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I. INTRODUCTION
A. Statement of Problem

This thesis is a theoretical and experimental study of a bulk wave
piezoelectric transducer scheme where the transducer regions are defined
by strip lines on the piezoelectric crystal. It is intended that they be
applied in the microwave frequency range and that the length of the
transducer region is to be long with respect to an electrical wavelength.

In particular the concept being considered here envisions a piezo-
electric plate of the appropriate symmetry. A ground plane is metalized
on one side and strip lines are metalized on the other. Technically
these lines would be unshielded microstrip but the dielectric constant
of useful piezoelectric materials is so high that it is legitimate to
consider them as strip lines. Connection to the outside world will be
done in the standard manner via coax to strip line connections. There
is obvious flexibility in this scheme and it will be compared to other
bulk and surface wave transducers later. It is also a planar scheme with
the same production potential as surface wave devices., It is found that
certain terminations of the strip line imply a transducer that is not
mechanically resonant but still possessing attractive insertion losses.
Such a property should facilitate mechanical preparation and also the
ability to match the transducer to external circuits. It is also found
that certain configurations of these non-mechanically resonant trans-

ducers can be located at will on the piezoelectric substrate.



B. Motivation

In the thirteen years since Baranskii (1) and Bommel and Dransfeld
(2) reported generation and propagation of acoustic waves in quartz at
microwave frequencies, the area of microwave acoustics has grown to the
point that special issues of journals (3, #4) are devoted to the topic.

The engineering interest in this field lies primarily in obtaining
long time delays in small packages and in various filtering and signal

processing schemes. The transducer is obviously a vital component of

any microwave acoustic system.

C. Quasi-Static Approximation

Customarily, in analyzing bulk wave transducers, the transducer
region is short with respect to an electrical wavelength and an electri-
cal quasi-static approximation can be made (5, 6), That is, it is usual
to setV‘l-é =0. In analyzing the proposed transducers, this approxi-
mation cannot be made as it is necessary to include -Mkﬁl ¥ to
account for the relative length of the transducer region.

Kyame (7, 8) was the first to consider uniform plane wave propaga-
tion in a piezoelectric media without making the quasi-static approxi-
mation. In a very general way, Kyame considers all the relevant physics

of an electromagnetic and acoustic wave traveling through an infinite

piezoelectric media. The essential feature of his work is to show that

theoretically there are components of the acoustic wave traveling near
the electromagnetic velocity and components of the electromagnetic waves

traveling near the acoustic velocity. Hutson and white (9) later pointed



out that these waves are negligibly small and that in the typical cal-

culation the quasi-static calculation can always be made.
D. Scope of the Thesis

The general plan of a strip line transducer is to metalize a ground
plane on one side of a piezoelectric substrate and strip lines on the
other, as indicated in Figure l. The z axis is intended as the direction
of propagation and it will be necessary for the piezoelectric substrate
to have the correct symmetry and orientation with respect to the x, y, z
coordinate system. For the structures of interest, it will be vital that
1 be the order of an electrical wavelength, and it is noted that the
quasi-static approximation cannot be used in analyzing such a structure.

The class of non-mechanically resonant transducers (whiph will be
termed electrically resonant transducers) will have different termina-
tions than those indicated in Figure 1; the intention here is to indicate
what kind of analysis is needed.

If losses in a piezoelectric transducer can be neglected, then all
of the power of one form that can be injected into the transducer is
converted to power of the other form. Therefore a piezoelectric trans-
ducer is properly characterized by its driving point admittances as these
will indicate how well it can be matched to the external circuits.

In Chapter II, uniform plane wave (u.p.w.) propagation in a crystal
of 4mm (10) symmetry is considered without using the gquasi-static approxi-
mation. In particular propagation along the ¢ axis and in the basal plane

is considered. This constitutes a special direction and symmetry unlike



Figure 1.

Strip line transducer

4 mm PIEZOELECTRIC
SUBSTRATE



Kyame's work (7, 8) that considers a general propagation direction and
symmetry. It is found that the waves that result from axis propagation
that are appropriate for use in the kind of structure indicated in Figure
1 can be put in a particularly simple one-dimensional model. This one-
dimensional model is given a judicious normalization that facilitates
later approximation procedures and brings out the analogy to the capaci-
tively coupled transmission line. The static energetics and the signifi-
cance of Mason's W for these waves is reviewed (11). As is well known
(11), XX , which is a property of the piezoelectiric material, is a
measure of goodness of the static energy conversion mechanism. The
dynamic power theorem of these waves is reviewed and it is pointed out
that the coupling between the acoustic and electromagnetic modes is pas-
sive in nature (12). The equations for capacitively coupled transmission
lines are indicated and it is seen that the analogy to the non-quasi-
static strip line waves is exact. If the coupling, as measured by the
piezoelectric constants, goes to zero, one line corresponds to a simple
mechanical wave and the other corresponds to a transverse electromagnetic
wave. The energy conversion arises through the piezoelectric constants,
which are analogous to the coupling capacitors, and the passive transfer
(12) or swapping of energy between the two lines that results. If the
quasi-static approximation is appropriate, the electrical line is reduced
to a capacitor which is capacitively coupled to the acoustic line. The
author believes this analogy is original and gives insight to the process
of energy conversion in a plezoelectric media,

An exact solution of the strip line waves for the dispersion relation



and wave amplitudes is readily accomplished. As Kyame (7) pointed out,
there exist stress and velocity waves traveling near the electromagnetic
velocity and electric and magnetic waves traveling near the acoustic
velocity. The exact results for the wave amplitudes are not directly
interpretable but are made so by an approximation technigue that expands
all relevant quantities in a power series expansion of 8 n/2 where 8 is
the ratio of the uncoupled acoustic phase velocity to the uncoupled
electromagnetic phase velocity and n = 1,2 ... . This approach is used
because it is recognized that even though the static coupling between the
two modes could be very strong, the interaction is so highly asynchronous
that the dynamic interaction will be very weak and more sensitive to the
asynchronism than the coupling. This approximation technique i$ facili-
tated by the normalization mentioned earlier. Because § is so small
(typically $--10'u) only the first terms in each expansion need be kept.
The results of this approximation relate the wave amplitudes‘in a meaning-
ful way. It is found that the electric wave has significant wave ampli-
tudes only at the electric velocity and the velocity wave at the acoustic
velocity. The magnetic wave has significant wave amplitudes at the
electric velocity and is significantly coupled £o the velocity wave and
hence has significant wave amplitudes moving at the acoustic velocity.
likewise the stress wave has significant wave amplitudes at the acoustic
velocity, but is significantly coupled to the electric wave and hence has
significant wave amplitudes moving at the electric velocity. These results
are clarified by comparing them to a quasi-static solution of the waves.

In the quasi-static approximation, the electric field is a constant and



the magnetic field is the integral of the electric field plus the
velocity field times£§{§1 . The velocity field is just a forward and
backward mechanical wave and the stress field is a forward and backward
mechanical wave plus the constant electric field timesj;6§1 « If one
were trying to modify the quasi-static fields to represent the non-quasi-
static case, & good guess would be to let the electric field have a for-
ward and backward component at the electric velocity and substitute this
into the above quasi-static fields. Such a procedure is justified by the
S expansion approach which gives the same results. The author believes
the 8 expansion approach is original in terms of analyzing highly asyn-
chronous problems and that it generates a productive solution for non-
quasi-static wave interactions in a piezoelectric.

The non-quasi-static waves are applied to a semi-infinite piezo-
electric media where power is injected into the electromagnetic mode at
z = 0. A fraction of the injected power is periodically swapped between
the electromagnetic and acoustic modes and it is shown that this fraction
is 49K l F_:\?‘. The energy conversion mechanism consists of this peri-
odic swapping of energy and the bigger Y\ (the static measure of energy
conversion) and the bigger 8 then the more energy that is swapped between
the modes., It is seen that the dynamic measure of goodness of energy
conversion should be considered to be 8 .

It is pointed out that if )\ E>>w>>d >>XA where \ K is the electrical
wavelength and )\A is the acoustic wavelength, then the non-guasi-static
uniform plane wave solutions described above can be fitted to the strip

line structure indicated in Figure 1. The c axis of the piezoelectric



substrate must be oriented either along the z axis or the x axis. The
particular structures of interest (here termed electrically resonant
transducers) have the electric field shorted at one or both ends of the
strip line. They can be driven electrically in a variety of ways and
the practical case of the transducer mechanically terminated in the sub-
strate is considered. The non-quasi-static uniform plane wave solutions
described above are applied to this structure. It is found that the
boundary condition of a shorted electric field at either end essentially
decouples the acoustic and electric transmission lines éxcept for a
transformer at the point of electrical excitation. The circuit model so
developed can be manipulated to indicate a number of strip line trans-
ducers with remarkable properties.

It is found that these shorted strip line transducers when termin-
ated mechanically in the substrate should have no mechanical resonance
at all. Essentially this phenomenon arises because the electric field is
zero at the point the acoustic wave is launched into the substrate and
hence no reflections arise from that point. The way to appreciate this
phenomenon is to realize that in a quasi-static transducer there are
always (irrespective of the mechanical terminations) mechanical waves
moving in both directions in the transducer region. Even if one or both
ends of the quasi-static transducer are terminated in an acoustic match,
there will still be reflections that can be thought of as arising from the
non-zero electric field at the edge of the transducer. The long strip
line construction permits one to short the electric field and if the

transducer is terminated in an acoustic match, there are no reflections.



The admittance calculations of this kind of transducer imply attractive
insertion losses in relation to 5 0 S exciting circuits and practical
dimensions of the strip line; in fact the largerY‘S ,» the less the in-
sertion loss. The fact of no mechanical resonance in these structures
should greatly facilitate mechanical preparation and external matching.
The author knows of no piezoelectric transducer that is not mechanically
resonant.

A great drawback to conventional bulk wave microwave frequency trans-
ducers is that they must be located on the end of the substrate that the
acoustic signal is being stored or manipulated in. In Chapter II it is
pointed out that certain configurations of these electrically resonant
transducers can be located at will on the substrate. This is a very
important property and in strong contrast with quasi-static transducers.

In addition it is noted that the electrically resonant transducer at
its electrical resonance presents a real admittance at the point of ex-
citation. This should further facilitate external matching.

In Chapter III the construction and operation of an end excited
electrically resonant transducer is described. The transducer was ex-
cited by voltage pulses varying in duration from 2ns to 1l0ns. An acous-
tical return could be observed for up to 30Ms. It is felt that the
details of this acoustical return could be consistently interpretea in
terms of the models generated in Chapter II. In Appendix A the dual of
the electrically resonant transducer is worked out and this structure

has no apparent practical use. Its analysis is included for the sake of

completeness. In Appendix B, the strip line transducer is analyzed as if
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it were very short with respect to an electrical wavelength and the quasi-

static approximation could be employed. This is done just so the results

can be compared with the electrically resonant transducer.
E. Comparison to Other Microwave Frequency Transducers

There have been a number of microwave frequency bulk wave transducers
invented and perfected. These include quartz bars in insertion cavities
with surface excitation of phonons (2), thin quartz bars bonded to the
substrate (13), thin magnetic film schemes (14), depletion and diffusion
layer transducers (15), and thin piezoelectric film transducers (16). All
of these transducers share the property that their location is restricted
to the ends of the substrate.

The thin piezoelectric film transducer has been the most successful
bulk wave transducer in the sense of gain bandwidth products. These
transducers are made by depositing a thin (say one half of an acoustic
wavelength for the frequency of interest) film of piezoelectric material
on one end of the substrate. The material is usually cadmium sulfide or
zinc sulfide. These transducers realize insertion losses comparable to
classic transducers built for low frequency (less than 10 MHz) applica-
tions (17). They probably constitute the ultimate quasi-static transducer.

The strip line electrically resonant transducer would seem to lave
a number of advantages over the thin piezoelectric film transducer.
Certain configurations of the electrically resonant transducer can be
located at will on the substrate. This is an obvious important advantage.

The question of gain bandwidth products is difficult to assess because to
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compare these transducers practically depends upon the function they are
to play, technological achievements in ferroelectric crystals (how long
and thin they can be made) which are necessary for the electrically
resonant transducers, and how well the E.R.T.'s reactance could be
matched by external circuits. The author thinks that the low insertion
losses of the thin piezoelectric film transducers will not be equaled by
the strip line transducers but the gain bandwidth product will prove to be
much larger. The electrically resonant transducer is only practically
applied when the pilezoelectric transducer region and the substrate are
the same. Uhether this is an advantage or not depends upon the applica-
tion and technological achievements in making large ferroelectric crys-
tals., It would appear that, since the electrically resonant transducer
has no mechanical resonance, dimensional tolerances in its fabrication
will be considerably relaxed and hence high frequency transducers (given
the proper piezoelectric substrate) will be readily fabricated. That is,
it would appear that they would be considerably easier to fabricate than
the thin film transducer. In addition their fabrication is planar in
nature.

As a technology, surface wave transducers (18) and devices (19, 2C)
is probably the direction microwave acoustics applications will follow.
Surface wave technology has all the attributes of low insertion loss
transducers, flexibility in location of transducers, flexibility in con-
struction of devices, flexibility in the utilization of phonon amplifi-
cation, and a planar method of construction. The problem facinz surface

wave technology is the photo mask 1limit in fabricating devices, which
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limits devices made by photo mask techniques to applications below

800 MHz. This limit cannot be pushed higher because of the wavelength
of light. Recently 2.5 GHz transducers have been constructed (21) using
electron beam fabrication techniques, and it is thought 4.0 GHz operation
may be possible. The practicality of this kind of construction remains
to be seen,

Strip line transducers share the surface wave transducers! advan-
tages of flexibility in location and planar construction. However a bulk
wave is confined to the substrate and cannot be subjected to the kind of
manipulation that surface waves can be put to, particularly in utilizing
phonon amplification. The strip line electrically resonant transducer
would seem to have two advantages over the interdigital electrode trans-
ducers used to generate surface waves. Because the elecfrically resonant
transducer is not mechanically resonant, the author thinks that in the
long run, the electrically resonant transducer will have more useable
bandwidth than any transducer invented to date. This could be particu-
larly useful in memory applications. Secondly, if it proves true that
dimensional tolerances can indeed be relaxed because there is no mechani-
cal resonance, then it may be possible to build and use these transducers

well above the photo mask limit (800 MHz) that plagues surface wave trans-

ducers.
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JI. ANALYSIS AND APPLICATION OF UNIFORM PLANE WAVE AXIS

PROPAGATION IN 4mm PIEZOELECTRIC MATERIALS
A. Formulation of Problem for 4mm Symmetry

The symmetry selected to work in is a2 4mm piezoelectric crystal (10).

The representation of this symmetry as given by Nye (10) is shown below.

\T“'W g C?\ Q& C\g 5 6 D"ﬁrgn-a
Taa Ca & 3 0o o ||
Ta3 — C\% Cix Csx © © O |[Ss
Taz 60 O O C&w o 0 ||Sx
Tiz 0 0 O ©cwo ||Sn
_T\a_l O O p o © C&, ] 5a |
‘ (1)
I ] ]

O hy | | B

O
o 0 w0
@)
@)

o} \!\33 D’ﬁl
s O
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where uy is the particle displacement.

\ "
_ ¢
S0 O 0 hs O Sn—‘
{0 0 Ohs o ol | >
S33
L Wy hay his O O OJ Soz
313
kgn

Engineering strains are used here,

Sip = Wi
AN W,
Si = U4 AW
g W 3

(2)

(3)

(%)

The force expression is given



15

23 <. T ] \
LR w ) T Ta T ™
T W T|= p2 {u- (5)
_ g3
e Wy a3l ¥ LW

The formulation is completed with Maxwell®!s equations.

I

TXE = -/ (6)

-

30/ vk (7)

4
™
pus o
1

(8)

1

o)

Tl ol

Il

J4 <

O (9)

In writing these equations, the following assumptions have been
made. It is assumed that 4mm symmetry applies. The conductivity has
been assumed to be zero, and it has been assumed there is no free
charge. It has been assumed that M\ is a constant scalar. The acous-
tic losses are taken to be negligible. And finally it is implicitly
assumed that the macroscopic stress-strain relations are valid at the

frequencies of interest.

In this representation, the x3 direction is the c¢ axis and the Xy
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Xy plane is the basal plane.

This particular representation with Sij and Dy being the independent
variables as opposed to letting Tij and Ei being independent is chosen
because the assumption of uniform plane waves causes three of the strains
to be zero and one component of the D field to be zero. Considerably
more algebraic manipulation is required if Tij and Ey are selected as

the independent variables.

Be Basal Plane Propagation

The assumption of uniform plane wave propagation along the Xy axis
is equivalent to assuming uniform plane wave propagation in any direction

in the X Xy plane or besal plane. Therefore, the assumption

-3 = 2 — 0O (10)
}X‘L ~'67\'5

is equivalent to assuming arbitrary direction in the basal plane.
As mentioned earlier, the uniform plane wave assumption implies

three of the strains are zero. In this case,

Also from Equations 8 and 9 it can be concluded that

D= Hi=0 (12)
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substitution of kquations 10-1C into mquations L, < and 4H-7

generates the equations which describe basal plane propagation. It

is found that these equations can be divided into four independent

wave sets which are given below.

(-S“ N IAN T
T W = ei‘wln’-
T“ = C\B\ %\\ "‘\!\3\“3

. E: = WSy + p5 s
8L,
<\sEgI)K\ = M XH‘z/}t

Wa/3% = Y02 /M

M \]
laa = Cpy Sk — \'\3|D3

E"sﬂ, - QP's S\\ - \!\33 Dg

(13)

(1%)

(15)

(16)

(17)

(18)

(19)

(20,
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ﬁn = ‘\\\S B:L

E'J\ — \Sé B‘L

Wa/ak = = Y03

LS_a's = 0

Sip = }u‘s /§X\

3T = p ¥ s/
Mgy \
‘ Ta = Cuy g\%

E\ - ‘hns SlS

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)
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(30)

YTa /M = p ¥t
N‘B-\’, Th = C‘SLo S\;L (3L)

S = Y|y, (32)

The Type IVB.P. wave is just a2 mechanical shear wave with no elec-~
tric coupling. The Type IIIB.P. wave is a shear wave with a longitudinal
E field directly coupled to it. The Type IIB.P. wave is a T.E.M. wave
with a shear stress directly coupled to it. The Type IB.P. wave is a
longitudinal mechanical wave continuously coupled to a T.E.M. wave. The
Type 1 wave will prove to be the solution that is applicable to the
proposed strip line structure of Figure 1. In Section M more will be
said about fitting this solution to the boundary conditions imposed by

the structure of Figure 1. In the future attention will be concentrated

on the Type IB p, wave.
C. c Axis Propagation

Uniform plane wave propagation along the c axis is described by

letting

3/},)(\ = ¥y, =0 (33)
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this implies
Sh =8, = S:a =0 (34)

and

H: = Dz =0 (35)

As before, substitution of Equations 33-35 into Equations 1, 2 and
5-7 generates the equations which describe uniform plane wave propaga-
tion along the c axis. It is found that these equations can be divided

into three independent wave sets which are given below.

Sy = YWy (36)
Vs s = p Vu/ag )
T = CquSiz — s M (38)
ﬁE\ = (5\5\ Di —=\is Sis (39)
YE, /3K = - Ve 3% (%0)

Q\'\L/BX‘s = — 3, /\* (41)

L
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(44)
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(50)
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(53)



22

The ‘l'ype IIIc wave is a longitudinal mechanical wave with a longi-
tudinal K field directly coupled to the wave by h33. The Type Ic and
IIc waves constitute different polarization of the same wave. The Type
Ic or IIc wave is a shear wave that is continuously coupled to a T.k.M.
wave. The Type Ic wave will prove to be the solution that is applicable
to the proposed strip line structure of Figure 1. In Section M more will
be said about fitting this solution to the boundary conditions imposed

by the structure of Figure 1. In the future, attention will be con-

centrated on the Type Ic wave.
D. A One-Dimensional Model of the Type I Waves

A convenient one-dimensional model of the Type I waves is obtained
by letting 2z be the propagation direction and letting the x, y plane be

uniform. It is only necessary to consider one polarization of the

electromagnetic wave.

e = = Wy D (54)

- }Dx/é'k (55)

i

X\‘\vxhi

The force equation is given by

W he = —p YUy ()
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where u is the particle displacement and T' is the stress that the

particle exerts on the media. The strain is given by

S = W)z

The equations of state are

and

(57)

(58)

(59)

The connection between these one-dimensional variables and the Type I

¢ or basal plane waves is given in Table 1.

It is convenient to reformulate this one-dimensional model in terms

of a velocity field,

V= W/

Then Equations 54-59 can be put in the form given below.

¥V l/}z = - 33“/},*

(60)

(61)
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Table 1. Relation of Type IB P and I, waves to the one-dimensional

model
One-dimensional Type IB p wave Type Ic wave
Type I wave ot
2z = direction of X] = direction = direction
propagation of propagation of propagation
S S11 13
Tt -Ty1 'TZLB
Ex -E3 E’.L
Dy "DB Dy
Hy by Hy
u u up
s=1/cP 1/edy 1/ch,
S S S
€ =1/ ? 1/F,33 l/F]_]_
h>0 -h31> 0 h1 57 0
2 2 ,S D ' 2,5 L
Y =hCs W =h31/p33 en Y =h15/F11 Clyly
1 1 1 1
st=s/1-Q —_— - — —_—
c?l 1-W °E# 1-N
1 1 1 1
¢'= /1= 5 Ty 5 g
33 1-YN Fll 1-N
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NWHhYE = -9 \‘\"'/31( » L X \E (62)
W \—K

Wyhve = — VN + L x Y (63)
W= MK

Yexvzg =- p\\‘v\v;hk (64)

S and u have been eliminated in favor of v and the following constants

have been introduced.

K= Wes (65)
' = ¢/0-x) (66)
s' = 5/ (-x) (67)

K is the well known electromechanical coupling constant generated by
Mason ( 11).
Equations 61-64 are a convenient description of the field inter-

actions that will take place in the strip line transducer. In this

description, the quasi-static approximation is made by setting }&.= 0
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in Equation 64,

E.

Normalized Model of Axis Propagation

It is extremely convenient to normalize the dependent variables of

Equations 61-64 so that they have the dimensions of the square root of

power., The following definitions are necessary.

Z:m = \XQ/S'
fee = 5;}\/&'
f&hl(\ = o (35' =Lﬂ/\}ég

ﬁéz = WME' =w/ Ve

(68)

(69)

(70)

(71)

W is the angular frequency when the time dependence is of the form

exp(+jwt).

The dependent variables are normalized as below.

[Z2 W,

By [ Zee
\7‘: 2&9 U~

LTT7 ;j;—’>
T

(72)

(73)

(7%)
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A ! 1 ‘.
T — 'T' / ’ Zr-\)ﬂ (75)
These new dependent variables have the following property.
— * ) * 6
Se =4 B =46 &
L ¥ _ 0\

(77)

Assuming exp(+jWt) time dependence, Equations 61l-64 become the follow-

C\'b?./AZ = -‘lFé“Q (78)
C\{”AZ = —l\%é\ﬂr’i\‘-\- '\\\’\'('\31;\\?%\2 (:Ex (79)
A\’:\u&lfy{ = —:\ ‘5&5 AE\( '\‘1\\5\( P;\RF{;E '—Il\ﬂ' (80)

(8L,

Aéxlc\z = —‘WEIE ,}\\j
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F. Static Energetics of the Axis Piezoelectric Interaction

Mason (11) was the first to point out the significance of the dimen-
sionless quantity Y = h2/ PS cD. The author prefers the following in-

terpretation of K .

The interaction being considered is given in its static one-
dimensional form by Equations 58 and 59. These equations can be in-

verted as below,

—S = s"T‘ —-Js‘e‘« Ex (82)
D = —Jsew T + ¢ By (83)

The energy that is stored in the media by electrical means is

— A
Weey = &0 ARV o

and the energy stored iﬁ the media via mechanical means is

_ S
Wineg, = — &;“'AS )

These energies are not state functions (22) but are dependent on the path

used to obtain the state Dy, S. However, their sum given by
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{ ; {
W:%Q.'Exl -—jS‘é‘& EXT‘\"\;LSTL (86)

is a state function, here written in terms of the state T%, Exe

It is convenient to make the following definitions.

WE = la: él E;_ (87)

!
\ lr{\?. a8

|
wWi={vew BT )

— . 0
W = We —W; +Wp (90)
Wecan only be injected or extracted into or out of the media via
electrical means. LikewiseW,, can only be injected into or extracted
from the media via meci'xanical means. Wy can be injected or extracted
electrically or mechanically. W; is the energy available for con-

version. It is observed that

K = \/\*W;/WEW‘W\ (91)
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Therefore,\\ which is a property of the material, is a measure of
goodness for the static energy conversion process in a piezoelectric

material for which it can be defined.
G. The Power Theorem for Axis Propagation in a 4mm Piezoelectric

The energy flow in a piezoelectric media is a well understood
phenomena (23). Kyame (7) derived a statement of energy flow for the
non-quasi-static case. A power theorem is shown here for the simple
case c¢f 4mm axis propagation. It is done for the sake of completeness
and for the interpretation that would be given to this kind of power

theorem in light of coupled mode theory (12).

The statement of energy flow for the traveling wave interaction
of Equations 78-81 is obtained in the customary manner. Equations 78

and 79 imply that

C\(SQ/&% =+ 0 (92)
| <S‘P> = Re\_“ir“‘\yﬂ = Re[liﬁ\' Q*] (93)

<SA> is properly interpreted as the time average acoustic power

density. Equations 80 and 81 imply that
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1 Sedlz 0 (5%

where
<SE> =Xe Y_‘\iEx \‘\ﬂ =Re [‘li\fix (‘\Zﬂ (95)

<SE> is the time average electromagnetic power density.

If Equations 92 and 94 are added it is found that

A<3A>/A% + ) $Se¥de =0 (96)

Equation 96 is a statement of conservation of energy. Equations 92,
94, and 96 together with the form (12) of Equation 78-81 imply that
eneigy is being continuously interchanged between the acoustic mode and
the electromagnetic mode as the two modes propagate in the z direction.

This type of coupling is called passive mode coupling (12).
H. Capacitively Coupled Transmission Line

Two capacitively coupled transmission lines are shown schematically
in Figure 2. The equations that describe such a model are given below

with  e*J¥t tine dependence having been assumed.
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|]_... _wf_.__m W—_
L L L
1 — 1 . 1 .
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Figure 2. Capacitively coupled transmission line
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Wildz = —'\LO\-\ I (97)
Al /iz =- '\w(CdCa)V\ + lwcuvg (98)
A= —iu}(cx* G Ve © TS
AV [dz = - b 1o (100)

The following definitions are useful.

C\| — C\'\‘ C\'L : (101)

7
N
(1

G+ G | (102)

Zl‘ = \‘iL\/c" (103)
| .
ZL = jL"—/CII (104)

\7\ @\ = VL @N2a" (105)
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Lo =7 LE
Va@ = L@ /JZ
L= VZ 1.0
Bu = @Ld

I?u, = W LLCIL

R = o/cdcet

A A
The dependent variables V\ ) 1\5 \1* ) and

the dimensions of the square root of power. 1In addition,

and

(106)

(107)

(108)

(109)

(110)

(111)

‘i-‘ have

(112)

(113)
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- Substituting Equations 101-111 into Equation 97-100 implies the

following normalized form for the capacitively éoupled transmission line.

d Vi IAZ = —i?\‘\i\ (114)
3T Az = - ‘“5(\\7‘ + {RE R Vo

(115)

A

11, [32

{

SRR e
W[z = -“ﬁli 7)

The analogy between these equations describing two capacitivély
coupled transmission lines and axis propagation in a 4mm piezoelectric
is seen by comparing Equations 78-81 to the above.

In additior it can be seen that R has the same static interpreta-~
tion as V<.. If the interaction between the two transmission lines is
static then the structure of Figure 2 reduces to the capacitor'Tr net-
work shown in Figure 3. It can be found that the total stored energy
in this network is as given below.

(118)

W= W\ +W. —Wji
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Figure 3. Static interaction between two capacitively coupled -
transmission lines
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\ { T
Wy = 2 GV (139)
l T ;
W. = 3 C Vo (120)

Wi = \“&Q\' cL WYL (121)

These energies have the same interpretation as the static piezoelectric
interaction. wl can only be injected or extracted through port 1.
Iikewlise for ‘0&. W—; can be injected through port 1 and extracted
through port 2 or vice-versa. W( is the energy that can be swapped

between the lines on a static basis. Obviously

R =1 Wit ol (122)

R, which is a property of the structure, is a measure of the ability of
the structure to swap energy between the lines on a static bas';s.
The analogy between 4mm axis propagation in a piezoelectric and two

capacitively coupled transmission lines is complete.
I. Exact Solution of Axis Propagation in a 4mm Piezoelectric

Axis propagation in a 4mm piezoelectric with a judicious normali-

zation is given by Equations 78-8l. Assuming e'jF % dependence, the
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dispersion relation for these equations is easily found to be prescribed

by the following biquadratic equation.

l
(ﬁé& -151\ (Féé —)3‘) = PA?EF'& (123)
Equation 123 has the following exact solutions.
B = 3 (@éé ﬂ?’a’ﬁ)

}
w4 wk-pit) +tepepd | e

PE = 3 (e +peh)

- %U?&ﬁ'-ﬁg&v+ "MFEIQ‘P’A&]I/L (125)

The wave amplitudes are found by straightforward algebraic manipu-

lation.
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\ fan
A +\BeZ " (126)
T LRy j%feg fi- i
[t
Hy@) = Be E¢iF _ yga fugife®
fee ez pha
(227)

A S o Lo



A N _\ReZ .
V@) = kpe 81 4 g fegife
J[SEEFM [Sép,
. g (129)
— ke AL &?ﬁ-gﬁﬂﬂ
ﬁEEFdﬂ Fnﬂ
R = Eﬂl—* FtRlP«l
Rak — P&
{
= PBee — 4351' (130)

As mentioned earlier in discussing Kyame's work (7), the non-quasi-
static solution of this interaction predicts a component of the electro-
magnetic wave moving at the acoustic velocity and a component of the
mechanical wave moving at the electrical velocity. The perturbation
technique below will clarify the significance of these amplitudes and

relate them to the quasi-static approximation.
Jo Approximate Solution of Axis Propagation in a 4mm Piezoelectric Media

To make the above exact solution more meaningful, the exact solutions

are expanded in a power series
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n/
PR\ N W P2 (131)

where

{
S LEE _— Vaa (132)
PAn Ve
and it is assumed that S‘<3< 1. The motivation for doing this is the
fact that for nearly synchronous interactions between two wave systems,
it is found (12, 24) that the strength of the interaction depends on the
synchronism and the strength of coupling. This interaction is highly
asynchronous (§ ¥ 10-3 to 10‘4) and one might suspect the degree of
asynchronism is the major factor in relating the wave amplitudes. As
will be seen below, this is a very good approximation and only the first
term in each expansion need be kept.
Applying this procedure to the dispersion relation given by

Equations 124 and 125, it is found that

[3& = [Sf;& L)+ wes™y O(s9)1 ] (133)

and
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{
BE = pet LU0~ (130
+ 8 (g‘t) [y .]
where 6' means order of., Obviously it is a good approximation to let

/397' = [SAI& + Ol§Y (135)

and

Re = ,’séé (1-x) + X(§?) (136)

The constant k is approximated as above by using Equations 133 and
134 in Bquation 130. It is found that ‘

k= {x'S + O(5?) (137)

The exact wave amplitudes of Equations 126-129 are rewritten in terms

of
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B = Breife _ [T gibe

Y hw, (136)
Hu)m pe E*e“E -5 k @ﬁ"é?ﬂ*
\’%EE FéE
\Q (139)
T how.
T = k Erel™ ~{fa
35
\) (140)
+ b
V@ =k ge ©elF? o g Angi®
Js %1'\9 -}f:’i“;
(141)
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The abbreviation, b.w., stands for the backward waves.

Then substituting freely from Equations 133-135 implies the follow-

ing results for the wave amplitudes.

\R-\)& = \]?%%“ + @ng/l) (142)
pefse = Jiox’ 1+ O(e) )
k{5 ﬁﬂ/\%é& = Jix + O (%) (244)

R = e O(s*%) (145)

X pe = JoedK s+ 057 (1)

v Paa
Pa = { + O(sY )
PAn
8 will be so small that the wave amplitudes are approximated through

order S as below.

Eyl2) = Erelfe® | g-gtife (146)
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)= % & elf _[oqegite

et Tt s

ey =i el qegife

sfoe e -

\'\/(2\ = "A‘W@:Wﬂ — r‘i‘-ﬁf j Fa (151)

These results show that only the magnetic field has a significant
component moving at the acoustic velocity and only the stress field has
a significant component moving at the electromagnetic velocity. The
similar components of the electric field and velocity field are much
smaller in relation to the above components and can safely be iznored.

The wave amplitudes as prescribed by Equations 148-151 are the ones
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that will be used in future calculations.

K. Relation of the Approximate Traveling Wave Solutions to the Quasi-

Static Approximation

The greatest bulk of acoustic work is done using the quasi-static
approximation., In particular when the interaction region of the trans-
ducer is small with respect to an electrical wavelength, it is a good
approximation to set the right hand side of Equation 81 to zero. If
Equations 78-8l are solved with the electric field assumed to be con-

stant, then the exact results are as below.

{/ 2\ = r'i‘* é.’“s““z — ‘T'@f“ﬁﬁ (152)

Tia)= Trelf? 4 frgtifil

+\R_S_‘\{:x

(153)

ii\stia\ = "~X%WJE géix A'Z. -—-J;;;]Hﬁ*téijﬁhi}

+ ks T e*iFARZ (154)
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- (155)
By = conslant

If the interaction region is of significant length with respect to
an electrical wavelength, then the electric field cannot be approximated

as a constant., A good guess as how the above quasi-static results should

be modified in such a case would be

A

b, =Ete 2, gogife (15

Substitution of Equation 156 into Equations 152-155 gives Equations 149-
151, The more precise approximation procedure of Section J justifies the

above modification of the quasi-static results.
L. Power Transfer on the Semi-Infinite Structure

It is interesting to consider the situation where the media is ter-
minated at 2 = O in a stress free surface and the boundary conditions are
such that €S inj> watts/meter? are injected into the electromagnetic
mode. It is assumed the media extends to infinity.

The semi-infinite structure assumption implies that there are no

backward waves. The stress free assumption at z = O implies

T = - EY (157)
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Substitution of Equation 157 into Equations 148-151 gives the waves on

this structure as below.
. S\
By = EF (158)

fy = £ &P 4 orel

T = J3¢ B (e P _ Fﬂz) (160)

(159)

V=-feEtelf 0

The energy flow in this structure is given below.

—L 9- <gu\ L\S“ \ 3 162
| (3 E > &[1 stx(ﬁ_i_)zl (162)

LA — (s -
<1TV> < \>§_3Rﬁsm<ﬁ_iﬁ_)2 (163
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It is seen that energy is periodically swapped between the acoustic
and electromagnetic modes. The fraction that is transferred is propor-
tional to S and depends on \\ . The dependence on X is such that the
larger YR the larger the fraction of injected power that can be trans-
ferred to the acoustic mode. V<~ and its role in the static energy con-
version process have been discussed earlier in Section F. fquations 162
and 163 imply that the dynamic energy conversion process is also measured
by Y\ but also depends on the asynchronism given by S « These results
are similar to other traveling wave interactions in which it is typically
found that the stronger the coupling and the higher the degree of syn-
chronism, the more pronounced the interaction between the coupled wave

systems. It is noted that there is no quasi-static analogue for the

problem considered here.

M. Electrically Resonant Transducer

In this section, a transducer scheme that is electrically resonant
but not mechani cally resonant is analyzed. However this particular struc-
ture has a similar insertion loss to structures that are mechanically
resonant. Fabrication tolerances and external matching problems should
be considerably relaxed over mechanically resonant devices.

In the preceding sections, uniform plane wave propagation along lue
axes of a 4mm piezoelectric material was investigated. The intention is
to analyze strip line transducers as generally indicated in Figure 1.

It is thought that the waves represented by the one-dimensional model of

Section D meet the boundary conditions of the strip line structure in-
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dicated in Figure 1 with the following provisos:

AN DW (164)

where \ £ is the electrical wavelength,

W >>1 (165)
d

and

A > >\“ (166)

where )\ A is the acoustic wavelength. It is felt that if the above in-
equalities are met, the assumption of uniform variations in the x, y
plane will be met. It is intended that the z axis is the direction of
wave propagation. In order to coincide with the directions of propa-
gation investigated in previous sections, the ¢ axis must be either
oriented in the z direction or the x direction. The former case will
be called a ¢ axis transducer and the latter a basal plane transducer.
For the particular devices of interest, it will be vital that 1 be the
order of an electrical wavelength. Specific implementations of the
electrically resonant transducer which will be analyzed below are dis-
cussed in the following sections. The intention here is to outline the
restrictions (kquations 164.166) for which it is thought the fields

represented by the previous uniform plane analysis meet the boundary
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conditions imposed by the strip line structure shown in Figure 1.
The electrically resonant transducer (E.R.T.) is shown schemati-
cally in Figures 4a and 4b. The dual of the circuit shown in Figure &4

is one that is clamped at z = % 1, . Since there is no apparent

practical application for such a structure, its analysis is carried out

in Appendix 1.
Without specifying the excitation at z = 0, the boundary conditions

for the structure shown in Figure 4 are given below.

Exl-}) =0 )
Ex(1)=0 (165)
V(o) = V(o*) (269)
T'0) = "T(oY) (170)

Applying Equations 167 and 168 to Equations 148-15l implies the following.

\::x(Z) = tx (0¥) sin gz £2) (a71)

3‘\\/\\%(1_- 9,;'_
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A -[E, 0" - E 0]+ Ay L
Ex(- i)=0 X x . Ex(l+) =0
? ; %Hy(o)
v | —O=-J(,)
@'l_)"‘S?* | e +
A
M 1) | T*(0,)
o- — -5
! z=0 |
z=-1_ z = [+

Figure 4a. The electrically resonant transducer with balanced excitation

—-A
TR0
E(1)= HOD-H.0) o4 E () =
X - y y /O X'+
]
I ,
A , A
Ve 1) o ; 0= V()
) ! A
T L) | T(,)
i | _
i I 9
_ z=0 il |
zZ==| z L

Figure 4b. The electrically resonant transducer with unbalanced
sxcitation
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\ _lﬁ E 0*) cosBeUL‘ 2

s\V\{StQ—
(172)
= Jxs’ \A/(Z)
. R
) = s Bl + T e
~ 2
T T-; Qﬂ\gh (173)
\/(2\ — T* Q“ —T‘ J'\E“z (174)

The top sign is to be applied for z < 0 and the bottom sign for z 0.
It is useful to define the following variables.

~

\\:\-\- ‘(\S}Q

—+ WEAD") COS BE(,Q +2)

S\ ‘(\igE/Q.;_

(175)
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o>
I
I
l
EJ
;ﬂ;

L L e (176)
T

It is observed that

3 =T (Eh) am

because of the boundary condition imposed there. It is seen from
~ A
Equations 174 and 176 that t and v are the standard transmission line
A
variables. X is useful because it is equal to the real stress, Tt,

at the outside world, z = ::Li. as given by Equation 177.

From Egquation 170 and 176, it can be concluded that

&(0‘\ - AjkD.) = —E[EAO*) —AEX(O-)_J (178)

A
Therefore it can be seen that if the excitation is unbalanced ( E,Uf\=
o A n
Ei1(6§> both t and v will be continuous at z = 0 and the mechanical

line will be uncoupled from the electrical line. Therefore unbalanced

excitation at z = 0 leads to no interaction between the acoustic and

electromagnetic modes and will not be considered further.
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Balanced excitation as shown in Figure 4a is considered.

\t\‘,) o) = Y_\"S (0 = \A\\,3 (0) (179)

N [N
Because both v and %y are continuous,

g\(O_S = ‘A\D*\ —_—:k\,\LD) (180)

Then

By =W s Vo) aay

Using Equations 181 and 178, it is found that

Hy ©) — o =s Vo)
éxLD*\ “‘AE\&D-) éx (oY) — Ex(07)

— ’L\ko\ <5V (0) (182)
Ex(0) — Ev) oY) - (o)
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Equations 178, 181, and 182 are conveniently represented by the circuit
model shown in Figure 5.

Equation 175 gives

(183)

N LY A
The quantities % (0 #)/v(0) are related to the quantities T (ﬂ;}/ V(:;’t;)

by the standard transmission line translations which are given below.

+ 3% _

—

1 v+ ¢ RN Tk Ust,) -1
T VR + 1|
I

(184)

TR VE) -1
SAICRINCRESY
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A _— -/\ 4
E O ) [K/\/) E.0 )

+ +

h(0) ﬁ(oi)
N
h(0)
A N
- [Ex(0+) - E (0 )] + C
H_(0)
Y A
Aﬁ'a‘ v(0)
000000
vx§: 1
I
- [t0") - O] + S0
A
v(0) - VO
+ +

")

o C/\/\) *

Figure 5. Circuit showing relation of variables at z = 0 for E.R.T.
with balanced excitation
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+5(07)/ Vo) (185)

The circuit model of Figure 5 is expanded by using Equations 183-185
as shown in Figure 6. The model of Figure 6 properly relates the three
accessible ports in the structure of Figure 4a. The actual behavior of
%‘ and %y everywhere in the structure of Figure 4a is given by the above
equations. However the relationship among the three accessible ports is
described by the model of Figure 6 whose validity is established by the
above equations. The essential feature of the model in Figure 6 is the
way the mechanical and electrical modes can be regarded as uncoupled ex-
cept for the transformer located a2t the point of excitatior. As pointed
out earlier, this decoupling occurs because the electric field was forced
to be zero at 2 = i&j—_ « In essence the E.x.T. structure of Figure 4a
and as modeled in Figure 6 can be regarded as a balanced electrical source

in parallel with two series connected stubs and transformer coupled to a



Figure 6. Model showing behavior of E.R.T. at its accessible parts
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mechanical transmission line of length 1, 3in one direction and 1+

in the other.

It should be noted that there is no non-trivial quasi-static analogue
to the structure considered in Figure 4a and modeled in Figure 6. The
quasi-static limit of the E.R.T. would consist of a shorted electric
field at the point of excitation and hence no coupling to the mechanical

mode at all., Practical implementations of the E.R.T. are considered in

the next three sections.

Ne Ee.ReT. located on the End of a Stress Free Rar

The E.R.T. situated on the end of a stress free bar is shown sche-
matically in Figure 7. The circuit model of this device as deduced from
the more general model of Section M, Figure 6, is shown in Figure 8. An
idealization of a physical realization of this structure is shown in
Figure 9. It is intended that Figure 9 be a sideview with the width of
the device being w. It is assumed that the bond at z = 1 is perfect.
This structure would meet the boundary conditions exactly. A possible
practical implementation of this structure is shown in Figure 10. It is
thought that the manner in which the electric field is shorted at 2z = 1
will not disturb the T.E.M. nature of the fields there significantly.

The structure being considered here shares the property of typical quasi-
static devices in that its location is fixed at the end of the bar. 1In
the next two sections, transducers that can be located arbitrarily on the

substrate are considered.

The practical case where the transducer is terminated in its own
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-0
E () E) =0
I/-\IY(O)—"i'C} A (l (/ (/ .
(\ (\ TN N otV

™0 =0 ()
O_

z=0 z =1

Figure 7. Schematic representation of the E.R.T. on the end of a
stress free bar



62

| long

O+ = V()

O- T

Figure 8. Model showing relation between accessible ports of the E.R.T.
when located on the end of a stress free bar
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Figure 9. FPhysical idealization of the electrically resonant transducer

on the end of a stress free bar
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Figure 10. Possible physical realization on the electrically resonant
transducer on the end of a stress free bar
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mechanical impedance as shown in Figure 10 is considered.

T = VW s

It is apparent then from the circuit model of Figure 8 that

~

\':\“3\0\/ éxLD) = Ykms = "N\—:\;rcé\ FEQ Ny (7

When the transducer is terminated in its match impedance, the electrical
driving point admittance is not dependent on a mechanical resonance.
Within the transducer region there is only a mechanical wave moving in
the 4 z direction and not the - 2z direction. This remarkable property
comes about because the electric field is shorted at z = 1 and doesn't
cause a reflection as it does in quasi-static devices. In addition, it

is noted that when the structure is in a quarter wave electrical resonance,

the driving point admittance is real.

N

J Hulo) |
Vi, ), = Em ) = $K (ee)
=L o\ =
This is a property of the strip line transducer that the gquasi-static

device doesn't have. At an electrical resonance, the strip line trans-

ducer presents a real admittance and there is no need to tune out a
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reactance in the external matching circuitrye.

The actual driving point admittance of the structure is given

below (25).

A
\<'\V\E = \'X" ‘L'lE \('W\E (189)

When the structure is at a quarter wave electrical resonance,

\'{‘M\E\&_\ = W (& F S\ (190)
M AV MV e

As seen in Appendix B, this result is entirely comparable to a similar
quasi-static device at mechanical resonance. To facilitate matching, it
is desirable that the quantity %Y({ZF;E: be as large as possible.
This suggests that a ferroelectric material be used as the piezoelectric
substrate because of the extremely high permittivities that can be found
in some ferroelectrics (26-28). The parameters that have previously been
found important for axis propagation in a 4mm piezoelectric are shown
for the case of barium titanate in Table 2. This data is based on the
single crystal measurements of Berlincourtand Jaffe (29). Using this
data in Table 2, it is found that

in L (l.Qano“z‘i\’-) (291)

E\xf—xqut = 5%
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Table 2., Pertinent constants for axis propagation in 1';laTiO3

Values from the

Propagation in the

Propagation along

one dimensional mode basal plane the ¢ axis

e 6020kg/m3 6020kg /m°
s 3.54x10-12m2 /§ 12.,4x10712 n?/y
¢ 112€_ 1970 €
h - .269x101%V/m .122x1010 v/m
w 0254 .322
st 3.63x10~12n%/x 18.3x10-12m2/N
¢! ns¢, 2920 €
VoV 6.78x103m/ s 3 .lelojm/ s
Verg 2.8x107m/s 5.56x10%n/s
v, 2 .83x107m/ s 6.?6x106m/ s

$ .242x107> 54251072

13N .615x10~5 1.74x10™%
C7IRAN .658x10-¥ .9hx1072
Zl./v'AA 1.48 s/em 3.32 Ms/cm
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for propagation along the ¢ axis and

\ - .
\<:\‘\E. ,\'—'\e/ur = EBSL (, $7x1D Sdﬂ> (192)

for propagation in the basal plane.

Transducers are generally characterized by their insertion loss. It

is supposed that 26 is the characteristic admittance of the external ex-

citing circuit. The definition

3 I
V. = & 2V, (193)

w

is made. Only the situation at electrical resonance, 1 = X.E/h, is con-

sidered. Then

N

Yo — S
Vine = 36

(194)

In considering the case where mechanical energy is converted to electrical,

it is assumed that

- ;\\3\0)/ Ex(0) ::.Q., + N\t;\j coTFEQ (155)



then
g‘(("'\(o ¢
Ving = R+ Y, (19¢)
Define
Tm\l = \Te|™ = |\ (197)
Then
L1 = Tosefon Loss
— "\D\O%lo‘;\“ \-\1;'“\1-.({.\%
=-0hy[dexk g o
s+ %
For a modest aspect ration of w/d = 10 and ‘(‘;‘. \/ SOSL , it is
found that for a ¢ axis Wa\;03  transducer Y.L, v 1348 and

for a basal plane ﬁﬂibg transducer 1.L. v 3548,
O Arbitrarily located End Excited E.R.T.

In the last section, the transducer scheme analyzed was confined to
the end of the substrate in order to meet the stress free assumption. In
this section, an E.R.T. is proposed that should be capable of arbitrary

location on the piezoelectric substrate. A schematic representation of
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this transducer is shown in Figure l1l. The model of the port behavior
as deduced from the model of Section M, Figure 6, is shown in Figure 12.
A possible physical realization of this transducer is shown in Figure 13.
Here again it is supposed that the manner in which the electric field is
shorted at 2z = 1, will not disturb the T.E.M. nature of the fields there.

The practical case where the transducer is terminated in its own

\h((&\/ré\“(ﬂ =1 (199)
-\AI(DS/ '%'(o) =1 (200)

Then from Figure 12, it can be deduced that

5 \ =
Y‘H\E - ~ (D) — ._.\‘ \_\o‘ Co“FE& -\— Jé\%\< (201)
Ex (0)

This is entirely similar to the admittance calculated in Section N

except that the real part of the admittance is decreased by a factor of

tvo.

The calculation of insertion loss proceeds in the same fashion as in

Section N and it is found that

L= —10 \oge W $K/2 ‘P@ (202)
(54K + )
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Figure 1l. Schematic representation of the E.R.T. arbitrarily located
on the plesoelectric substrate with end excitation
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Figure 12. Model showing relation between accessible ports of the
arbitrarily located end excited E.R.T.
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where ?b is given by Equation 193. It is observed that even if the
external electrical exciting circuit could be exactly matched to the
transducer (Qo - s/ ) there would still be 3dB of loss.
This is because half of the acoustic power will be launched in the - 2
direction and half in the + 2z direction and only one direction is con-
sidered useful. Likewise when a mechanical wave is incident upon the
transducer, some of the power (half if ?; = 9K /2) will be converted
into electrical energy and some lost into the substrate on the other
side of the tfansducer. These facts are taken into account in Equation
202,

Using the data given in Table 2 and and assuming w/d = 10 and
Y =1/508 , it is found using Equation 202 that L\l:* \44§

for a ¢ axis Bau03 transducer and  L.\.v Hla® for a

basal plane  QaTi02 transducer.

P. Arbitrarily located E.R.T. with Balanced Excitation

The transducer scheme discussed here is just the realization of the
general E.R.T. model discussed in Section M. This transducer is schemati-
cally indicated in Figure 4a and the circuit model is shown in Figure 6.
The practical case of matched terminations in the acoustic line is con-
sidered. A possible physical realization of this structure is shown in
Figure 14. It is intended that the exciting line be metalized on the
substrate along with the strip line and that it be magnetically coupled
to the strip line as indicated. The characterization of the coupling

between the exciting line and the strip line will not be considered here
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and the characterization of the driving point admittance will be done
as if the strip line were excited as shown in Figure 4a.

The transducer scheme proposed here can also be arbitrarily lo-
cated on the substrate. The only difference between this scheme and
the one discussed in Section 0 is that midpoint balanced excitation is
used here. It is apparent from the circuit model of Figure 6, that
there is no mechanical resonance in this structure and that either stub
can be resonated to tune out the reactance presented at the electrical
port. That is, resonance corresponds to either &\.'-'-' \E/ Y or
X-=e/y .

Considering an electrical source at z = 0 and the acoustic lines
matched at z = ¥ &-ﬁ_- » the physical situation in the transducer is
the following: For z *» O there is one mechanical wave moving in the
4+ 2z direction and for z < 0 there is one mechanical wave moving in the
- 2z direction. Equal amounts of power are delivered to the match loads
at z =% &-3-_ » Considering a mechanical wave incident on the trans-
ducer from z > 14 moving in the - 2 direction, the physical situation
in the transducer is the following: Part of the - 2z directed wave is
transmitted on through the transducer, part is converted to electrical
energy and extracted through the electrical port, and part is reflected
back down the line to the port at z = 1y . If the port at z = - 1_ 1is
matched, there is only a mechanical wave moving in the - 2z direction for

- 1.< 2<0 and the reflection in 0 < z <14 can be thought of as

being caused by the electrical load at 2z = 0,



77

Equation 202 is to be used in calculating the resonant insertion
loss of this structure and the same numerical estimates of insertion loss

for a BaTi03 substrate stated in Section O can be applied here.
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IIT. EXPERIMENTAL PROGRAM
A. Introductory Comments

As pointed out in Chapter II, the practical implementation of the
strip line transducer depends on being able to use ferroelectric
crystals. Barium titanate (BaTiOB) was chosen as the experimental
material because fairly large crystals of this material were available
and the properties of this material as reported in the literature
(26, 27, 28, 29, 30, 31) were deemed desirable. BaTi03 is grown in
plates with one of the nominal cubic axes (30, 31) perpendicular to
the plate. If large enough crystals could be consistently obtained,
BaTiOB would appear to be a good choice for use as the substrate in
devices utilizing the proposed strip line transducers.

Also, as pointed out in Chapter II, if BaT103 is to be used as the
substrate, then the c axis mode of operation is very desirable compared
to the basal plane mode., In fact the calculations for insertion loss
when ¢ axis propagation is used can be termed attractive. The diffi-
culty in building a c axis transducer is that it appears that the single

Mg domain (30, 31) must be formed prior to the metalization of the strip
line. Difficulties were encountered in carrying this process to com-
pletion. Instead basal plane transducers were constructed because they

could be metalized and the single "e" domain (30, 31) then formed.
It would be desirable to form the strip lines on the substrate using
photo mask techniques (32). The effect of subjecting the BaTiOB to the

etchant was unknown and it was decided to directly mask the crystal and
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then metalize the strip lines. This is a crude technique and it wiil
undoubtedly become necessary to find a material that photo mask tech-
niques can be used upon.

The experiment reported here involves bouncing a very short duration
pulse off the end of a bar. The bars were carefully cut on a wire saw,
but no polishing of the ends was attempted. Good BaTiO3 erystals are
fairly flat, and extensive etching in phosphoric acid above the Curie
temperature seems to make them very flat (33). The transducer scheme
considered in this thesis envisions two or more transducers placed on
the substrate, and the problem of polishing the ends of the transducer
in order to observe a bounce would be of no importance. A bounce ex-
periment was performed here because overly large crystals were not avail-
able and this in essence doubled the available delay.

The experiment reported here excited the basal plane mode in a
shorted strip line transducer with a short duration (2ns - 10Ons) voltage
pulse. The author feels that the observed acoustical returns are strong

evidence that the analysis and models of Chapter II are correct.
B. Transducer Fabrication

Several different strip line transducers were constructed and tested.
The intention here is to describe a successful one in terms of available
crystals and success in fabrication and testing.

A large, fairly defect-free, single crystal of BaTiO3 was selected.
The crystal was observed through crossed polarizers and the nominal cubic

axes in the plate of crystal noted. The crystal was carefully cut on a
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wire saw. It was cut into a bar with its edges parallel to the nominal
cubic axes with dimensions l.l4cm x .28cm x .028cm. The bar was cleaned
in various organic solvents and given a brief etch in phosphoric acid
heated to 140° C.

The bar was then mounted on a mask using silicone grease. The
grease was applied in such a way that it would not be in the path of
the acoustic beam as generated by the strip line. Aluminum was evapor-
ated onto the bar to form a ground plane on one side and to form on the
other side a .125cm strip running the length of the bar and roughly
centered in that face. The thickness of this evaporation was estimated
to be 3500%.

The bar was then bonded ground plane down onto another ground plane
which was part of a jig. The jig accomplishes the coaxial to strip line
transition. The bond was accomplished with conducting silver paint.
About 1 cm of copper wire was soldered to a round silver electrode,
«234cm in diameter. The electrode was bonded by silver paint to one end
of the strip line. The other end of the wire was attached to the center
lead of the coaxial cable. The outer shield of the coaxial cable was
attached to the ground plane. This coax to strip line transition is
rather crude, but reliable. The transition was accomplished in such a
short distance with respect to wavelengths of interest that it is thought
to be valid in the sense of interpreting experimental results with re-
spect to the preceding analysis. Investigation of the transition with

a time domain reflectometer indicated negligible reflections due to the

transition.
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The device was then cooled to -15°C and 200V applied to the strip
line for an estimated field strength of approximately 7kV/cm. The device
was slowly warmed to 27°C and the electric field removed. The author has
found this to be a more reliable way to accomplish single "c' domains
than the usual technique of heating the crystal above the Curie tempera-
ture. Experiments with removable electrodes indicate a high probability
that single "e" domains will be obtained in this fashion. The metaliza-
tion on the device being described here prevents one from observing the
domains through crossed polarizers, but the experimental results dis-
cussed below indicate that a single "c" domain is indeed obtained.

The electrical short at the end of the strip line was obtained by

painting the end of the bar with conducting silver paint.
C. Transducer Testing

It is thought that the transducer whose fabrication is described
above is properly modeled by the end excited E.R.T. shown in Figure 12.
The right hand end of the acoustic line in Figure 12 is shorted (stress
free surface) and the left hand acoustic line extends a short distance
to the left and is terminated in a short also.

Referring to Table 2, it is found that the electrical line has a
very low wave impedance (approximately 1 9L ) and the acoustic line (as
seen through the transformer) has a very high impedance (approximately
10551 ). Elementary considerations show that a voltage spike incident

on the transducer from a 50 S\ system will reappear after the acoustic
6

delay with approximately 10~  of its initial value. The transducer
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of length l.l4cm described in Section B should have a total electrical
delay of approximately Ins and a total acoustic delay of approximately
3.4ms based on the data in Table 2.

The electrical observations were carried out in the following man-
ner. A 5051_ pulse generator drove the midpoint of a tee. One side of
the tee was connected to the transducer with about 20em of 50 U cable.
The other side of the tee was connected to an amplifier with approximately
80dB of gain and 8MHz of bandwidth. The center frequency of the ampli-
fier was 30MH2. The output of the amplifier was observed on an oscillo-
scope withIBSMHz of bandwidth. The amplifier had the ability to recover
quickly when greatly overdriven. That is, the initial voltage pulse dicd
not noticeably saturate the amplifier in looking for returns after this
pulse was finished.

Figure 15 is an observation of the reflection of a 2ns pulse from
the beginning of the transducer. The second negative notch is probably
the reflection from the short at the end of the transducer. The photo-
graph in Figure 15 was made on a sampling oscilloscope without use of the
amplifier described above.

Figures 16-19 are photographs of the output of the amplifier as ob-
served on an 85MHz oscilloscope. They were all taken with the amplifier
having about 80dE of power gain. Figures 16-18 are for a pulse repetition
frequency of 50kHz and Figure 19 of 20kHz. The initial voltage pulse in
all four figures had an amplitude of 4V. The vertical scaling in these

figures is 100mV/cm and the horizontal scaling is nominally 2)\s/cm in

Figures 16-18 and 5 A s/em in Figure 19. The lower trace in all four
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Figure 17. Acoustic return from transducer when excited by 2ns pulse
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figures is to nominally indicate the point in time that the voltage
pulse is initiated.

In Figure 16 the transducer is replaced by a short. It indicates
how well the amplifier recovers from an initially large pulse. The in-
put pulse had a duration of 10ns. It is apparent that signal occurring
more than 1 )\ s after the initial pulse cannot be attributed to amplifier
saturation.

Figures 17-19 show the return from the transducer for for 2ns, éns,
and 10ns pulses respectively. It is noted that a return can be observed
for up to 20 )\ s with the 2ns and éns pulses and up to 30 )\ s with the
10ns pulse. Attention is called to the spikes occurring in a regular
fashion on the right hand side of the trace in Figures 17 and 18. At
least three of these can be observed. Likewise in Figure 19 beginning
slightly right of center and going to the left, four regularly spaced
spikes can be observed. A more careful determination of their spacing
using a crystal oscillator as the base to calibrate the time scale on
the oscilloscope indicates that these spikes are separated by B.Q‘A.S.

It is also noted that shorting the transducer at the point that
contact is made to the stripline causes the extensive post 1 M s signal
to disappear. Shielding the device with aluminum foil causes no change
in the observed signal. Varying the pulse repetition frequency from
20kHz to 1MHz has little apparent effect on the signal. Touching the

surface of the transducer with a camel hair brush changes the post 1l s

signal slightly.
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D. Interpreting the Experimental Results

The basal plane strip line model developed in Chapter II and mod-
eled in Figure 12 assumes the excitement of a uniform T.E.M. wave and a
longitudinal mechanical ﬁave that are continuously coupled together and
contained in the region of the strip line. Theoretically this mode has
infinite bandwidth, but it can be expected that lower frequencies will
not meet the assumption of uniformity and the actual wave excited could
be more complicated than the simple mode envisioned above. Also it is
likely that in attempting to bounce the beam off an end of the bar, the
upper frequencies will be limited by how well this end is prepared.
Therefore, it is to be expected that when a broadband signal such as
a short duration pulse is introduced onto the strip line structure, the
acoustic return will contain those frequency components of the initial
pulse that the transducer can handle and the return pulse will be dis-
persed. In addition, the method of observation gives a 8 MHz window
centered at 30 MHz which introduces dispersion in the observation.

There can be little doubt that the post 1 J\ s signal shown in
Figures 17-19 is acoustic in nature. The experimental procedure out-
lined in Section C is fairly convincing evidence that the post 1 M s
signal is an acoustic return.

There is a possibility that the acoustic return observed in Figures
17-19 is a resonance where the wave motion is perpendicular to the plate
(a thickness resonance). The author feels this is unlikely for even
given that the mode of operation here is not the manner in which a thick-

ness mode would be excited, the fact that the return is fairly independent
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of the pulse repetition frequency would seem to be strong evidence that
the thickness resonance is not excited.

The spikes in the acoustic return that are separated by 3.4 M s are
fairly strong evidence that at least in that part of the return the ob-
sefved signal is indeed the strip line mode mentioned above. The strong
signal immediately following the input pulse could be understood as
multiple reflections between the near end of the bar and the point of
excitation. That is, the model of Figure 12 predicts pulses leaving in
both directions., The return spikes every 3.1&)&_5 can be understood as
reflections from the far end of the bar. The hash preceding these spikes
may be understood as reflections from the near end of the bar which are
in turn reflected by the point of excitation as predicted by the model
of Figure 12. This near signal may be understood, then, as a pulse
bouncing between the near end of the bar and the point of excitation.
With every bounce, part of its energy is leaked out the transformer or

down the other side of the bar to the far end.
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Iv. SUMMARY AND CONCLUSIONS

A microwave frequency bulk wave transducer scheme has been suggested
in this thesis. Basically the scheme involves construction of strip
lines on piezoelectric crystals of the correct symmetry and orientation.
The specific case investigated was propagation in the basal plane or along
the ¢ axis for crystals of 4mm symmetry. It was shown that the modes ex-
cited could be regarded as two capacitively coupled transmission lines
where one line corresponds to the electromagnetic wave and the other the
acoustic wave. A power series approximation technique was developed to
analyze the class of problems that arise for this structure. It was
shown that shorting the electric field on one or both ends of the line
caused acoustic waves moving in only one direction in the transducer
region. This kind of transducer is not mechanically resonant. It is
felt that tpis property should greatly facilitate mechanical fabrication
for use at higher frequencies. It is also shown that when the ends of
the electrical line are shorted, the acoustic and electric lines may be
regarded as uncoupled except for a transformer at the point of excita-
tion. It is also indicated that these transducers may be located at will
on the piezoelectric substrate. Estimations of insertion loss based on
published data for barium titanate are made. It is found that a ¢ axis
transducer would be quite attractive.

A transducer was constructed using barium titrate as the piezo-
electric material. This transducer was a strip line formed on a bar

1.14 cm long and shorted on one end. The crystal was poled so that
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propagation took place in the basal plane. The transducer was excited

by a voltage pulse varying in duration from 2ns to 10ns. An acoustic
retﬁrn lasting up to 30 M s could be clearly observed. It is felt that
results of this experiment bear out many aspects of the analysis. In
particular the decoupled transmission line model mentioned above yielded

a consistent interpretation of the experimental data. To the author's
knowledge, no transducer has ever been constructed that could handle
such short duration pulses.

The capability of being able to arbitrarily locate the transducer on
the substrate depends upon being able to short the electric field over
the side of the crystal. This concept was not experimentally verified

primarily because the crystals at the author’s disposal were not long

enough,
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VII. APPENDIX A

The dual of the electrically resonant transducer analyzed in
Chapter II is analyzed here. This structure which will be termed a
mechanically resonant transducer (because it will be shown to have no
electrical resonance) is indicated schematically in Figure 20. The
mechanically resonant transducer (M.R.T.) has no apparent practical
application but the phenomena of the uncoupling of the acoustic and
electric modes as indicated in Chapter II is so intellectu#lly re-

markable that it was thought to be worthwhile to include another ex-

ample of it here.
The boundary conditions to be applied as indicated in Figure 20

are given below.,

’V(“&-) = \7(&-;\ =0 ©(203)
fs)= Ay
éx (s) = éx (Dﬂ (205)

It is useful to apply the variables T and %.(see Equations 175 and 176)

again and for this structure,

’\\\ k: &;\ = \"\v)('-\_- &:) (206)

because it is clamped 2t Z =% 9«__ .
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Figure 20. The mechanically resonant transducer
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Equation 203 implies (using Equations 148-151)

V@) = V0o7) swgallst2) (o
S‘\V'\%AQ;

§\‘ (2) :ii{\/@l\ cosprlly £ 2) (208)
S\('\\'SQQ;_

Equation 204 implies
A\f\\bﬂ i GENRNGE Vo) | ceom

Equation 205 implies

3( \o) 3@ = ':‘\l(o*) — '%'(D‘) (210)

A A
If the mechanical source at z = 0 were balanced, V(O") - V(O“’) »
N o -
then WQY) = W) and the two lines would be completely un-
coupled. Therefore it is necessary to apply unbalanced excitation as

indicated in Figure 20. Therefore

X)) = ¥ Lov) (211)
~and

o= T'0)— {xs Ex(0) (212)
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0f course

et A )
sz\ E\- % _‘__E_ *\ﬁgz‘ (213)

and

'{\"\(‘%\ -*‘ﬂ D:T_Q“KE% \E__ eﬂrej (214)

It is found that

T'(o) N <S B
Vi) =) (W0)/Ec0)) (T 0)/ Extd)
| (215)
T ol ¥ -
The ratios ;\hﬂ/ \:'-xb\ and - ;\r\(()*)/ éx (ot) are re-
lated to ;\us L"’ 9;.')/ ﬁx(‘\_\ and - \:\v&(&x)/ éx(ﬁ&) by

the well known transmission line translations implied by Equations 213,

214 and 206.
Equations 207-209 and 212-215 imply that the three accessible ports

of the M.R.T. can be understood by the circuit model of Figure 21. The

uncoupling of the modes except for the transformer at z = O is again

observed.



Figure 21.
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VIII. APPENDIX B

A quasi-static transducer using the one-dimensional model of
Chapter II, Section D is considered. This is a standard calculation

and is reviewed here in order that the results can be compared to the

E.R«.Te of Chapter II.
The problem to be considered is schematically indicated in Figure

22, Tt is assumed that \<< Ag  and that Equations 152-155 using
the quasi-static approximation can be employed. The boundary conditions

for the structure of Figure 22 are as below.
A
W W\ — 0 (216)
\3
~y A A
T (o) = - RV (o) (217)

Ty = R e

Substitution of Equations 218-220 into Equations 152-155 readily yields

the following.

Qf‘m = f\ujlo\/ = lo) = i\gi:_E(\—K)& +%ﬁ x ihb\o, (219)

@“ = S“ “"2\**&‘) (\*‘C.DS B\i§\ th*coSb)*(\-wiéJ
(14 §\§;\Is\& & +( Rt ﬁl\lcosle - (220)
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9. OPEN
n CIRCUIT
O
—_—
A A
R] , R2
N\ —O—
z=0 z =1

Figure 22. Schematic representation of a quasi-static transducer
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S\ smeL \*R\RL \- cosé\if R*J)cose:’
(\*R\RL\I WD + kR\ﬁ’\l\ s (2a1)

A

by

I

©

{l

FI\\(\ & (222)

Consider the practical case where

f=0 (223)
A
R?, = l (224)
Then
E)SA \R\ o = — Sxl\- QOSB) (225)
Q\,=\
XD\\\ R=o = S\ S’\f\@b—coss_l (226)
Ra=)

!
Resonance corresponds to _9\3 \‘\“I Py and
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2=\ (227)
L=Aa [y

n ~

bal=0 =0 N
R\.':\l
&—Mm/l

It is apparent by comparing Equation 227 to Equation 165, that g, 8t

mechanical resonance is only four times greater than Yin for the E.R.T.

located on the end of stress free bar.

This is why they were said to be

Of course the E.R.T. is not mechanically resonant.

comparable.

The situation somewhat analogous to the arbitrarily located E.R.T.

is to let a\: Q.L: '3_ » Then

S \“ Y ‘-;_ 8‘\((\* CDS9> (229)

K

bh’\&\:&z;’\ = %Kg\\[\@ (20

Resonance corresponds to & — \;\“ , Y and
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dale « = SX
(ﬁ“ R\?—&L:\ : (231)
L= Zanl%

N
n A S (232)
ba|g =gy = O

Y= Yanl3

Comparing Equation 231 to Equation 178, it is seen that this conductance
is twice as big as the arbitrarily located E.R.T. at electrical reso-

nancee.



	1970
	Traveling wave energy conversion in piezoelectric media
	William Henry Childs
	Recommended Citation


	tmp.1412368487.pdf.1Fkbt

