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ABSTRACT
We describe 2D/3D model studies of resonance and radiation chacurrently under development use fully diced matching layers. Unfor-
acteristics of diced matching layers for ultrasound transducers. Caltunately, there is no theoretical description of these 2D or 3D match-
culations are done with PZFlex, a time-domain, finite element, elec-ing layer “pads” that can predict experimental results uniformly.

tromechanical code. Continuous, thin film, quarter-wave match-anayytical studies of diced matching layer dynamics are limited by
ing layers have, of course, been used routinely at optical interfaceg, ,hematical complexity of the electromechanical boundary value
for most of this century. A similar approach is often vital to achiev- problem. Simplified theories based on coupled modes [5] or
ing the acoustic performance required of ultrasound imaging tranSWaveguide analysis [6] of the matching layer have been proposed
ducers. However, the ultrasound problem is complicated by Iatera‘ljmd used, but are ultimately limited by their assumptions. Many
propagation in the layer and crosstalk between transducer elementg , ,irica| and theoretical studies have obviously been done by the

This necessitates dicing the continuous layer into discrete resong;aqound industry but are generally proprietary. Therefore, this
tors on the piezoelectric element(s), whence, crosstalk is mlnlmlzedloaper presents recent efforts towards developing a more compre-

but sometimes at the expense of anomalous local napdesom- o gjye and available finite element modeling methodology for 2D
promised radiation patterns. To better understand multl-dlmenS|onaénd 3D matching layer design. Finite element modeling of electro-

diced matching layer dynamics, a single, solid piezoceramic eleyqchanical response has been described previously by Lerch [7]

ment and a multi-element composite are modeled. We examin%nd others. Here we use our time-domain finite element code,

beam_pressTre and modde shapgs and '?C(;Ude gorgpa_rlsons W'E?Flex [8, 9], to calculate impulse response of a piezoceramic bar
experimental composite data and a coupled-mode design curve,, composite with a range of matching layer thicknesses. Perfor-

INTRODUCTION mance measures in the frequency-domain are calculated via the
The use of quarter-wave matching layers as impedance transfornFourier transform. This approach can, in principle, be used to
ers has been standard practice since the mid-1970s. Earliest medevelop design curves as a function of general shape and material
tion of this technique in the medical imaging literature is by Kossoff properties, as well as loading conditions and electronics.
[1]. Subsequent papers by Goll and Auld [2] and DeSilets, Fraser,
and Kino [3] showed how to achieve high bandwidth/efficiency
using multiple matching layers, e.g., the 1D design formalism in
[3] determines the optimal number of discrete layers and their wave
speeds. Similar design rules are widely used today for large-area
transducers, where double matching layers have become the stan-
dard for wideband medical imaging. Composite polymer-
piezoceramic materials [4] have higher effective coupling constants
that warrant triple matching layers. In practice, cost and materials
usually limit composite designs to one or two matching layers; none-
theless280% of optimal bandwidth is still achievable.
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For simplicity, early designs relied on continuous matching layers

which were sufficient for applications that did not require bearr

steering or large beam width. However, continuous matching lay

ers are limited by laterally propagating waves that couple energ

into neighboring array elements and into the load medium. Th :
resulting crosstalk and sidelobes are unacceptable in many arra
applications, particularly for color Doppler. Lateral waves also re- 3_744 mm
duce beamwidth by broadening the radiating element’s effective
area through participation of neighboring material and elements.
An obvious solution is to dice the matching layer, penetrating fully
if possible. Most phased arrays have one or two completely dicedrigure 1. Transducer models used to investigate matching layer
matching layers and many linear and curved array architectureperformance and optimization issues.



Our work is preliminary but nonetheless quantifies interesting andmore quantitative spectrum plots for the 75, 125, and 250 micrometer
useful aspects of the matching layer design problem. It illustrates howthicknesses with steady-state “mode” shapes drawn alongside at reso-
computer modeling can be used to advantage, suggests simplifiasant frequencies of interest. Strictly speaking, these shapes are not
models for design, and is a preamble to more rigorous optimizatiorclassical modes because of damping, both intrinsic and extrinsic (ra-
using fnite element forward models and least squares inversion methodsliation into the water), but for convenience we will refer to them as
FUNDAMENTAL MATCHING LAYER EXAMPLE such. The_ twc_J shown for each frequency are displacement extremes
Ouir first study was of the simplest matching layer problem of prac-Of the oscillation, 18Dout of phase. These shapes are computed

tical interest, namely, a long PZT-5H bar with a water-loaded match-2utomatically by a concurrent Fourier transform of nodal velocity

ing layer “pad” bonded to the top. The numerical model is illus- over the finite element model during the transient calculation.

trated in Fig. 1, Model 1, and averages about 7,000 elements, déFhe modes identified in Fig. 3a are coupled resonances of the
pending on matching layer thickness. Material properties are giverpiezoceramic and matching layer. Mode A is the principal exten-
in Table 1. The PZT-5H cross-section is 0.223 x 0.125 mm (heightsional mode of the piezoceramic since it is strongest at zero match-
x width) and the bar is electroded and poled across the 0.223 mring layer thickness. Mode A dominates for thickness less than 75
dimension. Bar length is many times its height so that end effectsnicrometers or so, but weakens with increasing thickness as its
are negligible, hence, 2D models suffice. We considered 27 matchenergy couples into mode B, which is dominant for thickness from
ing layer thicknesses from 0.0 to 325 micrometers. Spectra of im-L00-250 micrometers before its energy couples into mode C. Re-
pedance, average surface velocity over the top of the matching layeferring to the upper picture showing results for 75, 125, and 250
and peak beam pressure in the far field were used to compare renicrometer thicknesses, we see that mode A shapes are extensional
sponse. These are cross-plotted for a typical case in Figure 2. Thend generally piston-like, with matching layer and piezoceramic
simulation procedure consisted of applying a voltage pulse acrosmotions in phase. Mode B shapes exhibit more lateral motion,
the electrodes and calculating transient response until velocity angrimarily in the matching layer but clearly coupled to the
charge were negligible. The resulting time-histories (impulse re-piezoceramic, with matching layer and piezoceramic motions 180
sponses) were then Fourier transformed. Although general circuibut of phase. Mode C shapes involve higher vibrational modes in
elements are available in PZFlex, none were included in the modelthe matching layer, as do mode D shapes (not pictured here), and

Results of the matching layer study are presented in Figures 3a arQ]oth shapes show relatively little deformation in the piezoceramic.
3b. Here we rely on the beam pressure spectrum for insight becaus&om the designer’s viewpoint we can readily choose matching lay-
it is the most direct indicator of matching layer performance, anders that maximize bandwidth. In particular, bandwidth is maxi-
beam width does not vary appreciably among the thicknesses considrum at the transition between modes A and B, e.g., near the 75
ered. Fig. 3a shows beam pressure spectra in gray-scale for the 27icrometer thickness. This is because the frequency jump is fairly
separate calculations, which delineate the relationship between modalide and piston-like behavior is supported by both modes across
frequencies and matching layer thickness. Loci of the four majorthe transition. At the transition between higher modes, e.g., B and
resonances are labeled A-D in the figure. Pictured in Fig. 3b areC for the 250 micrometer thickness, there is strong lateral motion
and consequent pressure drop between the peaks where the lateral
mode dominates. In any case we see a significant tradeoff between
bandwidth and pressure output (or sensitivity). From the measured
electrical impedance behavior this would be compensated for by
the drive electronics in practice.

Table 1. Poperties of active and passive materials used in
transducer/matching layer models.
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matching
layer 2750 | 1470 26 52 1460 Figure 2. Comparison of spectral response measures for thve 75
kert filler 1520 | s30 5 5 1060 matching layer in the bar model: far-field peak beam pressure (5 cm

radius); electrical impedance; and average surface velocity.



COMPOSITE WITH DICED MATCHING LAYER direction, 22 pillars in elevation, and a diced matching layer with
The second study was intended to be more practical, and relevamolyurethane kerf filler. Material properties are listed in Table 1
to some of our recent modeling applications. We considered a comand the composite is illustrated in Fig. 1, labeled Model 2. Three
posite transducer for a 500 kHz undersea imaging system in the@ariations were examined: a single three-column element in a poly-
final stages of testing within a collaborative Navy program. The mer slab, five elements in the composite slab with the center ele-
transducer is based on injection molded 1-3 composite materiament driven (Model 2); and an infinitely periodic array of driven
designed by the second author and manufactured by Material Syslements. The PZT columns are 4.5 mm high, .628 mm wide, spac-
tems, Inc. It has three pillars under the electrode in the azimuthing is .372 mm, and each electrode is 2.628 mm wide. Twenty-
three matching layer thicknesses from 0.6 to 2.8 mm were calcu-
lated. As before, spectra of impedance, average surface velocity,

oo 6. and peak beam pressure in the far field were calculated. A cross
@i . 250 um plot is given in Fig. 4 for the case with matching layer kerf filler.
%% ol A The calculations presented here are for the five-element model in
38 0 ‘ 2D, i.e., the 1-3 composite is approximated by a 2-2 composite.
0. %requihcy ?MHZ?' 10. 3D calculations were done but all pertinent behavior is exhibited
A 23MHz B 56MHz C 69MHz by the 2D models. The finite element model was air backed, water
loaded, and the sides were terminated by radiation boundary con-
eeg 61 105 iim B H ditions. Symmetry permitted us to calculate only half the model in
§E 4 i F H H F Fig. 1, which required approximately 24,000 elements. Results are
§§ 2 A shown in Figures 5a and 5b. Figure 5a shows peak beam pressure
a8 spectra for the 23 matching layer thicknesses, where pressure is
% 2 4 & & 10 calculated on the centerline, 5 cm from the matching layer surface.
Frequency (MH2) A:37MHz  B:67MHz C:9.15MHz Plots for the single element and the periodic array are similar in gen-
oF6| 75 um eral appearance to Figure 5a. A detailed spectrum and mode shapes
254. A are shown for the 1.6 mm matching layer thickness in Figure 5b.
gg 2. ﬂ The most notable feature of the response spectra in Fig. 5a is the
e, lack of clearly defined modes in comparison to the previous case,
O gy MHy . ABAMHZ B 74MHZ or equivalently, the limited frequency separation of peak pressure

response as matching layer thickness increases. Since this behav-
Figure 3b. Response characterization of the piezoceramic bar withyy is also seen for the single three-column element in a polymer
matching layer, showing detailed spectra and mode shapes for 73jap, it is due to the composite structure rather than multiple ele-
125, and 250 micrometer thicknesses. ments. The relatively complicated spectrum in Fig. 5b is represen-
tative of what is seen for other thicknesses. Shapes for the three

305] peaks at 230, 360, and 480 kHz, labeled A, B and C, give some
300] indication of the general complexity of modal interaction. For
1 example, at 230 kHz the matching layer essentially rides the com-
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Figure 3a. Response characterization of the piezoceramic bar witposite with a 1.6 mm matching layer including kerf filler: far-
matching layer, showing far-field beam pressure versus frequencyield peak beam pressure (5 cm radius); electrical impedance; and
and matching layer thickness. average surface velocity.



posite on the driven element, rocks on the adjacent elements, andimension of the composite, caused by the significant
deforms on the outer elements; at 360 kHz the layer deforms vertiimpedance contrast between the pure polymer and the composite.

cally over the driven element, mostly laterally on the adjacent ele- COMPARISON TO 3D EXPERIMENTAL DATA

rr;ents, antd bend_s .IO n tt h?houterteé(%rgir:s;bw?lletatf48h0 kHz the dIS"I'he composite 2D calculations show a fair amount of modal com-
placements are similar to those a z but out of phasksy. plexity that might be construed as indicating a poor design. More

Note that part of this complexity is due to so-called accordion modes5 obable reasons are that the model is based on a 2D approxima-

i.e., low frequency resonances and overtones across the finite later; n of a 3D composite design, and it is truncated (artificially) in
elevation to only five composite elements in order to minimize com-

o 10 puter run times. In practice, full 3D simulations are usually much
52 2 16um more reasonable, although spurious modes remain an issue. To
= show the level of agreement that is currently realized between model
§§ 2 (theory) and experiment we considered the actual 3D composite
0 00 200 200 =00 500 coupon built by Material Systems, Inc. and tested by the second

300
Frequency (kHz) author. A schematic is shown in Figure 6.

The composite’s electrical impedance for a water loaded matching
layer with and without kerf filler are compared in Figure 7. The

single driven element is near the center. The 3D calculation is
excited by a voltage impulse and run down to negligible velocity

C: 480 kHz and charge amplitude; voltage and current time-histories are
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Figure 5b. Response characterization of the composite model, show-
ing detailed spectrum and mode shapes for the 1.6 mm thickneSSO OO OO O OOOOOOOOOOOOOOOOOO
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Figure 5a. Response characterization of the composite model, showFigure 6. Schematic of Material Systems, Inc. composite coupon
ing far-field peak beam pressure versus frequency and matchingayout. The shaded regions are electroded and poled. Spacing and
layer thickness. rod dimension are the same as in the 2D composite model.



Fourier transformed and their complex ratio yields the impedancethis mode significantly. The case with filled kerfs shows similar
spectrum. The case with air kerfs shows good agreement excegigreement, but a broader antiresonance due to what appears to be
for the spurious calculated resonance at 500 kHz (impedance minithe same spurious mode constrained by the kerf filler.

mum). The mode shape at 500 kHz, Figure 8, shows it to be a

highly localized lateral resonance in the matching layer pad. This DISCUSSION

lateral mode is strongly coupled to pillar bending modes in the drivenAn important issue for discussion is how 1D matching layer design
element. The coupon’s surface is waterproofed with tape in thenethods mentioned in the introduction, e.g., [5, 6], correlate with
experiment and including tape in the calculation does not constrairsome of our results. We consider the simple bar example described
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in Figures 3a and 3b. A “standard” design curve based on coupled
mode theory is cross-plotted against the first and second mode
curves, A and B in Fig 3a, in terms of a reduced frequency versus
aspect ratio in Figure 9. The design curve is based on resonance of
the matching layer only, i.e., coupling to the piezoceramic is ig-
nored. Despite this ad hoc assumption there is definite correlation,
although the curve is shifted towards the second mode for thinner
layers (higher aspect ratios) and details for the thicker layers (smaller
aspect ratios) bear little similarity to the first mode. The latter dis-
crepancy is due to the strong coupling between matching layer and
piezoceramic demonstrated by the shapes in Figure 3b. The struc-
ture we see in the first mode (A) for aspect ratios from 1 to 2 is due
to this coupling. Furthermore, the curve does ndteftatowards
lower aspect ratios as the 1D theories do.

Another issue is overall modal complexity calculated in the com-
posite. One advantage of composites is they provide better match-
ing to load by virtue of “softer” average structure. A disadvantage
is that the resulting flexibility promotes more resonances and
“floppiness” of the structure when it is driven locally, e.g., a single
element. Numerical experiments show that damping in the passive

Phase = 0 degrees

Phase = 180 degrees

Figure 7. Measured and simulated electrical impedance for the wa-Figure 8. Localized matching /pillar mode shapes at 500 kHz in
ter-loaded MSI coupon, with and without matching layer kerf filler. Fig. 7 for air kerfs; calculated by a 3D model.



Coupled-Mode Design Curve Model limitations are closely related to accurate measurement of

----- PZFlex Mode 1 . . . . .
Lopl PZFlex Mode 2 passive material prope_rtles (_wave spet_ads and dampl_ng) since spu-
E rious model modes evident in comparisons to experiment tend to
disappear as material properties are more tightly constrained. In
1.00 S . .
addition, we have to insure that the tradeoff between model size/
0 completeness and computer run time does not compromise fidelity
. of computed results. Complete and critical validation against ex-
; 60 periments is vitally important to all aspects of the problem and must
5 be done with diligence if we expect to rely more on “virtual proto-
20 types” in the future.
Results presented in Fig. 3 for the simple layer on solid piezoceramic
20 suggest that a simplified matching layer mode theory should be
based on a coupled longitudinal oscillator, rather than waveguide
050 1.00 2.00 3.00 400 modes. The simple model would consist of a piezoelectric spring

Aspect Ratio (W/H) for the ceramic or composite element, elastic springs for each match-
Figure 9. Comparison of 1D coupled mode theory and calculated"d layer, and lumped masses at each interface, with water and back-

modes for the matching layer on piezoceramic.

ing loads included by dashpots. In principle, this simple system

can represent the type of lower mode behavior seen in the models

filler materials and matching layers only has a second-order effec
on these local modes. However, stiffness and Poisson’s ratio hav&
first-order effects. Hence, material characterization is paramount
In addition, the strong coupling of local pillar bending modes to
lateral matching layer modes in models requires attention.

We note that far-field beam patterns are calculated by a straightfor-
ward Greens function-type integration (Kirchhoff integral) of pres-
sure in the water just above the matching layer. Numerical model
are limited to a finite aperture and caution must be exercised whe
calculating beam patterns because pressure is usually not zero
the sides (where radiation boundary conditions are typically ap

with the minimum set of parameters, which are determined directly

y the wavespeed, density, attenuation, and coupling constants of
e transducer and load materials. This is an example of how we
should link finite element and simplified design models. It also
provides a better basis for formal design optimization procedures
based on forward models and least squares inversion.
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then the apparent pressure discontinuity introduces virtual sources
at the edge, producing artificial modulations of the beam pattern{l]
The solution is to make the model wider. We have confirmed that
the finite numerical aperture did not significantly affect beam pres-
sures calculated in this study.

(2]
Finally, it is worthwhile mentioning model size and computer re-
source issues. The studies described here required many calcula-
tions, one per matching layer thickness, and each over a wide range
of frequencies. Therefore, model sizes were minimized. We use?ia8
the time-domain code, PZFlex, so that each spectrum was deter-
mined from a single transient calculation via the Fourier transforml4]
of impulse response, rather than doing one calculation for each
frequency using a frequency-domain code. PZFlex permits the com-
plete suite of calculations for each of the models in Fig. 1 to bel®]
done overnight on a 133 MHz Pentium laptop. 6]

CONCLUSIONS
We demonstrated how multi-dimensional models of diced match-[7]
ing layers can be useful to the designer. However, the price for
additional insight is a host of complex behaviors associated in large
part with material uncertainties and model size limitations. There-[g]
fore, this work is only the first step towards the design methodol-
ogy needed to take full advantage of numerical modeling. It re-
quires a tie-in with, and augmentation of, simpler design rules, morg9]
complete validation against experiments, and better understanding
of numerical modeling limitations.
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