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a b s t r a c t

This work describes a new approach to impedance matching for ultrasonic transducers. A single matching
layer with high acoustic impedance of 16 MRayls is demonstrated to show a bandwidth of around 70%,
compared with conventional single matching layer designs of around 50%. Although as a consequence
of this improvement in bandwidth, there is a loss in sensitivity, this is found to be similar to an equivalent
double matching layer design. Designs are calculated by using the KLM model and are then verified by
FEA simulation, with very good agreement Considering the fabrication difficulties encountered in creat-
ing a high-frequency double matched design due to the requirement for materials with specific acoustic
impedances, the need to accurately control the thickness of layers, and the relatively narrow bandwidths
available for conventional single matched designs, the new approach shows advantages in that alterna-
tive (and perhaps more practical) materials become available, and offers a bandwidth close to that of a
double layer design with the simplicity of a single layer design. The disadvantage is a trade-off in sensi-
tivity. A typical example of a piezoceramic transducer matched to water can give a 70% fractional band-
width (comparable to an ideal double matched design of 72%) with a 3 dB penalty in insertion loss.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Piezoelectric ceramics have been used in many broadband
transducers in the field of ultrasonics for several decades [1]. The
ultrasonic waves generated by the ceramic layer radiate into a
low-impedance fluid load (usually water). However, the imped-
ance mismatch between the ceramic and the water medium causes
low energy transfer efficiency and a narrow bandwidth. However,
it is well known that this efficiency can be improved by inserting
single or multiple matching layers to cancel the energy reflection
at the interface of the two mediums [2].

For piezoelectric ceramic transducers driving into water, a
bandwidth of 40–50% can be achieved by using conventional single
matching layers. Up to 70% can be achieved by using double
matching layers, while applying more matching can in principle
further increase the bandwidth [2]. Nevertheless, multiple match-
ing layers are not widely used in current transducers, especially for
high frequency (>30 MHz) applications, mainly because of fabrica-
tion difficulties. These include layer adhesion, thickness accuracy,
and selection of applicable materials. With increasing frequency,
these issues become more significant, as dimensional tolerances
become finer. Although much effort has been expended on the
alternative approach of modifying the acoustic impedance of pie-

zoelectric materials to increase the bandwidth, for example, by
using piezoelectric composites or polymers [3,4], there are few
publications that address the problem of matching layer design.
This is because the standard methods for impedance matching
are well defined. However, in this paper, the use of higher imped-
ance materials for single layer matching systems is explored,
rather than the traditional method of using impedances between
those of the two layers to be matched. Traditionally, impedances
lower than 10 MRayls would be used in order to match piezoce-
ramics and water, in itself causing issues for material selection.
Here, however, we model the use of higher impedances of around
16 MRayls with success, allowing more accessible materials to be
used, such as certain types of glass. Such an approach offers an im-
proved bandwidth (comparable to double layer matching), with an
acceptable loss in sensitivity, offering a good compromise between
bandwidth, ease of construction and insertion loss.

This paper is organised in the following way: In Section 2 we
briefly discuss a typical transducer construction and describe the
principle of matching and the use of quarter-wave sections. The
paper then describes an alternative approach utilising a combina-
tion of electrical and mechanical matching that allows an exten-
sion of the transducer bandwidth. Section 3 illustrates the
approach by investigating the design of a 30 MHz PZT based trans-
ducer with a single matching layer using classical 1D KLM model-
ling in order to illustrate the mechanisms at work. This is then
verified by FEA analysis, and the comparison of the results dis-
cussed, with concluding remarks in Section 4.
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2. Design of high-impedance single matching layer

Fig. 1 illustrates the cross-section of a typical transducer struc-
ture, including backing layer, ceramic layer and matching layer(s).
The transducer is designed to facilitate the transmission of ultra-
sound from the ceramic piezoelectric material to the fluid medium
(typically water). In principle, the transducer can be made by sev-
eral different techniques, such as thin-film, machined ceramic, or
dice and fill composites, For the purposes of this paper we assume
the transducer is a piezoceramic layer, but the matching tech-
niques described are not constrained by this assumption.

In the example shown, the backing layer itself is terminated at
an air boundary, and the fluid layer is considered infinite.

Since the acoustic impedance of a commonly-used ceramics is
around 35 MRayls, and the value for water is only 1.5 MRayls, this
impedance mismatch causes inefficient ultrasonic transmission as
in effect the ultrasonic energy cannot escape from the piezoelectric
material. To increase the efficiency, matching layer(s) with charac-
teristic thicknesses of km/4 (km – wavelength of sound in the
matching layer at the transducer resonance) are introduced be-
tween the piezoelectric ceramic and the fluid medium, whose
acoustic impedance follows a conventional design rule expressed
below [2],

Zm ¼
ffiffiffiffiffiffiffiffiffiffi
Z0ZR

p
ð1Þ

where Zm, Z0, ZR are the acoustic impedances of the matching mate-
rial, ceramic and fluid load (or water), respectively. Thus the imped-
ance of a single ideal matching layer is about 7 MRayls. There are
very few useful materials with acoustic impedance near this value,
and so compromises have to be made. Epoxies commonly used to
form a matching layer have their acoustic impedance in the range
of 2–4 MRayls and are sometimes used in transducers. They give
some useful improvement in bandwidth compared with having no
matching layer, but at a cost in terms of sensitivity compared with
an ideal match. To reach the impedance of 7 MRayls for ideal
matching, heavy particles must be loaded into the epoxy to increase
its impedance [5].

However, the ideal matching layer only realises the maximum
energy transfer from the ceramic front surface to the fluid medium
at the resonance of the ceramic; the energy efficiency reduces as
the operating frequency moves away from the resonance. This is
now discussed in more detail, with a view to explaining how it is
possible to improve the bandwidth of single layer designs, and
we start by looking into the matching principle. Fig. 2 shows an
equivalent circuit of the transducer where the quarter-wavelength
matching layer can be treated as a transmission line and is repre-
sented by a transfer matrix ABCD. Here the transducer without
matching layer is treated as a black box, and Zin is the input imped-
ance to represent the matching layer and fluid load combined, as
seen by the transducer.

For a transducer without matching layer, the impedance mis-
match is the difference between Z0 and ZR; while for the one with

matching layer, it actually becomes the difference between Z0 and
Zin. If Zin = Z0, the mismatch will be eliminated and therefore no
mechanical energy loss will be found in the interface during the
transmission, and so it is important to investigate the behaviour
of Zin as the driving frequency moves away from the resonant fre-
quency. The equation describing Zin is expressed as follows [6],

Zin ¼
AZR þ B
CZR þ D

ð2Þ

A B

C D

����
���� ¼ cosðkdÞ jZm sinðkdÞ

j sinðkdÞ=Zm cosðkdÞ

����
���� ð3Þ

where k is the wave number (k = 2p/k, k – wavelength), and d de-
notes the thickness (d = k0/4). Thus the amplitude of Zin is expressed
as,

jZinj ¼
ZR cosðkdÞ þ jZm sinðkdÞ
cosðkdÞ þ j sinðkdÞZm=Zr

����
���� ¼ Zm �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2

Rcot2ðkdÞ þ Z2
m

Z2
mcot2ðkdÞ þ Z2

R

s
ð4Þ

By using the definitions of k = 2p/k and d = k0/4, Eq. (4) can be
further simplified to,

jZinj ¼ Zm �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2

Rcot2ðhÞ þ Z2
m

Z2
mcot2ðhÞ þ Z2

R

s
; ð5Þ

h ¼ p
2
� k0

k
¼ p

2
� f
f0

ð6Þ

where f and f0 refers to the driving frequency and resonant fre-
quency, respectively. Here h is an author-defined parameter related
to the transducer bandwidth. The �6 dB fractional bandwidth is
determined by the lower and higher cut-off frequency fH, fL respec-
tively, with their relations expressed as follows:

BW ¼ ðfH � fLÞ=fc; f c ¼ ðfL þ fHÞ=2 ð7Þ

where BW denotes the �6 dB fractional bandwidth, fC is central fre-
quency and is generally equal to transducer resonant frequency f0.
By using Eqs. (6) and (7) and assuming that fC = f0, it is found that,

BW ¼ 2
p
ðhH � hLÞ; h0 ¼

p
2

ð8Þ

where h0, hL and hH are the h values at f0, fL and fH respectively.
Assuming that the fractional bandwidth has a maximum of 1, this
gives a range of values for h ranging from

hL ¼ ho �
ho

2
¼ p

2
� p

4
; hH ¼ ho þ

ho

2
¼ p

2
þ p

4
ð9Þ

Consequently, the range of the factor ‘‘cot2(h)’’ in Eq. (5) is ob-
tained, which varies from 0 for a BW of zero, to 1 for a BW of 1.
Since Zm in most transducer applications is much larger than ZR,
it is reasonable to assume that Z2

m � Z2
R. Thus the assumption of

Z2
m � Z2

Rcot2ðhÞ becomes valid as well. Eq. (5) can be simplified to,

jZinj ¼ Z2
m �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Z2
mcot2ðhÞ þ Z2

R

s
ð10Þ

Fig. 1. Cross-section of a typical transducer.

Fig. 2. Equivalent circuit of a transducer with matching layer represented by
transfer matrix.
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