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RESEARCH DESCRIPTION: 

The research efforts supported by this equipment grant are in the area of biomedical 

ultrasound. These projects involve among others: 

• the development of new transducer designs for transcutaneous and intravascular 

ultrasound 

• the development of ultrasound systems for disease-specific tissue characterization 
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• transducer designs for ultrasonic hypothermia 

One project which has made substantial use of the equipment is a project to develop a catheter 

tip acoustic microscope for use in the prediction of pulmonary artery growth potential in children 

with congenital cardiovascular defects including truncus arteriosus, tetralogy of Fallot and 

interrupted aortic arch. This project has been funded by the Georgia Tech/Medical College of 

Georgia Biomedical Research and Education Program. The co-investigators for this project are 

Professor William Hunt of Georgia Tech and Dr. David Connuck of the Pediatric Cardiology 

group at the Medical College of Georgia. 

Some of the papers which have been generated as a result of this NIH equipment grant 

are included in Appendix A. 

EQUIP:MENT: 

Bids were taken and a careful evaluation of the vendor responses was made including a number 

of on-site demonstrations. Based on our evaluation the equipment selected under this project 

included a Tektronix 2432A digitizing oscilloscope and a Analogic 2020 Polynomial Waveform 

Synthesizer (programmable function generator). With this system we are able to measure the 

acoustic beam profiles associated with various transducer designs. The programmable function 

generator allows us to investigate various signal schemes for tissue characterization such as FM 

chirps. The digitizing oscilloscope allows us to process ultrasonic echoes from tissue and 

determine the most advantageous signal processing schemes. 
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DESIGN AND CONSTRUCTION OF A 
PVDF FRESNEL LENS 

M. Z. Sleva and W. D. Hunt 

School of Electrical Engineering and Microelectronics Research Center 
Georgia Institute of Technology, Atlanta, Georgia 30332-0250, USA 

Abstract 

The design, construction, and performance of 
an experimental broadband polyvinylidene flouride 
(PVDF) Fresnel lena are diacuued. Since PVDF 
ia characterised by a.D acoustic impedance which ia 
closely matched with that of human tissue, this work 
is motivated by the potential application of a lena of 
this type in medical imaging, particularly for shallow 
features such as the carotid artery. A model for the 
lens is proposed. A general pressure transfer function 
ia derived, which ia used to obtain theoretical on-axis 
and focal plane beam profiles. Two identicallenaea 
were tested in a water tank, and experimental ~elf
convolution profiles are reported. 

I. Introduction 

The objective of this work ia to build an experimen
tal wide band Fresnel lena using polyvinylidene flouride 
(PVDF) and to investigate the theoretical and experi
mental beam profiles of the lena. The long-term goal ia 
to use a lena of this type for imaging shallow features 
such as the carotid artery. PVDF wu chosen, primU'· 
ily, because of its acoustic impedance (- 4 MRayla), 
which is closely matched with that of huma.n &issue 
and water (- 1.5 MRayla). In addition, it has been 
reported extensively tha& PVDF transducers exhibit 
wideband performance when properly designed (1]. 

A disk-shaped transducer may be ueed to realise an 
acoustic Fresnel lena by depositing or etching a Fres
nel sone plate (FZP) electrode pattern on one face of 
the transducer while maintaining a full elec&rode on 
the opposite face as illustrated in Fig .. 1. The radii 
which define the pattern and, consequently, the ring
shaped 1one boundaries a.re determined &om hnel 
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dif&action theory (2), and are given by: 

rm = [ ~ ( a0 + ":) r/2 ; m = 1, S, 5, . . • (1) 

where a0 ia the focal length, and ~ is the acoustic wave
length in the medium into which the transducer is ra
diating. The 1one plate electrode pattern is an am
plitude grating since acoustic signals are excited only 
&om those 1ones which are cowred by the electrode. 
Ideally, the excited signals are of equal amplitude and 
are in phase. 

Figure 1: Zone plate configuration and defini&ion of 
sone bomadariea. 

An al*-native method of I)'Dthesiaing an acoustic 
lena is to UH a Fresnel phase plate (FPP), which ia a 
phase grating &lao described by Eq. (1). For a phase 
plate, all of the sones excite acoustic signals of equal 
amplitude; however, a W' phase shift is introduced be
tween the aignala generated at adjacen& sonea. The 
phase shift may be obtained electrically by either driv
ing adjacen& sonea in anti-phase or by poling adjacent · 
sonea anti-parallel to one ano&her (SJ. Alterna&ively, 
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the phase shin may be obtained acoustically by etch· 
ing grooves in a seperate material to provide a,.. phase 
retardation between adjacent aonea. The grooved ma
terial is then affixed to the transducer [4,5J. At fre.. 
quencies useful for imaging, it would be difficult to 
provide adequate electrical isolation between adjacent 
1ones using the former methodlsince the dimensions of 
the pattern would be relatively amall. Using the latter 
method with a PVDF transducer, the required groove 
depth is too great to etch chemically for any useful lena 
material (e.g., lucite). In addition it would be difficult 
to adequately pack the grooves with coupling gel in a 
clini~alsituation. For these reasons it was decided to 
uae a 1one plate, which is relatively easy to fabricate. 
The remainder of thU. paper dU.Cuaaea the modelling, 
construction, and performance of a PVDF aone plate. 

II. Development Of Transfer Function 

For a practical application, a lena ia designed to 
meet predetermined physical specifications and focu
ing performance characteristics, which typically in
clude operating frequency, F-number, focal length, 
aide-lobe levela, and depth of focus. The bearnwidth 
and aide-lobe levels ultimately determine the achiev
able resolution in the transverse direction. The depth 
of focus determines the achievable axial resolution pro
vided the transducer hu sufficient bandwidth. It ia of 
interest then to determine, during the design phase, if 
the required focusing performance can be achieved for 
a given F-number at the frequency of interest. Quanti
tative ueaamenta of the focal point location and depth 
offocua may be obtained from the relative preaaure du.
tribution or beam profile on the lena axia. Likewiae, 
quantitative aaaeaamenta of beamwidth and tid~lobe 
levela can be made from the focal plane beam profile. 
Both beam profiles may be generated from a general 
pressure transfer function. 

To calculate a transfer function relating the pressure 
at an arbitrary point to the pressure at the lena, the 
lena is modelled u a aeries of concentric, ring-ahaped 
radiators mounted on an infinite, rigid bafBe. All radi
ators are aaaumed to be uniformly excited with equal 
amplitude and in phase. In addition, it ia aaaumed that 
the apatial distribution of the aconatic field immedi
ately in front of the leu ia an exact replica of the FZP 
electrode pattern. It has been ahown that the latter u
aumption, which neglects mechanical aberrationa, may 
result in inaccurately computed beam profiles [6]. The 
aberrations are caused by the finite spatial cut-off fre.. 
quency of the trauducer material and reflections at 
the front and rear of the transducer due to impedance 
mismatches (7}. The design used in this work takes ad-
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vantage of the low acoustic impedance of PVDF to cir
cumvent the problem of multiple reflections. The lena 
ia backed with an impedance matched material, result
ing in negligible reflections at the rear. The impedance 
ratio of PVDF to water U. about 2.7:1, resulting in a 
normal reflection coefficient of magnitude 0.45 at the 
front interface, ao retlectiona at the front face of the 
lena are minimal. The cut-olf frequency, however, is a 
function of material properties of the PVDF I3,6J. 

For the general cue of a radiator of area So mounted 
on an infinite, rigid baffte in the .-=0 plane and uni
formly excited with an impulaive velocity, J = t10 6(t)i, 
the potential at an arbitrary point B at r, is given by 
the Rayleigh Integral: 

_ Vo /' { 6 ( C - Di) 
t)(t, r) = 2~ Js. R d.S. {2) 

In Eq. (2) Vt ia the speed of aound in the medium (in 
this work, taken to be water). The integration need be 
carried out only over S0 , u this ia the only surface for 
which the integrand U. non1ero since it ia uaumed that 
the Sommerfeld radiation condition applies and that 
the baffle is rigid. From Eq. (2) the required transfer 
function is found to be: 

(3) 

where P and Po are the pressures at point B and at 
the face of the tranaducer, respectively. -

Equation (3) can be applied directly to the cue of 
an FZP if S0 ia the area defined by the 1one plate 
electrode pattern. This is carried out by calculating 
the individual c:ontributiona to the total pressure at a 
given point from each radiating ring (aone) and then 
1umming all the contributiona. The geometry appro
priate for calculation of th'e preaaure at an arbitrary 
point due to a single ring-shaped radiator ia shown in 
Fig. 2. Using cylindrical coordinates u defined in the 
figure, P(w, r) = P(w,rc,;,s). The on-axis reaponae 
for the n«A ring-shaped radiator ia found in closed form 
u: 

P"(w,O,O,•) .. wu.,. .. wu.,. 
=111D-- -,am---

Po Vt Vt 

where "•• ={a!+ .-2) 112 
and "•• = {6: + .-2) 1

/
2

• The 
total pressure at a point on the s-axis due to a plate 
with N 1ones then is given by the following summation: 



... 

P(w, O,O,z) ~ [ .. WUb,. •• WU4 ,. = £- JlllD -- -JilD ---
~ n=l ~ ~ 

(5) 

Setting • = •o in the expreuione for u0 ,. and ub,. ob
tains the total preuure at the focal point. For a point 
ofr-axia, Eq. (3) must be evaluated numerically. For a 
1one plate with N 1ones, the total preuure at a point 
in the focal plane is given by: 

P{w, rc, 1/1, Zo) _ 
Po -

(6) 

where the primed variables refer to the radiator sur
face. 

,. 
'· 

B(r.,; ,z) 

Figure 2: Geometry for calculation of preuure at ar
bitrary point B due to a aingle ring-shaped radiator. 

m. Calculated Beam Profiles 

A 7 aone, 15 mm diameter 1one plate wu de
signed for a focal length of 27.2 mm (F-number =1.81) 
at a center frequency of 10 MHs, which ill the half
wavelength resonance frequency for a 110 ~o~m thick 
sample of PVDF. The on-axis beam profile ill shown 
in Fig. 3(a). From the plot it ill seen that the actual 

focal length il26.9 mm, 1.1% aborter than the design 
length. The magnitude of the preuure ill normalised 
to the value M the actual focal point. The depth of 
foc011, de&.ned u the distance between the points at 
which the pre111ure ia 3 dB below that at the focal 
point, ia aboat 4 mm. Of interest is the significant 
aubaidiary focu formed within the near-field, which is 
a reault of the phue aampling inherent to a Freaael 
lena 18]. Defiaiug the Iones according to Eq. (1) for a 
phue plate yield• a phue aampling rate of only twice 
per period. 

The calculated on-axis pro&lea are shown in Figs. 
3(b) and 3(c) for the lena operating at 8 and 12 MHs, 
respectively. I& ill aeen that the focal length increases 
with increuinc frequency u does the depth of focus. 
The change iD the focal length with frequency ill pre
dicted by Eq. (1). The magnitude of the aubeidiary 
foc011 becomes larger, relative to the main focu, with 
increuing frequency. To further investigate the be
havior of the nbaidiary focua, the on-axia prifile wu 
plotted for a 4 sone, 11 mm diameter lena designed for 
the same center- frequency and focal length u the 15 
mm lena. Thu. the F-number ill increased to 2.36. The 
profile is ahoWJI in Fig. 4. From the plot it is apparent 
that the magnitude of the subsidiary focua becomes 
comparable to that of the main focua u the number 
of 1ones ill decreased. In addition, the deviation of the 
true focallengtk from the design value increuea u the 
number of sons is reduced. For the 11 mm 1one plate, 
the actual focal length ill 26.2 mm, 3. 7% aborter than 
the design lenlf'b. 

The frequency independent focal plane profile for 
the 15 mm 1one plate ia ahown in Fig. 5. Tht profile for 
an ideal spherical leu with the same focal length and 
diameter is shown also. It ill seen that even for 7 1ones 
the ideal profile ill a reasonably good approximation. 
The 3 dB beam.width for the 1one plate ill about 0.3 
mm, and the magnitude of the &nt aide-lobe ill about 
18 dB below that at the focal point. 

IV. Construction and Performance 
Testing of A 15 mm Zone Plate 

The 7 1one, 15 mm diameter lone plate described 
in the previou. section was fabricated uaing 110 J.'m 
thick PVDF with gold electrodes. The FZP pattern 
wu etched photolithographically. Since the featurea 
of the pattern are relatively large (on the order of 1 
to 10 mill), an inexpenaive laser-generated photoplot 
wu used u a muk. Using a com presion jig, the PVDF 
was affixed to a polilhed compoaite backing material 
conaillting of casting epoxy and tungsten duat of 2.15 
J.'m average panicle aile. The volume percent of tung-
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sten required ~o achieve an acoustic impedance match 
to the PVDF wu calculated using the Reuu model 
for the bulk modulus of composite materiala (9J. The 
transducer and backing material were houaed in a plex
iglas case, and electrical contacts from the electrodes 
to a coaxial cable were made using ailver epoxy. Three 
more identicallenaes were fabricated in the aame man
ner. 

The sone radii of the mask used to expoae the FZP 
pattern were measured, and it was found that there 
were significant deviations from the deaired values, es
pecially in the outermost regions, due to the limited 
resolution of the laser-generated artwork. Beam pro
files were calculated using the measured values. The 
focal length deviated from the ideal cue by leas than 
2%, and the focal plane profile exhibited only minor 
differences. 

In order to investigate the focusing ability of the 
lenses, two identicallensea were positioned in a water 
tank parallel to one another, separated by the appro
priate confocal diatance at 8, 10, and 12 MHs. At 
each frequency, a gated RF signal was transmitted by 
one of the lensea u it was scanned orthogonal to and 
through the lena axis. The voltage developed acroa 
the terminala of the receiving lena was recorded u a 
function of diatance from the axis. Since the lensea are 
identical, the received voltage versus diatance plot i.e 
proportional to the self-convolution of the focal plane 
profile of a single lena (10}. PVDF ia very susceptible to 
electromagnetic interference, and a significant amount 
of RF feed-through was observed, making it difficult to 
isolate the delayed acoustic signal on an oscilloscope 
trace. The receiving lena was shielded with an alu
minum cage fitted with a silver-painted mylar acous
tic window, making it polaible to isolate and trigger 
on the acoustic signal. 

The Nonnaliaed received voltage plot. are shown 
in Fig. 6. Since the focal plane profile is well
approximated by the ideal lena profile, it i.e expected 
that the self-conwlution should resemble the preuure 
profile with little spreading. The experimental plots, 
however, are significantly wider than the calculated fo
cal plane profile. In addition there ia a lack of symme
try about the lena axis, especially at 8 Mils. Although 
some aberration effects are expected, it is not believed 
that it ia the cauae of the deviation in the experimental 
results. The measurement syatem offered no vernier 
control over the orientation of the lena facea. The 
lack of symmetry in the data suggeata that the lenaes 
were not paralleL The data, however, gives evidence 
of focusing, but it is impouible to make a meaningful 
quantitative uaessment of the performance with the 
present measurement system. Currently, efFort. are in 
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progress to retrofit the measurement system with the 
neceuary vernier control to generate accurate profiles. 

V. Summary 

In thie paper theoretical beam profilea were gen
erated for Fresnel aone plates. The on-axis profiles 
revealed the presence of significant sub.idiary focci, 
which become increasingly larger in magnitude relative 
to the main focus u the number of sonee ia reduced. 
The focal plane reaponae for a 7 aone lena was shown 
to be fairly weiJ..approximated by the ideal profile. 

The construction of a 7 aone, 15 mm PVDF aone 
plate wu diacusaed, and ~perimentalself-convolution 
reaulta were presented. Limitationa of the present me~ 
aurement syatem are believed to be reaponaible for the 
poor reaulta, and no quantitative aueesment of the fo
cusing performance wu made. Efforts are in progreu 
to improve the measurement syatem. 

Acknowledgements 

This work was supported by the American Heart 
Auociation and the National Institute of Health. 

References 

!tJ L. F. Brown, •Electromechanical modeling, per
formance teating, and deaign of piesoelectric poly
mer 6lm ultrasound tra.naducen,• Ph. D. d.iaaer
tation, Iowa State Univ., Ames, IA, 1988. 

121 F. A. Jenkins and B. E. White, Fundamental• of 
Optic•, -''" Ed., New York: McGraw-Bill, 1976. 

!SJ M. Mortesaie and G. Wade in Aco"'ticallmcging, 
M. Kaveh, R. K. Mueller, and J. F. Greenleaf, 
editon, vol. 13, New York: Plenum Preu, 198.(. 

1-'l K. Yamada and B. Shimisu, •New typea of ul
trasound focuing transducer systema,• Pnx:. of 
tAe Second Sympo•i•m on Ultruonic ElectroRic•, 
Tokyo, 1981, Japa" J. Appl. PAr•., vol 21, auppl. 
21-S, pp. 135-137, 1982. 

!SJ K. Yamada, B. Shimisu, and M. Mina.bta, 
•Planar-structure focusing lena for operation at 
200 MRs and ita application to the reflection
mode acoutic miC!'OICope,• IEEE Ultruo"ic. 
s,mpo•i•m, pp. 7.(5-7.(8, 1986. 

{6] B. Noorbeheaht, M. Mortesaie, G. Wade, and C. 
Schueler, in Aco"'ticallmcgiAg, J. Powers, editor, 
vol. 11, New York: Plenum Preu, 1981. 



(7J B. Noorbehesht, G. Flesher, and G. Wade in Ul
tru•onic Imo.ging, vol 2, Academic Preea, Inc., 
1980. 

[8J G. S. Kino, Acoutic Wat~u: Dnicu, Imag
ing, and A•alOf Sig•al Proceui•g, New Jersey: 
Prentice-Hall, Inc., 1987. 

[9J M.G. Grewe, T. R. Gururaja, R. E. Newnham, 
and T. R. Shrout, •Acoustic properties of par
ticle/polymer compoaitea for transducer backing 
applications, • IEEE Ulti'Uioniu Srmpo1i"m, pp. 
713-716, 1989. 

[10J W. Ddrr, D. A. Sinclair, and E. A. Ash •A 
high reaolution acoustic probe,• IEEE Ulti'Uiotliu 
Sympo1ium, pp. 594-597, 1980. 

-8 0.11 

i 0.1 

t 0.7 

j : 
0.4 1 0.3 

I 02 

0.1 

10 20 30 

Axial Distance (zJ, mm 

(a) 

13~------------~------------------~ 
12 t 1.~ 

:1 0.11 

• 0.1 

~ ~7 
::. 0.1 

0.5 

1iz o.4 
0.3 

02 

0.1 

0~~~-P--.-~---P--.-~--~--.-~ 
0 II 10 16 20 26 30 311 40 46 10 

Axial Distance (z), mm 

(b) 

l :: 
J 0.1 

I 0.5 

E. OA 

I :: 
I 0.1 

II 10 16 20 26 30 311 40 46 10 

Axial Distance (z), mm 

(c) 

Figure 3: On-axis preeaare profiles for a Tsone, 15 mm 
diameter sone plate at 10 MHs (a), 8 MHs (b), and 
12 MHs (c). Plots normalised to preealire at 10 MHs 
focal point. 

1990 ULTRASONICS SYMPOSIUM- 825 



I 

I' I 

J 
0.8 

o.a 
0.7 

j ~ 
0.4 

1 0.3 

1 02 
0.1 

10 20 30 40 10 
Axial Diatanoe (z], nvn 

Figure 4: On-axis preaeure profile for a 4 1one, 11 mm 
diameter 1one plate. 

I 
0.8 

0.1 

0.7 

i • A. 

1 

1 

0.1 ZDrw ...... 

0.5 /' 
0.4 

u / 
0.2 

ldNI~ 

0.1 

0 
0 0.15 0.3 D.45 0.1 0.75 

RPal Distance (r.). nm 

Figure 5: Focal plane preuure profiles for a 7 1one, 15 
mm diameter aone plate and ideal leu. 

US -1990 ULTRASONICS SYMPOSIUM 

I 
1 
1 

I 
1 
1 

I 
] 

l 

0.8 

0.1 

0.7 

0.1 

0.5 

0.4 

0.3 

0.2 

0.1 

.... 
• ..... ·. 

l' • -• .. • 
• • .. 

• • • ... 
•• 

./ ,. 

• • • 
• 
• • 
• • -· ,... .... . ... •• • • • • 

• • . . .... ~,..,/' 
0~~~~~~~~~.-~-.~~.-~~ 

10 II I 7 I 5 4 3 2 1 0 1 2 3 4 5 I 7 I 8 10 

o.a 

0.1 

0.7 

0.1 

0.5 

0.4 

0.3 

0.2 

0.1 

• • . • • .. 
• 

Radial Diatance (r.], nm 

(a) 

.- . , 
• •• • 

• • • 
• . ... , 

• 
• • • • • 

• • 
• 
• 
• • ., 

• 

.. 
•• • • 

•• • - . ., .. 
••• ... • 

• .. .. ; ........ .. 
• 

0~~~~~.-~-.~~.-~-.~.-.-~ 
10 8 I 7 I 5 4 3 2 1 0 1 2 3 4 5 I 7 I 8 1C 

0.8 

0.1 

0.7 

D.l 

D.5 

0.4 

0.3 

G.2 

0.1 

Radial Dialanoe (rJ, nm 

• 
Jlt-...... 

... . .. 
• .... 

• .... -
•• 

(b) 

..... 
• 
• • ., 

• 

• • 
• • 
• 
• 
• • 
• . , 

• • • 
••• 
••• 

...:'· ..... . . 
•• ... .... 

o+-~-.~.-~-.~.-~-.~.-~~~ 
10 8 I 7 I 5 4 3 2 1 0 1 2 3 4 5 I 7 I 8 1C 

Radial Dlatance lr.l. nvn 

(c) 

Figure 6: Normalised output voltage vs. distance 
off-axis at 10 MBa (a), 8 MBa (b), and 12 MBa (c). 



TRANSIENT ANALYSIS OF A PVDF FRESNEL ZONE PLATE 
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Abstract- ID this paper a method of estimatiDg tran
sient beam profiles for polyvinyUdene Ouoride (PVDF) 
Fresnel zone plates is presented. Tbe plane and edge 
wave convolution integral approach is used to calculate 
the pressure, p(t,'F), at an arbitrary point due to the 
transient pressure,p.(t), at tbe front surface ofthe zone 
plate. This technique e'lploits the circular symmetry of 
the device to generate an analytic expression for the 
spatial impuJse response, .ll(t,T). Theoretical estimates 
of P.(t) are obtained using a lossy Mason model, which 
makes it possible to investigate the effects of various 
excitation signals on the beam profiles during the de
sign phase. Tbe dielectric and mechanical loss pa
rameters used in the model are estimated from simple 
input impedance measurements of an air-backed, air
loaded sample of PVDF. Model results are presented 
for a 3-zone Fresnel zone plate, demonstrating tbe util
ity of the analysis in excitation signal design. 

1 • .Introduction 
An acoustic Fresnel zone plate can be realized by de~ 

iting a zone plate electrode pattern on the ftoot of a disk
shaped transducer while maintaining a full electrode on 
the back [1], as illustrated in fig. 1. The zone radii are 
determined ftom Fresnel diffiaction theory [2] and are 

_given by 

r .. = ~). (zo + ~).) ; m = 1,3,5, ... (1) 

where z. is the focal length. and ). is the acoustic 
wavelength in the medium into which the device is 
radiating. The problem addressed in this wodc is that of 
developing a model for the zone plate transducer which 
can be used to predict the pressure wavefonn at a point in 
the field of the device when it is excited by an arbitrary 
signal. This work is motivated by an interest in 
investigating various wideband signals for potential use in 
a catheter-based tissue characterization system using a 
focused transducer. The approach taken by the authors is 

to treat independently the electromechanical model of the 
PVDF fi1m and the acoustic model of the zone plate 
radiator. 

The Mason model, modified to account for dielectric 
and mechanical losses, is used to develop a transfer func
tion relating the pressure, P J..co), at the face of the trans
ducer to the exciting voltage Y(co). The zone plate 
radiator is modeled as a series of concentric ring-shaped 
radiators and a center disk-shaped radiator mounted on an 
infinjte rigid baffle. The plane ·and edge wave analysis for 
baffled planar pistons is used to generate a general expres
sion for the spatial impuJse response, h(t,'F), of the zone 
plate. Finally, the transient pressure, p(t,'F), is obtained 
from the convolution of h(t,r) with p0(t), where P.(t) is 
the inverse Fourier transform of P.(co). Thus the transient 
analysis can be carried out for a zone plate design once 
the loss properties are determined for a sample of the 
PVDF film from which the transducer is to be constructed. 

F'Jg. 1. Diagram of a 3-zme Fresnel zm:: plate transdna::r. 
l..d, aoss-sectima1 view; right, fimtal view. 

2. Electromechanical Model of the 
Transducer 

The PVDF zone plate transducer is modeled as a lossy 
transducer of area A, equal to the total area of the zone 
plate electrode pattern. The Mason model, modified to 
account for dielectric and mechanical losses, is used. 
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Thus the zone plate transducer is assumed operating in 
thickness mode. 

The relatively w:icle bandwidth of a properly designed 
PVDF transducer is due to the low acoustic impedance as 
well as the significant dielectric and mechanical losses 
associated with the material. The losses must be ac
counted. for in the electromechanical model [3]. The clas
sical Mason model (fig. 2) may be modified to account for 
dielectric and meclaanical losses by making the substitu
tions [4], 

(2a) 

cD ~ cD(ro)[l +.f\V(ro)], (2b) 

where ~(w) and cD((J)) are the frequency dependent 
dielectric pennittivity and elastic •constant", respectively. 
cp(w) and \j/((1)) are the dielectric and mechanical loss 
tangents, respectively. Substitution (Ia) results in 
replacing the bulk capacitance of the transducer, c., with 
the lossy capacitance, c;. given by 

C: = e5(ro)[l-jcp(ro)}A/1 (3) 

for a transducer of area A and thickness I. The method of 
Brown and Carlson [5] is used to estimate £((1)) and cp((J)) 
from input impedance measurements for an air-backed, 
air-loaded sample of PVDF over the frequency range of 
interest as follows: 

Below resonance the input impedance of the sample is 
approximately that due to c.· so that 

Estimates of ~(I)) and cp((J)) can then be made using 

cp(ro) •-11tan{9z) (Sa) 

where IZJ and e. are the magnitude and phase of the input 
- impedance, respectively. Since (5) do not bold near 

resonance, approximations for ~(w) and cp(w) must be 
obtained there by smoothly interpolating the results 
through resonance. Once eB(w) and cp(w) have been 
detennined, the series resonant frequency, (J)., can be 
estimated ftom the zero-crossing frequency of a 
least-squares linear fit to a plot of the reactive portion of 
the series impedance, ~ (fig. 2) versus frequency in the 

vicinity of resonance [5]. The acoustic velocity, v, is 
calculated using v 1 = (J).llft. 

Substitution (Jb) results in replacing the acoustic propa
gation constant, P •• of the piezoelectric material with the 
complex acoustic propagation tenn, p;, given by 

• m[l-}'V(ro)/2]Jp.,/tf>(ro), for l(((J)) << 1. (6) 

In (6) P. is the material density. If (6) is rewritten 
p: = p,.((J))-j~(J)) = p,.((J)}[l - ja{w)!p.((J))], then \II( w) 
can be expressed in tenns of the acoustic attenuation 
coefficient, a((J)), as follows: 

'V(O>) = 2a(ro)/~a(O>), (7) 

where p,.((J)} = (J)Jp.lc0 ((J)} . 

The method of Turnbull et al. [6J is used to estimate a 
and the coupling coefficient, k,. at w. from input im
pedance measurements. The assumption made in this 
work is that a and A; are constant over the frequency range 
of interest and are equal to their respective values at (J).. v 
is estimated at resonance using (7) with p.((J).,) =47t/l. v 
is assumed constant and equal to this value. Finally, the 
acoustic impedance, z •. is found usingZo = p .. w.,lht. 

F~g. 2. The ~cal Maul model ftr a dliclaless-mode 
tr.nDx:er 1lmlinaled with acoustic impedances 4 and z, 

3. Acoustic Model of the Zone Plate Radiator 
1be zone plate is modeled as a series of concentric an

nuli and. a center disk vibrating as planar pistons mounted 
on an infinite rigid baffle. It bas been shown [7] that 
PVDF transducers are well approximated by a simple pis
ton model. The approach used to calculate the transient 
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field of the zone plate is the plane and edge wave con
volution integral method of Lockwood and Willette [8], 
which is swnmarized here. 

For an arbitrary point at r=rcrc+D in the field of the 
device, the pressure, p(t,F), due to the transient pressure, 
P.(t), at the surface ofthe radiator can be found using the 
convolution expression 

(8) 

where v. is the speed of sound in the mediwn (taken to be 
water), and h(t, F) is the spatial impulse response of the 
device. h(t,F) can be found analytically for a disk 
radiator. For a point on the axis of symmetry (z axis) of a 
disk of radius a in the z = 0 plane, (8) reduces to 

where 'tt = t- zlv,.. and t 2 = t- (zl + a2) 112/v,... The 
interpretation of (9) is that the transient pressure is due to 
a plane wave originating at the center of the disk and an 
inverted "edge wave,M each delayed by the appropriate 
travel time. 

For the general case, it has been shown [7] that, for 
rc <a, h(t,F) is given by 

h(t,r)=O, vwt<z 

= (vwl7t)9/2, R 1 < Vwt < R2 

(lOa) 

and, for rc ~a. by 

h(t, r) = 0, Vwt < R) 

= (vwl1t)9/2, R 1 < Vwt < R2 

(lOb) 

In (10) Ra=J(a-rc)2+zl, R2=J(a+rc)2+r, and 

9/2 = cos-1 {(~ + (v,..t)2 -zl -a2)/(2rc:J(v..t)2 -r )} . 
The analysis can be extended to treat an annulus with 

outer radius a and inner radius b by subtracting the im-

pulse response of a disk of radius b from that of another 
disk of radius a [9]. Thus p(t, f) due to a zone plale with 
N zones (!1-1 annuli plus the center disk) can be ex
pressed as 

where h,.(t, F) is the spatial impulse response of the ,fA 
zone. 

4. Results for a 3-Zone Fresnel Zone Plate 
The transient analysis is demonstrated for a zone plale 

with three zones and a focal length of 5 mm. The diame
ter of the zone plate is 3.68 mrn, resulting in an f-number 
of 1.36. The necessary material parameters used in the 
lossy Mason model were calculated from impedance mea
surements for an air-backed, air-loaded 1 crn2 sample of 
PVDF using an HP 8753B network analyzer. The thick
ness of the sample was 109 JU11, and the density was deter
mined to be 1.86 glcm'. The relative pennittivity and 
dielectric loss tangent curves are shown in fig. 4. Table 1 
lists the remainder of the calculated material parameters 
for the sample. Assuming an impedance-matched backing 
(ZB =Zo) and water loading (ZF= 1.5 MRayls}, the trans
fer function P.(oo)/V(oo) was calculated for the zone plate 
transducer. The transient response was calculated for 
points along the z-axis for one-, three-, and six-cycle tone 
bursts of frequency f..= 2noos using (11), where p.(t) is 
the inverse Fourier transform of P.(oo). The resulting tran
sient beam profile for each case is shown in fig. 3. 

For the case of one-cycle excitation, there is little near
field structure, and the focal region is poorly defined. For 
the three-cycle case, a well defined focus is present, and 
there is little near-field structure ~xcept for a subsidiary 
focus. Excitation with six cycles results in more near
field structure and a significant subsidiary focus. The fo
cal plane profiles are shown in fig. 5. While the 3 dB 
beam width varies little with the number of cycles, the 
side lobe levels vary significantly, deaeasing with in
creasing number of cycles. It can be concluded that for 
tone-burst excitation of a zone plate with N zones, the 
optimum number of cycles for a predictable on-axis pro
file is N. However, the number of zones should be large 
enough to sufficiently suppress the side lobes. It has been 
shown [1] that the focal plane profile of a 7-zone Fresnel 
zone plate approximates that of an ideal spherical lens 
with the same f-number reasonably well. 

The authors are investigating a catheter-based tissue 
characterization system utilizing spread spectrum signal 
schemes. One excitation scheme of interest is the un
weighted frequency modulated (FM) cbiJp given by 
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where fmu-Ia is the frequency range of the chirp, and 
T is the duration of the signal. On-axis beam profiles for 
unweighted FM chirps from 8 to 12 MHz with T = O.S 
and 0.75 fJSeC and from 6 to 12 MHz with T = 0.15 fJSeC 
are shown in fig. 6. From fig. 6(a) it is evident that the 
chirp effectively extends the depth of focus for the zone 
plate. Further extension of the depth of focus can be 
achieved by increasing the duration of the chirp as in fig. 
6{b). The magnitude of the near-field peak, however, is 
comparable to the focal region. Fig. 6(c) demonstrates 
that an increase in both the time duration and the 
frequency range, however, extends the depth of focus 
while limiting the magnitude of the near-field peak. 

10 

Interpolation: 

Celeulateg Reaub: 

5o~_.~~~5_.~~--1~0~~~~15 
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0.40 
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Fag. 3. Plots of (a) relalive permittivity, rle •• and (b) dieJeo. 
tric bstangeot, 4p, ir the 109JU1l Chick PVDF. 

In the preceding discussion it is demonstrated that the 
analysis presented in this work effectively enables the in
vestigation of various excitation signal schemes; which, as 
illustrated in figs. 4, S, and 6, can have a significant effect 
on the beam profile of a zone plate transducer. The exci
tation signal and zone plate, however, can be designed to 
optimize the shape of the profile for a particular applica
tion. Spread spectnun signals should be chosen to opti
mize both the signal processing and the acoustic 
performance of the system. 

z. .... I. .. k, 
(MRayls) (km/s) (MHz) 

4.2 2.25 10.3 0.12 0.16 

Table I. Prqlerties of tbe I 09 J.Un dlick PVDF. 

S. Summary and Conclusion 
A method of estimating transient beam profiles for 

PVDF Fresnel zone plates has been presented. This meth
od uses the lossy Mason model for the transducer with the 
necessary material parameters detennined from input im
pedance measurements on a sample of the material. The 
plane and edge wave analysis for baffled planar pistons is 
used for the zone plate acoustic radiator. This approach 
exploits the circular symmetry of the zone plate to obtain 
a general analytic expression for the spatia! impulse re
sponse of the zone plate. 

Theoretical beam profiles were calculated for a 3-zone 
device driven by tone-burst and unweighte.d FM chirp sig
nals using material parameters for a sample of I 09 J.U1l 
thick PVDF. The results demonstrate the utility of the 
model in excitation signal design, which is of interest 
since the authors are investigating spread spectrum tissue 
characterization techniques. The results indicate that a 
signal scheme should be chosen with regard for both the 
signal processing and the acoustic requirements of the ap
plication. 
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