e. no integration effect occurs.
The transfer function obtained by Redwood which

describes such a generator is given by,

5(;$) ) -hCQLIErO)[1'(1+rx)e-ST*rX(1+r0)e—st-rorx.
(1+rx) e 35T ... 1)

where hCo is the transformation factor relating force

to voltage.

Once again, the waveform repeats at integer multiples
of the transducer transit time, the amount of ringing
being dependent on the reflection coefficiehts ro and
rx. In this approximation, a step function of voltage
gives rise to a decaying, repeated step function of
force. Note that in the case of the open circuit
receiver, a step input of force leads to a decaying,
repeated, ramp function of voltage. 1In both cases
Redwood demonstrated how to graphically superimpose the
waveforms over every transit period, in order to
obtain the full transient response. In an attempt

to verify these results an electrical analogue of

the transducer was const:ucted (38) . This incoporated
an electrical transmission line in order té simulate
mechanical behaviour. Excelient agreement was obtained

between experimental and theoretical results.
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However, it must be stressed that much of the
previously discussed analysis is valid only if the
negative capacitance present in Mason's model may
safely be neglected. 1In order to examine the effects
of this element on transducer transient behaviour,
Redwood'proposed simplified, but exact equivalent
circuits valid only over the first transit interval.
Thatvis, over the time interval,

o< t<T
These circuits, shown in figure 2.8, provide valuable
information concerning the effects of negative
capacitance on output voltage and stress waveforms.
Such models do make it possible to determine many
transient features without recourse to a full theoretical
analysis. It is important to note however, that the
equivalent circuits, while providing ipformation on
the nature of the response, are valid only over a very
narrow interval of time. Consequently, they:cannot be
used to predict overall trangient response, and hence

the bandwidth, of a transducer configuration.

‘The analyses .of Redwood prbvided the basis for much
further work on transient performance, partifularly
by Sinha ( 46 , 47 :r 48 r 49 ) » Yaday
( b ) » Carame (4) and Steutzeé (54 « Sinha
employed almost identical methods in order to obtain

the response due to a voltage impulse, periodic step

-
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and ramp inputs. In each case the underlying

assumptions were similar to those of Redwood.

Steutzer extended Redwood's approach to the

case of mechanically free boundaries. For an air-
backed and air-loaded transducer, he predicted
transient behaviour under two extremes of electrigal
loading (s4) , open circuit and short circuit

conditions. In each case the'excitation_waveform was a
step input of voltage. For a short circuited, voltage
step excited'transduéer, it was demonstrated that
stress and current responses consisted initially of
alternating exponential pulses, decaying eventually

to a sinewave accompanied by a sequence of sharp spikes.

In addition, Steutzer () demonstrated a technique

for determining basic thickness mode oéerating parameters.
When a step input of charge is deposited the |

transducer electrodes from an electrically isolated
source, the situation.approximates to open circuit
excitation. By close observation of the resultant
voltage waveform across the electrodes, a simple

‘dynamic measuring technique was devised for obtaining
electromechanical coupling factors and acoustic

impedance ratios.
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2.4iii The Transient Analysis of Filipczynski

In this analysis (it) the influense of negative

capacitance was not entirely neglected in evaluating
transducer performance. The analysis is.similar to
that of Redwood in that Laplace Transform techniques

are used to obtain system transfer functions.

Filipczynski showed that the negative capacitance has
a direct influence on the resonant characteristics of
the transducer, effsctively determining the mechanical
and electrical resonant frequencies. For devices of
high electromechanical coupling coefficient (K>0.1) it
wssdemonstratedthat the hechanical resonant frequency
is greater than the electrical resonant frequency,
while for K équal to zero, they are identical, By
means of a simplified electrical driving system, the
influence of negative capacitance was experimehtally

verified. In addition, a method was describéd?for

-

computing the form and magnitude of the acoustic pulse
generated by a piezoelectric transducer of high (K=0.5)
electromechanical couplingVcoefficient.when the device
is excited by an electrical generator of high output

impedance. 2
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By means of an ‘analysis similar to that of Redwood,

a voltage-force transfer function was obtained. From

this, thg equivalent circuit of figure 2.9 was deduced

(11) « It should be noted that this is essentially

equivalent to that derived by Mason, except that the
negative capacitance has been placed on the electrical

side of the transformer. This equivalence is not unexpected,
since the method of derivatiqn is essehtially the same in

both cases,

From the circuit, it may be observed for the electrodes
an open circuit, that the negative capacitance and the
transducer clamped capacitance cancel each other,
ConSequently, if the output impedanée of the electrical
generator driving such a system were to approximate
open circuit conditions, the transducer behaviour would
be entirely mechanical and determined by the properties
of the transmission . line. In fact, the model is now
equivalent to that described by Redwood for the

transmitting mode.

In an attempt to verify this theory, Filipczynski utilised
the experimental configuration shown in figure 2.10.

(It may be noted ﬁhat this ciruit is similar to that used
by Steutzer for the determination of transudcer |
parameters (55)). In this circuit, the thyristoi is

turned on for a short period of time which is much less

than the transducer transit interval. The coupling
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capacitor, Cc, then deposits a step function of

charge on the transducer electrodes. By selgcting

Cc at a very low value compared with Co (7pf and

100pf respectively), gbod electrical isolation is
obtained between the thyristor and transducer. It

was demonstrated that a step function of charge produced
a decaying/s%rain of sawtooth voltage pulses across the
transducer. This compared well with the theoretical

analysis of the corresponding transfer function.

It should be noted however, that these results were
obtained for a highly idealised,yinefficient transmitting
system. The theory was not extended to a practical
system including matching and cabling effects because

.0f the degree of mathematical complexity involved.

Up to this point, the presentation has concentrated on a
review of transducer analogies based on electrical
equivalent circuits, as these tend to be the mosﬁ
common representations of piezoelectric transducer
systems. Consequently, the analysis and identification
of transducer behaviour is based on electrical circuit

theory utilising network and transmission line concepts.

However, another, more recent mathematical model of the
transduction process involves matrix theory in order to

formulate the transduction equations. Although a detailed
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physical insight is often lost, the technique.:lends
itself very well to computer simulation and for this
reason has been incorporated in a number of transducer
analyses. The following section presents a brief
account of transduction matrix theory, followed by a
description of its application to piezoelectric system

design.

2.5. MATRIX FORMULATION OF THE TRANSDUCTION EQUATIONS

The input of any transducer in the transmitting mode

may be completely characterised by the voltage, '.V(t)
across the transducet, and the current, I(t) flowing
through the transducer. The output of the device may be
characterised by the distributed field quantities of
stress (force/unit area), F(#,t) and velocity U(x,t),
for every x in the region of the test medium. By applyiné
the simplifying assumptions discussed earlier; that is,
a one dimensional, single mode, linear transduction |
process, the force and vélocity fields may be considered
as scalar quantities. The process may then be
characterised (9) by a compiex matrix which relates

the electrical input parameters to the mechanical input
parameters in the frequency domain. This matrix,
relating any electro-acoustic transducer's input and

output parameters is denoted as the transduction matrix,

HEEHH
=]
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Applying the same assumptions for a transducer
operating in the receiving mode; a transduction
matrix relating electrical output parameters to

mechanical input parameters‘is given by,
v] [A' B'] F
I c'p' U
1| F
3]

Where T! is the inverse of T.

Although in theory it is possible to characterise

the transduction matrix by measuring the input and
output parameters, this is very difficult in practice
for the thickness mode transducer. The input
impedance characteristics of such a transducer .are
usually a function of the media to which the device

is coupled and in addition, the extent of the force
and velocity fields can seldom be measured or predicted

directly, especially in the case of solid test media.

However, it has been shown that for a particulaf transducer
design, the matrix elements may be computed directly

from the material properties of the elements

constituting the transdicer. In the analysés of Sittig

(s0o, St ), which are primarily concerned with composite,
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‘'multi-layered transducer structures, Mason's lumped
element equivalent circuit was used in order to
formulate the tranduction matrix. Intermediate
bonding layers, represented by their electrical
transmission line equivalent circuits were also

formulated using matfix topology.

As an example of the technique, consider a transducer
loaded at one face with a semi~infinite medium of
acoustic impedancé Z2,, and at the opposite face by

a single intermediate layer of finite width. The
configuration is shown in figure 2.11. Modelling

the intermediate layer by an equivalent, lossless
transmission line, and using Mason's lumped element
equivalent circuit for the transducer, the overall

circuit may be re-drawn in the form of figure 2.12.

By analysing the lumped element circuit, Sittig
obtained the following matrix equation relating input
voltage and current to output force and velocity for

the transducer.

HEESIN
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where,

$o

Ac Bc 11 j$2/wCo (cos&c+jzbsin&c) Zc(ZbCos&c+jsin&c)
jwCo

Cc Dc o jsin&/Zc 2(Cos&c—1)+ijsin&C4

Q = COs&c?l + jzbsin&c, Zb=%2,/%c
For the piezoelectrically inactive layer, the input and

output forces and velocities may be related by the

following transformation matrix,

- B

where,
[AL BL] cosal  jZLsinal
CL DL J%“L cosal,

The relationship between output force and velocity,
Fo, Uo and input vbltage and current, V,I is now

given by,

M AN
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Employing this technique, Sittig (5}) analysed

the effects of bonding and electrode layer thickness
on transducer performance, and in particular that
confiéuration of an ultrasonic delay line consisting
of transmitting transducer, intermediate delay line
medium and receiving transducer. More recently,
Lewis (3) used a similar technique in order to analyse
a multi-layer transducer configuration typical of
ultrasonic imaging and non-destructive testing
systems. Frequency response curves were obtained
for a variety of matching layers, and by means of an
inverse Fourier Transform routine, pulse shapes in

the time domain were also studied.

In conclusion, the matrix technique can be extremely
useful in the study of multi-layer transducer

systems; since it is simple and lends itself ideally

to computer simulation. However, the technique
provides little insight into physical behaviour; cause
and effect relationships being interpreted from computer
results. Even with the straightforward case of a
transducer loaded by semi-infinite media of each

face, a thorough'understanding of physical behaviour
may only be obtained if some form of physical model

is used in conjunction with the computer simulation.
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For example, it is possible to enhance physical
understanding if changes in a particular matrix
parameter were related directly to changes in

the same parameter, contained in Mason's equivalent
circuit.

2.6. AN ALTERNATIVE APPROACH TO PIEZOELECTRIC TRANSDUCER
MODELLING

The great majority of piezoelectric transducer
modelling schemes involve device representation by
some form of equivalent electrical circuit. This is

not without good reason since electrical analogies

offer the following advantages.

l. A knowledge of the circuit diagram of the analogous
system permits prediction of the transducer
behaviour based on network topology alone. For
example, series and parallel resonance along with

loading effects may readily be described.

2. Standard network theorems and techniques
may be applied in order to reduce or simplify
the equivalent circuit and hence derive the necessary

input/output relationships.

3. It is possible to construct an actual working model
of the equivalent ciréuit. This may be achieved
by discrete circuit element implementation, as
performed by Redwood (37) or by analogue computer

simulation, as illustrated by Dotti (g).
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On the other hand, as outlined in some previous
éections, electrical analogies suffer from the

following disadvantages.A

l. Actual physical elements must be identified
that are analogous to resistance, capacitance
and inductance as do the physical quantities
which correspond to voltage and current.

This is not always possible in the case of a
thickness mode transducer, where, in order to
describe secondary piezoelectric action, a
negative capacitance was postulated. This is

unlike any real circuit element.

2. The physical parameters and variables of the
transducer must be converted and expressed in

terms of equivalent electrical units. For example,

mechanical or acoustical ohms,

3. In some instances,'fof example in the analysis of
Kossof, modification of the equivalent circuit is
required. This may only be achieved if the user
has a degree or proficiency in electrical circuit

&heory.

49



If the response of-the analogous electrical
circuit cannot readily be ascertained by
inspection, then it is necessary either to

solve the basic differential equations or perform
an often complicated network reduction. Both of
these may require more effort than dealing with
the equations in some alternative manner. For
example, the response of a transducer under
arbitrary electrical loading cannot readily be
predicted from inspection of the Mason or KLM
equivalent circuits. The complex mathematical
analysis required to obtain such a response
invariably obscures the physical significance of

the device behavibur.

In some instances, for example the basic lumped
parameter equivalent circuit, the model' is
constructed from inspection of the physical system
which it represents, rather than directly from a

study of the defining .differential equations.

Basic equations describing the physical phenomena in
disciplines other than circuit theory are not used.
Consequently, much physical insight into the

nature of thé transduction process is obscured by

electric circuit topology.
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The remainder of this section is devoted to the
description of an alternative strategy for modelling
thickness mode piezoelectric transducer behaviour.
This technique, utilising.a systems block diagram
approach, is considered to overcome many, if not

all, of the disadvantages associated with equivalent
circuit methods. It should be noted that the
application of block diagrams in describing electro-
mechanical systems is not new. Preis (33) has used a
block diagram approach to model behaviour of the elecro-
dynamic loudspeaker, while Ashley (1) utilised closely

related signal flow graphs in order to model the same

process.

By deriving the relevant force-voltage and vdltage-
force transduction equations in a form suitable for
implementation via a block—diagr;m, feedback model,

a systems approach may be employed to ahalyse the
transfer'function, Using this method, the system
equations and processes are illustrated quite |
differently from dynamical analogies, thereby providing
new and often better insight into system performance.
Representing the transducer system in a systems format

offers the following advantages:
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I.

All the elements of a block-diagram and their
interconnections are obtained directly from

the fundamental equations of the system which

they represent. Each block describes a specific
process within the general system in terms of a
transfer function which may describe ratios of
inter-disciplinary quantities. Consequently,

the physical significance behind each process within
the transduction system is readily enhanced and by
analysing individual blocks, their effect on the

overall transfer function may be determined.

The interactive coubling among all processes within
the transducer system is clearly shown and

provided by the block interconnections.

Any required input/output relationship may be
determined from a straightforward re—arrangement
of the systems model. Such graphical manipulations
are capable of producing additional insight into

the behaviour of the transducer system.

Block diagram reduction of any complex, linear-
system is often a relatively straightforward process.
Consequently, the determination of the overall

system transfer function is less Suscgptible to

mathematical error.
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However, it should be emphasised that the systems
method is essentially a frequency domain technigue
and relies heavily upon the topics of linear
systems theory. The user must therefore be
conversant with such concepts.as feedback and

transfer functions.

In subsequent chapters it will be demonstrated that,

by deriving the transduction equations in a manner
suitable for systéms feedback presentation, a model

is obtained which is superior to existing dynamic
analogies. It will be shown that the new model permits
a very clear insight into transducer operation and the
various factors which affect its behaviour both in
transmission and reception. The following two
chapters present the derivation of such a model,
applicable to the general case of arbitrary electrical

and mechanical loading.
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CHAPTER III

THE PIEZOELECTRIC TRANSDUCER AS A

RECEIVER OF ULTRASOUND




3.1 INTRODUCTION

This chapter presents the development of a block-diagram
transfer function which accurately describes the behaviour
of a plezoelectric transducer when operating as a receiver
of ultrasound. As outlined in Appendix A, the term 'piezo-
electric' is used to embrace not only naturaily occurring
plezoelectric materials such as quartz but also polarised
ceramics such as barium titanate. The initial part of the
theory follows closely the methods adopted by Redwood (3¢),
Filipczynski (i11), Stuetzer (54 ), Dotti (8 ) and Yamamoto
(¢3), whereby Mason's (18) fundamental piezoelectric equa-
tions are used as a starting point in obtaining transducer
characteristics. However, in the present case, no attempt
is made to produce an electrical analogue of the transducer,
which in the case of a piezoelectric disc invokes the unreal
component parameter of negative capacitance. 1Instead, a
systems model, utilising the concept of feedback, is pro-
posed in order to clearly explain electro-mechanical inter-
action. The investigation concerns a completely general
case where the transducer 1s subject to arbitrary electrical

and mechanical loading.

The type of transducer under consideration is a thin piezo-
electric disc vibrating unidirectionally in its thickness
compressional mode. The transducer geometry is outlined in

figure 3.1, which shows a thin disc of radius, r, and
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thickness, L. In order to simplify mathematical computa-
tion, the following assumptions will be made concerning

the properties and behaviour of such a device.

1 The diameter of the transducer is much greater
than its thickness, thereby permitting the assumption that
all mechanical wavefronts are planar in nature. The pro-
pagation of undistorted plane waves within the transducer
is considered justified in this context, since the ratio of

diameter to thickness is in the region of 20:1.

2 A second assumption is that the disc vibratés in a
piston-1like manner and that acoustic wave motion is in one
direction only, the direction normal to the plane surface

of the transducer. Consequently, mechanical and electrical
quantities such as stress, strain, electric field.and d;s—
placement are assumed to vary only in the x-direction. This
implies that only a single mode of vibration is possible,
namely that of the transducer vibrating in its thickness
compressional mode. Howéver, in general, the compressional
mode 1s simultaneously AEcompanied by radial modes as the
plate diameter expands and contracts. Redwood (37) and
Filipczynski (il ) have both indicated that the radial mode
can be neglected for thin transducers of large diameter
operating into solid media. However, for transducers
operating under iightly loaded conditlons, for example,
radiating into a water bath, the radial mode can be signifi-

cant. Nevertheless, providing the disc diameter is much
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greater than its thickness, the frequency difference between
the radial and thickness modes is so large that they can
easlly be distinguished. Consequently, an analysis of the

latter mode may proceed independently.

3 The third assumption 1s that initially, the trans-
ducer and surrounding media are considered loss-free. As a
result, all acoustic media are represented by real acoustic
impedances, defined a; the product of cross sectional area,
density and longitudinal velocity. In the case of a trans-
ducer bonded to solid media, the energy loss to the surround-
ing material is usually very much greater than that dissi-
pated through internal friction in the device itself. How-
ever, it should be noted that for operation under lightly
loaded conditions, a significant loss can occur within the
plezoelectric material. The effects of internal mechanical

losses within the transducer are discussed in chapter VI.

4 Finally, the analysis is restricted to operation
much below the yield stress of the materials employed. That
is, where mechanical and electrical quantities are connected
by the linear piezoeléctric equations as outlined in
Appendix A. Consequently, effects such as cavitation,
localised plastic deformation and irregular modes of vibra-
tion are neglected along with any possible variation in

transducer properties due to ageing and thermal effects.
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3.2 EQUATIONS OF MOTION FOR A PIEZOELECTRIC

PLATE TRANSDUCER

In order that the nature of electrical and mechanical energy
propagation may be studied, we conslder firstly the basic
plezoelectric relations which were originally proposed by

Mason (28).

= D -
I' = Yx Sx h33 Dx Indirect effect

t
i

- s
% h33 Sx + Dx/ex Direct effect

Y i1s the elastic constant in the x-direction, measured
under conditions of conétant electrical displace-
ment, (electrodes on open circuit) expressed in

Newtons .per square metre

is the absolute permittivity of the transducer
material in the x-direction, measured under condi-

tions of constant strain, in Farads per metre.

| D is the electric displacement in the x-direction,

expressed in coulombs per square metre

E is the electric field strength in the x-direction,

expressed in volts per metre r

r is the tensile or compressive stress in the

x-direction in Newtons per square metre
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S is the strain, or fractional change in length, in

the x-direction

33- 1s a plezoelectric constant relating the stress
developed per applied charge density or the elec-
tric field developed per applied mechanical strain.
It is usually measured under conditions of con-
stant electrical displacement. The suffix 33
indicates that the constant is applicable to the
thickness direction df the crystal.

In addition,

where ¢ is the mechanical displacement of an arbitrary

point within the transducer.

A full description of the piezoelectric relatiqps is given

-

in Appendix A,

For convenience, the suffices are dropped and hence the

plezoelectric relations can be written as follows:

X

E = .-_-haj- + D/E,—

X
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Assuming that there is no net free charge within the trans-

ducer, then Gauss'! Law (eo *[ E.ds = IQ) yilelds:

s

a_D.=O

IxX
therefore 3L _ Y3 j3g}) _ haD

Ix  3Ix {Ix IxX
ie

2 .
ar _ Ya4e L

3x ax?

Considering an infinitesimal volume element within the
transducer and using Newton's Law relating force to accelera-

tion, it is possible to obtain,

2
ar _ , 2% 2
Ix at2

Where p is the material density.

Equating 1 and 2, the standard wave equation describing

mechanical propagation within the transducer is obtained.

3%e _ 2 3% ' 3
at2 ax2

where V2 = Y/p is the longitudinal wave velocity in metres
per second. It should be noted, as indicated by Redwood (3s)
that the wave equation for the piezoelectric disc is identi-
cal to the wave equation corresponding to propagation in a

non-plezoelectric material.
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At this point, it is convenient to introduce the Laplace
transform which is defined by,

G[£(t)] = I e™ST £(r)at
(o]

where S is a complex variable, f(t) is the time function to
be transformed and G is the transformation symbol. The solu-

tion to equation 3 can now be expressed as:

£(5) = ae”S(X/V) 4 peSX/V) 4

This represents two waves travelling inside the disc, one
in the positive x-direction and the other in the negative
x-direction. A and B are constants defined by the boundary
conditions of x = 0 and x = L (ie at the faces of the trans-

~ ducer).

Before developing the relationship between electrical and
mechanical wave quantities, it is interesting to note that
since there is no net free charge within the transducer, all
free charge muSt reside on the surface. Consequently, the

electrical displacement D can be expressed as follows:

D = L c/m?
A\

where A% = 0r? is the area of a plane surface of the trans-
ducer and Q is the net charge residing on either of the sur-

faces.,
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It is now possible to utilise the basic plezoelectric
relationships, along with the solution of the wave equation,
to relate electro-mechanical wave propagation within the
transducer. From the equation describing the indirect

effect, we have the relation,

r=yv3 -np
X

therefore —_—_F == =Y -

where F is the force in the x-direction

therefore F + hg = A%y 2&

Ix
Substituting equation 4 into the above expression, a general
relationship relating the transforms of force and mech-

anical displacement inside the transducer is obtained.

F(S) + hQ(s) = sz.{-ae”S*/Vc) BeSX/Ve)y — 5

where 2, = pVCA‘ is the acoustic impedance of the transducer.
Similarly, the equation for force in a non-plezoelectric
medium can be found by utilising equations 2 and 4. This

yields,

F(S) + sz _{-ae™S (X/Vm) 4 pcS (x/Vm) 6

where Zm is the acoustic impedance of the medium,
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Considering now the direct plezoelectric effect, we have:

E=-h3%4
ax

m O

The voltage across the transducer is obtained by integrating

the electric field in the transducer over the thickness

L
V = l E dx

"
O Y—r

_h_aiq}.._Q_.dx
Ix A%e

} + QL
At¢

= ~hlg(yor) = $(x=0)

b+ & 7

s

therefore V 'h{g(x=L) = & (x=0)

where Co is the bulk, static capacitance of the transducer.
The term E(x=L) - E(x=0) simply indicates the difference
in mechanical displacement between the opposite faces of the

transducer.

Now consider an arbitrary electrical impedance placed across
the transducer terminals, as outlined in figure 3.2. The
figure depicts a mechanical wave striking a piezoeléctric
disc transducer which is electrically loaded by an impedance

2. We assume that any externally deposited surface charge
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has been allowed to leak away through the load, so that
initially, the voltage across the transducer, V(t) is zero.
On striking the surface, the mechanical wave induces a
polarisation of charge in the transducer, due to the direct
plezoelectric effect. A current, I(t) thus flows through
the loading impedance, producing a voltage V(t). Conse-
quently, we can obtain a relationship between the charge
produced piezoelectrically and the voltage measured across

the transducer.

The current, I(t) is related to the charge by the equation,

I(t) =92
at

Laplace transforming, and assuming zero initial conditions,

ylelds,

I(S) = -sQ(s)
therefore V(S) = -SQ(S) ZE(S)
or, Q(s) = .'_YLS_).._

SZE(S)

Substituting the above into equation 7 gives for the trans-

form of voltage across the device,

v(s)

VE =l ey T Fed V) " S
o
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Denoting COZE(S) by ?(S), the following expression is readily

obtained for the voltage transform across the loaded trans-

ducer
ST (S) ’
V() = “hlE () = € (xmy} ) { } 8
3.3 THE TRANSDUCER AS A RECEIVER OF MECHANICAL WAVES
3.31 Boundary Conditions and Development of the

System Equation

Consider a piezoelectric crystal positioned between two non-
plezoelectric elastic media, which are assumed to extend
indefinitely away from the transducer. The situation is
outlined in figure 3.3 which depicts an incident mechanical
wave striking the transducer. The incident wave 1s travell-
ing in medium 1, which has a characteristic impedance Zl, at

a velocity Vl in the positive x-direction. A, is an ampli-

1
tude factor relating to the incident wave and B1 is an
amplitude factor relating to the reflected wave at the trans-
ducer boundary. 'The transducer has a characteristic imped-
ance Zc and a longitudinal velocity VC. A and B are ampli-
tude factors describ;ng the forward and backward travelling
waves within the transducer. Similarly, medium 2 has a
characteristic impedance z2 and a longitudinal velocity V2.
Az is an amplitude factor relating to the wave which is
transmitted into medium 2. In addition, the following points

should be noted.
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1 Medium 1 1s often referred to as the loading medium
with medium 2 as the backing medium, corresponding to the

transducer front and rear faces respectively.

2 All acoustic impedances are assumed real, their
value per unit area being given by the product of material

density and longitudinal velocity.

3 The time taken for mechanical waves to cross the

transducer, the transit time, is given by

T =

d<|ﬁ

Such a system is mechanically constrained by two boundary
conditions, namely continuity of mechanical displacement and
continuity of normal stress. Applying the first of these

at each face of the transducer yields,

81(x=0) = fc(x=0) 39 &2 (x=1) = %c(x=L)

where £;(S) = a;e”S/V1) 4 g S (x/V1)
£y(S) = ae”S(x/V2)

§o(S) = ae”S(X/Ve) 4 geS (X/Vc)

In a similar manner, continuity of normal stress at the

boundaries gives rise to the following set of equations,
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F1 (x=0) = Fc(x=0) 39 Fo(x=1) = F2(x=1)

where Fl(S) szl[-Ale‘S(X/Vl) + BleS(x/Vl)]

F,(S) = Sz,(-a,e™5 (X/V2)]

Fo(S) + hQ(s) = SZC[-Ae-S(x/VC) + BeS (X/V¢) 4

These boundary conditions give rise to four equations

involving A, B, Al, Bl and B2'
A1+B1=A+B

SZl(-Al + Bl) ='szc(-A + B) - hQ(S)

Aze-S(L/Vz) - Ae‘S(L/Vc) + pes (L/V¢) 9

If we assume that there is an arbitrary electrical impedance,
having a Laplace transfornm, ZE(S), connected across the
electrodes of the transdﬁcer, then an expression for the

transform of voltage across the crystal is given by equa-

tion 8,
= - - ST (S)
v(s) = -h{g 1y = &(x=0)3}(S) {__——1 " sr(s)}
therefore
v(s) = -h{a(e™ST - 1) + B(eST - 1)} { ST(S) }' 10
1l + ST(S)
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It 1s necessary to obtain expressions for A and B in terms
of Al’ the incident mechanical wave. From equation 9 it

is possible to obtain the following expressions:
Szl(—ZA1 + A + B) = SZ,(-A + B) - hQ(S)

and

ST ST T ST)

s2.(-ae”5T + BeST) - nq(s). = —SZz(Ae-S

The first of these two equations can be written in the form:

(2~ - Z,) 2A.2
A-p—C 1’ 171 . __ho(s)

(ZC + Zl) (ZC + Zl) S(ZC + Zl)

The second equation can similarly be expressed in the manner

below.
-st %c ~ %)) ST  ~hQ(S)
-Ae ————eeem 4 Be — (0]
(zc + zz) S(zc + Zz)
We define
(2. - 2,) (2, = 2,)
RB_=._C__..?_‘ and RF=_._C_-—.1_.
(ZC + Zz) (ZC + Zl)
The previous two equations now become,
A - BRF=A1(1—RF) h (S) 11
S(zc + zl)
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and

- hg (s)e”5T
S(ZC +'22)

e*2ST

ARg

;
-

Equations 11 are more conveniently expressed in matrix form.

[ hQ (S) }’
1 - A A, (1 - ) - -
; RF { 1 RF S(zc + zl)
-ST
RBe-st -1l |s _ ho(s)e }
| |y ‘ S(zC + ,zz) J

Solving the above matrix equation yields for A and B,

r Y ¢ 1 r hQ (S) )
A 1 - A. (L - R.) - }
*F { 1 °F S(zo + 2;)
=1
‘ ~2ST ho(s)e™ ST
B RBe =1 {— }
\ J \ P \ S(ZC + Zz) 4
2ST

where A = 1 - RBRFe .

We can thus obtain two expressions for A and B viz:

(J,) (L)
A=__]_'.____
A
12
(J,) (L)
B=_.2___
A

where Jqe Jy and L are the following matrices:
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@) = 1 -R e
(3,) = e 5T (re™" -1)

’ ’ ho(s) )

{pa-ry -

1l
So o)
(L) =
=hQ (s)
‘ S(ZC + ZZ) J

Substituting equation 12 into equation 10, the following
expression for the transform of voltage across the trans-

ducer is obtained.

()@ (J,) (L)
o < AP 6 S iy
A +

A 1l + ST(S)
Substituting for (Jl) and (J2) and rearranging terms pro-

duces an expression for the voltage transform:

v(s) = h[{ a-e5Ta -reST)Ha - e 5T)a - RFefST)}]-

B

x(L){ ST (S) }

A 1l + ST(S)
Letting U(S) = ——§Ii§l—-,'we may write,
1 + ST(S)
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vis) = K@)y - STy ys) 13
A

where (K) [(1 - rRe™hHa - RFe-ST)k

Equation 13 represents the mechanical response of a lossless,
piezoelectric transducer under arbitrary conditions of elec-
trical loading. As such, it is a general equation describ-
ing fully the transient behaviour of the transducer when it
1s operating in the receiving mode. Consequently, equation

13 shall be termed the system equation of the electrically

loaded piezoelectric receiver.

3.3i1 Development of the Closed Loop Transfer Function

The system equation obtained in the previous section is
essentlally a transfer function relating, in the S-domain,
the voltage developéd across the transducer, V(S) to the
incident mechanical value, which for the moment is denoted
by the amplitude factor Al. However, in this form, it is
neither amenable to mathematical evaluation or physical
interpretation. In the present section, a block diagram
model of the transducer 1s developed. The model is based on
a closed loop, feedback system which not only lends itself
to mathematical analysis, but provides a ready insight into

the physical behaviour of a piezoelectric receiver.

In the previous section it was shown that the voltage across

the transducer was related to the surface charge by the
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following transform relationship,

_ -C _V(S)
a(s) = =V) o

Sz (S) T s1(s)

Substituting into equation 13 for Q(S) gives,

- o=ST _
vis) = —2l e ) gfaa - R A - REe™T) +
-ST -ST
hC V(S) |(1 - R, e 1l -
+ —2 fp® ) + il ? }
S2T(s) (Zo + Z,) (2o + 2,)

The amplitude factor Al will now be examined in more detail.
Ay denotes the incident mechanical wave, which is aséumed to
be planar and undistorted. It is required, after the manner
of Redwood (3¢), to describe the incident wave in terms of
force or pressure. The expression for the initial wave of

force striking the transducer is given by the following trans-

form equation.

F, (S) = Sz, (-A e‘S(X/Vl) + BeS(x/Vl))
1 1771
By considering only the incident wave at x = O,

= 15
Ay

SZl
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One additional quantity remains to be defined, the electro-

mechanical coupling coefficient, K, of a plezoelectric trans-

ducer. It is a measure of the efficiency of the device when
converting electrical voltage to mechanical displacement and

vice versa.

s |%
€
K = h,, |32
33|
Y-
33

where all parameters and suffixes are as previously defined.

Dropping the suffixes for simpiicity, we may write,

K2=£e.
b4

The permittivity, e, is related to the static capacity of

the transducer by the equation,

_ LCo

E = -

A\

Also, the elastic constant, Y, is related to the longitudinal

velocity by the expression,

By direct substitution and noting that 3— =T, Zo A“cho
C
we may write,
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c .
20 =
h Co. T 16
Now let
@ - e - re™T)
Kp(81 = -2ST
(1 - RBRFe )
and - -
(1 - 5Ty (1 - rEe™T)
Ky (S) = 17

Substituting equations 15, 16 and 17 into equation 14 results

in the following expression for V(S).

~hF, (8)
V() = U {—2— (1 - RIKG(S) +
sz,
.\ Kzzcv(S) Kn (S) +\ Kg (S) }
S2T(S)T (3, + 2,) (2o + 2,)
-F, (S)K2K_ (S) 22
therefore “8) = _1 —F <
u(s) SThC (2o + Z)
. V(S)KZKL(S) | hC, Zc
SThC ST(S)) (2, + Z,)
, V(sIKIKg(S) R
SThC,  |ST(S)) (Z¢ + Z))

If we now let, .
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W(S) = U(S)M(S)

M(S) = '
SThCo
hC
N(S) = —2
2sT
22
TF = ._..__C_._.
Zc + Zl
22
TB = __—g—.
ZC + Z2
| Then,
v(s) = -Fl(S)W(S)KF(S)TF + V(S)W(S)KF(S)N(S)TF +
+ V(S)W(S)KB(S)N(S)TB : 18

This equation can now be expressed in the form of a trans-
fer function for the transducer in reception. The transfer

function, H(S), is defined as,

H(S) = Transformed OQutput Voltage _ V(S)

Transformed Input Force Fl(S)

Collecting terms in equation 18 and solving for V(S) in terms
of Fl(S) yields:

-“W(S)K,(S)T
H(S) = E E

1 - {W(S)Ky (SIN(S)Ty + W(S)Ky (SIN(S) Ty}
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This equation 1s the generalised transfer function for an
electrically loaded piezbéléctric disc operating in the
receiving mode. When expressed in this manner, it is known
as the system closed loop transfer function. It is now
possible to express the transfer function in block diagram
form, as a closed loop, feedback system. Before doing so,
however, a brief review of block diagram and feedback nomen-

clature is required.

A block diagram of a typical feedback system is shown in
figure 3.4. The various parameters in the system are defined

as follows. (All quantities are expressed in the S-domain).

R(S) is the Laplace transform of the input signal.
c(s) is the transformed output signal.

G(S) is the direct or forward transfer function.

X (S) is the feedback transfer function.

E (S) is the error signal. |

t indicates whether the feedback is positive (+) or

negative (-).

C(S)
R(S)

H(S) = is the system transfer function or the ratio

of output to input, in the S-domain.

For the simple system outlined in figure 3.4, it is readily

‘shown that, for a positive feedback system,

c(s) _ G(S)
R(S) 1 - G(S)X(S)
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While for a negative feedback system,

c(s) . G(S)
R(S) 1 + G(S)X(S)

The foregoing theory can now be utilised to obtaln a feed-

back representation of the piezoelectric transducer in

reception. Equation 19 is now written in the form,
W(S)KF(S)TF

-H(S) = 20
1 = W(S)Kp (SIN(S)Ty, ~ W(S)Ky(SIN(S)T,

This can now be expressed in the form of a closed loop,
positive feedback system, as indicated in the block diagram
of figure 3.5. The equivalence of equation 20 and the block

diagram can be explained as follows:

Referring to figure 3.5, we may write,

E(S) = J(S)N(S) + F,(S)
J(S) = W(SIE(S)KL(S)Tp + J(SIN(S)K,(S) Ty}

= W(S){JT(S)N(S)KR(S)Tp + Fy (S)K,(S)Tp + JT(S)N(S)Ky(S5)Tyl
therefore |

J(S){1 = W(S)K,(S)N(S)T, = W(S)K(S)N(S)Tg} = F, (S)W(S)Kp(S) T,

V(s) = =J(s)
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therefore

v(s)  _ ~W(S) Ky (S) Ty

F1(S) 1 - W(SIKG(S)N(S)Tp ~ W(S)Ky(SIN(S)Ty

This equation is identical to equation 20, hence Verifying
the validity of the block diagram. It is now required to
examine in detail each component of the block diagram in
order to obtain a physical interpretation of the overall.
feedback model. |

3.4 PHYSICAL SIGNIFICANCE OF THE FEEDBACK MODEL

In order to understand the physical significance of some of
the pérameters contained in the block diagram, it is import-
ant to differentiate clearly between a function of force
(pressure) and a function of particle displacement. 1In
addition, a brief review éf plane wave interaction at a

boundary 1s essential.

Consider, aﬁter the manner of Blitz (2 ), a packet of plane
waves incident normally to a plane boundary which separates
two media A apd B, each having characteristic impedances

ZA and ZB respectively. Part of the incident sound energy
is reflected back into medium A and the remainder trans-

mitted into medium B. The general situation is outlined in
represent values of acoustic

figure 3.6 where Pry P and P

R T
pressure for incident, reflected and transmitted waves. The

corresponding values of particle displacement are:
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§r0 g and Ep

The relationships between pressure and particle displacement

are,
BEI
PI = ;;— ZA = SEI ZA (Laplace transforming)
PR(S) = -SERZA
PT(S) = S§nZp

As usual, two boundary conditions apply, ie continuity of

pressure and continuity of normal displacement.

P

n
4]

T 1 ¥ Pp

fp = &1 * &g

Using these two equations it is readily shown that, (Blitz
(21)),

PT 2ZB
—_—=—— = transmission coefficient for waves of

P 2. + Z
I A B force

reflection coefficient for waves of force

S 22,
— = ——>=_— = transmission coefficient for particle
f1 Iat g

displacements
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'R_Z "%

ZA+ZB

reflection coefficient for particle

‘1
displacements.

It should be noted from the above that reflection coefficients
for particle displacements are 180 degrees out of phase with
the reflection coefficlents of pressure. It is now required
to apply all of this information to the block diagram shown

in figure 3.5,

It is possible to rearrange figure 3.5 by removing the block
Tp from the forward path and instead placing it in both the
feedback and input paths. This new arrangement is shown in
figure 3.7.

22

The term Tp = is simply the transmission coefficient

| ZC+zl
for waves of force travelling into the transducer from the
front face medium. The remainder of the forward loop now
comprises the product of KF(S) and W(S). This can be written

as,
Forward path = K (S)W(S) (-1)

Neglecting for the moment the negative sign and expanding

W(S) ylelds:
K, (S)U (S)M(S)

K2

SThC,

= KF (S).U(S)
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h
REICLC ey

where the term.—l— 1s a conversion factor which converts the
Sz
Cc

pressure function inside the transducer to one of particle
displacement. Consequently, 1f there is a wave of force,
with a Laplace transform Fl(S) incident on the transducer
front face, then a wave of particle displacement, having a
transform Dl(S), is transmitted into the device. The physi-
cal situation is outlined in figure 3.8a, with the equivalent

block diagram representation shown in figure 3.8b.

It is now possible to examine the block KF(S),

which 1s defined by the following expression,

a - e-ST) (- RBe-ST)

Kp(S) =
-2ST
a - RFRBe‘ )
where, s
e~y
RF = —— Reflection coefficient for pressure waves
2., + 2
¢ 1 incident on the transducer front face
ZC - 22
RB = Reflection coefficient for pressure waves
ZC + Z2 E

incident on the transducer rear face.

Now consider a function of particle displacement propagating

through the transducer. Since the transducer at present is

~z
-
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assumed lossless, the wave will undergo multiple, distor-
tionless reflections as 1% passes back and forth between

the two faces of the disc, Thus, on noting that the reflec-
tion coefficients for particle displacement are 180 degrees
out of phase with thése of pressure, figuré 3.9a may be
constructed. From the figure, the total particle displace-

ments at the transducer front face are given by the series,
—3 —4 — 2
EF Dl(t 0) + DlRB(l + RF)(t 2T) + DlRFRB (} + RF)
= 2R 3 =

Now, representing a delay of one transducer transit time, T,

ST

by the Laplace delay operator e  the transformed series

becomes:
§p(S) =D, (S){l + Ry + Re 25T 4 Rr2(1 + r)e T 4

+ Rp?Rp (L + R ST L L}

.Dl (S){l + Ry(1 + RF)e-ZST[l + RFRBe"ZST +

+ RFZRBze"‘mT ......J}

n =-2nST }

D, (S){l + Ry(l + Rg)e 25T Z (RpRp) e
. n=0

The term inside the square brackets 1s a geometric brogres-

sion whose sum to infinity 1is given by the following expres-

sion:
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1

l - RFRBe

2ST

The transformed series representing front face displacements

1s now reduced to the form,

-2ST
R_(1 + e

ep(s) = Dy (s){1 + 2 r }

-2ST
1 = RpRpe
' 1+ RBe-ZST
therefore EF(S) = Dl(S){ } 21

1 - RFRBe-2ST

In a similar manner, the transformed displacements of the

rear face are represented by the series,

£g(S) =Dy (S) (L + Ry)e™™T + DIRR (1 + Ry T 4

2 ‘5ST 3 -7ST
+ DlRF RB (1. + RB)e + DlR R (l + RB)e coe
= 2
Dl(S)(l + RB)e {1 + R R e + RF RB e
+ RF3RB3e'GST }
n=“
_ _ ng -2nST
=D,(8)(1 + RB) § RFR )
n=0
D, (S) (1 + Ryle ™7
therefore EB(S) = 22

-2ST

1 - RpRpe
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Now recall that the voltage developed across the transducer
isbproportional to the difference in displacements between

the opposite faces, or more exactly, from equation 8,
vs) o h{eg(s) - g0}
where

1+ RBe-st - o-ST

(1 + RB)
o )

-ST
l - RFRBe

-ST

| ='D;(S){(1 —

) (1 - RBe‘ST)}
11 - R Rpe

-ZST)

= Dl(S)KF(S)

Consequently, the term Kp (S) represents'physically the
difference in particle displacement between the front and
rear faces when an impulse of force is incident on the front
face. The time domain representation of Kp 1s shown in
figure 3.9b. KF(t) consists of a train of weighted impulse
functions, alternately changing in sign and separated by

the transducer transit interval, T. The weighting factors
are, 1, =(1 + Rg), Ry(1l + Rp), =RgRp(l + Ry), RyRZ(1 + Ry)
eessses €tc and these are determined by the mechanical quali-
ties of the front and rear face media. KF shall be defined

as the front face reverberation factor of the transducer.

Essentially, it represents the difference in displacement

83



between the front and rear faces when an ideal impulse func-

tion of displacement 1s incident on the front face.

It should be noted that, due to changes of phase inherent in
KF' the type of feedback alternates between positive and '
negative at each instant of phase reversal. This feature is
given detailed analysis in chapter V, when transducer elec-

trical impedance 1s discussed.

The remaining two terms in the forward loop are h and U(S).
Since h simply represents the piezoelectric conversion from
displacement to voltage, the complete forward loop of the

block diagram may be drawn as shown in figure 3.10.

The term U(S) is the Laplace transform of a function which
represents the modification of the voltage waveform by the

external electrical load.

SCOZE(S)

u(s)
1 + 8C_Z(8)

This is a Laplace transform of the transfer function of an
electrical network equivalent to that shown. in figure 3.1l.
In the figure, which is the electrical equivalent circuit at
the transducer electrodes, Io is the current flowing out of
the transducer and through the external load. Vi is the
voltage generated plezoelectrically by the transducer and

Vo is the output voltage generated across the load. 'From
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the diagram, it is clear that ZE has a considerable effect
on the form and magnitude of the output voltage waveform.
For ZE equal to infinity, the transducer electrodes are on

open circuit and hence the output current, I_, is equal to

o
zero. That is, no current may flow out of the transducer and
hence there is no nett voltage attenuation. When the elec-

trodes are on short circuit, the output current, I _, is a

o

maximum and the output voltage,.V

o is equal to zero. For

this case, there is, as expected, complete voltage attenua-
tion. The function U(S) is thus defined as the voltage

attenuation factor.

Under conditions of arbitrary electrical load, current Io
flows out of the transducer, resﬁlting in a change of elec~
trical charge on the transducer electrodes. It will now

be demonstrated that the alteration in cha;ge is responsible
for the feedback terms contained in figure 3.5 and that it
is a direct indication of a secondary piezoelectric effect

>

as discussed in Appendix A.

Consider initially the particular feedback loop relating to
the transducer front face. The two elements contained in

this loop are Tp and N(S). That is,

Front face feedback loop = T, N(S)

ZZC hCo

zc +‘z1 28T
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The output voltage generated by the transducer across the
h

external load is thus applied directly to the block R
Sz..(S)
E

which can be split> up into three separate units as indicated
in figure 3.12.

Defining,

1
Zg (S)

Yg(S) =

This is simply the admittance of the external electrical
load and serves to relate the transformed output current,
I,(S) to the transformed output voltage, V. (S). The function

YE is consequently defined as the feedback admittance func-
tion.

The transformed output cu;rent, IO(S) is then integrated
(figure 3.12) to form the charge transform QO(S). Due to
the inverse piezoelectric effect, the charge Qo produces a
force, Fo at both faces of the transducer. As indicated by
Redwood (37), a portion of the force is transmitted ihto the
load and backing media and a portion transmitted into the
transducer., The transformed fraction propagating into the

transducer at its front face is given by,
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FOT(S).=
(Front)

This expression serves to complete the feedback lqop and
hence FQT(S) represents a transform of the force being fed
back into the transducer at its front face. The force Fn.
can thus generate a voltage in a manner identical to that

of the incident force.

The overall block diagram relating to the transducer front
face can thus be drawn as in figure 3.13. It is impoftant
to notice, that for the transducer on open circuit, no
current can flow out of the dévice, and hence there is no
feedback. That is, the response of a piezoelectric receiver
with no electrical load, 1is simply the forward transducer
function. On the other hand, with the electrodes on short
clrcuit (ie ZE = 0), the output current, and hence the |
feedback, is at a maximum value. The output voitage is; of
course, zero. Since the overall magnitude of the feedback
loop is proportional to the square of the electro-mechanical
coupling coefficient, some researchers, notably Stuetzer
(sS), have used the short circuit termination to measure

and compare transducer parameters. r

The feedback loop of figure 3.5 relating to the transducer
rear face has not yet been considered. 1In addition to

generating a wave of force at the front face, the output

R g
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voltage also produces, in an identical manner, a stress wave
at the transducer back face. This wave of force must also
contribute, as indicated in figure 3.5, to the overall feed-
back of the system. In thils case, the transform of the

wave of force generated into the transducer is given by,

FOT(S) = TBN(S)VO(S)
z
= —C L v (s)
Z, + 2, Sip

This expression, apart from the transmission coefficient,

is identical to that obtained at the transducer front face.
In fact, it is readily shown that the transducer rear face
behaves in an identical manner to the front face, except
that the reflection coefficients generally differ due to
unequal backing and load materials. Consequently, identical
transfer function blocks are valid for the rear face, except
that RB must be replaced by RF and vice versa. For example,
consider the wave generated due to secondary piezoelectric
action at the transducer rear face. This function of force
is converted to a function of particle displacement by the

conversion factor —l—. However, the term relating to the
Sz
C

difference in particle displacement is now given by Ky(S)

where,

A - eST)a - re™™Th)

a - RFRBe-ST

Ky (S) =
)
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Thls expression is identical to KF(S) except that RF has
replaced RB and vice versa. It thus follows, that for the
general case where external forces Fl(t) and Fz(t) are
applied to the front and rear faces respectively, the over-
all block diagram of figure 3.14 1is applicable. This
represents a completely general model of a lossless, arbit-
rary loaded (both electrically and mechanically) piezoelectric
receiver. The device is shown as a three port network,
with secondary effects being modelled using the concept of
feedback, which vanishes completely when the transducer is
electrically on open circuit. The individual elements in

figure 3.14 may be summarised as follows:

TF Transmission coefficient of waves of force striking

the front face

TB Transmission coefficient for waves of force strik-

ing the rear face

1 Conversion factor relating force to particle dis-
sz .

c placement
KF Difference between front and rear face displace-

ments when a wave of force leaves the transducer
front face. It is defined as the front face

reverberation factor
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K Difference between front and rear face displace-
ments when a wave of force leaves the transducer

rear face. It 1s defined as the rear face reverbera-

tion factor

h The plezoelectric constant relating particle dis-

Placement to voltage or electrical charge to force

U The voltage attenuation factor due to an external

electrical load

YE The feedback admittance, resulting in current flow

out of the transducer.

Before developing a systems model for the piezoelectric
transmitter, it is worthwhile at this stage to compare the
present model with one of the reduced, circuit models

devloped by Redwood (34) for the piezoelectric receiver.

3.5 COMPARISON OF THE FEEDBACK MODEL WITH THE EQUI-

VALENT CIRCUIT OF REDWOOD

. \
By utilising Mason's concept of negative capacitance,

Redwood (36) postulated the equivalent ‘electrical' circuit
shown. in 3.15. Due to the mathematical complexity of his
analysis, he treated only simple cases of piezoelectric
transducers in reception, Figure 3.15 is hence only appli-

cable under the following constraints,
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1 The transducer is rigidly backed, That is, Z, is
equal to infinity and no contribution whatsoever can be

expected from the rear face,

2 The model is only valid during the time interval
O< t «<T, ie over the first transit interval. Consequently,

multiple reflections within the transducer are omitted.
3 The electrical load is purely resistive.

The transfer function of the circuit shown in figure 3.15

may be written as follows:

- 2
hC,V(S) SRh2C_

- 2 - h2
2F(S)  S2RC_Z + Sz - h2C_

where Z = 2., + 2

1 C

2 - h2
F(s) S RCOZ + S2Z h Co

therefore

Now consider the generalised model shown in figure 3.14.

For a riglidly backed transducer no contributions are obtained
from the rear face during the time interval O < t < T, KF(S)
reduces to uhity. The equivalent block diagram for such a
device is shown in figure 3.16, where, as in Redwood's

model, the electrical loading is a pure resistance, R.

The transfer function of such a system can be expressed as,
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~Tp — U (s)
v(s) 52 |
F(8) l-TF——h—-—U(S)—h—

SZC 2SR

SRCo
where Uu(s) =

1 +.SRCo

22 Z

1 Z

Substituting for U(S) and T yields for the transfer func-

tion,
-2hRCo
vis) _ _2( + SRC)
2
F(S) 1 - h co
SZ(1 + SRCO)
~-2hC_RS
therefore v(s) = o 24

2R - h2
F(S) S RCOZ + SZ h Co

Equations 23 and 24 are formally identical, hence demonstrat-
ing the equivalence of the two approaches, for this relatively

simple example.

It should be pointed out, that although an extension of
Redwood's model to the more general situation is mathematically

possible, the physical significance of transducer behaviour
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1s almost completely obscured. This is certainly not the
case with the systems feedback model where the effect each
component has on transducer behaviour may readily be

observed.

3.7 CONCLUDING REMARKS

A block diagram representation of the plezoelectric trans-
ducer acting in the receiving mode has been developed. The
model 1s exact within the constraints of the initial assump-
tions. In addition, it is valid over all frequencies and
conditions of electrical and mechanical loading. Each ele-
ment within the block diagram has been related to a recognis-
able physical quantity involved in the transduction process.
Consequently, the overall model illustrates very clearly

the complex electro-mechanical interactions which occur.
Secondary piezoelectric effects are illustrated using the
concept of feedback and the conditions under which such
effects may be of importance are clearly demonstrated. 1In
summary, the amount of féedback (or secondary plezoelectric

action) is dependent on the following factors:

1l The magnitude and nature of the electrical load.
It was shown that under conditions of electrical open cir-
cuit, there 1s no current flow out of the transducer and

hence no secondary action.
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2 The amount of feedback is directly proportional to
the square of the electro-mechanical coupling coefficient.
Consequently, for transducers of low coupling coefficient,

such as quartz, secondary effects may be negligible.

3 The amount of feedback is in general, inversely
proportional to frequency. At higher frequencies, secondary

action has less effect on transducer performance,

4 The amount of feedback is dependent on conditions
of mechanical loading at the front and rear faces. This
follows directly from the presence of the blocks TF/2 and
TB/Z in the feedback loops. However, it should be noted
that this cannot be employed to minimise secondary pilezo-

electric action since each block appears in the input path

of the diagram.

In subsequent chapters, the model is used to predict response
characteristics of a plezoelectric receiver in both time and
frequency domains, with particular emphasis on the effects of
electrical loading. However, before this is undertaken,
transducer performance as a generator of ultrasound must be
considered. The following chapter describes the generalised

behaviour of a transducer in the transmitting mode.
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CHAPTER IV

THE PIEZOELECTRIC TRANSDUCER AS

A TRANSMITTER OF ULTRASOUND




4.1 INTRODUCTION

This chapter describes the deVelopment of a feedback model
which accurately describes piezoelectric transducer behaviour
when the device 1is acting as a generator of ultrasound. All
of the physical assumptions made in the previous chapter are
again applied. That is, plane wave propagation is assumed

in a thin, lossless, piezoelectric’disc which vibrates
undirectionally in its thickness mode. The transducer is
also assumed to operate under arbitrary external mechanical

and electrical boundary conditions.

As in chapter III, no attempt is made to derive a direct
electrical analogue of the piezoelectric transmitter. A

block diagram systems approach, yielding a feedback transfer
function, 1s again adopted. The resultant model is shown

to clearly illustrate the interaction between electrical and
mechanical quantities. As in the case of the receiver, imports

ance of secondary piezoelectric‘effects 1s clearly outlined.

4.2 THE TRANSDUCER AS A TRANSMITTER OF MECHANICAL
WAVES
4.21 Mechanical Boundary Conditions

Consider, after the manner of chapter III, a pilezoelectric
crystal positioned between two non-piezoelectric elastic

media, which are assumed to extend indefinitely away from
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the device. The transducer is then subjected to an arbitrary
electrical excitation which causes stress waves to propagate
into both front and rear media. In addition, waves of force
are generated at both surfaces inside the crystal, directed
towards the plate centre. The physical situation is shown

in figure 4.1, which outlines the general mechanical boundary
conditions. The terms A and B are amplitude factors, relat-
ing to the waves of force inside the transducer, while By
-and A2 describe waves propagating into the front and rear
media respectively. Medium 1, corresponding to the front
face, 1s defined by 1its real characteristic impedance Z, and
medium 2, (at the rear face) by the realncharacteristic

impedance Z,. The transducer has, as before, a real character-

istic impedance ZC‘

The present situation is almost identical to that described
for the piezoelectric receiver in chapter III, figure 3.3.
The difference i1s that for the transmitter, there is no
incident‘wave of force, Al. Consequently, the initial part
of the present analysis will éorrespond exactly to that in

Section 3.31, except that A, is set to zero.

Equations 12 in chapter III may therefore be used directly
to give expressions for the amplitude factors, A and B, of

the waves of force inside the transducer, ie
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() (L) (3,) (L),

A = —————— B =
A A
where
;) = (@ - Ree™T)
(7,) = e T (re™5T - 1)
___-ho(s) S
T
S(Zc + zl) F
(LN) - o -hQ (S)
-hO (S) 257, .
| 5(2, + 2,)] P

A =1 - RFRée-ZST

where RF and RB are reflection coefficients for pressure

waves incident on the front and rear faces of the trans-

ducer.

4.211 Relationship Between Force and Charge During

Transmission

In this section, a relationship is devéloped betweenvthe
charge deposited on the transducer electrodes and the forces
created at each face. A general expression relating the
transforms of force and charge at any point x inside the

transducer was given in chapter III, equation 5, ie

F (S) + hQ(S) = SZC{_Ae-S(x/VC) + BeS (x¥/Vc),
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Substituting for A and B yields,

F, (S} + hQ(s) = szc{-;f%m emS x/Ve) E-z—:\ﬁ‘l e® ("/Vc)}
therefore

F (S) + hQ(s) = ﬂ%g-’— {—wlxe‘S("/"C’ +_(J2)eS(x/VC)} ;z
therefore

Tp Tp
F,(S) = -ha(s){1 - B o=S(x/Ve) Bl St/ ]y
o 2a 24

This equation describes the general Laplace transform
relationship between the force or stress at any position x
within the transducer and the charge on the electrodes. In
the case of a plezoelectric transmitter, the interest is
primérily centred on the forces at the transduger front and

rear faces. That is, at x = 0 and x = L respeétively.

Using equation 1, the force generated at the transducer
front face can be obtained using the following transform

equation.

T

T
;) [T"l;, ,) [TE I
F_(S) = -hQ(s){1 - L 4 ,
F { 24 24 }
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e™ST L 7 R e

hQ (S) -2ST -ST
{ZA TF + TBRF FRB - TBe }

Noting that, TF = (1L + RF), Tg = (1 + RB)_gives,

F :EQLE—{(l R) - e 5T(1 - Ry

Rpe > (1 - Ry) + Rye 2°T(1 - RF)}

_Thee) a - Ry) o - ST (1 - reST)

2 =-2ST

(L - RFRBe )

Consequently, an expression for the transform of the stress

wave generated at the front face is given by,

Zy

(ZC + Zl)

FF(S) = =hQ(S) KF(S) 2‘
The force generated at the transducer rear face (x = L) can
be obtained in a simlilar manner. By substituting for x in

equation 1, the following expression is readily obtained.

‘ T T
..hQ(S) {ZA 1)[ F]e—ST + ‘(Jz)[Tjes'r}

Fp(S) v

= che(S) [p, _ g ST ~25T ~ST _
24 TFe + TBRFe + T _R_e TB

2

RFe
e

l - RFRBe
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The Laplace transform of the stress wave generated at the
rear face of the transducer is thus given by,
%2

F,(S) = -hQ(S) —— K, (8) - 3
B (Zo + 2Z,) B

Equations 2 and 3 are Laplace transforms of the waves of
force which radiate into the surrounding media when a piezo-
electric disc is electrically stimulated by a fuﬁction of
charge whose Laplace transform is Q(S). Each equation is
effectively a transfer function relating output force to

the charge on the transducer electrodes.

At this stage, it would be extremely useful to consider the
physical implications of these two equations, since they are

of fundamental importance in the development of the trans-

mitting model.

When a quantity of charge is deposited on the transducer
electrodes, stresses are.set up at both front and rear

faces due to the inverse plezoelectric effect. These stresses
cause waves of forcé to propagate into the surrounding media,
as well as into the transducer material. The Laplace trans-

forms of these forces are given by,

Laplace transform of the
initial force generated = =hQ(S)

into the load medium
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Laplace transform of the

initial force generated - = =hQ(S) %2

(Zc + Z2)
into the backing medium
Laplace transform of the
initial force generated - hQ(S)ZC = a_(S)
into the transducer at (ZC + zl) :
the front face
Laplace transform of the
initial force generated - hQ(S)ZC = b, (S)
into the transducer at (ZC + ZZ) !

the rear face

Where hQ(S) corresponds to the Laplace transform of the
initial force generated at each face of the transducer due

to piezoelectric action.

The previous four expressions are indicated diagramatically
in figure 4.2a, where the notation is that of Redwood (37),
le waves travelling into the transducer material are assumed
positive. These expressions have a direct analogf with the
division of voltage in a series resistive electrical circuit,
as shown in figure 4.2b. In the figure, V is the excitation
voltage analogous to the initial force, hQ. Vb and V1 are
the voltages across reslstances Z, and z, respectively.
Consequently, Vo 1s analogous to the wave of force directed

into the transducer at the front face, and V1 1s analogous
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to that force directed away from the transducer.

Since the internal quantities of force, a; and b,, rever-

T
berate back and forth within the transdﬁcer, it is possible
to verify equations 2 and 3 in a more fundamental, physically
meaningful manner by constructing the lattice diagram of

figure 4.3.

From the figure, substituting for a, and bT and noting that

T
Z o 1 + R
ZC+Zl 2
ZC l+RB
z2.+ 2, 2

it is possible to obtain the following S-domain series for

stress waves leaving the transducer front face.

(1 - R) (1 + Ry _
Fy(5) = hQ(s){ RF + (1 - Rp) ——-——e ST
(1 + R,)

- RB(l - RF) RF
(L + Rg) _
+ RFIlB(l - RF) e 3ST ..ooooo}
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(1 - Rg)

2

= =hQ(S) {l - Q1+ RB)e—ST + RB(l + RF)e-ZST

- RFRB(]' + R_'B)e—BST + RFRBZ(]' + RF)e—4ST ......}

<

(1 - ) -
—hQ(S) RF {1 + R+ R)eT -2ST Z (R 7)™ 2nST

n=0

(-]

-~ @+ Ry) o~ ST Z (RFRB)n e—zns'r}

n=0

Taking the sum to infinity for a geometric progression yields
the following transform of the stress wave leaving the front

face:

(1 - Ry) {1 , Rall + R ye~25T (1+RB)e‘ST}

1l - RoRpe
(1 - Rp) {(1 -e¥ha - RBe'ST)}
| 1 - RRe 25T
RpRp

Consequently, a transformed expression for the waves of

ST

-hQ (S)

force generated into the load medium is given by,

2y

(Zg + Z,)

Fy (S) = -hQ(s) Kp (s)

This is identical to the expression given by equation 2, ie

the lattice diagram has been used to corroborate the force/

103



charge relationship. In an analogous manner, the series
corresponding to the stress waves leaving the rear face can

be obtained. From figure 4.3 we have,

Z,

F,(S) = -hQ(S)
+ ZZ)

{1 - (1 + RF)e‘ST

(Zo

+ R, (L + RB)e'ZST - RgRp (1 + RF)e‘3ST cees }

-ST ~-ST
z (L - e )(1 - R_e )
= -hQ(s) —2 °F }
Zo + 2, 1 - RFRBe-st
)
therefore FZ(S) = -hQ(S) KB(S)
Zo + 2,

This is identical in form to equation 3. Consequently, the
inverse Laplace transforms of equations 2 and 3 each represent
a time series of waves of force leaving the transducer front
and rear faces respectively. The time series is produced

by multiple reflections occurring inside the transducer as

the opposite faces displace under the stimulus of applied

charge.

Furthermore, in the previous chapter it was demonstrated
that KF(t) and KB(t) were time series describing the differ-
ence in displacement produced at opposite faces of the

drystal under conditions of external mechanical stress.  That
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i1s, with a mechanical wave incident on the front and rear
face respectively. However, in the present context, KF(t)
and KB(t) describe the stress behavioﬁr at each face of the
transducer when the surfaces are simultaneously displaced
due to the inverse piezoelectric effect, ie by the apéli-
cation of a function of charge to the electrodes. It should
thus be noted that, although the expressions in each case
are mathematically identical, they represent physically

different situations.

One additional relationship is required before a complete
model of the piezoelectric transmitter may be developed.
In the following section, a correspondence is presented
between the surface charge Laplace transform Q(S) and the

transformed voltage across the transducer electrodes, V(S).

4.3 Relationship Between Voltage and Charge for the

Transmitting Mode

From equation 7, chapter III, it may be written,

V(s) = =hi¢ _, = ¢, }(s) + &8 4

%o

From equation 10, chapter III,

-h{¢ ¢ o) (5) = ~h{a(e™5T - 1) + B(®T - 1)}

x=L
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Substituting for A and B yields,

“hig, ;= ¢, o} (8) = iﬁ (05,1757 = 1) + (3,17 -~ 1IL0)

_ %) 54 Tgl, -sT Tel st
= ) (e - 1) + [3,] (e™" - 1)
ZSZCA { 1 TB 2 TB }

-2ST

2 - - .
= D7Q(S) (m (7ST _ 1 4 Rge ST . Rge )

F
ZSZCA

-ST -ST =-2ST
+‘TB(e -1 + RFe - Rge )}

_on2gem (- e A - R

B 1
S (1 - RFRBe-ZST) (2o + 2,)
,4- e - re™T) )
a - RFRBe—2ST) (2g + zz)f
S (2o + 2,) (Zo + 2,)

Substituting directly into equation 4 results in the follow-
ing expression for the transform of voltage across the trans-

ducer

vis) = ~h20(s) { Kp(s) ., _Ks® }+.Q(S)
: ‘ S (ZC + Zl) (ZC + Zz) : Co
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or,

h2c . T T
VLS)=9LSl{1- o KFLS)—?-+KB(S)-—§}————5
c, sz, - 2 2

Equation 5 describes the relationship (in the S-domain)
between the voltage measured across the transducer terminals
and the charge on the electrodes. It 1s worth noting that
the electrical impedance of the transducer 1s readily
obtained from this expression. Defining the electrical

operational impedance as:

ZT(S).= v(s) _ v(s) ,
I(S) SQ(s)
then
h2c T T
2, (S) =—L{1— 2 |xp(s) £ + x5 (8) —B} .
sC,, Sz, 2 2

This equation 1s extensively analysed in the next chapter

concerning device impedance characteristics.

Using equations 2, 3 and 5, it is now possible to obtain a
transfer function which relates the output wave of force to

the input excitation voltage.

4.4 GENERAL TRANSFER FUNCTION OF THE PIEZOELECTRIC

TRANSMITTER

The remainder of this chapter outlines the development of a

systems feedback model describing the piezoelectric trans-
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mitter. The model, which can be readily adapted to suit
any type of electrical configuration, not only outlines
plezoelectric operation, but also affords a clear insight
into the interaction between electrical and mechanical parts

of the system.

In the present section a transfer function relating excita-
tion voltage to output force is developed. The transducer
is assumed to have an arbitrary electrical 1oad,_zE, con-
nected across 1ts terminals and it is driven from a non-
ideal voltage source, having an output impedance Zo' The
overall situation is outlined in figure 4.4, where I.(S) 1is
defined as the Laplace transform of current through the

transducer.

From the figure, a transfer function relating the transformed
input voltage to the transform of current through the trans-

ducer may be obtained from

IT(S) . ZE

e(S) ZT(Zo + ZE) + ZOZE

where 2

E' zO and zT are generally functions of S

2g

+ ‘ZE)

(z,

Z,2g

+ 2
Zo :

ZT +

E
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= a(s)
Zp(8) + b(s)

a(s)e(s)
ZT(S) + b(S)

therefore IT(S)_=

therefore Q(s) = a(s)e(s) ' 7

S{ZT(S) + b(S)}

Expressions for the transformed force functions at the trans-

ducer front and rear faces are given by equations 2 and 3.

AF
Fp(8) = -ha(s) ~F Ky (5)
Ap
FB(S) = =hQ (S) ;— KB(S)
Z A Z
where EE = ___l___, B__2
2 ZC + Zl 2 ZC + ZZ

Substituting from equation 7 for FF(S) ylelds the following
transfer function relating the transform of force generated

at the front face to the transform of the input voltage.

e(s)  s{zp(s) +b(s)} (2 ) F

Substituting from equation 6 for ZT ylelds,
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%]
~ha (S) |—| K (8)
FF(S) _ [2 F
e(s) 1l + b(s)C_s . T T
o’ . h%_ Ky (S) L rys) =2
Co SZc 2 2
CO
letting Y(S) =
1 + Db(S)CS
yields,
PAF
FF(S) -ha (S) ;— Y(S)KF(S)
= 8
e (s) 2 ( T T
1 -8 v |rp(e) £+ Kyts) 2
SZc \ 2 2

This equation is a general transfer function relating the
stress wave generated into the ioad medium to the input
voltage. In a similar manner, it can readily be shown that
the stress wave generated into the backing medium is related

to the input voltage by the following equation

-ha (S) |—|Y (S)K, (S)
Fy(s) " B .
e (S) T T
1 - B% y(s) {KF(S’ £+ x5 =
Sz, 2 2

Equations 8 and 9 are in the form of feedback transfer
functions and as a result, the overall block diagram of

figure 4.5 may be constructed. The equivalence between the
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~diagram and, for example, equation 8, may be readily veri-

fied as follows. From figure 4.5 we have:

E(S) = e(8)a(s) + P(S) + Q(s)
T n
P(S) = E(S)¥(S)hK,(s) —E P
2 sz,
Ts n
Q(s) = E(S)¥(S)hKy(s) —2 B
2 sz,
Ap
“Fp(8) = B(S)¥(S)nk () T

Substituting the last three equations into the first, and

removing E(S) gives

Ap
a(s)e(S)hKy (s) —L
~F(S) = 2
h? Tp Tp
1 -2~ v(s) |k.(5) £+ gy(s) B
Sz, 2 2

This is equivalent to equation 8, hence verifying the
validity of the block diagram. As in the case of the pilezo-
electric receiver, it is now required to examine in detall
each component of the block diagram in order to obtain a

rigorous physical interpretation of the feedback model.
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4.5 PHYSICAL SIGNIFICANCE OF THE POSITIVE FEEDBACK

TRANSMISSION MODEL

Referring to figure 4.5, it is possible to move the block
Y(S) from the forward loop and place it in the input and
feedback paths. This is analogous to the operation carried
out in the case of the pilezoelectric receiver, where the

block T, was repositioned in an identical manner.

F

Consider firstly the input path, which is now represented

by,
Input path = a(S)Y(sS)e(S)
a(s)c
= o e (S)
1 + b(s)sc_
a(s)sc
=1 o e (S)
S |1 + b(S)SCo

-

Substituting for a and b.gives,

[
ZESCo

Z_ + 2

0 |

where Z_ and Zo are in general functions of S

E
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ZESC°

Zo +_ZE + ZOZ

e(s) 10

£5Co

Now consider the electrical circuit shown in figure 4.6.
The transform of current through the capacitance Cor is

given by:

I(s)

e (S)

(z_ + 2

This is almost identical to equation 10, except for the
factor 1/S. However, it is known that the transformed
current I(S) through the capacitor is related to the charge

on the capacitor electrodes by the following expression,

I(s) = SQC(S)

where QC(S) is the transform of charge on the capacitor
plates. Equation 10, which represents the input path of

the block diagramlis hence a transfer function relating the
charge on the plates of a capacitance Co, to the driving
voltage, e. Since Co is the bulk, static capacitance of
the transducer, the equivalent circuit shown in figure 4.6
does in fact, represent the electrical input of the model

as viewed from the driving source. However, it is important
to note at this stage that the input impedance of the trans-

ducer is not simply the impedance of the static capacitance
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Co. It will be demonstrated in a later section that the
input impedance characteristics are greatly modified by the
resonant nature of the transducer, in conjunction with the

effects of secondary plezoelectric action.

Now consider the significance of the block Y(S), which has

been repositioned in each feedback path.

[ sc
Y(S) = 1 o
S Ll + b(S)SCo
_ l SCo 11
S 2.2 SC
1 + E o (@)
L (ZE + Zo)

where zE and Z° are generally function of S,

The term inside the square brackets is readily shown to be
the admittance of the electrical network outlined in figure
4.7.

In the figure, VF refers to the feedback voltage and IF
refers to the feedback current. However, in order to
physically justify these two terms, some of the remaining

parameters of figure 4.5 must first be explained.

Considering initially thé forward loop; the input to the
block, h, consists of the charge transform QC(S) as explained

previously. The parameter, h, is simply the piezoelectric
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conversion factor relating charge to stress and hence the
input to the blocks KF(S) and KB(S) 1s one of force. This
1s to be expected, since, as explained in Section 4.211i,
KF(S) representé a transformed time series of waves of
force generated at the transducer front face. A fraction
of this force 1is trahsmitted into the load medium, that

fraction being given by AF/Z, where
F 1

2 ZC + Zl

Also, a fraction of the force generated at the front face
1s transmitted back into the transducer, this fraction

being given by TF/Z, where

-3
N

F__"°

2 ZC + 2

This force, which represents the force in the front face
feedback loop, is then transformed into a function of
particle displacement by the block l/SZC. The function of
particle displacement is in turn converted to one of volt-
age by the pilezoelectric conversion factor, h, in the
feedback loop. This corresponds to the feedback voltage
Vf which in turn gives rise to the feedback current IF'as
indicated in figqure 4.7. The current IF is related to a

feedback function of charge, Q_, where in Laplace notation,

F
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IL(5)
S

Qp(s) =

Consequently, the relationship between QF(S) and VF(S) is

given by the following equation,

Qp(8). = ¥(S) V,(S)

1
= Y, (8) Vg (s)

S

where YF is the admittance of the equivalent electrical net-

work shown in figure 4.7.

It is now possible to construct a systems block diagram
which accurately describes the behaviour of a piezoelectric
transducer when operating in the transmitting mode. This
is shown in figure 4.8 which depicts a completely general
model of a lossless, plezoelectric transmitter. As in

the case of the piezoelectric receiver, the device is

shown as a three port network utilising the concept of

feedback to model secondary piezoelectric effects.

The individual elements of figure 4.8 may be summarised

as follows:
e Input excitation voltage

Operational admittance of the equivalent electrical

circuit at the transducer input
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Nltﬂ
y

Nltu
w

Conversion factor from charge to force or from

particle displacement to voltage

Time series describing front face stresses, the

front face reverberation factor

Time series describing rear face stresses, the

rear face reverberation factor

Fraction of front face stress transmitted into

the load medium

Fraction of rear face stress transmitted into the

backing medium

Fraction of front face stress transmitted into

the transducer

Fraction of rear face stress transmitted into

the transducer

Conversion factor from stress to particle dis-

placement
Feedback voltage in front face feedback loop.
Feedback voltage in rear face feedback loop

0perétiona1 electrical admittance in each feed-

back loop
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QC Charge generated on the transducer electrodes

by the driving voltage

QF Charge generated due to the front face feedback
loop

QB Charge generated due to the rear face feedback
loop.-

It may be clearly seen from figure 4.8 that the amount of
feedback is dependent on the following four principal

factors.

1 As in the case of the receiving model, the amount
of feedback 1s again proportional to the square of the
electromechanical coupling coefficient. For example, both

feedback loops contain the term h/2 which may be written

CI
as follows,

2
h_ h Co
ZC : hCch
K2
hCoT

Consequently, for transducer materials with low values of
K, such as quartz (ie where K is less than 0.2), the per-
centage feedback is relatively low., However, for some
ceramic materials, K is in the region of 0.5-0.7 and in

such instances a significant feedback contribution may
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arise. Similar observations have occurred in other trans-
ducer analyses, particularly those of Filipczynski (it ) and
Redwood (37). As explained in a previous chapter both of
these utilise the concept of negative capacitance in order
to explain what is effectively a feedback phenomenon. The
arguments as to whether or not this !'component! could
safely be neglected centred round the value of K. On an
intuitive basis, the effects of feedback can be modelled
by postulating a negative capacitance, since such a concept
would lead to exponentially increasing functions in the
time domain. Similar behaviour is to be expected in a

feedback system.

2 The amount of feedback is dependent on the load
and backing materials, since the stresses transmitted into

the transducer depend on the factors T, and T,. Consequently

F B

the largest amount of feedback occurs when the transducer
is air loaded and air backed and the smallest amount
occurs when the device is ideally matched at both faces.
As a result, values of K are usually measured with the
transducer in the mechanically free state. The transducer

transmitting characteristics are thus highly dependent

on the external mechanical boundary conditions.

3 The amount of feedback is dependent on the elec-
trical characteristics of the driving source and also on

the characteristics of any external electrical load. Zero
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feedback occurs for both Z_ and zo equal to infinity,

E
rising to a maximum when both these components are them-

selves zero., Such effects can be of great importance when
assessing transducer operation and a further more complete

investigation of these is performed in later chapters.

4 The quantity of charge feedback to the transducer
electrodes decreases with frequency. At high frequencies
the device assumes the characteristics of the forward
paths in figure 4.8, with the transducer behaving elec-
trically like a simple capacitor. The frequency response
characteristics of both transmitter and receiver are dis-

cussed in a later chapter.

Before leaving the present section, some additional points

are worth noting.

Firstly, as in the case of the piezoelectric receiver, the
feedback alternates between positive and negative as the

functions KF and K, undergo phase reversal. Consequently,

B
the total charge on the transducer plates alternately
increases and decreases with each mechanical reflection.

As a result, the current through the device also fluctuates,
giving rise to a complex qlectrical impedance charactéristiC-

The relationship between feedback and the transducer imped-

ance characteristic 1s presented in the next chapter.
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Secondly, for a practical plezoelectric transmitter, the
feedback loops must invariably be taken into consideration.
Secondary plezoelectric effects are in fact absent 1f both
zE and Zo are infinite., However, such conditions result in
zero output from the device and are hence impractical.
Similarly a low value of K, while reducing the effects of
feedback, results in an inefficient transducer. This situ-
ation does not arise in the case of the piezoelectric

recelver where secondary effects disappear completely when

the transducer has no external electrical load.

Thirdly, as in the case of the pilezoelectric receiver, an
inversion factor, -1, appears in:the block diagram. This
corresponds to the statement made in Appendix A, whereby
the resultant stress has a direction opposite to that of

the incident electrical field and vice versa. In the trans-
mitting mode, a positive stress generated at the trans-
ducer front face corresponds to a negative excitation volt-

age.

4,6 CONCLUDING REMARKS

A block diagram model of the piezoelectric transducer
acting as a generator of ultrasound has been developed.
The model is exact within the constraints of the initial
simplifying assumptions. It is wideband and valid under
arbitrary conditions of electrical and mechanical loading.

The physical significance of each element in the block
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diagram has been carefully developed in order to obtain a
clear and distinct relationship between electrical and
mechanical quantities. In addition, the factors which con-
trol secondary plezoelectric action are readlly defined,
along with the importance of this effect on the overall
transfer function. It i§ considered that no other trans-
ducer model illustrates these concepts with the same degree
of clarity, either in transmission or reception. For
example, it has been demonstrated that no feedback effect
occurs for the receiving transducer under conditions of
electrical open circuit. This is not the case with the
efficient transmitter, since the generator output impedance
nearly always results in a degree of secondary piezoelectric

action.

In subsequent chapters, the influence of the various
elements contained in both transmitting and receiving block
diagrams is investigated in detail. With the aid of com-
puter simulation graphs,. the major factors affecting trans-
ducer performance are demonstrated. Where possible, the

simulations are corroborated by experimental results.
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CHAPTER V

FEEDBACK REPRESENTATION OF

TRANSDUCER OPERATIONAL IMPEDANCE



5.1 INTRODUCTION

This chapter presents an analysis of transducer electrical
impedance under a wide variety of mechanical loading
conditioné. A systems model is used to describe this
impedance, which is representative of the electrical
input.impedance in the transmitting mode and the elec-
trical output impedance for the receiving mode. The
analysis is valid over all frequencies within the con-
straints of the initial simplifying assumptions outlined

in chapter 3, section 3.1.

For a fixed voltage input, the total current flowing
through the transducer is considered as the vector sum
of two current quantities. Firstly, there is an
input current, arising directly from the applied voltage
source and secondly, there is a feedback current which
is generated by secondary piezoelectric action.

Although analyses of transducer electrical impedance

are widespread ahd hence well defined, it is believed
that by treating the problem in this manner, an extremely
valuable insight into the nature of the electrical
characteristics is provided. By careful analysis of
the individual blocks within the feedback model, complex
variations in the impedance characteristics are readily
expléined and the physical processes which contribute

to such deviations are clearly isolated.

Consequently, analysis of the individual blocks within

the feedback system are carried out in considerable
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detail, with particular emphasis on those factors which
determine the total amount of current feedback.
Detailed investigation of such parameters as KF\and KB
are also justified due to their involvement in subse-
quent chapters, wheré transmitter and receiver charac-

teristics are similarly analysed.

A number of computer simulations are presented and where
possible, the description of relevant characteristics is
performed by the systems feedback approach. A
Tektronix 4051 graphics terminal was used in conjunction
with appropriate software in order to generate the sim~
ulation diagrams. The program provides simulated
magnitude and phase characteristics for all, or sections
of the model over a wide range of frequency and mechanical
loading conditions. A complete BASIC listing of the
program is provided in Appendix (E). Unless otherwise
stated, nominal data used in the simulation is outlined

in table 5.1.

5.2 TRANSDUCER OPERATIONAL IMPEDANCE

An expression for the electrical impedance of the piezo-
electric transducer was derived in the previous chapter.
That is, a transfer function relating transducer voltage

to current and described by the following equation.

VT(S) 1 Kz Bo 8o
T,67 - 5o, [1- 55| %e(® gy * Xa(®) maw; )]

= ZT(S). (1)
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. et

where, . _ ) N

\' is the voltage across the transducer element

T
IT is the current through the transducer element
BT is the transducer electrical impedance.

The characteristics of this expression may be conveniently
evaluated by adopting a systems approach. A relation-
ship between voltage V& and current IT is outlined in

the feedback block diagram of figure 5.1. Although the
transfer function of this system describes electrical
admittance, the equivalence with equation 1 may readily
be observed.: However, in order to appreciate the
physical implications of the operational transfer
function, it is more convenient to substitute for K?/T

and re-arrange the blocks to obtain the diagram outlined

in figure 5.2.

on application of a voltage V&, to the transducer elec-

trodes, a current I flows through the bulk capacitance
(Co), of the device. As described in the previous

chapter, two forces, FF
front and rear faces respectively. A fraction of each

and FB' are produced at the

force is transmitted into the load and backing media
and the remainder into the transducer. By means of
secondary pilezoelectric action, these forces travelling

inside the device produce feedback currents I_ and I

F
r
at the input summing point. Since the feedback is

shown as being positive, the resultant current through
the transducer is the sum of the input current through

the bulk capacitance and the feedback currents produced
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by front and rear face displacements. This process is
outlined in figure 5.2 where the various relationships
between force, particle displacement and current are

clearly defined.

Investigation of figures 5.1 and 5.2 reveals that the
electrical impedance of the lossless transducer 1is a
complex function whose behaviour is dependent on many
parameters, For example, it is apparent that no feed-
back effects may occur under the following operating

conditions:

i) When the electromechanical coupling factor is

-'equal to zero. Although an absolute vaiue of

zero for k is impossible in practice, in some
instances the value is so low that secondary

effects may be neglected.

ii) When the functions KF and KB are equal to zero.
This condition also implies that no force is
-~ generated, either into the transducer or
surrounding media. Since KF and KB are rever-
beration factors analogous to the behaviour of
- a lossless transmission line, it is to be
expected that destructive interference may

occur at particular frequencies, resulting in

zero mechanical transmission.

ii1) When the operating frequency is high. That is,
effects of secondary piezoelectric action dim-.

inish with increasing frequency. This is to
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be expected.on the basis that particle dis-
placement is inversely proportional to the

frequency of an applied force.

iv) When the functions TF and Ty are equal to
zero. This implies that both front and
rear faces are totally rigid, resulting in
no mechanical displacement. Such a situ-

ation is unlikely to be encountered in

practice.

It may also be observed, that fér no secondary piezo-
electric action, the electrical behaviour of a transducer
element corresponds exactly to that of a pure capacitance.
Furthermore, while conditions of zero feedback are gen-
erally impractical, these factors all combine to determine
the total amount of current feedback, and hence the

electrical impedance characteristics.

The nature of the transducer impedance under no loss
conditions has been subject to many analyses and as a
result, the overall behaviour is well defined. However,
in this coﬁtext, it is considered that a systems feed-
back approach ié by far the best technique for explan-
ation of this complex phenomenon. Consequently, the
following section involves a detailed explanation of the
electrical impedance characteristics, with particular
emphasis on the roles played by individual blocks within

the systems model.
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5.3 ANALYSIS OF ELECTRICAL IMPEDANCE

In order to evaluate the effects of secondary piezo-
electric action on the impedance characteristics,

consider firstly the specific case of a piezoelectric
resonator. That is, device operation in the mechanically
free state. Such a situation is approximated by an air
backéd, alr loaded transducer and is of importance in

the determination of.some piezoelectric parameters.

5.3.1 Impedance of the Lossless Piezoelectric
Resonator

For a mechanically free transducer, RF and RB are equal
to unity. Consequently, the expression for the trans-

form of electrical input impedance may be written as

follows.
_ 1 K?
Bpp(s) = §Q[l - 57 (Kpp(s) + Kgp(s)]
where,
-ST
l-e
Koo(s) = K, (s) -
FR BR 1 + e ST

The transformed resonator electrical impedance thus

becomes,
-ST
1 2K2 (1 - e )
8 (s) = == [ 1- — ] (2)
TR SCo ST (L +e ST)
. . 1 2k? (1 - e I¥T)
LI Z (JW) = —"__—[ - : - ] (3)
TR we, JwT (1 +e ij)
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P 1 - (wT/2)
= S;R:;[ 1 - K tan 05 ]

Plotting impedance amplitude and phase as functions of.
frequency yields the characteristics outlined 1nlfigures
5.3a and 5.3b. The nominal transducer parameters used
in obtaining these curves are shown in table 5.1. A
close study of the fiqures reveals the following three

main aspects.

i) The phase angle of the impedance function is
always equal to + w/2. That is, the impedance
of a lossless, plezoelectric resonator always

constitutes a pure reactance.

ii) The amplitude function contains impedance
maxima which occur at odd multiples of a
particular frequency. This frequency,
denoted by f2, is éefined as the anit-
resonant frequency, or the mechanical

resonant frequency of the transducer.

iii) The amplitude function also contains impedance
minima, which are not related by simple mult-
iples of a fundamental frequency. For the
lossless resonatof, these correspond to points
of zero impedance, with the first minimum
occurring at the transducer resonant frequency,
denoted by fl' This is sometimes referred .
to as the electrical resonant frequency and
is invariably lower than the frequency of

mechanical resonance.
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It should be noted that this theory applies only to an
ideal, lossless resonator which behaves as a pure
reactance and the characteristic frequencies fl and f2
are well defined. In practice, mechanical and elec-
trical dissipation present in real materials obscures
the definition of these frequencies. For example, in
a lossy resonator there are generally three frequencies
of interest near the impedance maximum and three
freqﬁencies near the impedance minimum. These corres-
pond to the frequency of max/min absolute impedance,
the frequency of max/min resistance and the frequency
of max/min reactance. They are extensiVeiy uéed in
the determination of transducer parameters such as
coupling coefficient and mechanical quality factor (lb).
However, for the purpose of the present analysis it is

sufficient to consider a loss-free transducer.

In order to appreciate the nature of the impedance
characteristics, consider the admittance block diagram‘
of figure 5.4. The resonator impedance is thus given

by the following Laplace equation.

Bpls) = (l-AT(s))/sCo (4)
where
-ST
2K2 (1 - e )
(s) =
Ap ST (1 + o 57
1
T = =
2f2

fo 1s the frequency of mechanical resonance.
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And,

. ~ 2k* (1 - e—jWT)
AT(JW) JwT (1 + e—ij)

oo AT(w) = %%; tan (wT/2)

AT represents.the total amount of current feedback and
is henceforth defined as the feedback‘factor. Figures
5.5a and 5.5b depict the amplitude and phase character-
istics of An, as functions of frequency. In order to
understand their significance, consider the behaviour of
the resonator reverberation factor, which is the same for
each face and is given by,
Kpls) = Q-_e-:-'z;)
(1 + e )
The amplitude and phase characteristics of this function
are shown in figures 5.6a and 5.6b. The value of KR is

infinite when,

- or,

wlT = mm m=1,3,5 ...
For m equal to unity,
f =

L
2T

This corresponds to the frequency of mechanical resonance,
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and at odd multiples of this frequency, the reverberation

factor is infinite.

The value of KR is equal to zero when,
e = 1 or,

wT = (m-l)" m= 1,3'5 see

This corresponds to twice the frequency of mechanical
resonance. Consequently, the reverberation factor is
equal to zero at even multiples of the mechanical
resonance. The amplitude behaviour of the lossless
resonator reverberation factor may readily be observed

from figure 5.6a.

Phase characteristics of the reverberation factor are
outlined in figure 5.6b, from which it is apparent that
the phase is always + /2 radians. This fact is

readily apparent from,

't Wl

:i—:—%z = Ky = 3 tan (WI/2)
It is now possible to consider the behaviour of the
feedback function, An. However, before doing so, it
should be noted that the behaviour of Kp is so;ewhat |
analogous to that associated with a lossless open
circuit transmission line. That is, conditions of

maximum constructive interference (maximum amplitude)

-
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and conditions of maximum destructive interference (zero
amplitude) occur at odd and even multiples of the mech-

anical resonance respectively.

From figure 5.5a, it may be observed that the magnitude
of the feedback function is a maximum at odd multiples

of the mechanical resonance, while for even multiples the
magnitude is zero. That is, at frequencies of 2f2,

4f2 etc., there is no feedback, while at f2, 3f2 csey
there occurs maximum current feedback. This is to be
expected from the behaviour of the reverberation factor.
However, due to the 1/S multiplier in the feedback
function, the magnifude at AT has a finite value at

low frequencies, and'also demonstrates a general decrease
with increasing frequency, although this may not be
readily apparent at positions of impedance maxima in

figure 5.5a.

Figure 5.5b indicates that the phase of the feedback
factor changes by 7 radians at regular multiples of the
mechanical resonant frequency. Again this is to be
expected, since the 1/S multiplier corresponds to a
constant phase shift of - m/2 radians. When added to
the phase shift of K in figure 5.6b, the result shown
in figure 5.5b is obtained. It is important to nofe
that in terms of the feedback model, a phase shift of w
.radians in the feedback factor corresponds to a reversal
in the type of feedback from positive to negative and

vice versa.

From equation 4, the impedance of the transducer is
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equal to zero when AT is real and equal to unity. (Note
that An is always real for the lossless resonator).

That is, when:

e tan (wT/2) or,

X

®T = tan (X) (5)
where X = mwfT.

This equation has been used by Onoe et al (33) in order to
determine the fundamental and overtone electrical resonant
frequencies for different values of coupling coefficient.
From this equation it is readily observed that the fund-
amental and overtone frequencies of electrical resonance
are not related as simple integer multiples as in the
case of mechanical resonance. This fact is verified

by figures 5.3a,b and 5.5a,b; where it may be observed
that the frequencies of electrical and mechanical
resoﬁance come closer together with increasing frequency.
The reason for this will be shortly evident, in that
electrical resonance is a feedback effect, which of

course decreases with frequency.

It is now possible to study the resonator impedance
characteristics with specific reference to the feedback
model. In order to simplify the process, consider two
separate frequency ranges, sepafated by the frequency

of electrical resonance, fl'
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I. Impedance Characteristics Below Resonance

i.e. 0 £ £« fl

with reference to figure 5.5a and 5.5b, the amplitude of
the feedback function in this frequency range is less
than unity and the corresponding phase shift is zero.
Under these conditions, the feedback is positive in
nature and for a fixed input voltage, total current
through the éransducer increases. Consequently, the
effective\electrical impedance is lower than that
expected from the reactance of the static capacitance.
This effect may readily be observed from figure 5.3a,
where the amplitude of the impedance function steadily
decreases with frequency, eventually becoming zero at
the electrical resonance, fl. At this particular
frequency, the feedback factor is equal to unity. i
With reference £o figure 5.3b, the phase angle of the
impedance function within this frequency range remains
constant at - w/2 radians. Consequently, the resonator
impedance chafacteristics over the frequency range

0 £« fl are essentially those of a pure capacitance,

modified by the effects of positive feedback.

Due to these secondary piezoelectric effects, the effect-
ive low frequency capacitance is larger than the static
capacitance; which is measured under mechanically
clamped conditions, when no feedback is possible.

There are thus two capacitances associated with the

plezoelectric transducer, which may be defined as
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follows.

a. The free capacitance, denoted by CT. This
capacitance is measured for the piezoelectric
resonator operating under low frequency con-

ditions, usually in the region of 1 kHz.

b. = The static capaciténce, denoted by CO. This
is the actual bulk capacitance of the trans-
ducer material and is not modified by piezo-
electric action. As a_result, it is smaller

in value than CT'

At this stage, it is interesting to verify a unique
relationship between the electromechanical coupling
coefficient K, and the two transducer capacitances.

Consider the feedback function, expressed in terms of

frequency
AT = %%; tan (wT/2)
= X tan (x)
o AT_ = %} %%g—%%% where: X = T7£T

For X very small,

sin X »+ X

cos X+ 1

;o By = K

That 1s, for very low values of frequency, the total
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amount of secondary feedback is given by the square of
the electromechanical couplidg coefficient. - The
relationship between currents of the summary point in

figure 5.4 may now be written as.follows.
I(s) = K? I(s) + V(s) sCo

Assuming V is held constant, the transform of I may be

written as,
I(s) = S Qf(s)

and at low frequencies,

Q(s) = CTV(S)
oo I(s) = s CTV(s)
This yields,

= 2
CT K CT + Co
C, - C
c.o I(2 = 'T—C'——o‘ (6)
T T s

This well known relationship would appear to piésent an
ideal method of obtaining the value of K from known

values of C and‘CO. However, there are practical

T
difficulties associated with accurate measurement of
the transducer capacitances. The dielectric gonstant
corresponding to Co is ideally measured with both
surfaces of the transducer rigidly clamped; which is
extremely difficult because of the great stiffness of

transducer materials. One method of overcoming this
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problem is to measure the capacitance under high frequency
conditions. That is, above all elastic resonances and
their major harmonics,when inertia effectively blocks

out the piezoelectric effect.

However, due to the imperfect nature of éll dielectric
materials, interfacial polarisation (une;en charge
distribution) results in the effective dielectric con-
stant having a certain degree of frequency dependence,
which is independent of any piezoelectric action. For
example, using quoted figures for P2T 5-A (54), the
dielectric constants increase by 2,4% per decade over
the frequency range 1 Hz to 1 kHz. For frequencies
greater than 1 kHz and less than 20 MHz, the dielectric
éonstants decrease by 2.4% per decade of frequency.
Consequently, in order to minimise such errors, CT and
Co should ideally be measured at the same frequency.
Yet another technique, mentioned by various authors
such as Miller (31) and Kasai (11), recommends that the
static capacitance be measured at a frequency corres-
ponding to twice the mechanical resonance, At this
frequency, the feedback factor is zero, and hence no
feedback may occur. Although this method is theoret-
ically sound, it does not consider the presence of
other, unwanted modes corrupting the results. As will
'be evident at a later stage, the conditions under which

this method is viable have to be very accurately defined.
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II. Impedance Characteristics Above the Resonant

Frequency

Once again referring to figure 5.5a, it is evident that
the feedback factor increases in magnitude with frequency,
eventually becoming greater than unity and reaching a
maximum value at‘the mechanical resonance. For values
of AT greater than unity, the resonator impedance is
negative, corresponding to a phasevchange of m radians.
This occurs after the frequency of electrical resonance
ahd may readily be observed from figure 5.3b. As

the input voltage is assumed constant, the current phase
has changed by 7 radians, effectively leading to a
reversal in the type of feedback, from positive to

negative.

Consequently, total current flowing through the trans-
ducer decreases, resulting in an effective increase in
impedance. This process increases with frequency until
the point of mechanical resonance is reached. At this
frequency, the phase of the feedback factor undergoes

a phase change of -7 radians, which may be seen from
figure 5.5b. (As shown in figure 5.3b, the overall
phase of the resonator impedance also changes by =
radians). In consequence, the type of feedback once
again undergoes reversal, from negative to positive,
giving rise to an increase in current through the trans-
ducer. The effective impedance of the resonator thus

starts to fall, as shown in figure 5.3a.

At a frequency equal to twice the mechanical resonance,

139



the magnitude of the feedback factor is equal to zero,
?nd at this frequency the transducer behaves electrically
as a capacitance of value CO. By increasing frequency
still further, the transducer impedance magnitude con-
tinues to fall until the first overtone of electrical
resonance is reached, corresponding to the second root
of equation 5. However, in this case the separation
between electrical sad mechanical resonant frequencies

is not so great. This is not surprising, since the
phenomenon of electrjcal resonance is a positive feed-
back effect and the total amount of current feedback
tends to decrease with frequency. For example, consider
figure 5.5a, where the fundamental electrical resonant
frequency occurs at fl. At this point, the magnitude
of the feedback factor is equal to unity. The first
overtone of electrical resonance occurs at the frequency
denoted by fll’ where the magnitude of AT is again

unity. However, since the amount of feedback has been
reduced by increasing frequency, f11 is relatively
higher, and hence closer to its associated mechanical
resonance, than fl‘ As frequency continues to increase,
the difference between electrical and mechanical reson-
ances becomes smaller, until eventually they cannot be
distinguished. At this point, no secondary piezo-
electric action takes place, and the transducer impedance
corresponds to that of the static capacitance, Co'

This reduction in the amount of positive feedback at

higher frequencies may also be readily observed from
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_ the resonator phase characteristics of figure 5.3b.
. Additional Points of Interest

As stated previously, the overall behaviour of the trans-
ducer impedance funcﬁion is that of a pure capacitance,
modified by the effects of positive feedback. Figure
5.7 shows_a comparison between the iﬁpedance magnitudes
of a pure capacitance equal to the static capacitance,

Co' and the transducer impedance magnitude. As expected,
the curves intersect of frequencies corresponding to
even multiples of the mechanical resonance. The effects

of feedback are clearly demonstrated.

It should also be noted that the electfical impedance

is purely capacitance if K is equal to zero. As indic-
ated earlier, the amoun£ of feedbéck, and hence the
relationship between electrical and mechanical resonances,
depends on the value of coupling coefficient. Figure
5.8 shows the impedance magnitude characteristics for
three different values of K, corresponding to K* = 0.75,
0.5 and 0.25, Once again it maybe observed that the
frequencies of electrical and mechanical resonance
approach equality under conditions of minimum feedback.

That is, at the lowest value of coupling coefficient.

At this stage it is worth noting an additional point
which is given greater emphasis in chapter 7. Electrical
resonance corresponds to a condition of maximum current
flow through the transducer. Since this condition

infers maximum charge on the transducer electrodes, it

is reasonable to expect that a maximum stress is generated
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at this frequency. This is corroberated by an analysis
of the piezoelectric transmitter and explains why in

many instances, maximum stress output does not coincide
with the frequency of mechanical resonance. Consequently,
any factors which affect the position of electrical
resonance, must also determine the frequency of maximum

stress output from the transducer.

As stated in section 5.2, the amount of feedback also
depends upon the front and réar face loading conditions,
with maximum current feedback occurring for the mechan-
ically free resonator. This is to be expected, since,
for the resonator all mechanical energy is reflected
back into the device, resulting in maximum secondary
piezoelectric action. Furthermore, it must be
emphasised that the present analysis corresponds only
to the ideal transducer. Internal dissipation also
affects the amount of feedback as well as the mechanical
resonance characteristics. Aspects of transducer
losses are dealt with in chapters.G and 9. The next
section describes the transducer imrpedance character-
istics when the device is loaded mechanically at each
face.

5.3.i1i  Electrical Impedance of the Mechanically
Loaded Transducer

When a transducer is mechanically loaded by materials
possessing real acoustic impedances, the impedance
characteristics are defined by equation 1. For the

general situation, the transfer function cannot be

142



described by a single feedback loop and hence_@be
complete admittance block diagrams of figurestsgl and
5.2 must be used. The analysis 1s correspondingly
more complex than in the case of a mechanically free

transducer, or resonator.

With reference to figure 5.1, it may be observed that
the transfer function consists of two feedback factors,
corresponding to the front and rear faces of the trans-
ducer. The total amount of feedback, which is the
sum of the front and rear face feedback factors, is

thus given by the following Laplace equation.

8 g

K? C C

(s) = 3= [Ko(s) —% + K, (s) o——
Ap ST F Bot8, B B8,

Where KF and KB are the front and rear face reverberation

factors respectively.

In order to appreciate the nature of the loaded trans-
ducer characteristics, it is necessary first of all to
study the behaviour of this function under different
conditions of mechanical load. Three separa£§ config-
urations are considered, corresponding to the-;oliowing

physical situations.

. The transducer is equally loaded at both faces by
water. Since the acoustic impedance of water is 1.4
kg/m* s, this situation corresponds to light md&chanical
loading, or light damping. a

. The transducer is assumed to be loaded at the

rear face by a material having an acoustic impedance
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equal to one half of the transducer acoustic impedance.
This condition is henceforth referred to as, 'fifty
percent matched backing'. The transducer is loaded
at the front face by crown glass. Since the acoustic
impedance of crown glass is 14.1 kg/m*-s, this solution
corresponds to medium mechanical loading, or medium

damping.

. The transducer is assumed to be loaded at»the rear
face by a material whose acoustic impedance is equal to
that of the transducer. That is, a condition known

as 'matched backing'. The device is loaded at the
front face by crown glass. This situation corresponds

to heavy mechanical loading, or heavy damping.

Consider firstly the frequency response characteristics
of the reverberation factors KF and KB and KB' as these
yield considerable insight into the behaviour of the
overall feedback factor, and hence impedance. As a

result of their symmetry, it is sufficient to analyse‘

only one, in this case KF‘

(- e ¥ - rg eV

(1 - Fy Ry e

KF(jw) =

-j2wT)

As in the case of the mechanically free transducer,

this function is equal to zero when,

wT = (m"‘l)", nm= 1,3’5 LI )

This situation occurs at even multiples of the mechan-

ical resonance and is the same as the case for the
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resonator. Note that the term (1 - R, e-jWT) may never
equal zero as the reflection coefficient is always less
than unity. In a similar manner, the amplitude of KF
is never infinite, as was the case of the mechanically
free transducer. For example, this condition is only

reached when,

~23jwT

Rp Bp ©

.o cos 2 wT =

Rr Rp

As the product RF RB is always less than unity for the
loaded transducer, the condition may never be realised
and hence ﬁhe amplitude of the reverberation factor is
always finite. It should be noted also, that in practice
the resonator reverberation factor is never infinite due

to internal mechanical dissipation within the transducer.

Amplitude-frequency characteristics of KF are shown in
figure 5.9a, corresponding to the three different con-
ditions of mechanical load. In each case, the magnitude
reaches maximum and minimum values at odd and even
multiples of the mechanical resonance respectively.

The amplitude function also decreases with increasing
mechanical load. That is, with increasing damping.

This is to be expected, since more enerqgy is effectively

being transferred to the surrounding media.

Figure 5.9b depicts the phase characteristics of Kg

under the same three conditions of mechanical 1load.
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Unlike the fesonator, the loaded phase function is no
longer either + m/2 radians, but varies between + /2

and - /2 in a periodic manner oﬁer the frequency range.
In consequence, a reverberation factor for the loaded
transducer is no longer purely imaginary, but contains
real components, the relative magnitudes of which increase
with mechanical damping. This 1is clearly outlined in
figure 5.9b, where the function is purely real at odd multiples
of the mechanical resonance. This relative increase

in real parts with damping may also be anticipated, since
the effective dissipation increases with increasing

loss to the surrounding media.

It is now possible to evaluate the significance of the
total current feedback factor for a mechanically loaded
transducer. This may be expressed in the frequency
domain by the following equation:

K2 (1-e 3T 8, (1-RBe'j"’T) (1-RFe"j"’T)

(jW) = — +
AT jWT(l-RFRBe jZWT) 5C+El 5C+52

(7)

The magnitudé and phase Qf An are shown as functions of
frequency in figures 5.10a and 5.10b respectively. The
three cases of mechanical damping described previously
were again considered. From figure 5.10a, it may be
observed that the total amount of current feedback

varies with the following parameters.

. The total amount of feedback decreases with

increasing mechanical load. This effect is in
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sympathy with the behaviour of the reverberation factors
which also exhibit a decrease with increasing mechanical

damping.

. Under conditions of light mechanical load, the
total amount of current feedback is a maximum at odd
multiples of the mechanical resonance. This effect
may again be reconciled with the behaviour of the
reverberation factors. However, as damping is increased,
the distinct maxima demonstrate a significant decrease,
eventually disappearing altogether. For conditions of
heavy damping, the maximum amount of feedback occurs -
at lower frequencies, where it is limited by the square
of the coupling coefficient. This effect is a combin-
ation of the reverberation factor characteristics and

the-%; multiplier in the feedback factor.

. The total amount of current feedback decreases .
with increasing frequency. ‘This is similar to the

behaviour of the mechanically free transducer.

It is interesting to note that like the piezoelectric
resonator, the amount of feedback at low frequencies is
equal to K? and is independent of mechanical load.
Although not readily apparent from equation 7, the
validity of this statement may be demonstrated as

follows.

From equation 7, and letting wT = P
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K? (1-cosP+jsinP)

AT(jW) = jP(1-RFRBc052P+jRFRBsinZP) X

1+R,, 1+R,
[ (1~ RBcosP+JRBsinP)( Y+ (1~ RFcosP+jRFsinP)(—7r—)]

K! X °
= 35'(1-cosP+351nP) X

l+RF 1+RB
(1-RBcosP+jRBsinP)( )+ (1~ RFcosP+JRFsinP)(

I-RFRBcos’P+RFRBsin’P+32RFRBsinPcosP

For w very small,

sin P > P

cos P » 1

1+ | 1+
(1-R+iR_P) ( ) (1R HRP) (g D)

l-RFRB+RFRBP’+32RFRBP

In the limit, as P »+ 0

L] __K2 3
S A —;I—,(jp)[

k[ (1-Fg) (1-Rp) /2+ (1-Rp) (1-Rp) /2 |

:?»o ] 1=RpRy
K2 2(1-RFRB)
TR Ry
= Kl.

Consequently, it maybe concluded that as ffequency tends
to zero, the total amount of current feedback tends
towards a limiting value of K? énd is hence independent
of mechanical 1oéd. Equation 6, which related K to the
transducer capacitances, is thus valid under general

‘
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conditions,

Figure 5.10b outlines the phase of the total feedback
factor under the same three conditions of mechanical
loading. The form of these characteristics may
readily be appreciated by noting that the~£; multiplier
contained in An corresponds to a phase shift of - /2
radians. Consequently, by adding - w/2 to the phase
characteristics of each reverberation factor, the over-
all phase of the feedback factor is obtained. As in
the case of the piezoelectric resonator, this phase
characteristic effectively determines the nature of the
feedback. That 1is, whether the currents at the summing
point of the feedback model sum in a constructive or

destructive manner.

From figure 5.10b it may be observed that for low values
of frequency and mechanical damping, the feedback factor
is almost totally real with small imaginiary parts.
However, as frequency increases up to the vicinity of
mechanical resonancé, stronger imaginary components
emerge. Furthermore, as the meunt of damping increases,
the feedback factor becémes increasingly complex, the
phase eventually varying aimost linearly between 0 and

- m over the frequency intervals 0 to 2f1, 2f1 to 4fl
etc. As shall be demonstrated, the increasingly com-
plex nature of the féédback factor has a significant .

effect on the overall impedance function.

It is now possible to consider the transducer impedance

characteristics shown in figures 5.11la and 5.11b, which
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describe the magnitude and phase characteristics res-
pectively. In a manner similar to that for the
resonator, the loaded transducer impedance may be

represented by the following Laplace equation

1
BT(S) = gq (l-AT(S))

The admittance transfer function 1s also represented by
the block diagram of figure 5.4. However, unlike the
resonator, the feedback factor for the loaded transducer
is not purely real, but instead becomes more complex
with increased mechanical damping. As a result, the
feedback current is rarely in phase (completef§;positive)
or anti phase (completely negative) with respect to the
input current. This effect, which increases with
mechanical load, tends to obscure the well defined
impedance maxima and minima which were obtained for the

mechanically free transducer.

The electrical impedance is a minimum when, for frequ-

encies below mechanical resonance,

|1 - Ax(3w)| 4is a minimum

For the loaded transducer, Aq is nearly always complex,
the degree of which depends on mechanical damping.

As a result, the behaviour of this function never tends
to zero at a particular frequency, as in the case of
the resonator. Instead, an impedance minimum is

evident, the extent and position of which depends on
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the amount of mechanical load. This may be seen from
figure 5.11a, where the extent and position of the.
impedance minima for light and medium damping are
clearly different. As damping increases, the impedance
minimum disappears altogether, as the transducer elec-
trical behaviour starts to resemble that of a capacitance.
This may also be observed from ficure 5.11b, where the
impedance phasé angle tends towards - ©/2 radians as
damping is increased. In addition, as in the case 6f
the resonator, there is no feedback at even multiples

of the mechanical resonance, and the impedance corres-

ponds to that of theclamped capacitance, Co‘

In order to appreciate some of these effects, consider
the water backed and water loaded transducer, a situ-
ation which corresponds to light mechanical damping.
At low frequencies, the feedback factor is real and
possesSes a magnitude equal to K?. The feedback
current is thus in phase with the input current and
hence the impedance falls, behaving electrically like

the capacitance C With increasing frequenéy, the

T
feedback factor becomes'complex and starts to increase
in magnitude. Consequently, the feedback current
becomes increasingly anti phase with respect to the
input current, givihg rise to the first impedance
minimum as shown in figure 5.1la. This degree of
phase shift further increases with frequency, resulting

in an increase in impedance which reaches a maximum

at the mechanical resonance. At this point, the
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feedback 1s almost entirely negative, and hence as the
magnitude of thevfeedback factor falls, the resultant
decrease in negative feedback corresponds to an increase
in total cu;rent through the transducer, causing the

impedance to fall.

The same process occurs for increased damping, except
that the magnitude of the feedback factor is reduced and
the phase is always complex. (Except at zero frequency).
As a result, the impedance maximum and minimum are less
well defined, eventually decreasing altogther. In
addition, like the resonator the amount of feedback
decreases with frequency, with the result that any
impedance fluctuations around odd multiples of medhan-
ical resonance disappear. A similar effect is observed
with the impedance phase characterisitcs, which even-
tually approach those of a pure capacitance for con-

ditions of high frequency and/or heavy damping.

It is interesting to consider the transducer impedance
under conditions of maximum damping. That is, when

the device is backed and loaded by a material possessing
the same acoustic impedance as the transducer. For
this condition the impedance transform is given by,

- 1 _ K . __-sT
Bn(s) = -S-C—o[l 57 (1-e "))

In this case, the impedance approximates to that of a

capacitance, which at low frequencies tends towards

the free capacifance CT, and at higher frequencies
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behaves like the damped transducer capacitance Co.

For example,

1

2
EWE; [1- X (1-coswT+jsinwT)]

BT(JW) = JwT

For higher frequencies,

1
ij0

Bo(Jw) =
which is the impedance of the damped capacitance.

While for low frequencies,

. 1
ZT(JW) = jwco [1 - Kz]

And from equation six,

1
Bn(iw) = s Cy

which is the impedance of the free capacitance.

These effects are clearly demonstrated in figure 5.12a,
where the impedance magnitude characteristic of a
heavily damped transducer is compared against the
impedance behaviour of the two capacitances. It is
interesting to note that the impedance approximates

to the;ﬂampaicapacitance at very much lower frequencies
than for the mechanically free transducer; close
correlation being pbtained for frequencies above the
mechanical resonance. This is even more pronounced

for transducers of lower electromechanical coupling
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coeffifient, due to the corresponding reduction in feed-
back. The effects of decreasing K are demonstrated

in figure 5.12b Where it may bé readily observed that
the impedance more closely approximatés the c1am9éd.
capacitance Coe

5.3.1i1 Impedance Characteristics Under Conditions
" of Rigid or Semi Rigid Loading

In order to complete the section on transducer electrical
impedance, it is worthwhile to consider the situation
where the transducer 1s loaded at one or both faces by

a material possessing a higher acoustic impedance than
that of the transducer. For example, the term 'rigid
loading' appiied to either face implies that the trans-
ducer is loaded at that face by a material whose elastic
stiffness is so high, that the particular face of the
trénsducer is incapable of mechanical displacement.
Since piezoelectric devices have high coefficients of
stiffness, such a condition is imposéible to achieve

in practice. In addition, although some loading
materials have higher acoustic impedances than the
transducer material, a ééupling medium (often water
based) is invariably inserted between the device and
the load surface. As a result, the physical situations
described in this section are rarely encountered in
practice, and consequenfly only the major effects are

presented. The following conditions are described.
. The rigidly backed and rigidly loaded transducer.

For this highly theoretical case,
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TF and Ty are zero and hence no secondary pilezoelectric

action may occur. The impedance is thus that of the

‘clampedcapacitance, Co'
. The rigidly backed, air loaded transducer.

In this case,

: TB TF

2 =0 5 =1, R = 1, Ry = -1

The transducer feedback factor is thus given by,

-2sT
Ap(s) = Kri-—e
ST 1 + e-ZST
2
oo AT(w) = %T tan (wT)

This is similar tb the feedback factor obtained when the
transducer is mechanically free, except that wT/2 has
been replaced by wT. Consequently, the impedancemagni-
tude exhibits maxima at,
£
f = (2mtl) 5 . m=20,1,2,3 ...

Zero magnitude 1s expected when the following trans-

cidentai equation is satisfied.

tan (WT) = RT

-This equation behaves in a similar manner to that for

the piezoelectric resonator. That is, the impedance
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amplitude is zero at frequencies which are close to,
but less than, the frequencies of maximum impedance.
For the same reasons as before, the'separation of
impedance maxima and minima decreases with increasing

frequency.

The amplitude and phase characteristics appropriate to
this condition are shown in figures 5.13a and 5.13b
respectively. The form of these characteristics may
be explained in an identical manner to thatvadopted for
the piezoelectric resonator, except that f1 is replaced
by fl/2 in the analysis of the relevant feedback and

reverberation factors.

It is interesting to note the analogy between rever-
beration factor behaviour and that of a lossless ﬁrans-
mission line, For example, in the mechanically free
transducer, reflection coefficients are equal to unity;
that is, no phase change on reflection. This situation
is analogous to the behaviour of a lossless open circuit
transmission line. On the other hand, for the rigidly
damped  transducer, reflection coefficients are equal

to - 1; a situation which corresponds to the lossless

transmission line on electrical short circuit.
. Miscellaneous loading and backing configqurations.

Figures 5.14a and 5.14b show the transducer magnitude
and phase characteristics for the following conditions

of mechanical damping.

The rigidly backed transducer operating directly into
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a glass load (medium damping). e

- The air backed transducer ope&ating into a étééi load

of acoustic impedance 47 Kg/m?-s. This is mechanically
stiffer than the piezoelectric material, which is
assumed to have a nominal acoustic impedance of 33,712

Kg/m?* s. (medium damping).

The transducer with 50% matched backing and operating

into a steel load (heavy damping).

From the figures it may be observed that the impedance
characteristics demonstrate the expected maxima and

minima under conditions of lighter mechanical damping.
It should be noted thaﬁrin this context, light damping
implies that the magnitudes of the reflection coeffic-
ients are close to unity, hence maximising the effects

of feedback.

The frequencies of minimum and maximum impedance for
the two céses of medium damping are different, being
governed by the mechanical loading conditions. For
miscellaneous loading of the type discussed here, it is
difficult to generalise on.the positions of 1;pedance
fluctuation.. However, it is possible to concludé that
.as the stiffness of the surrounding media decreases,
the frequencies of maximum and minimum impedance tend
to increaée, although for an accurate indicat;gn,

individual cases should be treated separately.--

In these examples, the highest amount of mechanical

damping occurs during the situation of 50% matched
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backing and operation into a simulated steel load. As
may be expected; the impédance characteristics start to
resemble those of a capacitor although in this case the
overall damping is not heévy enough for such an effective

approximation.

5.4 Concluding Remarks

This chapter has demonstrated how a systems feedback
approach may be adopted in order to describe operational
impedance of a piezoelectric transducer. In the
analysis, complex electro-mechanical phenomena which
contribute to the impedance characteristics have been
clearly identified over a wide range of external oper—'
ating conditions. From the study, it is considered
that the feedback model is superior to other, dynamic
analogiés in identifjing and explaining the following

aspects of transducer impedance.

(1) The phenomenon of electrical resonance is
clearly shown to be a feedback effect and
is due exclusively to secondary piezo-

electric action.

(i) The position and extent of impedance maxima
and minima depend on external mechanical
loading conditions as well as frequency

and coupling coefficient..

(1i1) The low frequency feedback factor, 1i.e.

the relative amount of secondary piezo-
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electric action; depends only on the
coupling coefficient. This is valid
under all conditions of mechanical load,
apart from the rigidly clamyedsituation,
where no mechanical displacement is
possible. At very high frequencies,

for example ten times mechanical resonance,

secondary effects disappear.
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CHAPTER VI

SIMULATION AND RESULTS PART I




6.1. INTRODUCTION

o Bl

This chapter describes the simulation and experimental
verification of a transducer voltage transfer function.

The voltage transfer function is defined as the ratio of the
measured voltage across the transducer terminals and the

input source voltage.

Consider a transducer operating in the transmitting mode
while subject to arbitrary conditions of electrical
loading. This situation is described extensively in
Appendix C, but for convenience the configuration is

outlined in Figure 6.1.

From this figure, the Laplace Transform of the voltage

transfer function may be expressed as follows.

Vo(s) 2T (s) 2E(s) (1)
e(s) Zo(s)2T(s)+Z0(s) 2E(s)+2Z2T(s) 2E(s)
Where,

ZT is the electrical impedance of the transducer.

Zo and ZE are the electrical impedances corresponding to
the voltage generator and external load respectively.

The possible variations in these parameters are described
in Appendix C. Zo may comprise a resistive, capacitive
or inductive element (or the series combination of all
three) while 2ZE may comprise the parallel combination of

resistive and inductive loading elements.
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Although the voltage transfer function is a rélatively
uncommon characteristic in transducer measurement
studies, it provides considerable insight into many
aspects of device performance; particularly for

the transmission mode. For example, it will be
demonstrated that the measured voltage response

may be used to provide a clear indication.of mechanical
loading effects, and in some instances, important
piezoelectric parameters. The technique is also

considered to offer the following additional advantages.

(i) Experimental verification of the voltage response
may be performed in both time and frequency domains
with relative ease. As a result, a wide range of
electrical source and loading conditions may be
conveniently investigated. It is thus possible to
verify simulation studies without recourse to more
complex measurement techniques necessary for the

transmission and reception modes.

(ii) It is possible for soﬁe transducer parameters, such
- as static capacitance, to vary considerably from
the manufacturer's quoted figures. For example it
is shown in Appendix D that this quantity may
devigte by as much as 20% from its nominal value.

By measuring the voltage response, variations in
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(1ii)

device parameters are readily observed and
steps may be taken to compehsate for

incorrect values.

The transducer model assumes loss free, single
mode wave propagation within the device.
However, in practice there is a finite loss
coupled with radial mode disturbances., A
study of the voltage response provides a

clear indication of both these effects and as
a result limitations of the model are readily
observed. For example, internal losses are
expected to have greatest influence on device
operation unéer conditions of light damping,
when most of the wave energy is reflected back
into the transducer. Radial mode vibrations
are expected to become more dominant as the
diameter to thickness ratio decreases,
eventually corrupting thickness mode resonances.
By studying the nature of these effects, a
range of operating conditions for the model

may thus be clearly defined.

In addition, the voltage response technique
permits relatively straightforward verification

of the transducer impedance characteristics
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- discussed in Chapter 5. Consequently,
it is considered appropriate at this stage
to evaluate voltage response, and in the
following chapter, present a more
conventional investigation based on
transducer transmission and reception.
Two sets of simulations are performed,
corresponding to CW and transient operation

in both frequency and time domains.

6.2 CW OPERATION

This section investigates the transfer function
described by equation 1, in the frequency domain.
The voltage generator is assumed to be a continuous
wave source possessing an output impedance which is
real and equal to 50 . Additional electricai
components may be added either in parallel or in
series with the transducer, depénding on the
particular application. This mode of operation and"
the various electrical loading configurations are

fully described in appendices B and C.

A computer program describing transfer function behaviour
in the frequency domain was developed in order to
perform the simulations. The program is designed to

cover all possible configurations of electrical
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and mechanical loading and a complete BASIC listing

is provided in Appendix E.

6.21i General Simulation Results

Before describing the experimental techniques and
particular simulation studies it is Qorthwhile

to briefiy review the results of Chapter 5. This

is done by considering the voltage transfer funétion
under the same conditions of light, medium and

heavy damping. That is, the transducer is subject

to the following loading conditions:

Water Backed and Water Loaded (light damping)
50% Matched Backing and Glass load (medium damping)

Ideal Backing and Glass load (heavy damping)

Consequently, the voltage transfer function frequency
response characteristics are expected to demonstrate
marked fluctuations at electrical and mechanigal
resonance; for conditions of light damping."As

the mechanical load increases, these fluctuations'
are expected to decrease, as the transducer impedance

eventually tends towards that of its clampédcapacitance.

Figure 6.2a shows the frequency response of the
voltage transfer function for two values of sSurce

resistance, corresponding to 509and 470 9. (The
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nominal transducer parameters of Table 5.1 are

used in this and the subsequent two simulation
diagrams.) In this figure the transducer is

lightly damped, and hence fluctuations caused by
the transducer impedance function are clearly
evident. Increasing source resistance produces the
expected attentuation in the transfer characteristic,
although feedback effects still dominate due to the

light loading.

Figure 6.2b shows the effects of increasing damping
for a source resistance of 501 . Fluctuations in
the transfer characteristic are reduced because of
the diminished secondary action. Under conditions
of heavy damping the transducer impedance tends
towards that of the static capacitance, at all but
the lowest of frequencies.

-

4
Figure 6.2c outlines the effect of introducing an

inductance in series with the transducer, under the
three conditions of mechanical load. The source
resistance is 501 and the value of inductance is 20uH.
This value was selected in order to produce a tuned
resonant frequency of 1MHZ (the transducer méchanical

resonance) with the static capacity Co. That is,
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Zﬂ,ILO Co

From table 5.1, Co = 1.261nF

and for Lo = 20uH,

f = 0.999MHZ.

For conditions of light ‘damping, the effects of
feedback dominate the response, but as a result of
tuned resonance, the peak output is substantially
increased. As mechanical clamping is increased,

the transducer impedance approaches a pure capacitive
reactance. Consequently the transfer characteristics
are dominated by the Lo-Co combination, which

approaches that of a low pass filter.

The three simulation examples were selected in order
to outline some general features of the voltage

transfer function in the frequency domain. In

-

subsequent sections, particular transducer devibes
are tested and experimental results compared with
their corresponding computer simulations. Transducer
parameter variations, unwanted vibrational modes and
the effects of internal loss are investigateg under
different conditions of mechanical and electrical

loading.
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- 6.2ii CW Experimental Techniques

The experimental method for determining the voltage
transfer function is outlined in figure 6.3, which
depicts a transducer operating under mechancially

free conditions.

A Dymar VHF (low distortion) signal generator was
employed as the voltage source. The output impedance
of the instrument is 508 and when checked over the
frequency range 0 to 10MHZ, was found to deviate by
*2q from this value. Consequently, the output
impedance was assumed to be 50  throughout the
experimental period. Frequency measurements were
performed using a Tektronix 7D15 225 MHZ Universal
Counter and voltage measurements by means of a
Hewlett.Packard 3400 rms voltmeter. The latter
instrument possesses an input impedancé and bindwidth
of 10M and 10MHZ, respectively. The transduéer - was
mounted ih a special holder, designed to permit
flexibility when cﬁanging devices and allow additional
electrical components to be added with relative ease.

All connecting leads were kept as short as possible.
r

The output voltage from the generator was adjusted to

200mV with the terminals open circuit i.e. no

167



transducer in the system. This voltage, denoted by
Vo-c was maintained constant throughout the
experiments. After inserting a transducer, frequency
was slowly increased and the voltage across the

device monitored on the rms voltmeter. This

voltage is denoted by Vo and hence the voltage transfer
function for the system shown in fiqure 6.3 may be

expressed as follows. (From Equation 1)

Vo = T Where 2T is expressed in ohms
Voc 50 + 27T

This magnitude was plotted as a function of frequency

over the range 100KHZ to 1OMHZ.

Four different transducers were tested. The transducer
was Lead Zirconate Titanate (PZ2T5A) and the devices
possessed electrical resonant frequencies of 0.5, 1, 2
and 5MHZ. Where possible, the physical dimensions

and parameters of each transduce; were carefully
checked. Full details on each transducer and the
individual measurements are described in Appendix D.
All transducer data is provided in Tables D1 and D2,

contained in this appendix.
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Tests were initially conducted with each transducer
in the mechanically free state. This situation

of air backing and air loading corresponds to the
resonator condition described in Chapter 5. Because
of the electrical conductivity of water, this medium
was not used to simulate conditions of light damping.
Instead, transformer oil was employed. This material
has an acoustic impedance similar to that of water
(1.27Kg/m-s (Ensminger (49)) and is electrically non-
conductive. In section 6.2iii a commercially
available ultrasonic probe was used to demonstrate
the effects of increased mechanical load. For later
sections of the work, different backing materials
were employed and a technique for measuring the

acoustic impedances is described in section 6.3iii.

In addition, electrical loading conditions were also
varied. This included varying source resistance and
the incorporation of inductive matching elements,

both in series and in parallel with the transducer.
These components were easily attached to the transducer

holder by simply inserting them in appropriate sockets.
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ii Results and Simulations

e

6.2

e

Graphs of transfer function magnitude versus frequency
are preéented for each ‘case. The graphs were drawn
by inserting data on a cassette tape and then using
the 4051 graphics terminal to plot the résults. For
convenience, simulated response characteristics are

shown on the same graph.
a) Mechanically Free Transducer Response

Consider firstly the response of a mechanically free
transducer possessing the ﬁominal electrical resonant
frequency of 2MHZ. The device has a diameter/
thickness ratio of 21.16 and a mechanical resonance
corresponding to 2,3MHZ. The theoretical value
(provided by the manufacturer) of static capacitance
is 2.4nF and this was used in the simulation diagram.
Other relevant parameters are provided in Appendix D,

tables D1 and D2.

Experimental and simulated transfer funétion responses

are shown in figure 6.4a. It may be observed that the
frequency of éleéttical resonance is slightly greater than
2MHZ., However, as described in Appendix D, each
transducer has a 7% tolerance variation in electrical

resonant frequency. The electrical resonance in this
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case is within the toleiance iange. In addition,
the simulated plots were calculated from a basis

of the mechanical resonant frequency, which

defines the transit time, T. Transit time was
calculated by dividing transducer thickness by the
longitudinal wave velocity. Although thickness

of each transducer was carefully measured, published
values of velocity shown in Appendix D were used.
Consequently, any variation in this quantity has a
co:responding effect on transit time, and hence

electrical and mechanical resonant frequencies.

From figure 6.4a, the following differences are
evident between the practical and theoretical

characteristics.

1. Radial mode vibrational effects may be readily
observed at lower frequencies by the additional
oscillations in the experimental transfer
characteristic. They are éaused by impedance
fluctuations in the transducer as the diameter
of the disc expands and contracts. These effects
are clearly evident for frequehcies up to the
mechanicél resonance (maximum transducer impedance)
after which they tend to decay, having almost

disappeared at twice mechanical resonance. Radial

171



mode effects tend to obscure both frequencies

of maximum and minimum transducer impedance,
making exact measurement of these quantities

extremely difficult.

Effects of internal dissipation within the
transducer are also evident. This may be observed
from the fact that the experimentalbtransfer
characteristic is neither zero nor unity at the
electrical and mechanical resonant frequencies
respectively. The impedance maxima also decrease
with frequency, as indicated by a drop in the

peak magnitude of the experimental graph at

the first overtone of mechanical resonance. It

may be noted that the effects of internal
dissipation on the transducer impedance characteristic
are similar to those described in chapter 5, when
losses occur due to light.mechanical loading. 1In
fact Martin and Sigelman (27), in an attempt to
include internal dissipation in their Thevenin Model,
postulated a 'loading factor' on the transducer face.
The acoustic impedance of the loading factor was
selected to produce closest agreement between
theoretical and practical measurements on transducer

impedance.
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The factors which contribute to transducer loss

are complex functions, involving many parameters.
For example, absorption of the mechanical wave
occurs, resulting in attenuation in the
piezoelectric material. This is generally
frequency dependent, the amount of attenuation
increasing with frequency. However, published
data (Kossof (18)) on piezoceéramic materials of

the type considered here indicates that such
mechanical dissipation is extremely small when
compared to the total loss encountered when the
transducer is mechanically loaded, even under
conditions of light damping. Nevertheless, some
transducer materials, notably Lead Metaniobate (Silk(44))
exhibit considerable attentuation and in such cases

internal loss may not be neglected.

Another source of loss was revealed by Magtin (26)
and Hilke (4) who indicated that the piezselectric
parameter h is also frequency dependent, causing
the electromechanical coupling factor to decrease
with frequency. This serves to reduce secondary
piezoelectric action even further at higher
frequencies. However, it should be notedfthat very
little published data on the frequency dependence
of h is available for the transducer types under.

consideration.
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3. *Figure 6.4a also indicates that the experimental

characteristic is generally of higher amplitude
than the theoretical curve. That is, the
theoretical value of transducer impedance is low,
caused by too high a value of static cépacitance.
Consequently, the static capacitance was measured
at twice the mechanical resonant frequency, where
no piezoelectric action is assumed to take place.
The method of measurement is fully described in

Appendix D.

Some authors, for example Kikuchi (17), recommend
this technique for measuring static capacitance.
However, as shall be demonstrated, it is only
valid for those situations where radial mode
vibrations do not corrupt the results. That is,
for those transducers possessing a sufficiently
high diameter to thickness ratio. In the case of
the 2MHZ crystal no radial modes are evident

at twice mechanicallresonance (4.6MHZ) and the
measured value of static capacitance was._found

to be 1.87nF.

Figure 6.4b compares experimental and simulated
responses for the new value of static capacitance.
Apart from internal loss and radial mode effects,

the two characteristics are in very close agreement.
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Figure 6.4c shows the characteristics for a

4MHZ transducer which has a diameter/thickness
ratio of 43.7. The static capacitance of this
device was also measured at twice mechanical
resonance and was found to be 3.77nF compared with
its theoretical value of 4.88nF. The measured
value was used in the simulation plot and again
the characteristics are observed to be in good
agreement. It should be noted th;t in this case,
radial mode effects do not obscure the frequencies

of minimum and maximum impedance.

Figures 6.4d and 6.4e compare experimental and
theoretical characteristics for 1MHZ and 0.S5MHZ
transducers respectively. The diameter/thickness
ratios are 10.7 and 5.33 respectively and all
other relevant parameters are outlined in_Appendix

D. From the figures, the following pointé-may be

noted.

1. Measurement of static capacitance at twice
mechanical resonance is extremely difficult‘due
to radial mode effects occurring in the vicinity
of this frequency. Even at four times me:%anical
resonance, radial modes are still evident, making

accurate measurement almost impossible. 1In these

instances, an estimate of static capacitance was
..
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made on the basis of a 'closest fit' between
experimental and theoretical curves. For the
IMHZ transducer, static capacitance was assumed
to'be 1.05nF (theoretical value of 1.22nF) while
for the 0.5MHZ transducef a value of 0.57nF.
(theoretical_value 0.61nF) was obtained. The
estimated values were used in the simulation

curves.

2. Differences between the two sets of overtone
frequencies are observed to increase with frequency.
This is caused partly by experimental inaccuracy,
but is considered largely due to error in
calculating the frequencies of mechanical resonance
as described earlier. These two transducers are
thicker than the 2MHZ and 4MHZ devices and hence
any error in measuring transit time is compounded
in the case of the lower frequency transducers.
However, since the.overtone frequencies are largely
damped out, it was not considered worthwhile to
repeat the experiment fqr different values of

mechanical resonance.
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-b. Transducer Response Under Conditions of Mechanical

Damping.

As stated earlier, the transducers are assumed
loaded at both faces by transformer oil. The
theoretical and simulated response characteristics
corresponding to 1, 2 and 4MHZ transducers are shown
in fiqures 6.5a, 6.5b and 6.5c respectively; ~ From

the graphs, the following main features emerge:

1. Radial and thickness mode impedance fluctuatiohs
are reduced by the increased mechanical daﬁping.
This may readily be verified by comparing the
respective characteristics with those for the
mechanically free transducers. Such behaviour
is expected (for thickness mode resonances)
from the transducer impedance characteristics

discussed in Chapter 5.

2. The effects of internal loss are much less significant
and for all three cases, excellent agreement is
obtained between simulated and experimental results.
However, in the case of the IMHZ transducer, the
overtone frequencies of electrical and mechanical
resonaﬁce ére not in complete agreement, primarily
because of slight measurement error in the value

of mechanical resonance.

177



Nevertheless, within the limits of experimental
accuracy, the characteristics are in very close
agreement., It may thus be concluded that for
this type of transducer material, the effecés of
internal dissipation are negligible under finite

conditions of mechanical load. .

To complete the present section, figure 6.5d shows
the measured response for a commercially available
1MHZ probe which is loaded at both faces by (unknown)
solid mate;ials. For such conditions of damping,
transducer impedance fluctuations are expected to
diminish and this is reflected in the characteristic
shown in the figure. It should be noted that no
corresponding simulation characteristic is outlined,
due to the difficulty in obtaining values for the
acoustic impedances of the loading media. However,
the main features of increased damping are readily

demonstrated.

c. Transducer Response Under Varying Conditions of

Electrical Load

In this set of examples, a 2MHZ mechanically free
transducer was tested under three different conditions
of electrical load. That is, a resistive element in

parallel with the transducer, an inductive element in
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parallel with the transducer and an inductive

element in series with the transducer.

Figure 6.6a demonstrates the attentuation introduced
to the transfer characteristic when a resistor of 1009
is connected across the device. The experimental and
simulated results are shown to be in excellent

agreement.

Figure 6.6b shows the transfer characteristics when

a 2.2uH inductor is connected across the transducer
electrodes. This value of inductance resonates with

the transducer free capacitance (CT = 4.35nF) at
approximately 1.6MHZ and with theclamped capacitance

at approximately 2.5MHZ. At these frequencies, the
transfer characteristic is expected to attain a

maximum value of unity. Although this may readily
be-observed from the figure, secondary piezoe}ectric
effects still dominate the response. Comparfhg_this figure
with figure 6.4b revealé that two impedance maxima are
now evident on either side of the fundamental electrical
resonance. The inductor hés also served to increase
slightly the position of the first mechanical resonance.
Furthermore at low frequenciés.and hence small values

of inductive reactance, the effects of radiaiwmode
vibrations have been extensively damped out. This
feature of radial mode damping under light electrical

load conditions is further emphasised in section 6.3.
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- Figure 6.6c shows the response when a 10uH inductor
is connected in series with the transducer. This
resonates with the transducer free and ¢lamped
capacitances at0.76 and 1.16MHZ respectively. Once
again secondary effects are observed to dominate
thé'response although the amplitude of the transfer
characteristic has been increased by the series-
resonance of the inductance and the transducer
capacitance. In this case radial mode vibration
has not been suppressed, possibly because of the
higher electrical loading. Excellent agreement is
again obtained between the practical and théoretical

characteristics.

6.3 TRANSIENT OPERATION

This section investigates the behaviour of the
voltage response under transient conditions. That

is, the transducer is assumed to be driven by *the

application of a negative going step or ramp function to
a blocking:capacitor. A compiete description of

this mode of operation is described in Appendix C

which includes an analysis of the transmitting
circuitry under a variety of electrical load gonditions.
Circuit configurations appropriate to transient

operation are shown in Appendix C, figures Cl and C2.
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From these figures, equation 1 may be expressed

as follows,

Vo(s) = 2T (s) ZE(s)
e(s) zo(s) [2T(s) + ZE(s)] + 2T(s) ZE(s)
where,
Zo(s) = Ro + 1
sCB
ZE(s) = RE| |LE

Ro is the on resistance of the pulser or electronic

switch,
CB is the blocking capacitor.

RE and LE are additional electrical loading elements

which may be connected across the transducer.

In addition, if the pulser is a fast switching MOSFET
as described in Appendix C, the measured voltage
across the transducer electrodes may be expressed by

the following transform equation.

1 ZT(s) ZE(s)

Vo(s) = (2)

s (Ro + gég) (2T (s)+ZE(s)) + 2T(S)ZE(s)
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This quantity was evaluated in both time and frequency
domains, for a vareity of electrical and mechanical
load conditions. Freqdency response was obtained by
substituting jw for s and plotting the magnitude of
the output voltage as a function of frequency. Time
domain response was obtained by evaluating the real
and imaginary parts of equation 2, and after
appropriate frequency sampling, performing an Inversé,
Fast Fourier Transform (IFFT). A_complete listing and

description of the software is provided in Appendix E.

6.31 General Simulation Results

As in the previous section, it is worthwhile to consider

the results of some general simulation studies before
commencing on experimental investigation. In these

examples, a transducer with a resistive load is

considered, since this is an extremely common transmitting

configuration. An outline of the system is shown in

figure 6.7.

This configuration is employed in many pulse excitation
systems in order to approximate an impulse of voltage

across the transducer. The pulser is assumed ideal,
delivering a negative going step input to théﬁblocking
capacitor. Unless otherwise stated, the nominal
transducer characteristics of Table 5.1. were used

in the simulations.
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FTeQuency spectra of the output voltage corresponding
to three values of load resistance are shown in

figure 6.8a. The transducer has a mechanical resonance
of 1IMHZ and is subject to conditions of light damping

(water backed and water loaded).

For small values of load resistance (1090) the resultant
spectrum is clearly wideband, althbugh as expected, the
amplitude is very low. This behaviour may be predicted,
since the time constant CoRE is extremely small compared
with the transducer transit time (1l2ns cf 500ns).
Consequently, the measured voltage approximates closely
to an impulse function, although small fluctuations
induced by secondary piezoelectric effects may be

observed.

Increasing load resistance to 1009 reduces the overall.
bandwidth and the effects of feedback are more clearly
visible. For a load rgsistance of 1k , the spectrum

is essentially narrowband, with the transducer impedance
characteristics a dominant.factor. It is evident that
the value of load resistance must be kept small fo
obtain a wideband voltage response from this system.
This was also observed by Brown and Weight (3) who
proposed simple R-C shaping circuits in order to
increase bandwidth. However, bandwidth may be varied

by inserting a suitable value of inductance in parallel
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with the load resistor. This is demonstrated in
figure 6.8b, where a considerable change in the
frequency }esponse is observed. It should be noted
however, that the spectrum still tends to be dominated

by the effects of secondary action.

Voltage response in the time domain is shown in

figure 6.9a, for the water loaded , water backed

transducer with a resistive load of 100! connected

across the electrodes. 1In this case, distoration

imposed by secondary piezoelectric action is very_evident.‘
Apart from the first transit interval (0.5us), the
exponential rise associated with a pulsed'R—C system

is barely recognisable. However, the reduction in
secondary action through increased damping is readily seen
from figure 6.9b which corresponds to a transducer with

50% matched backing and operating into a glass load

(medium damping). Howéver some secondary action is

still evident as the pulse shape does not form a perfect
exponential. This is because of the increase in transducer
capacitance towards the end of the decay period. That is,

at the low frequency end of the spectrum.

Considerable insight into the nature of the time response
may be obtained by reducing the time domain to one transit
interval of the transducer. Over this time interval,

the reverberation factors associated with the transducer
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impedance are unity, hence permitting considerable

simplification of the voltage transfer function.

Consider the special case of a transducer free of
any electrical loading and driven from a pulser/
generator via a coupling capacitor CB. The voltage
source is assumed to possess zero output impedance
and deliver an ideal, negative going step input to
the coupling capacitor. As described in Appendix C,
some FET switching devices approximate very closely
this condition. The circuit configuration is shown
in 6.10 and hence the voltage transfer function may

now be expressed as follows.

Vo(s) _ ZT (s)

where,
e(s) Zo(s) + ZT(s)
Z2T(s) = (1 - g% (KF(S)E% + KB(S)E%))/SCO
Zo(s) = -l/SCB
e(s) = -E

, where u is the amplitude of the step
input. _
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‘Over one transit interval, KF and KB are unity and

hence the transducer impedance becomes,

_ K2 | TF TB
2T(s) = (1 3T (5— + 3—))/sCo ogt<T

= (s=-a)/s?Co

where a = [TF + TB]

Kz
2T

Consequently, the transfer function may be expressed

as follows,

Vo (s) = CB . (s=a) = K, (s-a)
e(s) Co+(CB s=K,a
S - CB . a
Co + CB

Where K, = CB/(Co+CB).

The Laplace Transform of the output Qoltage is thus

given by,

Vo(s) = =K, (s-a)u
s(s-K,a)

This may be expanded by partial fractions to give,

Vo(s) = u/=l + (LK, )
s=K,a
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The response in the time domain is obtained by

inverse transforming this expression.

vo(t)/u = =1 + (1-K,;) exp(K,aT)
o< t<T

Substituting for K, and a gives,

Vo(t) = -1+ _Co , exp| CB _, K%, t
u To+CB [E:"'o'+"c' 5 * 5 (TF+TB) 3 3
ogt<T

This function is plotted in figure 6.11, for a water
loaded, water backed transducer. Three nominal

values of transducer capacitance are shown, corresponding
to CB/2, CB and 2CB. Otherwise, the transducer parameters

of Table 5.1 were used in the graphs. (Unit step input)

At t=0, there is an initial jump in voltage which is

o » CB . '] . N [
given by the ratio ToiCB’ which is to ‘be expegted in any

capacitive divider system. A steady exponential rise

-

then occurs, determined by the term in square brackets
in equation 3. This expression describes secondary
piezoelectric action, which is shown to depend on the

following quantities.
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As expected, secondary action depends on
mechanical load, becoming a maximum under light
loading conditions. For example,
TF = 22c , TB = 2Zc

Zc+32, ZC+2,
These quantities tend towards their maximum
value when Z, and 2, are small i.e. conditions of
light damping. This is may be predicted, on the

basis of the discussion in Chapter 5.

The amount of secondary action increases with
coupling coefficient. This is also to be expected

from analyses performed in previous chapters.

Secondary action is dependent on the electrical
loading conditions; increasing as the electrical
load impedance decreases. This result is not
apparent from the investigation of Chapter 5,
although in both transmitter and receiver analyses,
the amount of feedback was observed to increase

as the external load impedance decreased.

Consequently, secondary action is maximised when

K, CB, TF and TB are large.
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It is interesting to note the form of equation 3
under mechanically free conditions. That is,
when TF and TB are unity. The output voltage may

be expressed as follows.

2
Vo = -1+ Co . exp|2K CB , t/T og t<T
u Co+CB Co+CB

For t just less than the transit interval, the

measured voltage becomes,

Vo = =1+ _Co exp | 2K2CB
u Co+CB Co+CB

1
S, K =]|Co+CB 1n[Co+CB [1+V /2
[eoten 1n(corcn (1rye)] @

P 1n(14B 12)

This provides a method of measuring electromechanical
coupling coefficient for the thickness mode transducer,
providing the static capacitance of the transducer

is accurately known. fn a similar manner, equation 3
may be manipulated to provide information on the
acoustic impedance of external loading media, provided
that Co and K are accurately known., Application of
these equations to practical measurement are discussed

extensively in the following results section.
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6.3ii Experimental Techniques

A schematic diagram of the apparatus used in
determining the transient response is shown in

figure 6.12,

A complete circuit diagram of the electronic pulser

is provided in Appendix C, figure C4. The switching
device used was an International Rectifier IRF830.
switching mosfet. This device has an on’resistance

of 1.352 and a turn on time of less than 30ns. The input
(U), comprised a negative step function of voltage which could
be varied between 1lv and 500v via a Brandenburg D.C.
power supply. Pulse repetition frequency was adjusted

to approximately 50 pulses per second by means of a
Hewlett-Packard pulse generator. A Tektronix 7000

series storage oscilloscope was used to display the
voltage waveforms appearing across the transdycer
electrodes. It should be noted that after fi;ing, the
pulser was maintained in a conducting state for 50us.
However, provision was made to adjust this period

from 100ns to 50us, although the feature was not

necessary for the present set of experiments.
r

The same set of four transducers employed in section 6.2
were again tested. That is, the devices possessed

electrical resonant frequencies of 0.5, 1, 2 and 4MHZ.

o
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However, the méjority of experiments were performed
on the 1MHZ transducer since this device, with a

low diameter to thickness ratio of 10.9, should
provide an excellent indication of the model
limitations with respect to pure thickness mode wave

propagation.

In this section, all experimental results and simulation
diagrams are shown in the time domain; although
frequency response may readily be investigated by

replacing the oscilloscope with a spectrum analyser.

6.31i1ii Results and Simulations

Figure 6.13a compares the theoretical and simulated response
characteristics for the 1MHZ transducer. A resistor of
120 was connected across the transducer electrodes

and a step input of 50y applied to the 100pf blocking
capacitor. The transducer was immersed in an oil bath

in order to provide coﬁditions of light mechanical damping.
It is readily apparent that both figures are in extremely
close agreement, even after several transducer transit
intervals. No radial mode effects are apparent,

despite the relatively small diameter/thickness ratio
(10.92) . This would appear to substantiate observatibns
méde in section 6.2, that radial mode vibrational effects
are considerably diminished under conditions of low

impedance electrical loading.
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Figure 6.13b compares the response characteristics
for the same configuration, except that the'blocking
capacitor has been increased to 2.2nF. Once again
the theoretical and experimental cufves are in very
close agreement. The increase in secondary action
due to the increased voltage across the transducer
becomes apparent when the voltage scales in figures
6.13a and 6.13b are compared. No radial mode effects

are again apparent in the latter figure.

Figure 6.i3c shows the response of a commercially
available, 1MHZ probe louded at each face by solid
media. The blocking capacitor was 100pf and a 50v

step input was applied to the network. A resistor

of 1209Q was connected across the transducer electrodes.
The effects of increased damping become readily
apparent when figures 6.13a and 6.13c are compared.

The extra mechanical loading has considerably reduced
secondary piezoelectriq action; which has almost
disappeared after a few transit intervals. 1In fact,
the behaviour indicated in fiqure 6.13c resembles that
shown in figure 6,.9b; altﬁough the damping is probably

less in the former figure.

Figure 6.14a compares the theoretical and experimental

response characteristics when a 4.7uH inductance is
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connected in parallel with a 1208l resistance across

the 1MHZ transducer. In this case a 50v step input

was applied to a blocking capacitor of 2.2nF. The
transducer assembly was immersed in an oil bath to
provide conditions of light damping. Again it may

be readily observed that the two curves are in extremely

close agreement, and no radial modes are apparent.

It is interesting to note the distortion of the
waveshape due to secondary action in this latter
figure. Figure 6.14b compares the transient response
of the configquration with and without feedback. That
is, K = 0.486 and K = 0 respectively. For K = 0, the
transducer impedance is that of a pure capacitance,
of value equal to Co. Consequently, the smooth
decaying oscillatory waveform shown in figure 6.14b
is achieved. (A full description of this type of

waveform is presented in Appendix C). HoweQei, for

-

K =0.486, considerable distortion is introduced,
resulting in a longer decay time and different frequency

of oscillation.

Figure 6.15 shows the transient responses corresponding
to the IMHZ and 4MHZ transducers. Each device is
mechanically free and no resistive or inductive

elements areconnected across the electrodes. In both
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photographs the waveforms demonstrate a slow rise
over which is superimposed an almost triangular

wave pattern. The slow rise is caused by radial
mode oscillation and this is particularly evident

in the 1MHZ transducer, which has a much lower
diameter/thickness ratio. It is interesting to note
the influence of radial mode vibration under such

conditions of high impedance electrical loading.

After application of the initial voltage step, both
waveshapes show an exponential rise until the peak
of the first triangle is reached. This corresponds
to one transit interval, as described in section 6.3ii.
The measured voltage at this point is denoted by Vo and
this is related to the coupling coefficient by equation

4 i.e.

2CB Co u >

ke

- 1/2
K = [Co+CB ln( Co+CB 1+V0))] |-
where UTis the

Py

— CB, . ,CB Vo
= L’s(l+53) 11’1((1-CO) (1+77)

applied step function

)] 1/2 amplitude of the

of voltage.
Consequently, if Co, CB, Vo and u are accurately known,
then the thickness mode coupling coefficient may be

) 4
evaluated.
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Tpis was done for each transducer in turn by applying
a step input of voltage to the blécking capacitor.

It should be noted that CB must not be too large,

or the measured secondary response becomes very

small and is difficult to determine. This is readily

observed from equation 3 where,

Vo . -1 If CB>>Co
u
i.e. the voltage induced by secondary action is

completely damped out.

Consequently a blocking capacitance of 100pf was selected
in each case. The value of capacitance was checked on

a Wayne-Kerr Bridge in order to minimise experimental

and measurement error. The following results were

obtained.

a. 4MHZ transducer (see figure 6.15).

u = 150V
CB = 100pf Gives,
Co = 3.7723nF K = 0.484.

Vo = =2,1v (measured from the oscilloscope trace)

Diam/thickness = 43.7:1.
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b. 2MHZ transducer.

u = 50v
Co = 1.87nF ‘ Gives,
VO =-l.4V , K = 0.4830

Diam/thickness = 21.16.

C. 1MHZ Transducer (see figure 6.15)

u = 50v
Co = 1,.05nF ' Gives,
Vo =-2,42v K = 0.4876.

Diam/thickness = 10.7

d. 0.5MHZ Transducer

u = 50v
Co = 0.57nF Gives,

Vo =-4.22v K = 0.496

Diam/thickness = 5,33

These values are in very close agreement with the
theoretical value of thickness mode coupling coefficient
of 0.486. Even at the lowest diameter/thickness ratio,
the percentage error is only 2%. Conventional
measurement techniques (15) involve measuring the
frequencies of electrical and mechanical resonance. This

is extremely difficult for those transducers which possess
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diameter/thickness ratios of less than 20. As
demonstrated in Section 6.2iii, radial mode vibrations
make accurate determination of the resonance )
frequencies extremely difficult due to multiple
oscillations around these points. Although radial
mode effects may be readily observed using the
transient responsebtechnique, their effect over the
first transit interval is very slight, hence allowing

accurate measurements to be made over the entire

transducer range.

This technique is very straightforward andleasy to

use, requiring only a fast, gate controlled electronic
switch of iow on resistance, a known value of blocking
capacitance and an oscilloscope. However, the vaiue

of transducer static capacitance must also be accurately
known and if possible, measured, as described in

section 6.2iii.

It is also possible to predict acoustic impedance
values by means of this technique. For example, the
following expressioh which relates mechanical
quantities to measured voltage may be obtained from

equation 3.
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TF + TB = 2(Co+CB) 1ln | Co+CB (1{&1) 5
CBK? Co u

Z, + 2, = CoiCB |1 Co+CB (}ﬁﬁl)
2,+ 2, Z:+ Z, CBK? Co u

say.

]
%

Consequently, if K, Co, Vo and Z, are accurately known,
then it is possible to estimate Z, or 2,. For example,
consider a transducer backed by a material of unknown
acoustic impedance and loaded at the opposite face by

air or a vacuum i.e.

Z, = x -1, Z, is the acoustic impedance of

the transducer material

S 2y = (2-%)24/(x-1) 6

To test the theory, it was decided to measure the acoustic
impedance of a lead based compound which is hged
commercially as a transducer backing materiai? This
substance (Devcon L) consists of lead (94%) and a
plasticiser (6%). When mixed with‘suitable quantities

of hardner, the material solidifies in a time which is
proportional to the amount of hardning agent used in the

process.
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A transducer of electrical resonant frequency equal
to 1IMHZ was selected. The static capacitance was
carefully measured and as described in section 6.2ii
found to be 1.16nF. Figure 6.16 shows the transducer

assembly after backing with the lead based compound.

The following data was used in the experiment:

u = 50v
CB = 100pf

2
2, = 33.712 kg/m =-s

This produced a measured voltage of -2.4v.across the
transducer electrodes. Substituting these values
into equations 5 and 6 produced the following value for

the acoustic impedance of the backing material.
6 2
Z, = 9.11 x 10 kg/m -s

Figure 6.17 coﬁpares the experimental and thedretical
voltages across the backed transducer, when a resistive
load of 1008l is connected in parallel with the device.
The small resistive load damps 6ut radial mode
oscillations, permitting the study of thickness mode
behaviour over several transit intervals. Once again,
a 50v step input was applied to a blocking capacitdr’
of 100pf. From the figure it may be observed that the

two characteristics are in very close agreement, hence
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corroborating the accuracy of the acoustic impedance
measurement. Damping introduced by the backing
material is readily seen from the increased decay of

secondary piezoelectric action.

Although more experimental verification may be
necessary, the transient technique appears extremely
promising for the measurement of thickness mode
coupling coefficient and acoustic impedance. Other
authors such as Steutzer (3%3) and Kasai (171) have also
reported on the use of transient response methods for

determining piezoelectric properties.

In the analysis of Steutzer, in step function of charge
was deposited on the transducer electrodes by means of

a mechanical switch and a charged capacitor of very
small value. The capacitor value had to be small in
order to present a high reactance, thus isolating the
transducer arrangement'from associated supply electronics.
Consequently, the method is only an approximation, being
valid for these specified conditions. 1In addition, the
high electrical impedance conditions result in strong
radial mode disturbances. This method may only be
applied to those devices possessing diameter to

thickness ratios of greater than 20:1.
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It is interesting to note that the results of

Steutzer may be obtained from a limiting case of

the present, more general transient respohse

analysis. For a positive step function of charge,
Steutzer obtained the following expression for

measured voltage across the transducer electrodes

(after one transit interval). The transducer is assumed
equally loaded at both faces by a material of acoustic

impedance ZL'

N O )

Where Qo = UCB is the applied charge function

corresponding to a voltage of u volts,

Vo = ucB |,_., 22,
Co [l K 'Z,+ZL] : 7

From equation 3,.for a negative going step input of

voltage.
_ - Co CB TF+TB ,t
Vo = Ui-1 + &55cg  exp [c'?icﬁ g y) ‘/'IZI

From very small values of CB i.e.
CB<<Co, and using Maclaurin's Series Expansion,

exp [ ] — 1+ [ ]
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Vo

Co CB K2( TF+TB ;
Ul -1 + &55¢8 {} t CoiCB ( w—i——ﬂ for t just less

than T.

* _ UCB Co K2(TF+TB
* Vo = Co+CB( -1+ Co+CB ( 2 )

For CB<<Co and TF = TB = _2%2, , this expression becomes,
Z3+2
L

2
¥o = -UCB[( 1 - K 22,
Co z,+ZL

This is equivalent to equation 7, except that the input
is a negative step function of voltage. In this analysis,
the approximate method of Steutzer has been improved and
extended to a more general situation, where almost

any value of blocking capacitance may be used. However,
the value of blocking capacitor must not exceed the
transducer static capacitance by a large amount, otherwise

secondary action is damped out, as described previously.

Furthermore, the method may be applied to a much wider
range of transducers and excellent results were obtained
for diameter/thickness ratios as low as 5. The

improvement in accuracy is believed to arise because

of two factors:

1) The method is exact, no longer requiring an

approximation.
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.2) In the analysis of Steutzer, the transducer is
effectively on electrical open circuit. Consequently,
radial mode effects are at a maximum, leading to
measurement difficulties in the case of low
frequency transducers. However, in the present
method, the transducer is electrically loaded by
an impedance which is equivalent tp the reactance
of the blocking cépécitor. This is apparently
sufficient to reduce radial mode effects over the
first transit interval, hence improving measurement
accuracy. However, further investigation into
this aspect will have to be performed, in order

that radial mode effects can be predicted.

In the analysis of Kasai, a voltage step was applied
to the transducer from a generator of internal
resistance Rs' By measuring total current flow
through the transducer, a series of curves were
obtained, for which the thickness coupling coefficient
was evaluated. It shoﬁld be noted that the current
quantity of interest (ie. that quantity proportidnal
to K2?) is the feedback current described in chapter
five. In cases where K is small, this current is
correspondingly reduced and becomes difficult to

measure. For example, it will be shown in the next
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?hapter that the feedback current depends also
on the value of source resistance, becoming less
as source resistance is increased. Consequently,
this method may only be applied to those

situations of low electrical source resistance.

In addition, the analysis of Kasai is applicable
only for mechanically free transducers and the
measurement of acoustic impedance cannot be made

using this technique.
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6.4. CONCLUDING REMARKS

In this chapter, operational impedance characteristics

were used to determine a transducer voltage transfer
function which relates source voltage to the measured
voltage across the device. The theory was experimentally
verified in both time and frequency domains for CW and
transient modes of excitation. A variety of electrical

and mechanical loading conditions were studied for a

wide range of transducer dimensions and frequencies.

The governing physical dimension was the transducer
diameter/thickneés ratio and this varied from approximately

5(0.5MH device) to 43(4MHZ device).

From the simulation, experimental and analytical results,

the following main conclusions were drawn.

The CW investigation presented in section 6.2 showed
experimental verification of the main transducer
impedance characteristics under different mechanical
loading conditions. A reduction in the amount of
secondary piezoelectric action with increased mechanical
loading was readily observed. In addition, the following

features also emerged.

a. It is possible for substantial variations in some
piezoelectric parameters to occur, particularly
in the transducer dielectric constants. Unless
otherwisé corrected, this may cause considerable

distortion in simulation and measurement studies.
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h. The nature and extent of unwanted vibrational
modes were clearly demonstrated. These effects
were shown to complicate and influence transducer
measurements, particularly at low values of

diameter/thickness ratio.

c. The effects of internal dissipation on the behaviour
of a mechanically free transducer were readily
observed. However, under conditions of finite
damping, it was shown that such losses may
effectively be neglected for the type of transducer

under consideration.

The transient analysis presented in section 6.3
demonstrated excellent agreement between simulation
and experimental results. This not only verified
some aspects of the transducer model, but provided

a clear indication that the response characteristics
of such a pulser-tranéducer configuration may be

accurately predicted.

A method was also proposed for the measurement of
thickness mode coupling coefficient and/or the acoustic
impedance of solid loading media. This technique is
considered an improvement over existing methods, as it
enables fast, reliable measurements to be made on the

transducer types under evaluation. The method possesses
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the following additional advantages:

It is applicable over a wide range of transducer

frequencies and dimensions.

It is simple and easy to use, requiring only a

pulser, blocking capacitor’and oscilloscope.
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CHAPTER VII

SIMULATION AND RESULTS PART II




7.1. INTRODUCTION

This chapter presents a theoretical and experimental'
investigation of the transducer transfer functions des-
cribed in chapters 3 and 4. Chapter 3 described the
receiving transfer function for which a relationship
between input force (stress) and output voltage was estab-
lished in the S-domain. Chapter 4 outlined the deriva-
tion of the transmitting transfer function which relates

input voltage to output force; again in the S-domain.

In subsequent sections, both transfer functions are
investigated over a wide range of mechanical and electrical
loading conditions. As in the previous chapter, transient
and CW (or gated CW) modes of operation are considered
separately, with essential simulation features being pre-

sented prior to the experimental results.

Particular emphasis is placed on the role of feedback in

the simulation analysis'and where possible the block dia-
gram approach is used to explain transducer characteristics.
Also, to maintain continuity with chapter 5, the investi-
gation of both transfer functions involves current as the
feedback quantity. Consequently, many of the simulation
diagrams presented in chapter 5 are airectly applicable to
the present investigation, particularly for the transmitting

mode.
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The transfer functions are used to predict transducer
response characteristics over a wide range of external
loading conditions. Mechanical loading conditions of light,
medium and heavy damping are considered in order to provide
a representative cross section of practical operating situ-
ations. Electrical loading conditions are however more
complex, depending upon the particular application. A
generalised electrical load configuration is described
extensively in Appendices B and C., This may be applied,
(for both transmission and reception), tolboth transient

and CW modes of operation.

Where possible, the transducers calibrated in the previous
chapter were employed in the experimental sections of the
work. The characteristics of each transducer are pre-

sented in Appendix D.

7.2. THE PIEZOELECTRIC TRANSMITTER TRANSFER FUNCTION

7.2(1) General Characteristics

A generalised transfer function relating input voltage to
dutput force was obtained in chapter 4 with the correspond-
ing block diagram shown in figure 4.8. For the present
analysis, the block diagram may be rearranged as shown in
figure 7.1, which indicates the summation of current quan-

tities at the input summing point. By treating the
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transmitting model in this manner, much of the analysis
contained in chapter 5 may be directly applied to the feed-
back model. This not only maintains continuity, but also

avoids unnecessary duplication of the simulation diagrams.

From figure 7.1, the voltage force transfer function may

be expressed as follows:
FF(S) _ -h Co ZI(S) KF(S) AF/Z L

2
e (s) 1 - %E_ZF(S) [Kp(5) Tp/2 + K (S) Tp/2]

. zE
where ZI(S) =
Zo + ZE + ZOZE SCo
2_ + 2
: ZO + ZE + ZoZE SCo

Z, represents the output impedance characteristics of the

- voltage generator or drlving circuit, while Z; is the
impedance of any external electrical load connected directly
acro#s‘the transducer. The generalised form of these
impedances 1s shown 1n figure 7.2 and a more detailed dis-

cussion is presehted in Appendix BR.

- Adopting fhe notation used in chapter 5, equation 1 may

be expressed in terms of a feedback factor, Aq
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FF(S) _ —hCo ZI(S) KF(S) AF/Z

e (5) 1 - 2, (5) Ap(S)
where
2 ~ Z
aps) = E L) —S— 4y —S—]
ST ZC + Zl Zc + ,Zz

The functions A, KF and Kg have been extensively investi-
gated in chapter 5. They may readily be applied to an
investigation of the piezoelectric.transmitter provided
that the electrical loading conditions are also known.
Filgure 7.1 reveals that the output stress wave is strongly
dependent on both electrical and mechanical loading factors
as a result of the constraints which they impose on both
primary and secondary piezoelectric action. For example,
the following parameters directly influence the forward

path, le primary piezoelectric action.

(1) The electrical load directly influences the nature
of the output force or pressure waveform through

the forward loop parameter Z The extent of

I
this influence depends on the form of Zn and Z,
and although it is difficult to generalise, it

should be noted that conditions which correspond
to zero output force (ZE zero, Z, infinite) are

unlikely to be encountered in practical situations.
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(11)

(1i1)

The reverberatlon factor K., also has a direct

F
influence on the output pressure waveférm, as a
result of the external mechanical load conditions.
Consequently, zero output is expected to occur

at even multiples of mechanical resonance and in
the absence of feedback, a maximum is expected at

odd multiples of this resonance.

A
Zero output force occurs if the block EE is equal

to zero, ie

Consequently, this condition only arises when the
transducer operates in the mechanically free state
(Zl = 0), or resonator mode. Such operating con-

ditions do not apply to this chapter.

Secondary plezoelectric action is determined by the two

feedback loops in the transmitter block diagram., The

following factors are shown to influence the total amount

of current feedback.

(1)

Maximum current feedback is expected to occur
under conditions of light mechanical loading.
That 1s, for larger values of Tpr Tge KF and Ky
These conditions were discussed extensively in

chapter 5 in relation to feedback effects on
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transducer operational impedance.

(11) The amount of secondary plezoelectric action is
directly proportional to the square of the coup-

ing coefficient.

(111) Electrical load conditions also determine the
amount of current feedback. Both feedback loops
contain the factor,ZF and hence secondary piezo-
electric action is expected to increase for low

values of Z_ or zo, when maximum current may flow

E
out of the transducer. In addition, the block

ZF will in general introduce a phase shift to

the feedback loops. As indicated in chapter 5,
such phase shifts can play a major role in deter-
mining the effects of secondary piezoelectric
action., It is interesting to note that the
impedance characteristics discussed in chapter 5
were actually derived from a limiting case of this
general confiéuration. That is, no external
electrical loading connected across the trans-
ducer and Z, set to zero. ZF is thus equal to

unity and the total amount of current feedback is

determined by AT.

| iv) As in the case of electrical i1mpedance, the
current feedback is inversely proportional to

frequency.
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In the following section, the maln characteristics of thé
voltage force transfer function are presented in both time
and frequency domains. Computer simulation was performed

on the 4051 graphics terminal and a complete listing of

the program is described in Appendix E. It was thus possible
to study the transmitting response over a wide variety of
electrical load conditions, mechanical load conditions and
electrical input stimuli. As demonstrated in the present
section, a block diagram approach greatly enhances the
identification of those elements which have a major influ-

ence on system performance.

7.211 Investigation of the Transmission Transfer

Function Using Simulation Techniques

This section investigates the response characteristics of
the transmission transfer function. The set of mechanical
load conditions described in the previous two chapters

are agaln considered. ?hat is, light damping (water
loaded and water backéd), medium damping (50 per cent
matched backing and a glass load) and heavy damping (ideal
backing, gléss load). Unless otherwise stated, the
nominal transducer parameters shown in Table 5.1 are used
in the simulation diagrams. The value of piezoelectric
constant, h, was taken to be 21.5 x 108 v/m (Vernitron).
The sectian covers both CW and transient modes of opera-

tion, over a variety of electrical load conditions.
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7.2111 CW Operation

1, - The Electrically Free Transducer Driven by an

Ideal Voltage Generator

This 1s an idealised situation where the transducer is on
electrical open circuit and 1s driven via a sinusoidal

voltage generator possessing zero output impedance, ie

Zo =0

ZE.= @

It should be noted that for Z, equal to zero, then the
resultant voltage force transfer function 1s actually

independent of 2 le Zy and Zp are both equal to unity.

E’
The electrical driving conditions thus correspond to those
describ~d in the analysis of the mechanically loaded imped-
ance transfer function. Consequently, the amount of current
feedback is the same and the voltage force transfer func-
tion may be expressed as follows:

Fp(5)  -hC, KL(5) Ap/2

e(s) 1~ AL (S)

,IT is the total current flowing through the transducer and

its Laplace transform is described by the following equation:

SCo

1l - AT(S)

Ip(s) =
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therefore
FF(S)
e (S)

= ~Ip(5) h/S KL(S) Ap/2

IT 1s equivalent to the reciprocal of the transducer elec-
trical impedance, ZT' under conditions of unit applied
voltage. Consequently, current minima and maxima are
expected to occur, the position and extent of which are
determined by the amount of feedback. The process is
clearly 1llustrated in figqure 7.3 which shows the total
current (IT) as a function of frequency for the three spéci—
fied conditions of mechanical damping. As expected, maxi-
mum current fluctuation occurs under conditions of 1light
damping, when secondary plezoelectric effects are a maxi-
mum, The current characteristic starts to smooth out as
damping is increased, indicating a reduction in the amount
of feedback. The dotted line in figure 7.3 indicates
current flow through a capacitance of value equal to Cor
the transducer static capacitance. That 1s, the total

current flow under conditions of zero feedback.

Transducer current is not the only quantity which influences
the voltage force transfer function. The transfer func-

tion may be expressed as follows:

'FFLS)
e (s)

h
= - Ip(8) 2 Kp(S) Ap/2
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= =IL(5) Fp(s) 2

On a physical basis, the term h/S represents a conversion

factor from current to force, while K_, and AF are the rever-

F
beration and transmission factors defined in chapter 4,
Section 4.5. FP 1s defined as the forward path transmission
parameter and its frequency response characteristics are
shown in figure 7.4, for the three conditions of mechanical
load. From this figure it is evident that mechanical damp-
ing has a considerable influence on the response, partic-
ularly at lower frequencies. It should also be noted that
the parameter FP is simply proportional to the time integral
of the reverberatidn factor KF. Consequently, a finite

(non-zero) response occurs at zero frequency, which is given

by the following expression.

P ___h'A?T 1 -~ Ry
o 2 [I-RFRB]

w*o
_ hr [__.___zlzz ]
2, (2, + 2,

o 1

‘0w

The low frequency magnitude of Fp 1s large when both imped-
ances Z; and Z, are relatively high, ie under conditions
of heavy damping. This may readily be observéd ffom fig-
ure 7.4 for frequencies up to the fundamental'hechanical
resonance, denoted by f£2. For frequencies above £2, the
amplitude response of Fp generally decreases as a result

&
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of the 1/S multiplier contained in the function. However,
the main characteristics 1lnherent in KF remain evident,
for example, the increase in bandwidth under higher damp-

ing conditions.

The voltage force transfer function frequency response may
now be obtained by multiplying the total current response
by the forward path transmission parameter response, as
described in equation 2. This is shown in figure 7.5 for
the same three conditions of mechanical load. It is evi-
dent from the figure that considerable variations occur in

bandwidth as the damping changes.

In addition, the position of the first centre frequency
is also observed to decrease under conditions of heavy
damping. This occurs directly as a result of the low fre-
quency characteristics of Fps which tends to reduce the

centre frequency under conditions of heavy damping.

The differences in bandwidth are mainly attributed to the

nature of the reverberation factor K bandwidth increasing

F'
in proportion to the degree of damping. The position of
the first centre frequency is lower than the frequency of
mechanical fesonance in each case and this is primarily
influenced by the amount of feedback for conditions of

light and medium démping. Also, as the amount of feedback
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decreases with frequency, the frequencies of maximum out-
put eventually approach the harmonic frequencies of mech-
anical resonance. A similar shift in the frequency of
maximum output is also observed wth a decrease in coupling
coefficient. Figure 7.6 shows the transfer function res-
ponse for two values of K, corresponding to 0.7 and zero.

The latter value is equivalent to zero feedback.

It should be noted in figure 7.5 that no general decrease

in output force takes place as frequency is increased.
However, it must be remembered that this is an idealised
situation which assumes an ideal voltage generator and the
transducer to be mechanically loss free. In practice, there

is a decrease in the amplitude response with frequency.

To summarise, the following conclusions may be drawn con-
cerning the output force frequency characteristics when
the transducer 1s electrically driven via an ideal voltage

generator:

a) The response is independent of any electrical

load connected across the transducer.

kg Under conditions of light mechanical loading, the
frequency of peak output force is dominated by the effects
of current feedback. The system is essentially narrow-
band and the first centre frequency approximates closely

to the electrical resonant frequency of the transducer.
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c) Under conditions of heavy damping, the effective
bandwidth 1s increased and the peak output frequency (first
centre frequency) decreases to below the electrical reson-

ance.

2. The Electrically Loaded Transducer Driven from

a Non-Ideal Generator

For the electrically loaded transducer, the voltage force

transfer function is still defined by equation 2, ie

FF(S)
e (S)

= -IT(S) FP(S)

The function FP is independent of electrical load condi-
tions. However, the total current flowing through the

transducer must now be expressed as follows:

SC, zI(s)
1 - zF(s) An (S)

I,"(8) =

The feedback factor for the electrically unloaded trans-
ducer 1is given by Aq. Denoting the feedback factor under

electrically loaded conditions by ATf ylelds,

AN (S) = AL(S) ZL(S)

- IAT(m) l l 2, ()

Apt (w) = {AT(“) + {%F(w) 3

therefore IATN(N)
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Consequently the amplitude and phase of the feedback
factor 1s modified by the presence of the feedback imped-

ance ZF. '

In addition, the total input current to the transducer
under electrically free conditions is given by (for unit

applied voltage),

I(s) = SCo

Consequently, the input current under electrically loaded

conditions may be expressed as:
I*(s) = SCq ZI(S) = I(S) z;(S)

therefore lIT‘(w) I (w)

l ZI(m)

In the following examples, a wide range of electrical
loading conditions are considered. Amplitude and phase
characteristics relating to input current and feedback
impedance are shown in figures 7.7-7.9b for the following

conditions of electrical load:

. Generator output resistance of 508

. Inductances of 2.2 uH (L,) in series with 502
generator resistance

. Inductances of 2.2 uH (LM) in parallel with the

transducer. The generator resistance is 504,
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Consider firstly, the situation of a non-ideal voltage
generator driving the transducer. This configuration is
shown in figure 7.10, where the generator is assumed to

possess an outputlresistance equal to Ro ohmns,
In this case,

IV | = wC /L + m21202c02)’5

This quantity is shown in figure 7.7, for Ro equal to
50 ohms. For unit input voltage, the maximum value of

input current is now limited to l/Ro.

The magnitude and phase of the feedback factor are now

given by:

X
/(1 + szOZCOZ)

|AT~ (w) IAT(w)

AT‘(w) {AT(m) - tan'l(wRoCo) 4

The magnitude of the feedback current thus demonstrates an

additional, frequency dependent decrease which is governed
by the time constant Roco’ Feedback current, and hence
secondary plezoelectric action is thus reduced for larger
‘values of R,e This 1s readily shown in figure 7.1l1 which
shows the variation in feedback factor for three values

of source resistance, corresponding to O, 50 and 470 ohms.
The reduction in secondary action for higher values of

source resistance (and frequency) may readily be observed.
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Phase angle of the feédback factor is also modified by

the fihite value of source resistance, the phase shift
increasing with frequency as a result of equation 4. The
degree of phase shift, for a source resistance of 502, is
shown in figure 7.9a. This has important consequences

under conditions of light damping, where the type of feed-
back has a chsiderable influence on the nature of the total
output current. The nature of these effects may be illus-

trated as follows.

Figure 7.12 depicts the total currentvresponse for a source
resistance of 508 and the three stated conditions of mech-
anical load. For conditions of light damping, a comparison
| with figure 7.3 indicates that the 50Q source resistance

has reduced the total current, especially at the positions
of current maxima. However, at frequencies below mechanical
resonance (£f2), attenuation introduced by the source

" 'reslstance is very small. For example, figure 7.8 shows
that the feedback impedance is approximately unity within
this frequency range, resulting in almost zero attenuation
of feedback current., This is reflected in figure 7.11 which
shows that the magnitude of the feedback factor is almost
unchanged by the introduction of a 508 source resistance.,

As a result, secondary action within this frequency range

should not show the reduction indicated in figure 7.12.
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However, a close study of figure 7.9a reveals a phase shift
in the feedback factor of approximately 20° at the frequency
of mechanical resonance. This phase shift in the feedback
loop saves to reduce the amount of positive feedback in a
manner analogous to that described in chapter V, for the
mechanically loaded transducer. As a result, the first
current maximum in figure 7.12 has been substantially
reduced, indicating a reduction in the effects of secondary

action.

The overall current attenuation and phase shift increases
with frequency, leading to greater reductions in current
fluctuation. Eventually feedback effects disappear and

the total current tends towards l/Ro. .

The amount of feedback is also significantly reduced under
conditions of increased damping. This occurs as a result

of additional phase shifts in the feedback loop which smooth
out current fluctuations. Consequently, amplitude and phase
changes in the feedback.factor which arise directly from

a finite value of source resistance have proportionally

less effect under conditions of heavier damping. However,
as may be observed from figure 7.12, the source resistance
serves to further minimise feedback induced current fluctu-

ations.,

The output force characteristics are readily.obtained from

the product of IT"(w) and Fp(m). These are shown for two
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values of source resistance, 508 and 4708 in figures 7.1l3a
(1ight damping), 7.13b (medium damping) and 7.13c (heavy
damping). From these graphs, the following main features

are apparent:

a) Increasing source resistance redﬁces the peak |
amplitude of the frequency response characteristic. This

1s to be expected, as a result of the relative attenuation

in input current. For the same reason, the responses exhibit

a general decrease with frequency.

b) The amount of feedback decreases with source
resistance and frequency. This is verified by a general
shift in centre frequency towards mechanical resonance and

its harmonics.,

c) Overall system bandwidth demonstrates a general

increase with increased mechanical loading.

It should also be noted that under conditions of light
damping, relatively smail'values of source resistance have
a considerable effect on the frequency response character-
istics. This 1i1s readily verified by comparing figures
7.13a and 7.5 for the water backed and water loaded trans-
ducer. The response under lightly damped conditions is
dominated by secondary plezoelectric action and hence any
changes in the feedback loop caused by electrical loading

are readily observed in the output force characteristic.
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This effect is not so marked under conditions of increased
damping, where electrical loading has relatively less influ-

ence.

Before concluding this section, it is interesting to compare
the output response under conditions of zero feedback. Fig-
ures 7.14 (a-c) show the output force characteristics under
open loop conditions for source resistances of 50Q and 470Q.
From the graphs it may be observed that for higher damping
and source resistance a close approximation to the closed
loop responses of figures 7.13(b and c) is obtained. How-
ever, in the lightly damped situation, a close approxima=-
tion occurs only at higher frequencies, where feedback
effects are reduced. It should also be noted that an
increase in =3db bandwidth occurs under closed loop condi-
tions. This may readily be observed by comparing figures
7.13a and 7.14a, for a source resistance of 50Q. The
increase in -3db bandwidth under closed loop conditions

1s discussed again in later sections.

To summarise, the following main features emerge concern-
ing the influence of generator resistance on the output

force response,

b 4 Increasing source resistance serves to decrease
the input current to the transducer, especially at higher
frequencies. The output force response thus generally

demonstrates a decrease with frequency.
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b & Increasing source resistance decreases the amount
of secondary action, feedback effects becoming almost negli-

gible for high values of source resistance.

1i1 Relatively small values of source resistance may
have considerable effects on the output force characteristics
under conditions of light damping. Phase shifts in the feed-
back loop are responsible for this phenomenon by causing a

reduction in the amount of positive feedback.

The investigation of inductive loading follows in a similar
manner, Figure 7.15 shows two possible configurations where
the inductor is placed in series or in parallel with the
transducer. In each case the generator has an output

resistance of R.o ohms.

Consider firstly an inductive element placed in series with
the transducer cénfiguration, as shown in figure 7.15a.

The Laplace transform of the input current is _thus given by,

I*(s) = SCOZI(S)
sc
= > o ¢, and
S Loco + ScoRo + 1
- 1 P

2
S°L C, + SC_R, + 1
For an inductive element placed in parallel with the trans-
ducer, as shown in fiqure 7,15b, the input current and

%
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feedback impedance may be expressed by the following trans-

form equations:

s2Cc L
IN (S) = - oM
: Ro(l + S LMCO) + SLM
R+ SL
ZF(S) = (o] M

2
Ro(l + S LMCO) + SLM

Under both series and parallel loading conditions, the
inductive elements resonate electrically with the trans-
ducer static capacitance at a frequency given by,
1
£ = ———
res  yp(c.)¥
o
The magnitude and phase of input current and feedback
impedance are shown in figures 7.7 through to 7.9b for
both series and parallel inductive loading. Values of
inductance selected for the diagrams were 2.2 uH and 20 uH,

corresponding to tuned resonant frequencies of 3 MHz and

1 MHz respectively.

From the figures, it is apparent that inductive loading may
exert a considerable influence on the input and feedback
current characteristics of the piezoelectric transmitter.
As a result changes in bandwidth and centre frequéncy may
readily be achieved by the appropriate choice of inductive

matching element., This is demonstrated in figures 7.16
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and 7.17 which show the frequency response characteristics
for both types of inductive matching under mechanical load

conditions corresponding to light, medium and heavy damping.

Figure 7.16 outlines the response when a 2.2 pH inductor is
connected in parallel with the transducer. As a result, the
centre frequency 1s increased to approximately 3 MHz for
each mechanical load configuration. This shift in centre
frequency may be attributed directly to the relatively low
level of input current at lower frequencies, as indicated

in figure 7.7.

Figure 7.17 shows the frequency response characteristics
when an inductance of 20 uH is placed in series with the
transducer element, In this-example, the overtone fre-
quencies of mechanical resonance have been suppressed and
the =3db bandwidth about the fundamental resonance has

been increased. A study of the input current character-
istic in figure.7.7 indicates a sharp peak about tuned
resonance, followéd by a rapid decay as frequency increases.
Consequenfly, the output force contribution at higher fre-

quencies is substantially reduced.

Also, from figure 7.17, it is interesting to note the twin
peaks on either side of mechanical resonance. This is most
evident under conditions of light damping and is due mainly
to the influence of secondary pliezoelectric action. It

is evident from figures 7.8 and 7.9a that the series
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inductance has considerable influence on the magnitude
and phase characteristics of the feedback current, Con-
sequently, the well defined maximum occurring near elec-
trical resonance is no longer apparent and the complex

characteristic of figure 7.17 is formed as a result.

In summary, the following main conclusions may be drawn
concerning the effects of inductive loading on the output

force frequency response,

a) Bandwidth and centre frequency may be selected
by the appropriate choice of inductive matching element.
The inductance may be placed in series or in parallel

with the transducer. A series element usually enhances
low frequency response while a parallel element usually

enhances high frequency response,

d The response is most easily predicted under con-
ditions of heavy damping, when secondary action is a mini-
mum. Under lightly damped conditions, the effects of
secondary action are difficult to predict, because of com-
plex magnitude and phase changes within the feedbaek loop.
‘In such instances, the complete transmission model must be

used to accurately determine frequency response.

7.21iv Transient Operation

This section investigates transmission behaviour under trans-

lent conditions, in both time and frequency domains. The
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transducer is driven by the application of a negative
going step function to a blocking capacitbr via a fast
electronic pulser. A complete description of this mode
of operation is provided in Appendix C. As a result, the
output force may be expressed by the following Laplace

equation:

hCo'ZI(S) KF(S) AF/Z

1 = 2(S) Agl(S)

F

L5 =1
S

This equation was evaluated in both time and frequency

domains for a variety of electrical and mechanical load

conditions., A description and listing of the software is

presented in Appendix F.

Consider firstly, the transducer to be free of any parallel
electrical loading as shown in figure 7.18. This is equi-
valent to applying a sfep input of voltage across the
transducer electrodes. The pulser is assumed to possess

an extremely low value of internal resistance (<5%) and

consequently,
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zI and ZF are thus reduced for lower values of blocking
capacitance. Freéuency spectra of the output force are
shown in figures 7.19(a and b) for two values of CB'
corresponding to 2 hF and 0.1 nF respectively. Transducer
static capacitance was 1.261 nF, as indicated in Table 5.1.
Mechanical load conditions of light, medium and heavy damp-

ing are shown. The following main features are apparent

from the figures.

a) The peak amplitudes are substantially reduced for
the lower value of blocking capacitor. This is to be

expected from the corresponding reduction in ZI‘

b) Secondary action is reduced for the lower value of
blocking capacitance. This is evident from the shift in
centre frequency towards mechanical resonance (1 MHz),

under conditions of light damping. The reduction in second-
ary action may be attributed to the decrease in ZF’ the
feedback impedance. This is not apparent under increased

damping, where the effects of secondary action are reduced.

c) The bandwidth increases under conditions of
increased mechanical load. Under lightly damped condi-
tions, the spectrum is narrow band, centred between elec-
trical and mechahical resonance, depending on the value

of blocking capacitance.
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In conclusion, it is possible to eliminate secondary

action in such a transmitting system by selecting a low
value of blocking capacitance. This is of course equivalent
to increasing source impedance, hence preventing current
flow out of the transducer. Secondary action is thus

inhibited, as described in Section 7.21ii.

Some authors, for example Filipczynski (4 ) have employed
this technique in order to model transducer transient
response, However, as indicated in figure 7.19b, secondary
action is by ho means eliminated under conditions of light
damping, even for.CB equal to 100 pf. Consequently, for
transducers of high coupling coefficient (K »:5) and low
damping, such an approximation is only valid if the block-
ing capaclitance is very small (CB < 5 pf); resulting in an

extremely inefficient transmission system.

The corresponding time domain responses are shown in fig-
ures 7.20(a and b) for the large and small values of block-
ing capacitance respectively. Both wave forms are observed
to comprise a train of positive exponential functions,
alternatively in sign at integral multiples of the trans-
ducer transit time. The exponential slope is greafer for
the higher wvalue of bldcking capacitance, although in this
cése, the signal tends towards sinusoidal behaviour after |
a few transit intervals. Considerable distortion is also

evident.
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Excellent insight into the nature of these responses may
be achieved by truncating the time domain to a single transit
interval, ie O < t < T, During this time interval, the
reverberation factors K, and KB are unity and hence equa-

F
tion 5 may be expressed as follows:

1
-g hCo. AF/Z.ZI(S)
Fp(s) =
2 T T
1 - K z.,(S) {—B+-£}
ST 2 2
= _ﬂ_
_ CKl
S - CK2
where,
C hC_ A 2 (T T
Co + CB 2 T 2 2

This function has an inﬁerse haplace transform given by,

Fp(t) = CK, X2t o ct<T

therefore

C hC C T T
B O AF exp B KZ{__F:. B

+ _—-}t/T —6
C,+Cp 2 C, +C

F_(t) =
F 2 2

B

O< t < T
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Under conditions of no feedback (for example, K = O) the
output force over this time interval is a step function of
amplitude[bB/bo + CB)].hCo AF/Z. The exponential term in
equation 6 describes secondary plezoelectric action. As
expected, secondary effects depend on coupling coefficient,
mechanical damping and electrical loading conditions. ‘This
may readily be observed by comparing figures 7.20(a and b).
Over the truncated time interval, the exponential rise is
greater in the former figure, indicating enhanced secondary

action.

It is evident from these figures that secondary action may
Introduce considerable distortion to the output force wave-
form. Under conditions of zero feedback, the time domain
response consists of a train of decaying step functions,
the rate of decay being proportional to the amount of
mechanical damping. As secondary action increases, an
exponentlal rise is associated with each step function,

as observed in figure 7.20b. When feedback is further
increased, the exponential charécteristics become difficult
to distinguish after a few transit intervals. The wave-
shape demonstrates a series of sharp spikes which eventually
approximate towards sinusoidal behaviour. This latter
phenomenon was also observed by Steutzer (54) in his
analysis of transducer current behaviour under short
circuit conditions. Under these conditions, current feed-

back 1is of course a maximum,
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As a second example of transient time-~domain response, con-
slder the transducer to be loaded by a resistive element
connected across the electrodes. This configuration is

shown in figure 7.21.

Time domain waveforms were simulated under two conditions
of mechanical load, corresponding to medium and heavy damp-
ing. The following system characteristics were used in

the simulation diagrams.,

CB = 2,2 nF
Co = 1.261 nF
K = 0,5

= 1008

Rg

Mechanical Resonance = 1 MHz

Figures 7.22(a and b) outline the responses under condi-
tions of medium and heavy damping respectively. From these

diagrams, the following main features are apparent:

a) Signal bandwidth is increased under heavily
damped conditions. The effective pulse length is reducéd
to little more than two transit intervals plus a low ampli-
tude exponential 'tail'. This latter feature is propor-
tional to the exponentially decaying driving voltage, which
has an effective time constant of (C + CB)RM,'where C is
the value of transducer capacitance. Features of the

driving voltage under such conditilons were discussed in
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chapter VI, For heayy damping (matched backing), no
reflectilons occur from the transducer rear'face, as all
energy 1s transmitted to the backing material. Consequently
reverberation within the transducer is eliminated, giving

rise to the waveshape shown in figure 7.22b,

b) For both conditions of mechanical load, there is
little evidence of the positive exponential behaviour pre-
viously associated with secondary action. This may be
attributed firstly to the reduction in positive feedback
with increased damping. Secondly, charge genérated by
secondary action may now decay through the load resistance,
le the negative exponential nature of the driving waveform
serves to suppress the effects of secondary action. This
1s evident under conditidns of medium damping, as shown in
figure 7.22a. The exponential nature of the waveform is

a combiﬁation'of a positive exponential function (secondary
action) and a negative exponential (driving voltage). The
net result is a flattening of the waveshape, although in
this instance, driving voltage is the dominant factor.
However, after two transit intervals, the driving voltage
has decayed sufficiently to be in turn, overcome by second-}
- ary effects, This is evident during the third transit
interval in figure 7.22a, where a positive exponential is

observed.
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Under conditions of heavy damping (figure 7.22b), little
secondary action 1s evident, as indicated by the negative

exponential characteristics of the waveform.

In summary, the following conclusions may be drawn concern-
ing the nature of transient time~domain behaviour for the

piezoelectric transmitter:

i) Over the first transit interval, the waveform of
force is similar to the driving voltage. This is repeated
with alternate sign reversals, at multiples of the transit
interval. There is an overall amplitude decay with time,
the rate of which is proportional to mechanical damping.
Increasing damping reduces the number of internal reflec-

tions, hence increasing signal bandwidth.

ii) Secondary effects are.reduced under conditions of
high source impedance, low mechanical coupling and high

mechanical damping.

iii) Secondary action may introduce considerable dis-
tortion to the time domain waveshape. This is particularly

evident under conditions of light mechanical load.

A further investigation of transient time-domain behaviour
is performed in Section 7.4 where comparisons are made

between simulation theory and practical measurement.
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7.3 " THE PIEZOELECTRIC RECEIVER TRANSFER’FUNCTION

7.31 General Characteristics

A transfer function describing the behaviour of a piezo-
electric receiver was obtained in Chapter IIXI., The sub-
sequent block-diagram relating force to voltage 1s shown
in figure 3.14, which clearly 1llustrates the various

physical processes involved. This transfer function may

be expressed as follows:

h
-T _ U(S) K_(S) —
F F
v, (5) Sz,

F_(S) hy
F 1-u() 2 {—E [KF(S)

SZC S

T T
F Bil
—_ 4 KB(S) — f

2 2

Where V_ 1is the output voltage observed across the trans-
ducer electrodes when a wave of force FF is incident on

the front face of the device. An arbitrary electrical load
of impedance ZE is assumed to be connected across the elec-

trodes. Other factors in the transfer function are:

SCo ZE(S)

1l + Sco ZE(S)

u(s) =

This 1s the voltage attenuation factor introduced by the

external electrical load.
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1s defined as the feedback admittance.,

Substituting for U(S) and noting that,

the transfer function may be expressed as follows:

SC_ Z_(S)
-TF KF(S) h | o E
Vo(s) s2, {1 + SC_ Z.(5)}
F_(S) T T
F 1 - 1 I-5—2-KF(S) £ + ky(s) 2
{1 +sCc_zZ_(s)} sT 2 2
o “E
h
“Tr Kp ) 27 u(s)
= c 7
l -~ ZFR(S) AT(S)
where
_ 1
ZFR(S)

1+ Sco ZE(S)

This quantity is defined as the feedback impedance for
the transduéer operating in the receiving mode. Conse-
quently, an investigation of equation 7 may proceed by
adopting similar techniques to those employed for the
plezoelectric transmitter. For example, the influence of
secondary piezoeiectric effects may be investigated by
considering the known characteristics of the feedback

factor An to be modified in both amplitude and phase, by

240



U(s)
F1 sC ZE
sZc 1+sCy2p

SMORS- [kF(S)TF/Z * kB(s)TB/z]

Figo 7.23.

kp(s)Tp/2

kp(s)Ts/2

Transducer in the Receiving llode

Cs
LO
YV

Simplified Block Diagram of a Piezoelectric

kz/sT
Tz |e)
-1 |—o
; Vo(s)k
1‘;;{5:;35 Zz(s)
kz/sT

R°§ RM?

= 1XDCR

Fige Te2y.

the Pulse-Echo Receiver

General Electrical Loading Conditions for



a contribution from ZFR' In a similar manner,.the effects
of electrical loading on the forward path may be considered
by an appropriate investigation of the attenuation factor
U. A block diagram corresponding to equation 7 is shown

in figure 7.23 where voltage quantities are combined at

the input summing point.

From this diagram it is apparent that no secondary action
may occur if the transducer is electrically open circuit.
That is, no external electrical loading elements are con-
nected across the device. 1In this situation, the transfer
function is open loop and the response is proportional to

the time integral of the reverberation factor K The maxi-

F.
mum amount of secondary action occurs under short circuit

conditions, when the output voltage is of course zero.

The amount of secondary action is also dependent on the

feedback factor AT

increased frequency and external mechanical loading. 1In

r and hence is expected to decrease with

subsequent sections the receiving response is investigated
under a variety of loading conditions and by means of the
feedback model, those factors having a significant influence

on the response are readily isolated.

As In the case of the transmitter, a computer program was
‘ developed in order to investigate the receiver transfer

- function in both time and frequency domains, A complete
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listing of this program is provided in Appendix F. ﬁlec-
trical loading conditilons were generalised so that systém
analysis co;ld be made over a Qide, practical range of
operating conditions. A complete discussion on electrical
loading of the receiving transducer is given in Appendix B.
Figure 7.24 outlines the general electrical loading condi-
tions for the pulse-echo receiver. 1In this figure, the

branch RO-C -Lo represents the output characteristics of

B
the transmitting circuit and RM-LM thé impedance network
of any matching or pulse shaping circuit. The branch
CA-RA 1s chosen to represent amplifier coupling and input
impedance characteristics respectively.

7.311 Investigation of the Reception Transfer Function

Using Simulation Techniques

This section investigates the frequency response character-
istics of the receiver transfer function under the following

conditions of mechanical load:

light damping (water loaded and water backed)
medium damping (50% matched backing, glass load)
heavy damping (ideal backing, glass load)

In addition, the following electrical load conditions are

also Investigated:

a, The transducer is electrically isolated. That is,

all external loading components are assumed to possess such
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large values of impedance that the device may be considered
on electrical open circuit. Such a situation may arise
under transient conditions when the_input impedancé of any
pre-amplifying stage is large (approximately 50 k& or

greater).

b, The transducer is loaded by a resistive element
connected across the electrodes. This component may corres-
pond to a pulse shaping element in pulse echo mode, or to

the input resistance of any successive stage.,

c. An inductive element is connected across the trans-
ducer. Again this may form part of a matching or pulse

shaping network.

1) Consider firstly an electrically isolated receiver,
In this situation no current may flow out of the transducer
and hence secondary plezoelectric action is completely
inhibited. The transfer function is thus open loop and
may be expressed as follows:

v, (s) Kp(S) h_

= =T
F
FF(S) S 2

C

On a physical basis, TF is the transmission coefficient
for waves of force entering the transducer, l/SZC is a
conversion factor relating force to particle displacement

and KF 1s a reverberation factor describing the difference
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in particle displacement between opposite faces of the
device. The pilezoelectric constant, h, relates particle
displacement to voltage. By substituting for h/zc, the

transfer function may be expressed as follows:

Vo(S)  -Tp g2 Ky ()
Fp(S) hC T S

It is evident from this equation that the output voltage

is proportional to the time integral of the input force.
Consequently, the behaviour of the function is similar to
that of the forward path transmission factor (FP), described
in Section 7.2ii. That is, the frequency response generally
has a finite value at zero frequency (d.c.) which is a

function of the mechanical load conditions.

Figure 7.25 shows the open-circuit receiver frequency response
for the three stated conditions of mechanical load. The

following main features are evident from the‘f}gure.

-

-~

i.i) | Maximum response occurs under conditioné of light
damping. Since there is no secondary action, peak output
occurs at the fundamental mechanical resonance, Other

- peaks are evident at overtones of this frequency, but they
are of much lower amplitude. The system is essentially

narrow band.

i.ii) As damping is increased, the peak response 1is

considerably reduced, with maximum response occurring at

z
>
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frequencles below mechanical resonance. The frequency of

maximum output is dependent upon the degree of damping.

i.iii) In all three cases there is a finite response at
zero frequency, the magnitude of which depends on the amount
of mechanical loading. Under such conditions, the transfer

function may be expressed as follows:

LG - Ry
Z. a - RFRB)

€ ™

+ ™ IO<
I
L}
=
o

-Tp K2 (1 - RB)

hC, (1 = RgR,)

_ =2 K2 Z,

hCo Zl + Z2

For example, when the transducer is equally loaded at both
faces, the magnitude of the transfer function is equivalent
to Kz/hco. Consequently, for the water loaded, water backed
transducer, hCo = 2.7 and K = 0.7, the transfer function

has a magnitude of 0.18 at zero frequency. This may readily

be observed from figure 7.25.

In conclusion, the open circult receiver response is greatly
influenced by mechanical loading with maximum output occurr-
ing under lightly damped conditions at the fundamental fre-

quency of mechanical resonance. The response indicates a
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general decrease with frequency under all conditions of
mechanical load. It should be noted that the output voltage
1s proportional to the time integral of the input wave of

force.

ii) Under finite conditions of resistive loading, the

voltage attenuation factoxr is no longer unity, ie

SC_R

1l + SCOR

wCoR

therefore lU(w)

a + wZCOZRZ)’5

This function increases from zero with frequency, eventually
reaching a maximum value of unity. The rate of increase
is dependent on the product COR. As a result, the output
voltage will generally be lowest for small values of load

resistance, over the frequency range of interest.

In addition, the amplitﬁde and phase of the feedback loop

is also modified by the factor Z ..

1

z.,(8) = ——————
FR 1 + SC_R

1

therefore Iz (m)l =
FR X
’ 1+ wZCOZRZ)

- - -1
{ZFR(N) = tan‘ wCoR
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As a result, the magnitude of this function decreases from
unity at zero frequency, eventually becoming zero. Con-
sequently, the infiuence of secondary pilezoelectric action

1s expected to be greatest at low frequences and under con-
ditions of light mechahical load. It should be noted that
the resistive element introduces a phase shift into the
feedback loop, which serves to further reduce the effects

of secondary action. This condition is identical to that
discussed in Section 7.21i, for the resistively loaded trans-

mitter.

Figure 7.26 shows the frequency response of a 1 MHz (mech-
anical resonance) receiver under the following conditions
of resistive load. The transducer is subject to conditions

of light mechanical damping.

a R = 10, COR = 12.61 ns K =0.7
b. R = 100, COR = 126.1 ns
c R = 470, COR = 592.7 ns
d. R =1K, CoR = 1.261 us
e. R=1M, COR = 1.261 ms

From the figure the following main feaﬁures are apparent:

1. For low values of load resistance, the magnitude
of the frequency response characteristic is very small.
Secondary effects are clearly evident from the reduction

in centre frequency to positions below mechanical resonance.
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For example, a resistive load of 10% gives,

z =0, Zgp = -4,5°, U = 0,08 (at 1 MHz)

Consequently, the feedback factor is very nearly equal to

An, and hence the frequency of maximum output is close to

the electrical resonance of the transducer. However, because
of the attenuation introduced by U, the response magnitude

1s relatively low.

11, As the load resistance is inéreased, secondary
effects are reduced and the frequency of maximum output
shifts towards mechanical resonance. The magnitude of the

response also increases.

For example, with a resistive load of 1 K@ and frequency

equal to 1 MHz,

ZFR = 0,125
- - o
ZFR = -82.8
U = 0.992

The factor, U, is almost unity and hence attenuation in‘

the forward path may be neglected., However, the amount'of
feedback and the assoclated phase shift are sufficient to
reduce the peak output below the maximum value; which occurs

under open circuit conditions.
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A resistive load of 1 MR approximates very closely to open

circuit conditions. In this instance,

= ~4 =
Zpr - = 1.26 x 10 (f = 1 MH2)
- 0
Zpg = 90
U =1

Consequently, the transfer function may be considered open
loop. In general, the effects of feedback may be neglected

at a particular frequency if,
wCoR > 100

However, it should be noted that this criterion is by no
means rigid, as it may be substantially reduced for lower
values of coupling coefficient and/or increased mechanical

damping.

The receiving response under conditions of inductive loading
1s shown in figures 7.27(a and b) which correspond to parallel
inducti?e loads of 20 yH and 2.2 uH respectively. The
inductance values were selected to resonate with the trans-
ducer static capacitance at frequencies of 1 MHz (20 uH)

and 3 MHz (2.2 pH). Mechanical load conditions correspond-

ing to 1light, medium and heavy damping were considered.

Under such conditions of electrical load, the attenuation
and feedback impedance parameters may be expressed as

follows:
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The feedbaék and input attenuation factors are thus a maxi-
mum at the frequency of tuned resonance. Consequently, it
may be expected that the recelver response is maximised at
this particular frequency. However, a study of figures
7.27(a and b) reveals that maxima occur on either side of
tuned resonance. These fluctuations are especially promin-

ant under conditions of light damping.

The response minima in the vicinity of tuned resonance
arises directly from secondary piezoelectric action and

as such, may be attributed to phase changes within the
feedback loop. Consequently, the type of feedback changes
from positive to negative and vice versa as frequency is
increased. The expected maxima at tuned resonance do not
occur due to the strong influence of negative feedback in
this region. As damping increases, the distinct peaks are
reduced, eventually being eliminated under heavily damped

conditions.

It is also evident from figures 7.27(a and b) that band-

wldth and centre frequency may be selected by the appropriate

250



choice of inductive tuning element, although care must be
taken when operating under conditions of light mechanical
load. 1In general, inductive matching of this type produces
a narrowband spectrum, which is most easily predicted under

conditions of high mechanical damping.

It was stated earlier that the response in the time domain
for an open circuit plezoelectric receiver is proportional
to the integrél of the input wave of force. However, since
the input force waveform is very rarely an ideal step or
sinusoidal function, time domain response of the piezo-
electric receiver is not included in the present section.
Irstead, the simulated time domain response of a complete
transmit-receive system (loop response) is presented in
Section 7.4 for a variety of electrical and mechanical load
conditions. Simulation accuracy is also discussed by compar-
ing the theoretical characteristics with experimentally

measured results.

7.4 COMPARISON OF EXPERIMENTAI, AND SIMULATION RESULTS

This sectlon describes experimental techniques employed for
verification of transducer behaviour in both transmitting
and receiving modes. The experimental work is based on
time domain performance under pulsed, transient conditions;
hence permitting a wide range of external loading factors

to be studied with relative ease, A comparison with the
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approprliate simulation response ls readily achieved from

an oscllloscope wave trace.

Furthermore, a close study of experimental and theoretical
time domain waveshapes ylelds considerable insight into
some practical limitations of the transducer model. 1In
particular, diffractioh and edge wave effects which occur

in the transmission mode are observed without difficulty.

Experimental testing in the frequency domain may also be
performed by replacing the oscilloscope with a suitable
spectrum analyser. It should be noted that most analysers
possess an input impedance of 508 and great care must be
taken to ensure that electrical loading of the transducer
does not occur. A high frequency (minimum 20 MHz bandwidth),
high input impedance (minimum of 10 k& over the frequency
range) buffer amplifier must therefore be inserted. However,
for the present purpose, it is considered that;more informa-

tion on transducer behaviour is available from™~a study of

the time domain.

In addition, an investigation of the transmission system
also verifies the accuracy of the electronio pulser model.
(This was also achieved, to some extent in chapter VI).
This has important consequences for transducer calibration
studies in such areas as medical ultrasonics and non~

destructive testing. It has been indicated by Carson (§)

"o
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and Erikson (%) that a requirement exists for defining a
standard ultrasonic geherator to evaluate and calibrate
plezoelectric devices. Such a generatof must produce a
short duration voltage tspike! similar to that employed in
most commercial scanning systems. The type of pulser
modelled in Appendix C conforms to this requirement and

may readily be characterised by turn on time and on resistance.

Where possible, all experiments were conducted using the
piezoelectric transducers studied in chapter VI. Full
details on the physical characteristics of these devices

are presented in Appendix D.

7.41 Experimental and Measurement Techniques

————

A diagram of the experimental system employed to investigate
the generation and reception of acoustic transients is shown

in figure 7.28.

In order to minimise diffraction effects a separate trans-
mit-receive configuratién was used. It is aiso possible

to study pulse-echo operation by placing a suitable reflector
in front of the trénsmitting transducer. However, accurate
measurement of the acoustic pressure wave profile is
extremely difficult because of diffraction and interference

effects.
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Water was selected as the transmission medium because of

its relatively low attenuation characteristics and well
defined acoustic prdperties. In addition, effective acoustic
coupling to solid media 1is best achieved by means of a thin
liquid layer between transducer and load. This intermediate
layer may 1introduce considerable distortion and attenuation
to the transmitted and received waveforms. (See for example,

Redwood and Lamb (39)).

It should be noted that the relative positions of trans-
mitting and receiving elements may be extremely important
in the determination of accurate wave profiles. 1In general,
the distance between transducers was maintained at a mini-
mum to reduce attenuation losses; diffraction effects and
possible distortion induced by non-linear propagation

characteristics of the transmission medium.

Measuring systems of the type described are extensively

used in transducer calibration studies where time averaged
output power or peak power are the measured parameters.
However, quantitative measurements of the spatial and
temporal distributions of acoustic pressure are much more
difficult as a result of diffraction effects in the trans-
mitted wave and physical limitations of the detecting trans-

ducer.

The most widely accepted method of quantifying acoustic

wave distributions is the use of a miniature plezoelectric
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hydrophone probe. This device comprises a thickness mode
plezoelectric ceramic mounted at the end of a rod or cone;
the latter providing acoustic backing and mechanical
support. A typical hydrophone is shown in figure 7.29.

For the purpose of accurate wave measurement, the piezo-
ceramic hydrophone suffers from the following severe limita-

tions.

a, To achieve adequate spatial resolution and directivity
characteristics, a small dlameter disc must be employed.

The disc diameter should not exceed 1-2 mm in order to

fulfil these requirements. However, such a small diameter
leads to a fundamental radial mode resonance in the 1 Miz
region. The radial mode greatly influences the measured
characteristics, making accurate representation of the

acoustic fileld profile almost impossible.

b, For accurate reproduction of an acoustic waveform,
the hydrophone must possess a flat frequency response
characteristic which extends well beyond the centre fre-
quency of the incident ultrasonic signal. The type of
transducer under consideration (5-4 MH;) thus requires a
minimum hydrophone bandwidth of 25 MHz. Consequently, for
thickness mode operation, a detector thickness of 0.05 mm

or less is required to obtain the desired frequency response.

However, physical constraints imposed in the construction

of the hydrophone make the manufacture of such a receiver



extremely difficult. Electrode mounting and the positioning
of protective layers and backing materials generally ensure
that commercially available hydrophones demonstrate extremely

uneven frequency characteristics.

c. The high acoustic impedance of pilezoceramic materials
(33 % 106 kg/m2s) compared with water (1.4 x 106 kg/m2s)’
gives rise to considerable acoustic reflection at the hydro-
phone face. This perturbs the very acoustic field which

the device 1is required to measure.

In addition, to achieve a good broadband response, the
hydrophone configuration should possess matched backing.
Materials possessing the same value of acoustic impedance
as the transducer are difficult to manufacture and moreover,

reliable bonding to the transducer is not always guaranteed.

Another measuring technique, adopted by various authors

like Carome (5) and Ying (t4) involves the use of a thick
plezoelectric transducer as the receiving element. By
employing a receiving device sufficiently thick that the
transit time is greater than the pulse length of the incident
acoustic wave, reverberation within the receiving element
may be ignored. That is, only those displacement contri-
butions from the receiver front face are included in the
response. 'Although this technique eliminates uneveness in
the frequency response caused by the reverberation factors,

it also suffers from the following disadvantages:
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1, A significant perturbation of the incident acoustic
fleld takes place as a result of acoustic mismatch and

relatively large surface area of the detecting device.

i1, Such a device does not possess good directional
characteristics, This may distort the receiving response

1f the incident acoustic wavefront is non-planar.

111, Although radial mode effects are confined to lower
frequenciles (1-5 MHz), considerable distortion may be
incurred, especially under conditions of high impedance

electrical loading.

v, When operating into a high impedance electrical

load, the detector output 1s proportional to the time integral
of the inciden£ acoustic force. Some authors, for example
Carome (5), utilised a differentiating network, positioned

at the receiver output to achieve a more accurate represent-
ation of the incident acoustic wave. Great care has to be
exerciSea in order that the differentiator does not elec-

trically load the receiving element.

However, recent developments in hydrophone technology have

led to the concept of an entirely different type of receiv-
' ihg device. The polyvinylidene membrane hydrophone (pvdf)

described by Shotton @#3) and others ( 45 ) has eliminated
many of the disadvantages associated with plezoceramic

receiving elements.
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PVDP is a plezoelectric plastic polymer which 1s used as a
thin, acoustically transparent membrane, stretched over an
annular frame large enough to allow the entire ultrasonic
beam to pass through the central aperture. A small central
region of the membrane is coated on both surfaces with metal
film electrodes and is polled to induce piezoelectric pro-
perties only within that region. The device may be regarded
as a small sensing elemeﬁt suspended freely in the ultra-
sonic field, which responds to the local pressure fluctu-
atlions assoclated with the passage of ultrasonic waves.

This type of detector is considered to offer the following

important advantages:

a, The pvdf may be fabricated as a film, with thick-
nesses down to a few microns. Such devices thus possess
fundamental thickness mode resonances far above the range

of interest.

b, Radial mode frequencies are related.é; the diameter
of the entire membrane, rather than that of the éctive
element. Radial mode resonances are thus reduced to a few
kHz, \
c. The acoustic impedance of pvdf (4.1 x 106 kg/m2s)
is more closely matched to that of water thanfis the imped-
ance of ceramic materials, Consequently,'the acoustic

reflection coefficient at the membrane surface is relatively

low, hence reducing perturbation of the acoustic field and

>
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ensuring that the hydrophone frequency résponse is essen-
tilally broadband. Wheﬁ.immersed in water, membrane hydré—
phones thus possess a broad, flat frequency response, free
from the effects.of reverberation associated with éonven-
tional backing and mounting configurations. In addition,
the piezoelectric properties of pvdf (see Table 7.1) are
such that the sensitivity of the device is comparable with

plezoceramic receiving elements.

A disadvantage of pvdf 1s the low value of dielectric con-
stant (<12), resulting in a transducer static capacitance
of only a few pf. Consequently, the output voltage signal
from the hydrophone is reduced by lead, cable and amplifier

input capacitances.

Another possible drawback results from the thin film leads
being exposed to the water surface. Unless distilled water
1s used, the finite water resistance coﬁstitutes an elec-
trical load across the active element. In addition, elec-
trical pick-up and intefference may result because of the

water conductivity.

However, the létter limitation has been largely overcome
with the recent introduction of the bilaminar shielded
membrane hydrophone (43) in which the thin film conducting
leads are electrically isolated from the water surface by
a thin layer of insulating material. Althbugh membrane

thickness 1s slightly increased as a result, no adverse
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effects on device performance have yet been reported.

While pvdf membrane hydrophones of this type are not yet
commercially avallable in large quantitiles, a prototype
bilaminar device was obtained from Marconi Research Lab-
oratories for the purpose of experimental evaluation. The
particular device has an actlve area of 1 mm? and a funda=~
mental mechanical resonant frequency of 44 MHz. Other
relevant details of the hydrophone parameters (supplied
from the manufacturer) are outlined in Table 7.1, It must
be emphasised that in the course of the experimental work,
the performance of the prototype hydrophone was also under
investigatlion, as evaluation of the devices has never been

reported under similar conditions.

Simulated frequency response characteristics for this hydro-
phone are shown in figure 7.30, for two values of cable
capacitance, corresponding to 50 pf and 140 pf. Attenuation
as a result of the larger value 6f cable capacitance is
readily observed. Both éharacteristics exhibit flat fre-
quency responses up to approximately 10 MHz, after which
they steadily rise to the mechanical resonance of 44 MHz.
Note that for this type of transducer, water loading is
equivalent to medium conditions of mechanical damping. It
should be noted also that both characteristics correspond'
to electrical loading equivalent to 1 Ml across the trans-

ducer. The cable capacitance was assumed to act in parallel
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with this resistive element,

Figure 7(31 shows the frequency response characteristics

of a resistively loaded hydrophone. Resistive loads of

1 k@ and 10 k@ are consildered, aloné with a cable capacitance
of 140 pf. (140 pf is the manufacturer's stated value for
the cable capacitance of the prototype hydrophone). 1In

both cases, the response is no longer flat over the important
frequency range of 1-10 mHz, and the hydrophone will thus
distort the ultrasonic wave characteristics. For this
reason, all experimental work was performed with the hydro-
phone connected directly into the oscilloscope amplifier,
which constitutes an electrical load of 1 MQ’in parallel
with 20 pf. However, the problem of cable attenuation
remains, and this is expected to considerably reduce the
amplitﬁde of the hydrophone response, but not appreciably

distort the received voltage waveshape.

The latter statement may be explained by considering the.
transfer function for the plezoelectric receiver. For the
low value of coupling coefficient (k2 = 0.0225) and
relatively high mechanical loading conditions, it is safe
to ignore the effects of secondary action and hence the

transfer function may be expressed as follows:

V_(s) K (S)
o - -1 U (S) F K2
FF(S) S Th.Co
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The total cable capaciltance, C,, 1is considered to act in

P'
parallel with the transducer, Consequently, the attenua-

tion factor U, may be written as follows:

o]

sc
e

sC,
U(s) = — |1 +
SCp

therefore U Co/(co + CP)

The receilver transfer function is thus reduced in magnitude
by the cable capacitance, but the phase response remains
unaffected. Magnitude reduction is readily observed from
figure 7.30. For a transducer static capacitance of 2.22 pf
and cable capécitances of 50 pf and 140 pf, a magnitude
reduction factor of 2.70 1s evident between the respective

characteristics,

This type of membrane hydrophone is thus expected to faith-
fully reproduce the acoustic waveform for the range of trans-
ducers described in Appendix D. That is, piezoceramic trans-

mitters, with electrical resonant frequencies from 0.5-4 MHz.

Operating characteristics of the receiving device are not
the only conditions which must be considered when attempting
to quantify the ultrasonic waveform. The transducer model
predicts that a plane wave 1s emitted from the front face

of the plezoelectric transmitting element. In practice,
diffraction effects result in two separate wave components

generated at the front face, A plane wave component, as
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predicted by the model, and a diffracted edge wave component

emanating from the perimeter of the device.

The concept of a direct plane wave, which travels in the
~geometrical beam region straight ahead of the transducer,
and diffracted edge waves which travel in all directions
from the edge of the transducer, was first reported by
Kozina and Makarov (14). This later received experimental
confirmation by Carome (4) and subsequent theoretical
investigations were performed by Stephanishen and Robinson
( 4\ ). More recent work by Weight and Hayman (¢0) demon-
strated the presence of plane and edge wave components in
a water medium by means of schlieren yvisualisation. Photo-
elastic studies made by the present author (as yet unpub-
lished) have confirmed the existence of both longitudinal

and shear edge-wave components in solid media.

Typlcal edge and plane wave formations for the transducer
near field are shown in figure 7.32, where interaction

between the two components may be clearly observed.

The transducer near fileld is defined (10) as that region

in front of the transducer which is given by,

‘ 2
x < &
42
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wvhere x is the distance in front of the transmitting element
(m)
d ts the transducer diameter (m), and
. A 1s the wavelength of the acoustic wave in the trans-

mission medium (m).

In the axial far-~field of the transducer (ie x > d2?/41),
diffraction theory (4!) predicts that the plane and edge-
waves combine to produce a waveform which decays inversely
with distance from the source. For a 1 MHz, 20 mm diameter
transducer, the far field commences approximately 70 mm

in front of the transducer face.

The present feedback model assumes only plane-wave propaga-
tion from the transmitting device. Consequently, the model
cannot produce a totally accurate representation of the

ultrasonic wave profile in either the near or far fields.

However, experimental verification of the plang—wave character-
istics (as predicted by the model) is possiblé’by—careful
positioning of a suitable receiving element within the
transducer near field. 1Ideally, the detecting device should

be placed as close as possible to the transmitter face,

without incurring unwanted reverberation between transmitter
and receiver. Although edge~wave distortion ;; considerably
reduced towards the near~field/far-field interface, (the

edge~waves decay in proportion to 1l/x, plane waves theor-

etically remain unattenuated within the near field) this

=
>
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area should not be used for accurate measurement of the
plane-~wave component, As discussed previously, the trans-
mitted plane-wave characteristlics often incorporate high
frequency components in the form of spikés and other rapid
discontinuities, Such features are likely to be obscured
as a result of attenuation and frequency selective absorp=-

tion induced by a relatively long water column.

Consider a detector situated on the axis and close to the
transmitting device., A study of figure 7.32 indicates that
several plane-wave cycles may be received before edge-wave
interference starts to take place. The number of undis-
torted plane-wave cycles which can be measured in this
manner increases as the transducer diameter increases in
relation to the fundamental wavelength. That is, axial
near-field diffraction effects are reduced for transducers

of large diameter to thickness ratioes

It should be noted that measurements of this nature may
only be performed using a small detecting device which
causes minimum perturbation of the acoustic field. The
pvdf hydrophone is ildeally suited to this purpose. Measure-
ment of the plane-wave component within the near field by
means of a detector of dimensions compatable to the trans-~
mitting element is extremely difficult, due to edge-wave

distortion and field perturbation.
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Recently published work by Ying (65 has reported on trans-
ducer near-field behaviour using a thick, disc transducer
as the detecting device., Experimental results were shown
to be in closé agreement with computer simulations based on
Mason's model. This is surprising in view of the expected
distortion associated with this type of detecting trans-

ducer.

7.411 Experimental Results

This sub-section presents a representative set of experi-
mental results, which may be conveniently grouped into two
parts. Firstly, various acoustic field profiles for a

1 MHz (electrical resonance) piezoelectric transmitter are
considered. The device was backed at its rear face by

the lead based epoxy, Devcon L; described in chapter VI.
The transducer front face operated directly into the water
column. Different electrical driving conditions were con-
sidered, representing various methods of transient excita-
tion. In each case the detecting element was the pvdf
membrane hydrophone, positioned 15 mm in front of and

axially with respect to the transmitter face.

Secondly, the loop response characteristics for a transmit-
recelve system incorporating two circular disc, plezoceramic
devices are considered. In this case, the receiving element
consisted of an alr backed, water loaded transducer with

an electrical resonant frequency of 1 MHz. The transmitting
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element was the same transducex employed in the previous
experiments, te the 1 MHz, lead epoxy backed, water loaded
device. Consequently, a comparison could be made between
the known plane-wave profile and the actual output from

a detecting transducer. The driving conditions were main-
tained constant, while the detecting response was investi-

gated under a variety of electrical load conditions.

In order to minimise edge-wave interference, the receiving
element was placed axially at a distance of 70 mm from the
transmitter. This corresponds to the end of the near field.
Although some frequency smoothing of the acoustic wave

is expected in such a long water column, integration effects
in the receiver are expected to dominate and hence the
measured characteristic should compare favourably with the
predicted receiver response. Accurate measurement of the
acoustic wave profile is thus not possible using this tech-

nique.

Consider firstly the trénsducer—hydrophone configuration.
Figure 7.33 compares experimental and simulated results for
thevloop response of the system. That is, the responses
correspond to the hydrophohe output. The electronic driving
network 1s also shown corresponding to a 300 V step input
from the FET pulser. Excellent agreement is observed
between the two waveforms, with secondary effects clearly
evident from the positive exponentials contained in the

characteristics.
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Figure 7.34 outlines the simulated plane wave of force
expected under the same driving conditions. Apart from the
inversion (introduced by the receiving element) and amplitude
scaling factors, the theoretical response characteristics

of figures 7.33 and 7.34 are almost identical; demonstrating
that the membrane hydrophone accurately represents the

incident ultrasonic wave profile.

Figure 7.35 shows the simulated and experimental response
profiles for a driving system incorporating a lower value

of blocking capacitance (100 pf).

In this case, the almost square~wave nature of the character-
istics indicates a reduction in secondary action, as dis-
cussed in Section 7.2iv. Once again, excellent agreement

is obtained between experimental and theoretical waveforms.

Figure 7.36 indicates the response of a resistively loaded
transmitter (100Q). Experimental results are shown for two
different time scales corresponding to 5 us (A) and 1 us (B)
per division. Photograph B clearly demonstrates the edge-
wave, which occurs after the plane wave component. The
edge-wave is of course not predicted by the model. A close
study of the figures reveals negative exponential behaviour
over the first wave cycle, thereafter positive exponentials
exist as a result of secondary plezoelectric action. This

phenomenon was also described in Section 7.2iv.
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The final configuration studied was that of an inductively
loaded transmitter, as shown in figures 7,37(a and b),
corresponding to inductance values of 4,7 pH and 2,2 pH
respectively. In each case, a load resistance of 1008} was
also connected in parallel with the transducer. Thils type
of configuration is common in some non-destructive testing
applications Llo) where the electrical load impedance is

used to shape the driving pulse.

From the figures it is evident that the system response
varies considerably as the inductance value changes. A
much higher output is achieved for the larger value of
inductance and in both cases, considerable waveform dis-
tortion is evident. Favourable agreement between simulated
and experimental response characteristics is again achieved.
However, there is some disparity, particularly in figure
7.37b, where the sharp discontinuities observed in the
theoretical trace tend to be smoothed out under practical
conditions. This is thought fo be caused by frequency
dependent attenuation in the transducer material and water
column. In addition, the inductancé values may not be
completely accurate over this range of frequencies, since

they were only specified up to 100 kHz.

For all of the characteristics shown in figures 7.33 through
to 7.37b, excellent agreement was obtained between simulated
and practical response measurements., The membrane hydro=

phone was shown to perform extremely well in providing
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accurate information concerning the ultrasonic wave profile.
As expected from Section 7.2, the nature of this wave pro-
file varted enormouslf under different conditions of elec-
trical load. Such variations are not always apparent when
using conventional hydrophone detecting techniques. It
should be noted, that to obtain an accurate description of
the entire acoustic field, diffraction effects must be
considered. The present feedback model thus requires

further work in order to overcome this limitation.

The second set of experiments involved an investigation of
the loop response characteristics of a separate piezoceramic
transmit-receilve system. In each case, the transmitter con-
figuration remained constant, corresponding to stép excita-
tion as shown in figure 7.33., Various electrical loading

conditions for the receiving element were studied.

Figure 7.38 compares practical and simulated response
characteristics for the 1 MHz, air backed; water loaded
receiving element lookihg directly into the oscilloscope.

In this mode, the receiver may be considered open circuit,

" 1e no secondary action may occur within the device. The
intégratiﬁg action of the receilving transducer may readily
be observed from the triangular nature of the waveshape.

In addition, the light damping produces a narrowband
response., Excellent agreement is obtalned between practical

and theoretical results,
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Figure 7.39 shows the system response when a 1l00R resistor

1s connected across the receiving element, 1In this situa-
tion, secondafy action has a considerable influence on
recelver behaviour. This is indicated by the relative wave-
form distortion and bandwidth increase when compared with
figure 7.38. Once again, close agreement is obtained between

experimental and simulation results.

The final configuration to be investigated was that of the
inductively loaded receiver, as shown in figures 7.40 (a and
b) respectively. Inductance values of 2.2 uyH and 20 uH were
considered and in both cases a 1008 shaping resistor was
connected in parallel with the inductive element. In figure
7.40a, the low value of inductance tends to dominate the
response, resulting in considerable distortion and amplitude:
reduction. This is to be expected, from the discussion in
Section 7.3ii. As the inductance value is increased, the
influence of the component diminishes and the Eesistive
element tends to dominate the response. This-fs readily
observed by noting the similarity between figures 7.40b and
7.39. | |

7.5 CONCLUDING REMARKS

»
Pilezoceramic transducer behaviour has been inyvestigated over
a wide range of electrical and mechanical load conditions,
Where possible, feedback systems theory was used to describe

operating characteristics for both transmitting,and receiving
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" modes. The theoretical investigétion was experimentally
verified for transducer operation in the time domain,
Experimental results wvere found to be in close agreement with
simulated response characteristics within the limitations

of the feedback models. A pvdf hydrophone was shown to be
successful in verifying ultrasonic plane-wave profiles.

The major results concerning transmitter and receiver opera-

tion may be summarised as follows:

s

i. For the piezoelectric transmitter, the frequency
of maximum output is generally lower than the frequency of
mechanical resonance. Under conditions of light mechanical
damping, peak output occurs close to the frequency of elec-
trical resonance. For low values of coupling coefficient,
secondary action is reduced and maximum output tends towards
the frequency of mechanical resonance. Under conditidns of
light damping, secondary piezoelectric action serves to

increase the -3db bandwidth of the output signal.

ii.‘ The generator source impedance plays an important
role in determining the output force characteristics. For
}voltage sources of very low output impedance (<5%), secondary
effects are maximised and in addition, transmitting response
is independent of any external electrical load (for example,
matching elements) connected across the device. As source
impedance increases, secondary effects are reduced along
with the amplitude of the output wave of force. Under con-

ditions of heavy damping and high values of source resistance
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the transmitter model may be consldered open loop, Varia-
tions in source impedance have most influence under condi-

tions of light damping. .

iii, The receiver model may be considered open loop if
the receiving transducer oéerates under high impedance elec-
trical loading conditions. vIn this case, the response is
proportional to the time integral of the incident wave of
force. Under such conditions, peak output occurs at the
frequency of mechanical resonance, for the majority of
mechanical load configurations. However, for conditions

of heavy damping, maximum output may occur below this fre-

quency.

iv. When the receiving element is electrically loaded
by a finite impedance, secondary effects are introduced.
These are maximised for small values of load impedance and
may lead to considerable distortion of the output voltage;
especially under conditions of light damping., The voltage
response also suffers qﬁtenuation with decreasing elec-

trical load impedance.

v. For both tfansmitting and_receiving elements,
inductive matching may be employed to optimise bandwidth
and centre frequency. Such responses are most easily pre-
dicted under conditions of heavy mechanical damping. Con-
siderable distortion (ie the presence of rapid discon-
tinuities) of the output waveshape may also occur under

some conditions of inductive loading.
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vi, Both transmitting and receiving configurations
demonstrate achincrease in bandwidth with increased mech-
anical loading. 1In addition, the effects of secondary
action diminish with frequency and increased mechanical

damping.

During the course of the experimental investigation, it
was emphasised that the prescnt feedback model is unable
to cater for diffraction effects. This limitation must

be overcome if the techniques employed in this chapter are
to be employed in the accurate determination of transducer
field characteristics. Further discussion on this aspect
is presented in chapter IX, under the section 'suggestions

for further work!?,
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CHAPTER VIII

DIRECT EVALUATION OF TIME DOMAIN RESPONSE




8.1 - INTRODUCT ION

This chapter describes a method for obtaining detailed pre-
dictions of the time domain response for piezoelectric
transducers operating in both transmitting and receiving
modes. The technique makes use of the z-transform to
determine the behaviour of the reverberation factors K

F apd

K By means of the substitution 2 = eST, a direct des-

B.
cription of these functions is readily obtained in the
Z-domain and after suitable sampling of the input waveform,
a wide variety of system responses may be conveniently

investigated.

Time domain response is achieved with a minimum of compu-
tational effort and the need to transform from frequency

to time 1s eliminated. As a result, the sampling and IFFT
processes described in the previous chapters are excluded,

providing considerable memory and time saving.

However, it must be stressed that the advantages in compu-
tational effort are only offered if both transmitting and
receiving transfer functions are considered open loop,

permitting the transformation from the S to Z domain to be
performed with relative ease. Although various transform
techniques are available to ald the S to 2 transformation
for a closed loop system, the resultant mathematical com-
"plexity offers no significant advantages in computational

effort, over the techniques described in chapter VII.

275



Consequently, the modelling techniques described in this
chapter are only applicable'to situations where secondary
piezoelectric action may be neglected. It will be recalled
from previous chapters that this assumption is valid under

one or more of the following operating conditions:

1, Low value of electromechanical coupling coef~-

ficient (K < 0.15),

1i, Under conditions of high mechanical loading (heavy
damping), and

111, When the associated electrical load impedances
are high; In the case of the transmitting mode, this may
occur as a result of high source resistance, or in the
recelving mode if the transducer is electrically free as

a result of high load impedances.

Conditions (ii) and (iii) are not uncommon in practice,
especially in acoustic imaging and non—destrgctive testing
wideband applications wﬁére heavily damped transducers are
frequently employed. By means of the methods outlined in
this chapter, excellent approximations to the time domain
response of such systems may be obtained. If required,
the frequency response may also be obtained, either from
an FFT routine, or by appropriate substitution for the
delay operator Z. The next section describes the appli-

cation of the Z~transform to the transmitter and receiver
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transfer functions and how the resultant model may be con-

veniently implemented on a digital computer.

8.2 REPRESENTATION OF THE OPEN LOOP TRANSFER
FUNCTIONS IN THE Z-DOMAIN
8.21 The Open Loop Transfer Functions

The open loop transfer function relating input voltage to
force leaving the transducer front face may be expressed

as follows for the transmitting mode:

F. (S) oz A
= E Kz (s) he L
e (Ss) zo-+ zE + zozEsco 2
= -2.(S) K (S) hC_ = — 1

ZI(S) 1s a transfer function which relates the signal gener-
ator voltage (e(S)) to the voltage across the transducer
static capacitance, Co under general conditions of elec-

trical load. That 1is,

VC, (8) = e(s)z,(8) 2

where VCO (S) is the voltage appearing across the static
capacitance of the transducer. The relationships between
VCor © and the various electrical loading elements is illus-
trated in figure 8.1. The output force is now described by
the following transform equation, where Ve, is regarded as

the input voltage to the system.
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| A
- - E
FLG) = VG, (5] Ky (S) he, - 3

Similarly, the open loop transfer function for the piezo-

electric receiver may be expressed by the following equa-

tion:
V. (s) ' 2
©— = -K,(5) T, K
Fl(S) SThCo
therefore
= - 2
VO(S) Fl(S) KF(S) TF K /SThC° | 4

It should be noted that thils relationship is valid for a
receiving transducer which is free of any external elec-
trical loading, or where the load impedances are so high
that they may safely be neglected. As such, the equation
is exact and valid over all conditions of mechanical load.
However, for the transmitting transfer function, secondary
plezoelectric action is aséumed negligible because of low
coupling factor, heavy &amping or high electrical loading.
It 1s therefore’an épproximation, valid under one or more

of these operating conditions.

The quantities Vto and Fy contained in equations 3 and 4
may be regarded as system inputs for transmission or recep-
tion reépectively. In the subsequent analysis, they are
represented by a set of samples; each sample approximating

to a weighted impulse and separated in time by the appropriate
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. sample spacing. However, first it is necessary to mani-~
pulate the transfer functions into forms suitable for

direct analysis in the time domain.

8.2i1 The Open Loop Z-Transfer Functions

The reverberation factor KF, which occurs in both trans-
mitter and receiver open loop transfer functions, may be

expressed in the S-domain by the following equation:

@ - e 5Ty (1 - Ry e °T)
Ky (S) = 5

1 - RFRB e—ZST

It was also shown in chapter III, Section 3.4 that the time
domain representation of KF may be considered as a train
of weighted impulse functions, alternately changing in
slgn and separated by the transducer transit interval, T.
That is, the impulse response of KF is described by the
following weighting sequence:
KF(t) = 6t - (1 + RB) §(t -T) + RB(l +'RF) §(t - 2T)
- 2 -
+ RFRB(l + RB) s (t 3T) + RpRy (1 + RF) §(1 4T)

- RZRZ(L + Ry) 8(t = 5T) + RZR.3(1 + Ry) 6(t - 6T)___

where § 1s the Dirac Delta Function,

therefore
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KF(_t1 =46t -~ (1 + RB) Z (RFRB)n §(t -~ {2n + 1IT)| +
n=0

+ Rg(l + Rp) Z (RFRB)n s (t - 2{n + 1}T)
n=0
Ndw consider the input to the transducer (in either trans-
mitting or receiving modes) to be represented by the time
varying sequence x(t). By sampling x(t), the input may be
considered as a train of weighted impulses, defined by the
following equation for n samples:

n
xs(t) = x(2At) §(t - 2At)

L=0

where At is the sampling period and x(2At) represents the

pulse train.

A convenient method for dealing with such sampled data is
the Z-transform, which is defined as follows:
-2
x(2) = x(LAt) 2
2=0

where 2 = eSAt.

Hence z™* simply represents a delay of % samples.,
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Furthermore, it may be shown that if a sampled data input
xs(tl is applited to a linear system posseSsing a welghting
sequence h(tAt}), then the output is defined in the Z-domain

by the following relationship:

Y(Z) = X(2) H(Z) 8

The Z-transfer function of KF may be obtained by substitut-
ing for e'ST in equation 5. However, additional insight -
into the nature of the process and selectibn of an appro-
priate sampling intexrval is obtained if the Z-transform is
derived directly from the weighting sequence defined by

equation 6.

Let the sampling period be an integer multiple of the trans-

ducer transit time. That is,
T = mAt

This is a necessary condition in order to obtain the Z-
transfer function of the transducer weighting sequence.

For example, a delay of one transit interval is represented
in the S-domain by the delay operator e °Y, 1In order that
this may be represented in the Z-domain by an integer

number of samples, the following relationship must be

satisfied:
= g SmAt
le T = mAt
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Another constraint on the sampling process ls that the
sampling frequency must be greater than twice the highest
frequency compoﬁent in the system, in order to prevent
aliasing in the frequency domain. In the case of the piezo-

electric transducer, this 1is readily satisfied if m >10.

Equation 6 may now be written as follows:

[

Ko(t) = 8§(6) + Ry(L + Rp) }E: (RR)™ 6(t = 2(n + limat)

n=

-]

~ (1 + Rp) }E: (ReRy)™ 6(t = {2n + 1}mAt)

n=o

therefore

4
2]

— n -
KF(lAt) = §(LAt) + RB(l + RF) E{: (RFRB) §(24At 2 x

n=0

-]

x {n + 1lmAt) | = (1 + Ry) Z (RFRB)n § (LAt

n=0

- {2n + 1llmAt)

-]

therefore K, () = Z s(aat)z*

&=0
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R [Z S gt s 2+ s

n=0 &=0

- @ + Ry Z (RR,™ § (24t = (2n + 1imat)z™*

@
n=o &=o0

=1+ R,U+RY j{: (RFRB)n z=2{n + 1lm

n=0

o

- n ,~{2n+ 1}lm
(1 + RB) :g:: (RFRB) Z

n=o

«©

=1 + RB(]' + RF)Z"Zm Z {%RBZ‘zm}n

n=0

©o

- @+ ryz™ Z (R.R Z™2m)"

n=o
therefore

K,(2) =1 + Z {RFRBZ"Z’“}“ (R (1 + RF)Z"zm - (1 + RB)z"m}

n=o

Taking the sum to infinity for the geometric progression

results in the following expression for KF(Z):
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“m «2m
l«~2 (1+RB)+RBZ _¥(@)
X(Z)

K, (2) =
1~ R, ~2m
- RBZ

where Y(2) and X(Z) are the notional output and input
functions respectively, of the system represented by KF(Z).

Therefore
Y(z) - Y(Z)RFRBZ-zm = X(z) = X(2)2™" (L + Ry) + ,x(Z)RBz"zm

Inverse transforming this expression results in the follow-

ing recursive equation describing the output sequence y(n).
y(n) = x(n) - (1 + RB) x(n - m)

+ RB x(n - 2m) + RFRB y(n - 2m) ———— 10

Consider firstly the pilezoelectric transmitter transfer

function,
x(n) = V., (n)

, hC AF
and- Fl(n) = =y(n)

Consequently, the transmitter may be modelled by the

recursive network outlined in figure 8,2, )

This model may be ideally implemented on a digitél computer.
By sampling the input voltage, an approximation to the out-
put wave of force may be obtained for a variety of mechanilcal

loading conditions. In addition, a wide variety.of input
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voltages may be accommodated, provided they are compatible
with the constraints imposed by electrical loading in a

practical system.

In a similar manner, the open loop receiver transfer function,
described‘in equation 4, may be implemented by the recursive

model shown in figure 8.3.

It should be noted that the integrator in figure 8.3 could
have been replaced by the Z-transfer function Z/Z2 -~ 1 and
a new recursive equation developed. However, in terms of
programming effort, a single subroutine was used to simu-
late the recursive equation (10) for both transmitting and
recelving modes. Consequently, it was found more convenient
to simply integrate the sampled data by means of the trape-

zoldal rule, in order to obtain the receilver response.

The frequendy response may be obtained by performing an
FFT on the output data samples or by replacingsZ with eJWt
in equation 9. From'this, direct equivalence between equa-

tions 9 and 5 may readily be observed.

8.3 COMPUTER SIMULATION

A computer program wés written to simulate tragsducer
response in both transmitting and recelving moées. In
addition, the loop response in a transmit-receive configura-
tion was also evaluated. A general flow chart describing
the package is shown in figure 8.4, and a complete listing

‘,
is given in Appendix E.
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The input samples x(n) are generated by sampling a known
time function which corresponds to either input force or
input voltage. The samples are therefore assumed to be
impulse functions with amplitudes equal to the values of
the input time waveform at the sampling instants. A
variety of input pulse shapes 1s incorporated in the pro-
gram, 1including the unit step, rectangular pulse of vary-
ing width and gated CW of varying frequency, consisting of
one half cycle up to 50 cycles. 1In addition, the voltage
input from a capacitive discharge pulsed system (as des-
‘cribed in Appendix C) is also included. The consequences
of varying matching and pulse shaping elements are thus
readily observed from the response curves. Some of the
results obtained are presented in the following section,
along with a comparison with those obtained from the exact

(feedback) model.

8.4 RESUITS OF COMPUTER SIMULATION

Inlorder to illustrate fhe main features of the modelling
technique, two sets of simulations were performed for
different conditions of electrical and mechanical loéding.
Medium damping (50 per cent matched backing, glass load)
and heavy damping (ideal backing, glass load) were con-
sidered, while the transducer was electrically driven under

the following pulsed conditions:
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a,. Capacltive discharge, with a resistor (R;) con-

nected across the transducer,

b. Capacitive discharge, with the parallel combina-
tion of a resistor (RE) and inductor (LE) connected across

the transducer.

A general equation describing the transient input voltage
1s derived in Appendix C and from this, the sampled input

voltage waveform may be expressed as follows:
- -a (LAL)
Vi ©

vCo(zAt) = {sin wiAt - e~
toaw

ato

sin w(2At = to)l}

where to is the turn on time of the pulser,

Vi 1s the magnitude of the applied voltage ramp

function,
_ 1
a = .
2BE(Co + CB)
Y- 1 . 1 r
2 2
LE(Co + CB) 4RE (Co + CB)

CB are the transducer static capacitance and block-
ing capacitance respectively, and
_0* %

a = B

Cp

In each case, the output wave of force was obtained and com-

pared with the theoretical waveshape obtained under closed
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loop conditions by means of the IFFT. This latter tech-
nique, which includes secondary piézéelectric effects was
described in chapter VII and corresponds to an exact solu-
tion. As a result, waveshapes obtalned using this tech-
nique are labelled ‘exact solution' in some of the simula-
tion diagrams. For completeness, the response of an identi=~
cal piezoelectric receiver was also calculated. The
receiving transducer was assumed to 5e on electrical open
circuit and subject to the same mechanical loading condi-

tions as the transmitter.

Consider firstly the situation where the transmitter is
electrically loaded by a resistive element connected across

the electrodes. The following nominal values were' assumed:

to = 10 ns

| CB = 2.2 nF
Co = 1.26 nF
K = 0.48
RE = 1008
Vo = Unity

The simulation results are shown in figures 8.5(a-c) and
8.6 (a-c) which correspond to conditions of medium and heavy
damping respectively. A close examination of figures

8.5(a and b) reveals that the form of the output wave of
force 1s similar in each case. Howevef, the effects of

secondary action are evident in the latter figure and are
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recognisable by a reduction in the slope of the exponenw=

tial parts of tﬁe function, This flattening of the wave-
shape 1s to be expected from the analysis performed in
chapter VII, which considered the first transit interval.

It was demonstrated that during this time interval, secondary
.piezoelectric action introduced an exponential increase

to the waveshape (positive feedback). However in this case,
the input voltage corresponds to a negative exponential
function which acts in opposition to the secondary effect,

hence flattening the waveshape.

Figures 8.6 (a and b) show the corresponding waves of force
under conditions of heavy damping. 1In this instance,
secondary action has been further inhibited by the increased
mechanical loading and the two figures demonstrate a very
close correlation, although a slight amount of flattening

may be observed in the latter figure.

The transmit-receive (loop) response characteristics for
both systems are outlined in figures 8.5c and 8.6c; corres-
ponding to medium and heavy daﬁping respectively. The
expected increase in output bandwidth with damping is
readlly apparent, as indicated by a reduction in the number
of cycles in figure 8.6c., Integration due to the open

circuit receiver may readily be observed.

The second set of simulation results correspond to the

plezoelectric transmitter loaded electrically by the
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parallel combination of a resistorxr and inductor, The

following nominal component values were employed:

ton = 10 ns

CB .= 10 nF
Co = 1.26 nF
K = 0,48

RE = 100§

LE = 2.4 uH

The form of the voltage observed across the transducer
static capacitance Veo! 1s shown in Appendix C, figure C3,
where the effects of underdamping may readily be observed.
Values of LE' CE and RE were selected in order that the
osclllation frequency was as close as possible to that of

the mechanical resonance (w = 27 x 0,9655 rads/sec).

Simulated waveforms are shown in figures 8.7(a-c) and

8.8 (a-c); once again corresponding to.medium and heavy
damping respectively. A close study of figures 8.7(a and
b) and 8.8(a and b) reveals excellent agreement between
the open loop approximation and the exact (closed loop)
solution, The amplitude is higher in the case of medium
damping due to the constructilve effect of the applied
voltage and the mechanical oscillations within the trans-
ducer. Under such conditions, an inductor may be used

to increase the output energy, aithough it must be noted

that a narrowband output ensues, These effects are also
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evident from the received voltage waveforms shown in
figures 8.7c and 8.8c; where the number of cycles has been
substantially Increased in comparison to the previous situ-
ation of only resistive loading. It should be noted that
the amplitude increase in figures 8,7 and 8,8 1s due to

a combination of inductive matching and an increase in

the blocking capacitor C Increasing CB from 2.2 nF

BO
to 10 nF increases the initilal deposition of charge to

the transducer system.

It was stated in Section 8.1 that this modelling technique
is valid only if secondary piezoelectric effects may be
eliminated from the transfer function. Although such a
stipulation implies that donditions of light damping are
automatically invalid due to enhanced secondary action,

it is interesting to compare the approximate model response

under these conditions of mechanical load.

Simulated responses for the output waves of force are

shown in figures 8.9 (a énd b), corresponding to a water
loaded, water backed transducer. It is immediately apparent
that under such conditions, the approximate‘model breaks
down., The open loop response of figure 8.9a indlcates
excessive ringing which corresponds to an extremely narrow-
band signal., In figure 8.9b however, secondary piezo-
electric action has reduced the ringing as well as intro-

ducing considerable distortion to the output waveshape.
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This reduction in the numbexr of cycles (le an increase in
overall bandwidth) is to be expected from thé simulation
studies performed in chapter VII, where it was demonstrated
that the effects of feedback in a lightly damped trans-~
mitting system were; ' |

1. a reduction in the centre frequency from mechanical

resonance, and
ii, an increase in the system bandwidth.

As a 'result of (i) the frequency of the driving voltage

is no 16nger close to the frequency of maximum output force
and hence the effect of secondary action is to reduce the
amplitude and increase distortion in the output force wa&e-
form. This may readily be observed by comparing figures
8.9(a and b). As a consequence of (ii), the number of

cycles is reduced.

8.5 CONCLUDING REMARKS

The validity of using Z-transform techniques to model piezo-
electrlc transducer behaviour directly in the fime domain
has been demonstrated. Transducer response to a‘wide
varlety of input waveshapes may be obtained with a minimum
of computational effort for both transmitting and receiving
modes. The model has been shown to approkimate very closely
to the exact transmitter response under conditions of

medium and heavy damping. However, the method should not
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bPe used under conditions of light damping. That is, when
both faces of the transducer are subject to light mechanical

loading,

In many practical instances, the transducer is subject to a
considerable amount of external damping, This is often
deliberate, as in the case of wideband applications where
heavy damping serves to increase bandwidth; or may arise
directly as a result of probe construction. An example

of the latter effect 1s the perspex ‘'wear plate' incor-
porated in many non~destructive testing probes. This is
designed to protect the crystal face from damage and as

a result, mechanical damping is increased. The Z-transform
technique is extremely useful for predicting transducer

response under such conditions.

Furthermore, a value of electromechanical coupling coef-
ficient equal to 0.486 was used in the simulations; corres-
ponding to the ceramic material PZT5-A (lead zirconate -
titanate). For materiais possessing lower values of coupl-
ing coefficient, secondary effects are diminished and the
open loop approximation becomes valid over a wider range

of mechanical load conditions.
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CHAPTER IX

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK




9.1 - CONCLUDING SUMMARY

A systems approach has been applied to the study of thick-
ness mode, pilezoelectric transducer behaviour. Based on
this theory, systematic, detailed investigations of recep-
tion, transmission and device operational impedance char-
acteristics were conducted. A wide range of electrical and
mechanical boundary conditions were included, for both CW

and transient modes of operation.

Considerable emphasis was placed on the effects of electrical
loading on transducer performance; as this has been an area
subject to some neglect in previous work, particularly uncer
transient conditions. Techniques for modelling transient
plezoelectric systems were proposed, and these were shown

to be successful under experimental conditions.

By deriving the transduction equations in a feedback systems
manner, the resultant model is considered to overcome many
of the inherent limitatlions of current transducer models.,
The model and the modelling technique, described in chapters

III, IV and V, possess the following main advantages.

1 The model utilises realisable elements involving
feedback mechanisms which clearly illustrate the physical

phenomena involved.

2 The modelling involves basic concepts which do

not require advanced knowledge of electric circuit topology.
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It is thus easy to use and implement.

3 The model is truly wideband, suitable for the
analysis of transient and CW applications; under a wide

varlety of electrical and mechanical loading conditions.

4 All pilezoelectric, mechanical and electrical para-
meters which influence transducer behaviour are readily
identified and may conveniently be evaluéted for design con-

siderations.

5 | The thesis highlights the importance of secondary
plezoelectric action on transducer behaviour. This is
clearly modelled as a feedback effect, with current, charge,
force or particle displacement as the feedback quantities.
Illustrated in thils manner, the complex mechanism of second-
ary action is considerably clarified and moreover, factors
influencing secondary action, such as electro-mechanical
coupling, frequency, mechanical damping and electrical load-

ing, are readily identified.

Techniques for measuring such transducer parameters as thick-
ness mode coupling coefficient, static capacitance, acoustic
impedance ratios and mechanical bond integrity were also
proposed. Aithough the preliminary results were very
encouraging, it must be emphasised tha£ further work is
required, particularly to encompass a wider range of trans-

ducer frequencies and specimen geometries., It is hoped
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that the measurement techniques described in chapter VI will
provide a basis for further work in the'de51gn of single-

element ultrasonic proves and multi-element transducer arrays.

In the course of the experimental work, a prototype pvdf
membrane hydrophone was employed to accurately monitor ultra-
sonic pressure wave profiles in a water tank. From the
results presented in chapter VII, it is considered that this
device performs considerably better than other, commercially
available hydrophone probes. As a result of thils work, there
is a possibility of further collaboration with the hydrophone
manufacturer in the area of hydrophone simulation and cali-

bration.

In conclusion, it is considered that the work presented in

this thesis provides enhanced understanding of piezoelectric
transducer’Systems behaviour and it provides a comprehensive
basis for further investigation of such systems. The follow-
ing section indicates some of the more important areas which

would benefit from further investigation and analysis.

9.2 SUGGESTIONS FOR FURTHER WORK

The feedback model was developed with two principal aims in
mind. Firstly, an improved understanding of piezoelectric
transduction and the various factors which influence that

process in thickness-mode transducers. Secondly, that the

model forms part of an overall system concept which may be
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used to aid the design of single element piezoelectric
probes, multiple element transducer arrays and the electro-
mechanical boundary conditions which affect the operation

of such equipments.

Towards the latter aim especially, much additional work
remains to be done, and the following pages present a brief
summary of what are considered to be the more significant

areas requiring further research,

9,21 Transducer Vibrations Other Than in the Thickness

Direction

One of the fundamental assumptions made in the development
of the present transducer model is that of single mode wave
propagation in the thickness direction. However, in the
course of the present work, radial mode vibrations were
clearly evident and that under certain conditions they had
a significant effect on transducer response. For exémple,
radial mode effects were shown to have greatest influence
on transducers of low diameter/thickness ratio under condi-
tions of electrical open circuit. This‘behaviour is not
predicted by the feedback model and in particular, the
latter phenomenon is not fully understood. Consequently,
further investigation'into lateral vibration in a disc or

plate transducer is required.
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Lateral mode vibration is of particular importance in the
development of multi-element transducer arrays for ultra-
sonic beam steering, scanning and focussing. Individual
transducers within such phased arrays are subject to spac-
ing and size restrictions which result in lateral modes
comparable in frequency with the thickness vibration. As
a result, accurate design of the beam profile output from

ultrasonic phased arrays, 1s extremely difficult.:

Since 1t is intended to extend the present model to aid

the design'of ultrasonic arrays, much further work is nec-
essary to investigate the characteristics of lateral modes
in order that effective methods of reducing their contri-

bution may be achieved.

At the present moment it is doubtful whether there éxists
an exact mathematical solution describing the coupling
between thickness and lateral vibration in either circular
disc or rectangular plate transducers. Or, for that matter
whether the solution maf be incorporated within a suitable

model.

Some approximate methods have been attempted, largely without
success. For example Smith (52) extended Mason's model
by including an extra transmission line, desqribing the
radial mode. However, the approach was not rigorous and
no meaningful results were achleved., As an extension to

the present model, a feasibility study into lateral mode
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vibration and the possibility of incorporating it within a

feedback systems concept is currently being investigated.

9.2i1t Mechanical Boundary Conditions Possessing

Finite Thickness (Layers)

Development of the feedback model assumed that all mechanical
loading media extended indefinitely away from the transducer.
However, in practical probe designs, the load and backing
materlals often constitute layers of finite thickness. This
may be deliberate; for example quarter wave matching to
improve transmission characteristics or the incorporation of
a protective 'wear plate' in some ndt probes. In addition,
poor bonding between transducer and electrodes, transducer
and backing, transducer and wear plate etc, may produce
additional layers which can significantly distort the trans-

ducer waveshape.

Consequently, in Qrder to apply the present work to the
design of such probes provision must be made for extending

the model to include layered media at both faces. Although
this is technically feasible, the overall complexity of

the transmission and reception block diagrams increases with
the number of layers, obscuring much of the clarity contained
in the original model. This 1is one of the reasons why layered
media were not included in the development of the transducer
model. In addition, as described in chapter II, much work

has already been performed in the investigation of layered

299



load and backing media.

9.2111 State - Space Representation of Transducer Behaviour

It has been demonstrated that the feedback model offers con-
siderable insight into plezoelectric¢ transducer behaviour.
However, it should be noted that there exists an alternative
strategy to the block diagram, transfer function approach
described in the thesis. This alternative strategy may well
prove attractive for the modelling of multi-mode, multi-

layered transducer systems.

The analysis of transducer behaviour may also be approached
by means of the state space concept; in which the device is
characterised by a set of first order differential (or
difference) equations which describe the state variables of
the system. It may thus be possible to define an optimum
set of state variables in the sense that all quantities are
of clear physical significance to the transducer system,
Transducer performance is then evaluated by solving a set
of first order equations, rather than a single higher order

equation.

The viability of this approach to electro-acoustic systems
has been confirmed by Ashley (1 ) who applied state variable
theory to aid the design of an electrodynamic loudspeaker.
Although a complete investigation has yet to be performed,

the state variable concept may well prove attractive for
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the study and modelling of pilezoelectric transducer systems.,

9.21iv Diffraction and Transducer Beam Characterisation

As indicated in chapter VII, there exists no provision within
the present transducer model to accommodate diffraction effects
in the ultrasbnic sound field. Although the model accurately
describes a plane wave component leaving the trahsducer face,
the diffracted edge wave component is not 1ncluded. The
presence of an edge wave influences not only the shape of a
transmitted acoustic pulse, but also transducer beam profile

characteristics.

Figure 9.1 shows the instantaneous sound field characteristics
of a 1 MHz transducer operating into a crown glass load via

a thin film of water based couplant. The transducer is air
backed and electrically driven under transient conditions.

The photograph was taken by means of a photoelastic tec&nique
using apparatusISPecially constructed for the investigation

of transient ultrasonic stress pulses in transparent solid

media.

In the photograph, the main longitudinal wave component may
readily be identified along with trailing shear waves arising
directly from edge-wave diffraction. As well as shear mode
edge-waves, longitudinal edge-waves also exist, although
these are not readily apparent from the figure. The photo-
graph was taken at a particular instant in time to illustrate

far-field conditions.
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Figure 9.2 shows the sound pressure output from the same
transducer, but viewed at an earlier instant, in order to
demonstrate near field conditions. Once again, plane and

edge wave components may clearly be resolved.

It is evident from figures 9.1 and 9.2 that the transient
sound field is extremely complex, and particularly so Zor
solid media. Some simplification may be achieved with liquid
loading, due to the absence of shear components. It is
however, considered possible to accurately predict wave and

sound field profiles using the feedback model.

This method involves the translation of each pressure pulse
leaving the transducer into its CW components by means of
an FFT. Each CW component is then allowed to propagate to
the field point of interest using diffraction theory. The
components are then assembled in the correct phase using an

IFFT and the pressure amplitude calculated.

This technique may be employed to calculate the pressure
wave profile in both near and far-fields; that is, the actual
: pressure‘wave incident on a receiving transducer. It may
also be used to calculate the directivity and beam spreading

characteristics of the transmitting device.

It must be emphasised that this method employs the actual
pressure wave produced by the transmitting device to calculate

field characteristics. Other analyses for example that of
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Weyns (¢!) assume decaying exponential pulses or gaussian
modulated sine pulses to be produced at the front face of
the transducer (in addition to neglecting the edge wave).
However, these are based on the output of é similar piezo-
electric receiver and as- such, may bear little or no resem-
blance to the actual acoustic pressure wave. .This has
important consequences in determining the operating charac-

teristics of a trahsient sound field.

It was apparent in chapter VII that both electrical and
mechanical load conditions influence the shape of the trans-
mitted pressure and received voltage waveforms. Although

the effects of mechanical loading have undergone considerable
investigation, apart from the present work, no systematic
study of electrical loading conditions has yet been under-

taken. (See for example Mason and Thurston (29)).

In chapter VII it was shown that electrical loading has con-
siderable influence on the output wave of force from the
transmitting device. Asla result, it is possible to assume
that such factors also influence the transducer beam char-
acteristics. This is in fact, confirmed by the sequence

of photographs shown in figures 9.3 (a-c).

The photographs, taken at the same instant of time, depict
the beam characteristics of a 1 MHz transducer, operating
into a glass load, In each case, a different value of

inductance is connected across the device, with the rest
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of the transmitting circultry remaining constant. The trans-
ducer remailned stationary while the inductance values were
altered (by means of a switch in the driving unit), ensuring
uniformity of the couplant layer. Marked changes in the

beam characteristics are evident.

Apart from visualisation studies, some tentative work has
already commenced on measuring beam profile characteristics
in a water tank. Early results have indicated appreciable
changes in beam characteristics as the electrical driving

conditions are altered.

As a result, it is suggested that the feedback model should
be used to form the basis of a simulation study of transient
beam characteristics. This study is considered extremely
important in defining operation standards for ultrasonic
probes and arrays. The quality of medical diagnostic and
ndt equipment depends strongly on uniformly and continuity

in the field characteristics of the transducers employed.

9,2v Transducer Mechanical Loss

Development of the feedback model included the assumption

that the transducer and all surrounding media are mechanically
loss free. This approach has been experimentally justified
for lead zirconate titanate piezoceramic devices under condi-
tions of water ;oading. However, for more general ultrasonic

system applications, the present model requires further
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extension to include mechanical wave absorption in both the

transducer element and'propagating channel.

When an ultrasonic wave propagates thrbugh a medium, the
intensity decreases exponentially with the distance travelled;
energy dissipated in the form of heat. Silk (44) attempted
to compensate for such loss by introducing an exponentially
decaying attenuation factor into the transmission line ﬁodel
of Krimholtz et al., However, it should be emphasised that
such losses are normally frequency dependent, attenuation
increasing with frequency. In an attempt to overcome this
problem, Dotti (8 ) recommended the insertion of a time

spread into the transmission line section of his model.

It is similarly possible to approximate for frequency depend-
ent absorption within the transducer by introducing a time
spread into the reverberation section of the feedback model.
As a result, the impulse response of each reverberation
factor is no longer a train of weighted impulse functions,
but instead comprises a train of pulses possessing finite
width and shape. This technique may readily be applied by

considering the following reverberation transfer function.

GS) A = e™T) (1 ~ re™™T)
(1 =~ RgRge

Where G(S) is the transfer function of a spreading function

KFL'(S), =

-2ST)

intended to model fréquency dependent attenuation. For
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example, as a first order approximation, G(t) may be con-

sidered as a rectangular pulse of width At, ie

G(s) =L (1 - e 54 At < T
s

Consequently, the impulse response of KFL is a train of
rectangular pulses, alternating in sign, the magnitudes of
which are controlled by the values of Rp and Ry. Similarly,
as a second order approximation, G(t) may be considered as

a triangular pulse of width At, ie

G(s) = - (
2

S

e-SAt/Z - 1) 2

From which the attenuation with frequency is readily apparent.
For transducer materials possessing high mechanical loss,
the overall attenuation with distance may be modelled by
including a loss factor, a, which is independent of frequency.

As a result, the overall lossy, reverberation factor is given

by,

G(S) (1 - e 5T g0y (1 - RBe’ST'e‘“L)

a - RFRBe"Zs

K..(S) =
FL -
T e ZGL)

where L is the transducer thickness.

This approach, although by no means rigorous, has provided

encouraging results with the low-loss type of device under

consideration. However, it must be emphasised that much
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further invéstigation is required for the accurate modelling

of lossy devices.

9,2vi Ultrasonic Channel Considerations

Characterisation of the propagating channel provides a

similar, but often more difficult problem to that of internal
mechanical dissipation within the transducer element. Atﬁenua-
tion mechanisms in various media range from granular scattering
in metals, viscosity in liquids, to reflections at the layered
interfaces of reinforced fibre composite materials. 1In
addition, all media exhibit dispersion, whereby the acoustic
velocity is also a function of frequency. This results in
épreading and distortion of the ultrasonic wave as it pro-

pagates along the channel,

Although much work has been performed in the study of acoustic
wave propagation (see for example, Gooberman (13)), current
research involving ultrasonic materials evaluation has high-
lighted the need for more accurate characterisation in the

following areas;

a the characterisation of various metallic media for
ndt,
b the characterisation of human tissue for non-

invasive medical diagnosis, and

c the characterisation of layered composite fibre

materials,
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Accurate modelling of the acoustic channel is extremely
important where ultrasonic techniques are employed to
identity abnormalities and discontinﬁities in the propagating
medium. For example, it 1s possible to gbtain a transfer
function relating to such t'flaws' using ultrasonic spectral
analysis techniques. Such a.tfansfer function may be

obtained from the following frequency domain equation.

Y (w)
X(w) T(w) C(w) R{w)

Fuw) =

where X describes the input voltage to the transmitter
system,

T is the complete transfer function of the piezo-
electric transmitter system, including diffraction
effects,

R is the complete transfer function of the piezo-
electric receilver system, and

Y is the measured characteristic of the received

voltage.

In order to completely identify F(w), each transfer function
within this equation must be accurately known, While the
feedback model may yield sufficient insight into the trans-
duction process, the problem of channel characterisation still
remains. This is viewed as a considerable challenge which
must be overcome if further progress involving such teéh-

niques is to be made.
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