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57 ABSTRACT

Ultrasound bulk wave transducers and bulk wave transducer
arrays for wide band or multi frequency band operation, in
which the bulk wave is radiated from a front surface and the
transducer is mounted on a backing material with suffi-

ciently high absorption that reflected waves in the backing
material can be neglected. The transducer is formed of layers
that include a high impedance section comprised of at least
one piezoelectric layer covered with electrodes to form an
electric port, and at least one additional elastic layer, with all
of the layers of the high impedance section having substan-
tially the same characteristic impedance to yield negligible
reflection between the layers. The transducer further
includes a load matching section comprised of a set of elastic
layers for impedance matching between the high impedance
section and the load material and, optionally, impedance
matching layers between the high impedance section and the
backing material for shaping the transducer frequency
response. For multiband operation, the high impedance
section includes multiple piezoelectric layers covered with
electrodes to form multiple electric ports that can further be
combined by electric parallel, anti-parallel, serial, or anti-
serial galvanic coupling to form electric ports with selected
frequency transfer functions. Each electric port may be
connected to separate electronic transceiver systems to
obtain, through selection of drive signals on individual ports,
selectable electric parallel, anti-parallel, serial, or anti-serial
coupling of the ports in transmit mode, enabling transmis-
sion of ultrasound pulses with multi-band frequency com-
ponents. In receive mode, signals from the individual elec-
tric ports can be combined after isolation amplifiers in a
filter-combination unit to obtain composite electric ports
with extreme wide-band transfer functions and multi-band
transfer functions covering a range from a 1st to a 4th
harmonic band.
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WIDE OR MULTIPLE FREQUENCY BAND
ULTRASOUND TRANSDUCER AND TRANSDUCER
ARRAYS

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention is directed to technology and
designs of efficient ultrasound bulk wave transducers for
wide frequency band operation, and also transducers with
multiple electric ports for efficient operation in multiple
frequency bands, for example frequency bands with a har-
monic relation, where it is possible to receive the 1*', and/or
224 and/or 3%, andjor 4™ harmonic frequency bands of the
transmitted frequency band.

[0003] 2. Description of the Related Art

[0004] In medical ultrasound imaging, one uses a variety
of center frequencies of the transmitted pulse to optimize
image resolution for required image depth. To image deep
organs one can use frequencies down to ~2 MHz, while for
shallow depths one can use frequencies higher than 10 MHz.

[0005] In many cases one also transmits an ultrasound
pulse in one band of frequencies, and receive the back
scattered signal in a second band of frequencies. This is for
example done in 2™* harmonic imaging of tissue, where the
receive band is centered around the 2° harmonic frequency
of the transmit pulse band. Nonlinear elasticity in the tissue
distorts the forward propagating pulse, which increases the
higher harmonic content in the pulse with depth. This
method considerably reduces noise in the ultrasound image.

[0006] Second harmonic imaging is also used for the
detection of ultrasound contrast agent. As the nonlinear
elasticity of the contrast agent is very strong, it is also
interesting to use a receive band centered around higher than
the 2"¢ harmonic band, for example the 3 or 4! harmonic
component of the transmit frequency band.

[0007] Ttis also useful to transmit an ultrasound burst with
two separate frequency bands, both for imaging of soft tissue
and ultrasound contrast agents. The non-linear effects will
then introduce new frequency bands in the scattered signal,
centered around sums and differences of the transmitted
center frequencies. When the center frequencies of the
transmitted frequency bands coincide, the difference fre-
quency is referred to as a sub harmonic frequency compo-
nent produced by the non-linearity of the tissue or contrast
agent elasticity.

[0008] Traditional ultrasound transducers for medical
imaging have limitations for such applications in that they
are efficient over a limited band of frequencies. The active
material in the transducers, is usually a plate of piezoelectric
ceramic that vibrates in thickness mode. Other piezoelectric
materials like the crystal LiINbO;, or the polymer PVDE, are
also sometimes used. In the following we mainly refer to
ceramic materials while it is understood that other piezo-
electric materials can be used in the same manner.

[0009] The ceramic has much higher characteristic
mechanical impedance (Z_~34 MRayl) than the tissue
(Z,~1.5 MRayl), and the energy coupling between the tissue
and the ceramic plate is therefore by nature very low. To
improve this energy coupling, the plate is operated around
)/2 resonance when the backing mount has a lower charac-
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teristic impedance than the piezoelectric plate, or h/4 reso-
nance when the backing mount has a higher characteristic
impedance than the piezoelectric plate. The resonance
increases the amplitude of the thickness vibrations, hence
improving the tissue/ceramic energy coupling at the reso-
nance frequency. The resonance, however, gives a limited
bandwidth of the energy coupling, limiting the minimal
pulse length transmitted through the transducer.

[0010] To increase the bandwidth of the energy coupling,
impedance matching layers are commonly used between the
tissue and the ceramic plate to raise the mechanical imped-
ance secen from the plate towards the tissue. Further
improvement in the bandwidth of the tissue/ceramic energy
coupling, is obtained with the well known ceramic/polymer
composite materials. Such materials are made by dicing
grooves in the ceramic plate and filling the grooves with
softer polymer, a process that produces a composite ceramic/
polymer material with mechanical impedance Z ~12-20
MRayl, substantially lower than for the whole ceramic.

[0011] Even with these techniques, it is difficult to produce
efficient energy coupling bandwidths larger than ~80% of
the center resonance frequency, limiting the bandwidth to
~35% for 2 harmonic imaging, and making it impossible to
use higher than the 2°¢ harmonic component of the back
scattered signal for imaging. The reason for this is that the
transducer plate is the dominant resonant layer in the struc-
ture, and the electrodes are placed on the surface of the
piezoelectric layer so that the electrode distance becomes
large at high frequencies.

[0012] For improved bandwidth with 2™ harmonic imag-
ing, there has been presented transducer structures with two
piezoelectric layers with electrodes on the surfaces that
gives a dual band performance [1,2,3]. Through coupling of
the electrodes one is able to transmit selectively in a low and
a high frequency band, and receive selectively in the same
low and high frequency bands. However, the presented
patents make less than optimal use of the multilayer design
for widest possible bandwidth, and the flexibility for select-
ing transduction in different frequency bands is limited.

[0013] The present invention presents a new layered trans-
ducer structure including optimized examples of the design
that provides wider transduction bandwidths than previous
designs, allowing transmission and reception of ultrasound
pulses over two octaves, i.c. from a 1°" to a 4™ harmonic
component of the lowest frequency band. The invention also
provides details of efficient manufacturing of the layered
structure. The method to increase the bandwidth is also
useful for single piezoelectric layer transducers, increasing
the relative bandwidth of such transducers to above 100%.
This makes single piezoelectric layer transducer efficient for
2" harmonic imaging and also for 1°* harmonic imaging in
different frequency bands.

[0014] The invention further presents methods for elec-
tronic selection of a wide variety of combinations of electro-
acoustic ports in multi-layered transducers, for electronic
selection of the efficient transduction bands of the trans-
ducer. This allows the transmit ultrasound pulses with fre-
quency components in multiple bands, say both a 1° and a
2" harmonic band, with transmitter amplifiers that switches
the drive voltage between +V, -V, and zero. The invention
further devices methods of combining the received signals
from multiple electric ports for parallel reception of signals
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over two octaves of frequencies, orin a 1%, 2™, 3, and even
4" harmonic component of the transmitted frequency band.

SUMMARY OF THE INVENTION

[0015] The invention presents solutions to the general
need for ultrasound transducers that can efficiently operate
over a large frequency band, or in separated frequency bands
both for transmit and receive, so that: 1) one can use the
same transducer to operate with several ultrasound frequen-
cies to select the optimal frequency for the actual depth, 2)
one can obtain wider transmit and receive bands with 2™
harmonic measurements and imaging, 3) one can receive
higher than the 2™ harmonic component of the transmitted
pulse, for measurement and imaging of objects with high
non-linear elastic properties, and 4) one can transmit a
complex ultrasound burst containing frequencies in more
than one frequency band, and receive signals in frequency
bands centered around sums and differences of the trans-
mitted center frequencies.

[0016] According to the present invention, such wide band
or multi band operation of the transducer is achieved
through three design attributes:

[0017]

[0018] The total transducer is composed of a set of piezo-
electric and purely elastic layers, mounted on a backing
material with so high absorption that reflected waves in the
backing material can be neglected. The layers are grouped
into: 1) a core, high impedance section that contains the
piezoelectric layers, 2) a load matching section of elastic
impedance matching layers between the high impedance
section and the load, and 3) possibly also a back matching
section of elastic impedance matching layers between the
high impedance section and the backing material.

[0019] The high impedance section is composed of piezo-
electric and possibly also purely elastic layers, where all
layers of this section have close to the same characteristic
impedance Z., which is the highest value in the whole
structure. As the exact value of the characteristic impedance
is difficult to control and can vary even within a piezoelectric
layer, the requirement of constant characteristic impedance
within this section must be viewed as fuzzy and imprecise
where up to a 20% variation can be tolerated, as discussed
below. The basic requirement is that the high impedance
section functions as a unity when determining resonances of
the structure. The resonances of the structure is then deter-
mined by the total thickness L, of the whole high impedance
section, and not by the thickness of the individual piezo-
electric layers.

[0020] The highest sensitivity of the transducer is obtained
by minimizing the power transmitted into the backing. This
is obtained by either selecting the lowest or highest possible
characteristic impedance of the backing material so that the
velocity reflection coefficient at the backing interface is
close to +1 or —1. Matching layers between the piezoelectric
section and backing can be used to reduce the power
transmitted into the backing in certain frequency ranges, for
example to increase the sensitivity for high frequencies in a
band. A problem with such matching is that its resonant
nature can reduce the overall operating band of the trans-
ducer.

[0021] The load matching layers are according to well
known methods selected to transform the load characteristic

1. Overall Structure:
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impedance to a higher value close to Z,, over as large
frequency range as possible. This is done with standard
methods where one for example can choose equal ripple, or
an exponential tapering, of the reflection coefficient between
the high impedance section and the load matching section,
with 3./4 layer thickness of the matching layers at the center
of the efficient matching band. With such an arrangement of
the layers, the reflection coefficient between the high imped-
ance section and the load matching section can be made
small over the effective frequency range of the impedance
matching. The invention also devices a new method of
manufacturing such layers as metal/polymer composites
similar o the high impedance elastic layers described below.

[0022] When the impedance seen from the piezoelectric
section towards the load deviates from Zo, one gets reso-
nances when the sum of the roundtrip propagation phase (2
kL,) through the high impedance section and the phases of
the reflection coefficients at the load and back interfaces of
the high impedance section, is a whole number of 271. Here
k=w/c is the wave number at the angular frequency co in the
piezoelectric section with wave propagation velocity c.

[0023] With proper placement of electrodes as discussed
under point 2 below, the resonance gives improved phase of
the electric impedance of the electric port, hence giving
improved sensitivity of the transducer in the resonant bands.
According to the invention, thickness resonances in the high
impedance section is used to boost the transduction effi-
ciency at the lower and upper frequencies where the load
matching section starts to become inefficient, hence increas-
ing the active transduction band of the transducer. To
achieve this effect, the thickness of the high impedance
section is increased by added elastic layers, introducing
resonances of this section on the low and high side of the
efficient band of the load matching.

[0024] The added elastic layers in the high impedance
section can be loaded or unloaded piezoelectric layers,
which already have the same characteristic impedance as the
other piezoelectric layers of this section. The characteristic
impedance of composite piezoelectric materials can also be
brought down in the 12-20 MRayl range, where one can find
other materials with similar characteristic impedances, like
aluminum (Al: Zy~17.3 MRayl) and magnesium (Mg:
Z,~10 MRayl) materials, and the semiconductor silicon (Si:
Zy~19.5 MRayl). Conducting metals and highly doped Si
can also be used as electrodes in the structure, and transistor
amplifiers and switches can also be integrated on Si-layers.
Excitation of transversal modes and shear waves in the
elastic layers can introduce problems, depending on the
dimensions. In such cases, the invention devices a solution
to attach layers of silver (Ag: Z,~38 MRayl), zirconium (Zr:
Z,~30.1 MRayl), or zine (Zn: Z,~39.6 MRayl) directly to
the undiced, whole ferrolectric ceramic material. Other
actual materials are alloys like brass (Z,~36 MRayl) or cast
iron (Z,~33 MRayl). These materials have characteristic
impedances that are sufficiently close to the ceramic mate-
rials, and can be diced together with the ceramic layers to
form a final metal/ceramic/polymer composite. The elastic
layers of the metal/polymer composites can then be used as
part of the electrodes as they provide metallic connection
directly to the ferroelectric ceramic slabs, as discussed
below. The invention also devices similar methods for
manufacture of high impedance load matching layers with
reduced lateral coupling. Mixtures of polymer with tungsten
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or other heavy powders can also be used for elastic layers in
the high impedance section, albeit they have larger power
absorption and hence reduces sensitivity compared to the
other solutions.

[0025]

[0026] Conducting electrode layers are inserted at the
surface of the piezoelectric layers in the high impedance
section, to divide the high impedance section into elastic and
piezoelectric layers separated by the electrodes. Two such
electrode layers with an intermediate piezoelectric layer,
constitute an electric layer port. The placement of the
electrodes are selected so that for the active frequency bands
of the port, a high thickness vibration amplitude of the
piezoelectric layers between the electrodes is found.

[0027] For widest possible bandwidth, the back electrode
is located at the interface between the backing mount and the
high impedance section (no matching layers to the backing),
as this location for all frequencies is either an antinode (for
low impedance backing) or a node (for high impedance
backing). The other electrode is then at the center of the
actual frequency band selected at the antinode in front of the
backing interface. This gives maximal thickness vibrations
of the material between the electrodes at the center fre-
quency, and as the back electrode is stationary relative to the
standing wave pattern, we get a widest possible bandwidth
of the electric pick-up.

[0028] Maximal electric pick-up is also obtained when
there is an uneven number of half wave lengths between the
electrodes when the back electrode is at an antinode (low
backing impedance), or an uneven number of quarter wave-
lengths when the back electrode is at a node (high back
impedance). In some situations one wants to use a limited
transduction bandwidth of the transducer to filter the ultra-
sound pulse, for example to attenuate 2™ and 3* harmonic
components in the transmitted pulse with harmonic imaging.
This can be furthered by positioning the back and front
electrodes so in the standing wave pattern, that they vibrate
with the same phase and amplitude at these frequencies.

[0029]

[0030] The high impedance piezoelectric section can con-
tain several piezoelectric layers covered with electrodes to
form one electric port per layer. The signals for several
electric layer ports are then favorably combined to influence
the overall transfer function. The simplest examples are that
the electrodes are galvanically connected to form a series or
parallel coupling of two or more electric layer ports into a
new electric resultant port. Coupling the electrodes of the
layers together so that the voltages across the layers are the
same (with voltage polarity defined relative to the polariza-
tion direction of the piezoelectric material), and the current
into the resultant port is the sum of the currents in the layer
ports, one obtains electrical parallel coupling of the layers.
Coupling the electrodes of the layers together so that the
voltage across the resultant electric port is the sum of the
voltages across the layer ports, while the currents in the layer
ports are the same as the current in the resultant port, gives
an electric series coupling of the layers. In this galvanic
coupling of the ports, it might be necessary to isolate
electrodes between neighboring layers, or use opposite
direction of the polarization of neighboring layers according
to well known principles. One can also at transmit steer the

2. Electrode Placement.

3. Combining Electric Ports.
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voltages on individual electrodes so that one selectively
obtain electrical parallel or series coupling of electric layer
ports, as described in FIG. 12. Electrical anti-serial and
anti-parallel coupling of the ports, where the currents or the
voltages, respectively, of the ports have opposite polarity,
are also actual to obtain specific transfer function as
described in the specification below.

[0031] With galvanic coupling of the electrodes, the cur-
rent in one set of layers influences the current in other layers
so that one gets electrical coupling of the vibrations of all
participating layers in the resultant port. Other types of
combinations of the layer ports or resultant ports in receive
mode, can be obtained by combining the signals after
preamplifiers from the layer ports, possibly after filtering of
the signals, into composite signal ports as described in FIG.
12. In this case the vibrations of the participating layers are
unmodified by the combination.

[0032] One hence typically can have situations where
layer ports are galvanically combined to produce resultant
multi-layer ports, for example by parallel coupling of layer
ports to obtain reduced electric impedance of the galvanic
resultant ports. These galvanic resultant ports can again be
combined electronically to form new composite ports that
are electronically selectable.

[0033] The invention hence describes a general transducer
concept that can be adapted for efficient operation of a single
transducer in such a wide band of frequencies that multi
frequency band operation can be achieved with the same
transducer. The patent also applies to the design of indi-
vidual elements of an ultrasonic transducer array. The
description below shows specific designs based on the
general principle introduced, that is particularly useful for
sub, second, third, and fourth harmonic measurements and
imaging, and combinations thereof.

[0034] Other objects and features of the present invention
will become apparent from the following detailed descrip-
tion considered in conjunction with the accompanying draw-
ings. It is to be understood, however, that the drawings are
designed solely for purposes of illustration and not as a
definition of the limits of the invention, for which reference
should be made to the appended claims. It should be further
understood that the drawings are not necessarily drawn to
scale and that, unless otherwise indicated, they are merely
intended to conceptually illustrate the structures and proce-
dures described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] In the drawings, wherein like reference numerals
denote similar elements throughout the various Figures:

[0036] FIG. 1 shows an example of a piezoelectric plate
covered with metal electrodes where the faces are in contact
with a load and a backing material;

[0037] FIG. 2 shows representations of an ultrasound
receiver transducer with an incident acoustic wave by two
equivalent circuits, where a) shows a Thevenin equivalent
while b) shows a Norton equivalent;

[0038] FIG. 3 shows relations between the thickness
vibration velocity transfer functions of the piezoelectric
layer and the electric source impedance for an acoustically
unmatched and an acoustically matched transducer;
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[0039] FIG. 4 shows a cross section of a typical, acous-
tically matched transducer;

[0040] FIG. 5 shows a cross section of a transducer
structure according to the invention;

[0041] FIG. 6 shows the standing wave pattern of the
amplitude of the vibration velocity, where

[0042] FIG. 6a shows the amplitude for ideal matching
between the load and the high impedance section, while

[0043] FIG. 6b shows the amplitude for a practical match-
ing between the load and the high impedance section;

[0044] FIG. 7 shows the amplitude of the structure trans-
fer and the electrode transfer functions, where

[0045] FIG. 7a shows the amplitude of the structure
transfer function for ideal matching and practical matching
between the load and the high impedance section, and

[0046] FIG. 7b shows the amplitude of the electrode
transfer functions for three electrodes giving three electric
ports as schematically shown in FIG. §;

[0047] FIG. 8 shows example transducer according to the
invention, where

[0048] FIG. 8a shows a schematic cross section of an
example transducer according to the invention, where the
high impedance piezoelectric section is specified as two
piezoelectric layers, and an added elastic layer, the faces of
the piezoelectric layers are covered with three electrodes
that constitutes three E electric ports,

[0049] FIG. 8b and 8c shows examples of how both the
piezoelectric layers, a high impedance elastic and a load
matching elastic layers can be made as composites, and

[0050] FIG. 84 shows a transceiver system for electronic
switching between electric ports;

[0051] FIG. 9 shows the example impedances seen into
the load matching section together with the reflection coef-
ficients between the high impedance and the load matching
section, for a 2-layer and a 3-layer matching;

[0052] FIG. 10 shows examples of practical transmit
transfer functions for the electric ports of the example
transducer in FIG. 8, where

[0053] FIG. 10a shows the transfer functions for a 3-layer
matching and

[0054] FIG. 105 shows the transfer functions for a 2-layer
matching;

[0055] FIG. 11 shows examples of receive transfer func-
tions, where

[0056] FIG. 11a shows the receive transfer functions of

Port II and Port IV of FIG. 8, while

[0057] FIG. 116 shows transfer functions obtained with
the transceiver structure in FIG. 124;

[0058] FIG. 12 shows an example transceiver structure
according to the invention which allows electronic selection
of electro-acoustic transfer functions, where

[0059] FIG. 12a shows a block diagram of the transceiver
structure,
[0060] FIGS. 12b and 12¢ show example drive signals for

the transmit amplifiers to select interesting transfer func-
tions, and
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[0061] FIG. 12d shows examples of drive voltage polarity
combined with different polarizations of the piezoelectric
layers to form serial, anti-serial, parallel and anti-parallel
coupling of the electric ports;

[0062] FIG. 13 shows an example transducer according to
the invention, with a single piezoelectric layer, where

[0063] FIG. 13a shows a cross section of the transducer,
and
[0064] FIG. 13b shows both transmit and receive transfer

functions of the transducer; and

[0065] FIG. 14 shows yet another example transducer
according to the invention, with multiple electric piezoelec-
tric layer ports that are galvanically combined to electric
resultant ports.

DETAILED DESCRIPTION OF THE
PRESENTLY PREFERRED EMBODIMENTS

[0066]

[0067] The simplest form of a piezoelectric ultrasound
transducer is a piezoelectric plate, illustrated as 101 in FIG.
1, and connects directly to a tissue load material 102. For
mechanical support, and also in some cases for acoustic
purposes, the transducer is mounted on a backing material
103. For electromechanical coupling, both faces of the plate
are coated with electrodes 104 and 105 that forms an electric
port 106. The transducer is hence a two-port where the front
face constitutes the first, acoustic port, and the electrodes
forms the second, electric port.

[0068] In the following we shall carry through the analysis
with continuous, time harmonic signals with angular fre-
quency w. We calculate the values for a transducer with unit
area, i.e. the currents, charges and admittances (i.e. the
inverse of impedances) are given per unit area. An incident
pressure wave in the tissue with amplitude P; and phase
fronts co-planar with the transducer surface, can be repre-
sented as in FIG. 2a by a concentrated pressure source 201
with open terminal pressure 2P, and source resistance 202,
that is the characteristic impedance Z; of the source mate-
rial. Such a wave excites vibrations in the transducer plate,
with thickness vibration velocity Ur. For the actual pressure
and currents, a linear representation of the piezoelectric
material law is adequate, which gives

Background Theory

Wl
Ur(w) = Hyo(0)2P; + HQ(“’)Z

[0069] where I is the current at the electric port 203, h is
the piezoelectric constant and i is the imaginary unit. Hy;,, is
the transfer function from 2P; to U at zero current, and Hy
is the transfer function from hl/iw=hQ to U with no incident
wave

U 2

Hoor = 22| °
Ur(w)

Mol = 1000 lpy-0
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[0070] The thickness vibrations in the piczoelectric plate
produces a receiver voltage, V, which is related to U and I
as

) h liw) ®3)
Viw)=-—Ur(w)+ —
ity iwCy

[0071] where C,=€®/L, is the electric capacitance of the
active piezoelectric layer with clamped (constant) thickness,
€" is the dielectric constant with clamped faces, and L is the
thickness of the piezoelectric layer.

[0072]

V=Vo(iZ{o)d ®

Inserting Eq.(1) into Eq.(3) we get

1 HEC, 1 NA
1+lTHQ(w) = m 1+ I Hy(w)

[0073] where k><h’e%/c" is the electromechanical cou-
pling coefficient, with c® as the elastic stiffness constant at
constant charge, Z_={pc®}* is the characteristic impedance
of the piezoelectric material where p is the mass density of
the piezoelectric material. kL=wl/c where c={c"/p}* is the
wave propagation velocity in the piezoelectric layer with
constant charge on the electrodes. The electric port can
hence be expressed as a Thevenin equivalent shown in FIG.
2a with unloaded voltage source V, at 204 and source
impedance Z, at 205.

[0074] With shorted electrodes, we get a transducer output
current as

I (0)=hCoUry(0)=hColTyy(0)2P;

 Urw) )
Hys(w) = 2P v
[0075] The electric port can hence be represented by the

Norton equivalent circuit in FIG. 2b with shorted current
source I, at 206 and source admittance Y;=1/Z; at 207. We
note that the source impedance can be defined through
V_(0)=-Z(0)(0) as

Vo) 1 Hyw) L | Hy@)
)=t =

= Py Wi-n/2) ©
L(w) i€y Hydw)  wCo! Hys(w)

[0076] where ¢(w) is the phase lag between Hy, (o) and
Hy,(») so that the phase of the source impedance is 8,(w)=
dy(w)-1/2. As the source impedance phase angle 0,(w)>-
71/2 we must have 8,(w)>0. We also note that at short circuit
thickness resonance of the piezoelectric plate we get [Hy,|
large, which implies that |Z] is small, while with open circuit
thickness resonance of the plate we get [Hy;,| large, which
implies that |Z] is large.
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[0077] We define the transducer short circuit and open
circuit receive transfer function as

I 7
Hy(w) = 2(;:) = hCoHuys(w) ?
ooy @
) = =55 = == Holw)
[0078] When the transducer electrodes are driven with a

voltage V,, in transmit mode, one will due to reciprocity get
the following transmit transfer function between V,, and the
vibration velocity U of the front surface of the whole
transducer structure

U(w)=H(0)Vy, ®

[0079] The pressure to open circuit voltage (I=0) transfer
function is defined as

Huwy= 22 = EOMO gty 0) ©
[0080] where the relation to H,, is obtained from the

Norton equivalent in FIG. 2b. Terminating the electric port
with a receiver impedance Z (), the incident pressure to
receiver voltage transfer function becomes

V@) Hpol) (10
Halw) = g = == = = Hy ()
Zp(w)Zi(w)
O oz
[0081] where H, is the parallel coupling of Z_ and Z;. We

also note that H,, is related to H,, as

 Zlw) i (1

1= 7oz
[0082] The available power from the electric port is
ol 12
elav = SRS{Z‘} =
WColHul"  , FClHullHyd , K ZJHyollHyl
Qolm{Hy, [Hys) '~ 2wsingy | 2kLsingy ¢
[0083] We note that sin ¢y;=cos 0;, where 0, is the phase of

Z,. The available acoustic power in the incident wave is

_ B 1R 13
Pe=z =2
[0084] where P, is the pressure amplitude of the incident

acoustic wave in the tissue, and Z; =1/Y; is the acoustic
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impedance of the tissue material. The maximal acoustic to
electric power conversion efficiency of the transducer is
hence

Naelw) = (14)
Pfl,av(w;' 32 |HU0((U)||HUS((U:‘| 2 |HU0((U)”HUS((U)|
P W€zt wsigy(@) bz KLsingy ()
[0085] where due to reciprocity, the efficiency on transmit

is equal to the efficiency on receive.

[0086] To make m,, close to unity, we hence must make
[Hy [Hy,| large and it appears at first sight that ¢, close to
zero would also help. This is equivalent to the phase angle
of the input impedance, 6;, being close to -m/2. However,
¢y» |[Hyy and |[Hy, | are dependent as seen from FIG. 3, which
in practice implies that the ratio is high when the phase angle
0, of Z; is close to zero. Also, when 0, is close to -m/2, i.c.
close to capacitive source impedance, the matching network
for complex conjugate matching will introduce non-negli-
gible losses so that the theoretical value of efficiency in
Eq.(14) will not be reached. When 6, approaches /2, it is
also difficult to implement a complex conjugate matching
impedance over a larger band of frequencies. This compli-
cates pulse transmission through the transducer, making it
difficult to avoid ringing of the transmitted pulses.

[0087] For efficient acousto-electric coupling it is there-
fore desirable to have 0, substantial larger than —mn/2, pref-
erably >-m/4 and approaching zero, in the actual frequency
band. This requires that ¢y,>mn/4, approaching m/2.

[0088] The physical background for ¢, is that the tempo-
ral variation of the thickness vibration velocity lags a phase
angle ¢, when the termination of the electrodes is changed
from open to shorted. This phenomenon is explained in more
detail in relation to FIG. 3, where 301 shows typical
variations of [Hy, | around the resonance frequency and 302
shows |Hy,| as a function of frequency. We note that shorting
the electrodes moves the peak of the resonance around 0.7
downwards in frequency. The amplitude |Z;| of the electrical
input impedance is obtained from Eq.(5) as the curve 303 in
the Figure. We note that the peak of |Z] is given by the
resonance in [Hy;,| while the bottom of |Z;] is given close to
the resonance in [Hy,|. In 304 is shown the phase of Hy,_,
which varies from ~+90 deg (+:1/2) below the resonance to
~=90 deg (-m/2) above the resonance. Shorting the elec-
trodes, the phase variation of Hy; is changed to that of Hy,
shown as 305 of the Figure. 306 in the Figure shows the
phase of the electrical input impedance as LZ.=/Hg -
/Hy,~n/2, where £ indicates the phase of the complex
function. We hence see that the frequency range where £Z,
is substantially higher than -m/2, is determined by the
distance between the open circuit and short circuit resonance
of the plate. This frequency range is essentially the effective
bandwidth of the transducer, and is determined by the
electromechanical coupling efficiency of the piezoelectric
material.

[0089] As described above, the effective bandwidth of the
transducer can be increased by more efficient coupling of
energy out of the vibrating plate through impedance match-
ing layers between the plate and the acoustic load material
as shown in FIG. 4. This Figure shows a piezoelectric plate
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401 mounted on a backing material 402 with two elastic
impedance matching layers 403 and 404 between the piezo-
electric plate and the acoustic load material 405.

[0090] The matching layers make the coupling of vibra-
tion energy from the piezoelectric plate to the load more
efficient, hence widening the resonance peaks of the thick-
ness vibration velocities at open, Hyy,, and shorted, Hyy,,
electric port, shown as 307 and 308 in FIG. 3. The increased
losses of plate vibration energy, also makes the phase
variation £Hy,,, shown as 310, and £H,, shown as 311,
less steep than for the lower loss situation in 304 and 305,
respectively. The resulting module |Z| and phase £Z,; of the
electric input impedance is given according to Eq.(6) as 309
and 312 in the Figure.

[0091] We note that due to increased power losses to the
load material one gets a less sharp resonance with lower
peak amplitudes of [Hy,| and |Hy,| than for the plate without
matching in 301 and 302. We also note that the less steep
variation of ZH_ and ZHy;, makes ZZ; high for a wider
frequency band, with less peak value compared to the lower
loss situation in 306. Increasing the characteristic impedance
of the backing layer 402 will provide a similar increase in
the widths of resonance peaks with reduced vibration ampli-
tudes.

[0092] We hence see that impedance matching to the load,
gives some, but limited increase in the efficient bandwidth of
the transducer, at the cost of reducing the peak value of £Z..
This is due to a slower variation of ZHy,, and ZHy,, with
frequency, which keeps the area between the ZZ, and —m/2
close to constant during this increase in the bandwidth. The
difference between the open circuit and short circuit reso-
nance frequencies, o, and o, determined by k,, hence plays
a dominant role in defining the area between the £Z; and
-1/2, and hence also maximal efficient bandwidths that can
be obtained with such transducers.

[0093]

[0094] The invention provides a new design of ultrasound
transducers and transducer arrays with available ferro-/
piezoelectric materials that provides an increased efficient
bandwidth of operation. The principle of the invention is
described with reference to FIG. 5, where section 501
includes one or more piezoelectric layers to be used for
acousto-electric energy coupling, and possibly also purely
elastic layers with close to the same characteristic imped-
ance. As the characteristic impedance of the piezoelectric
layers, Z_, is higher than that for the load material, this
section has the highest characteristic impedance in the
structure and is referred to as the high impedance section.

[0095] Characteristic for the high impedance section is
that it behaves as a unity for thickness resonances with
unloaded electric ports, so that resonances are determined by
its total thickness L_. To obtain such a unity, the layers in the
high impedance section must have close to the same char-
acteristic impedance, so that one can neglect internal reflec-
tions within the section. In this respect, one should note that
a reflection coefficient less than 10% at an interface, requires
that the deviation in the characteristic impedance of the
interfacing materials must be less than 20%. One hence can
use this limit as a “fuzzy” guide to define “close to the same
characteristic impedance”.

[0096] With composite ceramic/polymer piezoelectric
materials, the characteristic impedance can be brought down

The Present Invention
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to ~12-20 MRayl. There are several alloys or pure forms of
aluminum (Al) and magnesium (Mg) that produce charac-
teristic impedances that are within 20% of this range (Al
Z,~17.3 MRayl, MG: Z,~10 MRayl), and hence can be used
as elastic layers within the high impedance section of such
transducers. These materials can also be used for electrodes
in a combined electrode and elastic layer. Al can then be
grown to adequate thickness by electroplating directly on for
example a sputtered Al layer on the composite ceramic/
polymer layer. Adequate thickness Mg layers can be grown
by electroplating in a high temperature (~450° C.) electro-
Iytic bath, and added to the structure in its final thickness.
Thin Al and Mg layers can also be obtained by milling down
plates to the actual thickness, and added to the structure with
its final thickness. The layer thickness can also be modified
through lapping of the layers after they are added to the
structure.

[0097] The semiconductor silicon (Si) has a characteristic
impedance ~19.5 MRayl, and is hence a candidate to par-
ticipate in the high impedance section, where controlled
layer thicknesses can be obtained through etching. Integra-
tion of amplifiers and switches are then conveniently done
on such a Si layer. Heavy doping of Si also makes it useful
for electrodes.

[0098] The metal layers can be deposited to the right
thickness through electroplating onto a sputtered metal
layer, or adhered to a sputtered metal layer in its final
thickness, or also A with over thickness with reductions in
thickness through etching or grinding. One can also engineer
conducting thick film printing paste, for example as mixture
of metal and glass powder, so that adequate characteristic
impedance of the final, sintered film is obtained. This allows
for thick film printing of elastic, conducting layers.

[0099] Other candidates of elastic materials to be used in
the high impedance section are glasses and mixtures of
polymer and metal powder, like tungsten, although mixed
materials have higher absorption and reduces sensitivity of
the transducer compared to the homogeneous materials of
for example Al, Mg, and Si.

[0100] The high impedance layers are connected to a
backing material 502, possibly through a back impedance
matching section 503 composed of one or more elastic
layers. Such matching to the backing can be used to increase
the transducer sensitivity in selected frequency ranges, for
example in the high frequency range, by reducing power
transmitted into the backing in this range. The impedance
transformation properties is defined by the layer thickness
and characteristic impedance, which is selected according to
known methods as described for the load matching below.
The invention, however, devices new methods of manufac-
turing such elastic layers, as also described for the load
matching below.

[0101] A problem with such back matching is that it
reduces the overall bandwidth of the transducer. The back
matching section 503 may therefore be missing for wide
band operation, where the power transmitted into the back-
ing is minimized by using a backing material with low
characteristic impedance (~1 MRayl). This gives a vibration
antinode at the back interface, or a high characteristic
impedance (~30 MRayl) which gives a vibration node at the
back interface.

[0102] The high impedance section 501 is connected on
the front side to the acoustic load material 505 through a
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load impedance matching section 504, that raises the imped-
ance Z ., seen on the front face of section 501 to adequate
level, according to known methods. The load matching
section is usually composed of several elastic layers with
different characteristic impedances between that of the load
material, Z;, and the high impedance section 501, Z, as
discussed below. Selection of thicknesses and characteristic
impedances of the load matching can be done according to
known methods, for example as described in relation to
Eq.(24) below. The invention, however, devices a new
method of manufacturing such layers, as described in more
detail below.

[0103] To further describe the principles of the design, we
express the vibration velocity waves in layer number n by
the complex envelope

Uylz,0)=U,,e™74U,_"=(14R 20, ¢ thnz s
R U, ‘ w
UL o

[0104] where ¢, is the wave propagation velocity in the
layer and k, is the wave number in the layer. z is the
coordinate normal to the layers as defined in FIG. §, and the
real time vibration velocity is u (z,t)=Re{e'U (2)}. R, is
the vibration velocity reflection coefficient at z=0. The
absolute amplitude of the vibration velocity as a function of
z hence becomes

Va0 = TG0 U5 E0)=| Uy, |

VIR [P42IRJoos(2ky 7+ (16)
[0105] where ¢y, is the phase of R,. We note that for R
0 we get a standing wave component with antinodes
(maxima) and nodes (minima) of |U (z)| for 2k, z+¢g ,=—2p7
and -(2p+1)m respectively, p=0, 1, 2, . . . . The distance
between neighboring antinodes and nodes is hence A/4. With
negligible absorption in the material, k, is real, and the
maximal and minimal amplitudes and the standing wave
ratio S, are then

U=l /(14 Ra]) | Unlinin=| U (1= 1Ro) amn
NUslax 1+ 1R
" Uil 1=IRal
0106] The complex reflection coefficient is defined as
p
Uyt k2 13
Ran = Uy ez = Rue

[0107] We then note that the antinodes and nodes of |U,(z)|
are found at the locations z where R, is real and positive or
negative, respectively. Absorption makes k, complex, with
an imaginary component that increases with w. The ampli-
tude of both the forward and the backward waves then
reduces in their propagation direction, and R_, hence
reduces in amplitude with diminishing z.

[0108] We now introduce an electrode layer 506 at loca-
tion z -L and another electrode layer 507 at z inside the high
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impedance piezoelectric section. These electrodes define a
piezoelectric layer with midpoint at z_=z-1./2, front face
electrode at z-[.=z_-1./2, and back face electrode at z=z_+
L2, giving an electric port 508. The thickness vibration
velocity for this layer is

U (2500)=Up (2t 1 2,0)~Up(20=L/2,00) (19)
[0109] Inserting Eq.(15) and further evaluation of this
expression gives

U (zny0)=—i2(1-R e P mysin (k,L/2)e 5oy (20)
[0110] The transfer function from the incident pressure to
the thickness vibration velocity can hence be written as

|Ur @m, @) a)
e = e R @)l Ha ()]

|Hy @y )| = 2P,

b)
. L+ [Rol? = 21Rn|co8(2hnzm + Pr0)
H =2lsin(k, L2
1Hete (3m» )] = 2sink, L | I\/ T+ IRIF
) 0
[Hyr(w)| = 2—P1
[0111] where H,,, is the electrode transfer function deter-

mined by the placement of the electrodes within the high
impedance section, defined by the layer center z, and
thickness L. P, is the amplitude of the incident wave in the
load material, and in the definition of |U,|,.. we have
neglected the variation of U], with z due to absorption.
H,, ., is called the structure transfer function, and is deter-
mined by the characteristic impedances and thicknesses of
the matching layers, the characteristic impedance and thick-
ness of the high impedance section, the impedance of the
backing material, also possibly the characteristic imped-
ances and thicknesses of layers in the back matching section,
and the electric loading impedance of the active ports. With
electric loading of the ports H,,,, will also depend on the
placement of the electrodes, while with no electric loading
(open ports) it is independent of electrode position.

[0112] The challenge is now to design the characteristic
impedances and thicknesses of the matching layers, the
thickness of the high impedance section, and the placement
of electrodes in the high impedance section so that adequate
acousto-electric transfer functions in defined frequency
bands are obtained. With reference to Eq. (21) we see that
this design challenge can be broken into three levels:

[0113]
high impedance section so that |H
the defined frequency bands.

[0114] 2. Place pairs of electrodes within the high
impedance region so that [H_,_(w)| takes values in the
defined frequency bands. For wide band and multi-
band operation it is then convenient to use several
electrode pairs giving multiple electric ports, as follows
from the description of the particular embodiments of
the invention below.

1. Design load and back matching sections and a
()| takes values in

stru’
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[0115] 3. Combine the signal from several electric ports
either through galvanic contacting of the electrodes in
series or parallel, or electronic summing of the signals
from the electric ports after isolation amplifiers and
proper filtering for each electric port, or a combination
of both. The receive transfer functions can then be
affected by electric impedance matching networks
between the transducer and the receiver amplifiers. It is
in many situations desirable, especially with small
elements of a transducer array, to galvanically parallel
couple neighboring layer ports to form an electric
resultant port with lower electric impedance. The out-
puts of the resultant ports can then be combined after
the receiver preamplifier, possibly after filtering, to
form composite electric ports.

[0116] We shall now describe a particular embodiment
according to the invention that provides four selectable
frequency ranges for active electromechanical coupling. We
first describe how to establish a |H,,,(w)| so that the wide
frequency range is covered, and then continue to select
placement of the electrodes so that the desired frequency
bands are obtained.

[0117] We start with defining the high impedance section
with characteristic impedance Z_, which is typically ~15
MRayl for ceramic/polymer composites. Then assume that
we have an ideal impedance matching section that raises the
impedance seen from the surface of the high impedance
section towards the load to Z_ =7 in the actual frequency
band. With no power losses in the load matching section, the
matching raises the incident pressure at the interface to

7 (22)
Pun = Pi Z

[0118] The incident wave is then reflected at the backing
with a vibration velocity reflection coefficient

Z,-Zp (23)
Rg =
Z.+7g

[0119] For maximal sensitivity of the transducer, we want
a minimal transmission of acoustic power into the backing.
This requires either a backing impedance that is much lower
or much higher than Z_. When Zg<Z,_, Rg>0 and the back
interface becomes an antinode in the vibration pattern. When
Zp>7., Ry<0 and the back interface becomes a node in the
vibration pattern.

[0120] Arrays that are covered in a dome and hence are not
pushed against a skin or other load materials, can be
mounted on a feather light backing material, like a synthetic
foam material, where Zy<<Z,. This will give Rg>0 and
close to 1. A backing material with high characteristic
impedance gives best mechanical support, and is desirable
with transducer arrays that are in direct contact with the
body. However, it is difficult to find absorbing backing
materials with Zy>>Z_ so that the power transmission into
the backing can be kept low, which implies that this type of
backing gives power losses. A back impedance matching
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section can be used to further reduce transmission of power
into the backing in selected frequency bands as discussed
above, for example with a A./4 layer of a high characteristic
impedance metal that also can be used as an electrode. It
would then be advantageous to use a metal that can be
electroplated to the right thickness under controlled condi-
tions. However, back impedance matching reduces the band-
width of both the H,,, and the H,, function due to the
resonant nature of such a matching.

[0121] We hence start by assuming a real and low backing
impedance Zz<<Z_with no back matching section, so that
Ry, is real and positive close to 1, independent of frequency
as both Z_ and Zy, are frequency independent. The amplitude
of the vibration velocity |U (z,w)|, as given in Eq.(16), is
shown as the surface in FIG. 6a as a function of depth z in
the structure and frequency f=w/27w. As Ry is close to 1 we
get a large standing wave ratio with a high |U,|,... and low
|U,.co- We note that the interface to the backing is an
antinode in the vibration pattern for all frequencies, because
Zy and hence also Ry is frequency independent. At -A/4
distance from the backing towards the load we get a node
with repetitive nodes at distance z=—(2p+1)\/4 from the
backing, p=1, 2, . . . . Similarly we get a second antinode at
-1/2 distance form the backing, with repetitive antinodes at
distance z=—p)/2 from the backing, p=2, 3, . . . . We note that
as the frequency increases, the nodes and antinodes
approach the backing on hyperbolas with distance to the
backing of (2p+1)c/4f for the nodes and pc/2f for the
antinodes, p=0, 1, 2, . . . .

[0122] Comparing with Eq.(21c) we see that |[H, | is
given by the amplitude of the vibration velocity at the
backing interface. As Z_ =7 within the actual frequency
band, the reflection coefficient at the load face of the high
impedance section is zero, and the structure has no reso-
nance. With negligible power absorption in the layers, [H,;,,|
becomes close to constant with frequency in this situation of
ideal matching, shown as 701 in FIG. 7a. Power absorption
in the structure, adds a steady fall of |H,,,,| with increasing
frequency.
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[0123] To analyze the frequency variation of [H_,.| we use
the electrode structure in the high impedance section as
shown in FIG. 8a as an example. Three electrodes, 801, 8§02,
803, are placed within the general structure of FIG. §, with
a missing back matching section. The high impedance
section contains a purely elastic layer 807 in front of the
piezoelectric layers 808 and 809 that in this example have
the same direction of polarization, indicated by the arrows
P1 (831) and P2 (832). Electrode 801 is placed at the front
of the piezoelectric layers, electrode 802 is placed at the
back, while electrode 803 is placed in the middle of the
piezoelectric section. According to the discussion above, the
layer 807 can be made of a conducting material, for example
Al, Mg or heavily doped Si, which hence can merge with the
electrode 801. The layer 807 can also be an unloaded
piezoelectric layer.

[0124] The three electrodes constitute three possible elec-
tric ports 804, 805, and 806. We note that Port 1 (804) can
be viewed as a series coupling of Port IT (805) and III (806),
where the currents are the same in all ports while the
voltages of Port II and III are added to give the voltage of
Port I. One can also obtain a 4 port by parallel coupling of
Port 1I and III, where one in the structure of FIG. 8 then
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must separate the electrode 803 into two electrode layers
with an electrically isolating layer of acoustically negligible
thickness between. The left layer of 803 is galvanically
coupled to electrode 802 and the right layer of 803 is
galvanically coupled to electrode 801, so that the voltage is
the same across all ports and the current of the parallel port
is the sum of the currents in Port IT and III.

[0125] FIG. 7b shows [H,, | according to Eq.(21b) for the
three electric ports in FIG. 8a. 704 shows |t | for Port I
(804), while 705 shows [H_,.| for Port IT (805), and 706
shows |H,,| for Port III (806). With reference to FIG. 6 we
note that the maximum of |[H_, | is found when both elec-
trodes are located at antinodes with opposite phases. The
limited bandwidth of |H,,_| is found because the antinodes
move across the electrodes as the frequency varies. It is then
clear from FIG. 6 that the electric ports which use the back
electrode that is located at an antinode for all frequencies,
gives the widest bandwidth of the main lobe of |H_,_|, where
the bandwidth is limited by that the front antinode moves
across the front electrode. For the front port, Port IIT shown
as 806 in FIG. 84, 706 shows a break-up of |H,| into
sublobes of less bandwidth because both the front and back
antinodes move with frequency across the front and back
electrodes. The sublobes can be useful for improved sepa-
ration of the signal into separate frequency bands.

[0126] Practical manufacturing requires that the load
matching section is composed of a finite number of match-
ing layers, typically 1-3. With a finite number of layers one
can only get an approximation of Z__ to Z_ in finite bands
of frequencies, where 901, 902 in FIG. 9 shows Z_ _/Z_ as
a function of frequency for an example of 2 and 3 matching
layers with thicknesses and characteristic impedances given
in Table 1. We have assumed that the piezoelectric layers are
made of a ceramic/polymer composite with characteristic
impedance Z_~17 MRayl. The corresponding reflection
coefficient seen from the high impedance section towards
the load matching section, [R .|, is shown as 903 and 904 for
the 2 and 3 layer matching, respectively. We note in FIG. 9
that Z._, becomes low at low frequencies, where the layer
thicknesses become much thinner than /4, and at higher
frequencies where the layer thicknesses each are close to a
whole number of 2,2 thick. In these regions |R,,,| becomes
high as with no matching.

[0127] We note that the load impedance transformation is
efficient in a band of frequencies where Z_ ~Z_, where the
reflection coefficient R in this example shows equal ripple
performance obtained by Chebyshev matching. With this
matching the characteristic impedances Z_, of matching
layers are symmetric in the following respect

7= 28 10 N @)
Zyi1n
[0128] where n labels the matching layer number from the

load material to the high impedance section, and N is the
total number of matching layers. For two matching layers,
one can choose Z,, defining the ripple-level of the reflection
coefficient R, and Eq.(24) then gives the impedance of the
other layer as Z,=7.7; /Z,. For an odd number of layers N,
we get for the mid layer n=p=(N+1)/2 from Eq. (24) that
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Z,={Z.Z,}". With a 3-layer matching Z,={Z.Z,}" is
given, and selecting Z, defines the ripple level of R, , while
Eq.(24) gives Z,=2.7,/Z,.

[0129] The efficient load matching bandwidth increases
with the number of layers N. With increasing N one can
therefore reduce the thickness of the matching layers, while
maintaining the low frequency performance of the matching.
The upper limit of the efficient band hence moves propor-
tionally upwards in frequency, while the low frequency
performance of Port I and IV are maintained. In FIG. 9, the
thickness of the 3-layer matching, 902, is minimized to
obtain improved high frequency performance of Port II and
Port III of FIG. 84, while maintaining allowable ripple in the
frequency responses of Port I and Port I'V. For the two-layer
matching, 901, we have traded some low frequency perfor-
mance of Port I and IV of FIG. 8a compared to the
three-layer matching, 902, to obtain better high frequency
performance of Port II and Port III.

[0130] Table 1—Characteristic impedances and thick-
nesses of the matching layers

xm?

TABLE 1

Characteristic impedances and thickness of the matching layers

£, Ax/2, f, Am/4,
Zxm 71 MRayl 72 MRayl 7Z3 MRayl MHz  MHz
2 Layer 16.5 3.0 8.3 4.38 2.8
3 Layer 180 2.7 5.2 10.0 4.38 2.8
[0131] We note that the highest characteristic impedance

of the 3-layer matching is 10 MRayl, which is for example
found for Mg and some glasses. The lowest characteristic
impedance is 2.7 MRayl, which can be found with plastic
materials. One can hence use homogeneous materials for
these layers, while the 5.2 MRayl impedance for the mid
layer can be obtained with a mixture of polymer and
tungsten powder.

[0132] Excitation of transversal modes and shear waves in
metallic high impedance elastic layers and load and back
matching layers, can introduce problems. In such situations,
the invention devices a solution where these layers are made
as metal/polymer composites. For the high impedance elas-
tic layers one can attach layers of silver (Ag: Z~38 MRayl),
zink (Zn: Zy~30 MRayl), or zirconium (Zr: Zo~30.1 MRayl)
directly to the uncut ferrolectric ceramic material. These
materials have characteristic impedances that deviates ~10%
and less from actual ferroelectric ceramic materials, intro-
ducing reflection coefficients at the interfaces that are ~5%
and less. Layers of such materials hence define thickness
vibrations in unity with the whole ceramic layers, and can be
diced together with the ceramic layers, filling the dice
grooves with polymer material to form the final composite
material. An example of such a metal/polymer composite
elastic layer is shown as 807 in FIG. 8b. The elastic layers
of metal/polymer composites can then be used as part of the
electrodes as the metallic slabs 827 connect directly to the
ferroelectric ceramic slabs 828. The metalic slabs are then
connected to a complete electrode by the metal layer 801.
Other actual materials for elastic conducting layers to adhere
on the ceramic layer before dicing to the composite, are
alloys like brass (Z,~36 MRayl) or cast iron (Z,~33 MRayl).
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[0133] To avoid transversal resonance modes in metal load
and back matching layers, the invention devices the use of
metal/polymer matching layers as illustrated in FIG. 8c,
where 823 exemplifies a load matching layer and 825
exemplifies a back matching layer. The whole metal elec-
trodes are plated onto the whole ceramic before the dicing
for the composite manufacturing. Examples of useful mate-
rials both for the load and back matching, are aluminum (Al:
Z,~17.5 MRayl), highly doped silicon (Si: Z,~19.5 MRayl),
titanium (Ti: Zy~24 MRayl), or magnesium (Mg: Z~10
MRayl), while for the back matching it can also be useful to
use metal layers with higher characteristic impedances, like
silver (Ag: Z,~38 MRayl), gold (Au: Z;~62.5 MRayl),
platinum (Pt: Z,~85 MRayl), or tungsten (W: Z,~103
MRayl). All the layers are then diced together and the dice
kerfs filled with polymer, so that a multilayer composite is
formed, with characteristic impedances of the composite
layers approximating the required impedances of both the
high impedance section and the matching layers.

[0134] The metal/polymer composites functions as elec-
trodes for the piezoelectric composites by connecting the
metal posts §24/827 with a continuous metal film 801 for the
front electrode and the metal posts 826 with the continuous
layer 802 for the back electrode. As the electrode 803 is
continuous for all posts in the transducer, the composite
layers 808, 807, and 823 must be manufactured as one unit,
while the layers 809 and 825 are manufactured as a separate
unit. After the dicing and polymer filling, an electrode 803
is adhered on the back of layer 808 and the front of layer
809, and the units are merged together, for example so that
the dual electrodes 803 forms electric contact.

[0135] The metallic layers can for example be applied by
electroplating on a thin, sputtered base metallic layer on the
ceramic, followed by further electroplating of other metals.
As the plating is done before dicing and application of
polymer, the materials tolerate high temperatures that are
required for some of the electrolytic baths (e.g. ~450° C. for
Mg). The thickness of the metal posts can be further tuned
after the dicing by for example etching to reduce the
thickness or electroplating to increase the thickness, to tune
the volume fill and hence the characteristic impedance of the
resultant metal/polymer layer. The post thicknesses can also
be individually tuned by limited depth dicing with different
thickness of the saw blades, making it possible to reduce
both the ceramic post and the metal post thicknesses relative
to each other. This opens for the use of metal layers with
characteristic impedance with larger deviations from the
ceramic materials. Examples with relatively reduced thick-
ness of the metallic posts are copper (Cu: Z,~44.3 MRayl).
With relatively increased thickness of the metallic posts
(also counting reduced thickness of the ceramic posts) one
can use titanium (Ti: Z;~27 MRayl), germanium (Ge: Z~27
MRayl), gallium arsenide (GaAs: Z,~26 MRayl), or tin (Sn:
Z,~24.5 MRayl).

[0136] Variable volume fill of the different layers can also
be obtained with a first dicing of the piezoelectric layer 808
with large distance between the dicing grooves and filling
the grooves with polymer. The elastic layer 807 is then
adhered on the coarse piezoelectric/polymer composite as a
continuous layer, and the combined piezoelectric and elastic
layers are further diced between the 1** grooves, so that a
denser dicing of the piezoelectric than the elastic layer is
obtained. The matching layer 823 can then be adhered to the
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resulting composite and a final dicing of the combined
piezoelectric, elastic, and matching layers can then be done
between the 1 and 2™ grooves, so that the piezoelectric
layer obtains the densest dicing, the matching layer the 2*¢
densest dicing, and the matching layer obtain the least
densest dicing. One should note that adhering both the
elastic layer and the matching layers before the 2°¢ dicing,
these layers gets the same volume fill. One should also note
that dicing in the reverse order, i.e. starting with matching
layer and adhering the elastic and the piezoelectric layer, one
can get the lowest volume fill of the matching layer, with
equal or larger volume fill of the elastic layer, with equal or
larger volume fill of the piezoelectric layers.

[0137] The standing wave pattern of |U (z,0)| for the
transducer with the 3-layer matching is shown in FIG. 6b,
where we note that the backing interface is still found at an
antinode for all frequencies because the reflection coefficient
at this interface is real and unmodified by the less ideal
matching at the load interface. With low absorption,
|H,,,.(w)| as defined in Eq.(21c¢) is therefore approximated as
|U (z,w)| at the back interface, and is illustrated as the curve
702 in FIG. 7a, which also shows the reflection coefficient
[R,..| as 904 for comparison. We note that [H_, (w)| now is
frequency dependent due to the limited efficient bandwidth
of the load matching.

[0138] By proper adjustment of the total thickness L_ of
the high impedance section, one obtains thickness reso-
nances in the high impedance section at the low and high
ends of the efficient load matching band, where Z,_, reduces
below Z.. The requirement for resonances is that the sum of
the roundtrip propagation phase (2kL.) in the high imped-
ance section and the phases of the reflection coefficients at
the load and back interfaces of the high impedance section,
is a whole number of 2.

[0139] This requirement is satisfied where the matching
layers become close to an even number of 2./2 thick (includ-
ing 0%)/2) at 703 below the effective impedance transfor-
mation band, and at 704 above the first effective impedance
transformation band (between 0*1/2 and h/2). The reso-
nance at 705 is found where the thicknesses of both the load
matching section and the high impedance section are close
to an even number of A/2, and hence is sensitive to the
selected thickness of the load matching layers, as these can
be adjusted somewhat with minor changes in the transfer
functions in the efficient transduction band.

[0140] The resonances slightly below and above the first
effective band of the load matching, extend the effective
bandwidth of |H,,, | outside the effective band of the load
matching section. Increasing L, by the added layer 807 of
FIG. 8a, reduces the resonance frequency of 703 and
increases the resonance frequency of 704, so that the total
band of [H,,, | is increased by the layer. This is demonstrated
by the curve 706 in FIG. 7a which shows [H_,,,| without the
added layer 807.

[0141] The resonances at 703, 704 are hence determined
by the total thickness of the high impedance section, L,.
Manipulation of the thickness of the piezoelectric layers
while L, is kept constant by adjusting the thickness of the
added elastic layer 807, allows further tuning of |H,,|, while
|H,...| with unloaded electric ports is unchanged. This can
for example be useful to obtain adequate high frequency
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operation of |H_,_|, by reducing the thickness of the piezo-
electric layers, adjusting the thickness of 807 for constant
L

[0142] The transmit transfer functions, H, (), of the ports
in FIG. 8a with the 3-layer matching are shown in FIG. 10q,
where 1004 shows [H,(w)| for Port I (804), 1005 shows
[H,(w)| for Port IT (805), and 1006 shows [H,(w)| for Port IIT
(806) of FIG. 8. 1007 shows the |H,(w)| that is obtained by
coupling layer T and IT in parallel, referred to as Port IV
above. From Eq.(8) we see that |H,(w)| describes the trans-
mit transfer function for a voltage driven transducer. The
strong transmit attenuation of Port I and port IV around 4.5
MHz, makes these ports well adapted for 2°¢ to 4™ harmonic
measurements, as discussed below.

[0143] The transmit transfer functions, H, (), of the ports
in FIG. 8a with the 2-layer matching are shown in FIG. 105,
where 1014 shows |H,(w)| for Port 1 (804), 1015 shows
[H,,(w)| for Port IT (805), and 1016 shows |H,,(w)| for Port IIT
(806) of FIG. 8. 1017 shows the |H,(w)| for Port IV. The
properties of the transfer functions are similar to those in
FIG. 10a, except that the 2-layer matching gives poorer high
frequency performance for Port IT (1015) and increased low
frequency ripple of Port I (1014) and Port IV (1017), due to
the lower efficient bandwidth of H_ with the 2-layer
matching described with reference to FIG. 9.

[0144] At transmit, one can obtain parallel coupling of
Port II and Port III in FIG. 8a by driving Port II with a
voltage signal v(1), and Port I with a voltage signal 2v(t).
Combined designs that allows electronic selection of trans-
fer functions of FIG. 10a and 105, are shown in FIGS. 84
and 124, where the high impedance section is composed of
the same layers 807, 808, 809 and the same electrodes 801,
802, 803, as in FIG. 8a. The two piezoelectric layers are
given opposite polarization P1 and P2 indicated by the
arrows 811 and 812. One should note that the polarization
directions could be changed in both layers, as long as they
are opposite in the two layers.

[0145] Grounding of the middle electrode 803 and cou-
pling electrodes 801 and 802 galvanically together through
the switch 810 and transmitting with a voltage amplifier 813
that is connected to the electrodes through the transmit/
receive switch 814, gives a transmit parallel coupling of Port
II and Port III, denoted Port IV with the transmit transfer
function [H,(w)| given as 1007 in FIG. 10a or 1017 in FIG.
10b. The circuitry 815 in FIG. 84, can be used to tune the
negative phase angle of the electric port input impedances,
according to well known methods. In the Figure one have
illustrated two electric inductors 816 and 817 that can be
selected with the switch 818 so that one can use selectable
coils when 810 is open or closed, to tune the electric
impedance of Port IT and Port IV selectively. The series
tuned LC-filter circuit 819 can for example be used to
attenuate harmonic components, like 2™ or 3 components,
in the transmitted signal to reduce interference with har-
monic components generated in the tissue or possible con-
trast agent bubbles. The resonance frequency of this circuit
is conveniently placed at the low values of 1007 or 1017
around 4.5 MHz for combined attenuation of the transmitted
harmonic components.

[0146] Inreceive mode, the transmit/receive switch 814 in
FIG. 84 is sct to connect the receiver amplifier 820 to the
electrodes. When the switch 810 is open, the receiver
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amplifier is picking up signal from Port II, which operates at
higher frequencies than the parallel coupled port, to receive
harmonic components of the transmitted frequency band,
like 24,3 or 4™ harmonic components. The switch 810 can
hence be used to selectively access the parallel coupled Port
IV, and Port II, both at transmit and receive. The receive
transfer functions with selected receiver impedance (Ref.
Eq.(10)) for Port IT and Port IV are given as 1101 and 1102
in FIG. 11a. The electric transducer ports are tuned with the
inductors 816 for Port II and 817 for Port IV of FIG. 8d.

[0147] The combined results of FIGS. 102/10b and 11a,
shows that the parallel coupled Port IV allows for both
transmission and reception of ultrasound pulses in a low
frequency band of 0.8-2.8 MHz, while Port II allows for
both transmission and reception of ultrasound pulses in a
higher frequency band 1.8-6.5 MHz. In particular we note
that Port IV can be used to transmit a 1°* harmonic band of
frequencies, while Port II can be used to receive 2nd 3 op
even 4™ harmonic components of the transmitted band,
switching 810, 818, and 814 between transmission and
reception.

[0148] Tt is often possible to make electric drive pulses
that are low in 2°¢ and 4™ harmonic components, while the
3 harmonic content is difficult to suppress. We note that the
transmit transfer functions of Port 1 (1004, 1014) and Port IV
(1007, 1017) shows low values around 4.5 MHz. Transmit
of a 1°" harmonic pulse centered at ~1.5 MHz through these
ports hence attenuates the 3" harmonic component in the
transmitted acoustic pulse. Backscattered 1° harmonic com-
ponents are then conveniently received through Port I or
Port IV, and 2", 3¢, and 4™ harmonic components through
Port 1. The |H,(w)| of Port II (1005, 1015) and of Port III
(1006, 1016) arc useful for transmitting a pulse with fre-
quencies in a 2*® harmonic band centered at ~2*1.5 MHz=3
MHz.

[0149] To maximally attenuate the transmitted harmonic
components in the receive frequency band, one can transmit
a pulse with frequencies in a 1** harmonic band centered
4,5/2=2.25 MHz (2"* harmonic measurements), 4.5/3=1.5
MHz (3" harmonic measurements), and ~4.5/4=1.13 MHz
(4 harmonic measurements), and receive the harmonic
bands around 4.5 MHz at Port II. Through adjustments of
layer thicknesses as described above, the attenuation band
can be placed at other frequencies.

[0150] FIG. 12a shows an arrangement where electronic
switching of the layer coupling can be achieved with the
transducer structure shown in FIG. 84, with a larger flex-
ibility than in FIG. 8d. A set of transmitter voltage amplifiers
1201 and 1202 drives the electrodes 802 and 801 through a
set of electronically controlled switches 1203 and 1204, and
coaxial cables 1205 and 1206, while clectrode 803 is
grounded. For improved efficiency of the transmitter ampli-
fiers one could also use electric impedance matching net-
works between the transmitter amplifiers and the transducer
ports illustrated as 1209 and 1210, according to known
principles. The Figure illustrates parallel tuning coils where
two coils can be selected for each port, depending on the
operating frequency range. Other types of electrical match-
ing is also highly actual, for example series tuning coils, or
networks of coils and capacitors. To attenuate harmonic
components in the transmit sequences, the Figure illustrates
the use of added notch filters 1213 and 1214 on the transmit
amplifiers.
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[0151] Driving the transmitter amplifiers with the
sequences Tr2=Tr3 as given in 1220 of FIG. 12b, one gets
the transmit parallel coupled transfer function [Hy(w)| in
1007 of FIG. 10a or 1017 in Figure 105, without galvanic
coupling of electrodes 801 and 802. Such selection of Tr2
and Tr3 hence allows transmit of a band of frequencies
around ~1.5 MHz. Driving the transmitter amplifiers with
the sequence Tr2 of 1221 while the signal Tr3 is zero, one
can transmit a band of frequencies around ~3 MHz accord-
ing to [H,(w)| of 1005 in FIG. 102 or 1015 in FIG. 10b.
Similarly, exchanging the sequences of Tr2 and Tr3 in 1221,
ie. Tr2 is zero, while Tr3 represents a signal, one can
transmit a band of frequencies around ~3 MHz according to
[H,(w)| of 1006 in FIG. 10z or 1016 in FIG. 10b.

[0152] Summing the drive signals Tr2 and Tr3 from 1220
and 1221, one will transmit a first harmonic band according
to |[H(w)| of 1007 or 1017, simultancous with a 2"¢ har-
monic band of frequencies according to [H,(w)| of 1008 or
1018 in FIGS. 10a and 10b. The resultant drive signals Tr2
and Tr3 are shown as 1222 in FIG. 12b, which are simple
three level signals that can be generated with transistor
switches.

[0153] The transmitted power around ~3 MHz can be
increased by an anti-parallel coupling of Port IT and Port III
of FIGS. 84 and 12a. For the particular electrical polariza-
tions of the layers shown in FIG. 12a, one gets an anti-
parallel coupling of the electric ports by driving Tr2 and Tr3
with opposite polarities, i.e. Tr3=-Tr2 illustrated as 1223 in
FIG. 12c. This gives transmit transfer functions |H(w)|
illustrated as 1008 and 1018 in FIGS. 102 and b, which is
efficient for transmitting a band of frequencies around ~3
MHz with ~6 dB higher amplitude than through Port II and
Port I1I alone. Transmission of a combined 1°* harmonic and
2@ harmonic pulse at ~1.5 MHz and ~3 MHz, respectively,
is obtained by summing the drive signals Tr2 and Tr3 of
1220 and 1223, that gives the drive signals Tr2 and Tr3 of
1224 of FIG. 12¢. One could also obtain an anti-serial
coupling of Port II and Port III of FIGS. 84 and 12a by
driving the ports with opposite voltage polarity, and discon-
necting electrode 803 from ground, so that the currents in the
two ports have opposite polarity, related to the polarization
directions of layers 808 and 809. Similarly one obtains
anti-series coupling of Port IT and Port I1I by current driving
electrodes 801 and 802 with opposite polarity, while elec-
trode 803 grounded. This anti-serial coupling provides a
similar transmit transfer function as 1008 and 1018 with ~6
dB less amplitude. Due to the decoupling of the electrode
803 from ground, this coupling is less desirable to use.

[0154] FIG. 12d shows an overview of the type of trans-
mit couplings that can be obtained with the structure in FIG.
124, using various polarizations of the piezoelectric mate-
rials with related polarities of the drive voltages. For the
serial and anti-serial couplings the electrode 802 must be
free floating. The electrical serial coupling of two ports is
defined by that the currents into the two electric ports are
equal and the voltages are summed, while the electrical
anti-serial coupling is defined by that the currents have
opposite direction and equal magnitude and the voltages are
subtracted. The polarity of both the current and the voltage
is related the direction of the piezoelectric polarization. The
parallel coupling is defined by that the voltages are the same
for each electric port while the currents are added, while the
electrical anti-parallel coupling is defined by that the volt-
ages have opposite polarity and equal magnitude and cur-
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rents are subtracted. One should note that the function is
preserved if both polarity directions of the piezoelectric
materials are changed opposite to what is shown in the
Figure, or similarly the polarity of the voltages are changed
opposite to what is shown in the Figure.

[0155] Hence the transmitter/transducer structure of FIG.
124 is highly suited for transmitting pulses selectively in a
1st and a 2™ band of frequencies, or transmission of a pulse
with frequencies both in a 1°* and a 2™ harmonic band. Both
Port II and Port III can also be used to transmit in a 3™ band
of frequencies, and the structure can be used to simulta-
neously transmit pulses with frequencies that do not have a
harmonic relation to each other.

[0156] In receive mode, the switches 1203 and 1204 are
set to connect the electrodes 801 and 802 via the coaxial
cables 1205 and 1206 to the receiver amplifiers 1207 and
1208. To improve sensitivity and receive transfer functions,
the switches 1211 and 1212 of the impedance matching
networks 1209 and 1210 are set for optimal receiver func-
tion in the selected bands.

[0157] Typical receive transfer functions |H (w)| of the
two layers with tuned electrical loading, are shown in FIG.
116, where 1103 shows the |H,;(o)| for electrode 801, and
1104 shows the [H,,,(m)| for electrode 802. Relating to a 1™
harmonic transmitted band centered at 1.5 MHz (1007/1017
of FIGS. 10a/b)), we sce that electrode 801 efficiently
receives signals with frequency components in both the 1%,
27 and 3* harmonic frequency bands, while electrode 802
efficiently receives signals with frequency components in
the 2%, 3 and 4™ harmonic frequency bands of the
transmitted pulse. Hence the structure is able to both trans-
mit and receive frequencies over 2 octaves.

[0158] The outputs of the receiver amplifiers can conve-
niently be combined in the Filter and combination unit 1215
to improve the receiver transfer functions for example by a
combined filtering that gives

Ve(@)=Ho(0) Vi (0)+Hes(0) Vi3 (0) 24

[0159] where V_,(w) is the output of receiver amplifier
1207 and V 4(0) is the output of receiver amplifier 1208.
Possible filters are the (m,N) filters

Hole) [Hy(@)" 2 Hi () 29

2lw) = -

B Ha ol + Tl + max{{Hal @) + (@)} /N
H) = Hys (@)™ Hy ()

O Tl + s @+ max{{H o) + TH [} N
[0160] The full receive transfer function of this combina-
tion is

H(0)=Hp(0)Hyo(0)+He3(0)H 1) (26)
He(w) = Ho(@)H () + Ha(w)H,3(w) (26)

1
L+ max{| Hpp ()" + | Hs ()"} /

NM{|Hp ()™ + |Hes ()™}
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[0161] An example of [H ()| for m=2 and N=10 is given
as 1105 in FIG. 11b. We note that H (w) covers a frequency
range from 0.8-7.5 MHz which gives a relative receive
bandwidth of 160%. This wide receive bandwidth can then
through further filtering be split into a 1%, 2™, 3¢ and 4
harmonic component of the transmitted frequency band. We
should emphasize that the exact frequency values can be
manipulated through proportional changes in the layer thick-
nesses both in the high impedance and the matching sec-
tions.

[0162] In a manufacturing situation, one typically sees a
variation of both H,,,(w) and H,,,(w) between units, which
gives problems for using fixed filters H_,(w) and H_s(w)
with different production units of the transducers. A solution
to this problem is to digitally store H_,(w)and H_s(w)
adapted to the individual H,,,(w) and H,;(w) of a particular
production unit, for example in an EPROM attached to the
particular transducer unit, for example in the transducer
instrument connector. Equivalently, one can store the filter
impulse responses h_,(t) and h_;(t) which are the inverse
Fourier transforms of H_,(w) and H_5(w). With arrays, one
can also store individual filter responses for each transducer
element, or groups of transducer elements, to compensate
for variations of the transfer functions between the indi-
vidual elements.

[0163] Areduced design with a single electric port accord-
ing to the invention, is shown in FIG. 13a4. In this Figure, the
high impedance section contains a single piezoelectric layer
1308 with a front elastic layer 1307 with similar character-
istic impedance Z_~17 MRayl. The piezoelectric layer faces
are covered with electrodes 1301 and 1302 to form an
electric port 1304, Port 1. The front elastic layer, 1307, is
used to increase the effective bandwidth of |H,,,| An
example of transfer functions for this structure is shown in
FIG. 13b, where the load matching section is composed of
a single matching layer with characteristic impedance 3.2
MRayl. The transmit transfer function [H,(w)| of Port I with
layer 1307 in place, is shown as 1310, while 1311 shows
[H,(w)] with layer 1307 removed. The receive transfer
function [H,(w)| of Port I, 1304, with layer 1307 in place
when loading the transducer with a complex tuned load at
the band center frequency, is shown as 1312. With 1307 in
place the relative bandwidth of the transducer is 112%, while
with 1307 removed the relative bandwidth is 78%. Hence,
the layer 1307 introduces an increase in absolute bandwidth
of 60%.

[0164] One should note that according to the spirit of the
invention, the high impedance section could be composed of
more piezoelectric layers with electrodes on the surfaces, so
that more electrical ports are obtained with different transfer
functions. These electric ports could be galvanically com-
bined by serial or parallel coupling to resultant ports, as
illustrated by an example in FIG. 14 which shows a high
impedance section 501 composed of 4 piezoelectric layers
1401-1404 and an elastic layer 1405 which conveniently
could be an Al laver that connects with the common ground
electrode 1406. The polarizations of the piezoelectric layers
are given by the arrows 1407-1410. The electrodes 1411 and
1412 constitutes together with the ground electrode 1406 the
previous Port II and Port I1I of FIG. 8. These resultant ports
could then be electronically steered and coupled together to
composite ports as in FIGS. 84 and 12a.
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[0165] The Figures illustrate single transducer elements,
where it is clear that one can group together many such
elements into arrays where the elements are arranged to a
two-dimensional radiating surface for example as a linear
one- or two-dimensional array, or an annular array. The array
surfaces can also be curved according to well-known meth-
ods.

[0166] For arrays it is then advantageous to use a design
where the middle electrode is grounded, as one can then use
a single ground plane electrode for the whole array which
can be connected to ground at a single or limited number of
points. This is especially advantageous with two-dimen-
sional arrays as the active electrodes must have individual
connection for each element. The grounding of the middle
electrode makes the simplest possible connection to this
electrode, and the active front and back electrodes can
conveniently be connected through the load matching layers
and the backing material.

[0167] As an additive feature of the design to improve
immunity to interference from external electromagnetic
sources, it is advantageous to encapsulate the whole trans-
ducer assembly into a thin metal layer that is grounded. The
load matching and backing sections can then be used for
electric isolation between this encapsulating metal layer, and
the active electrodes. With conducting material in the front
elastic layer 807/1307/1405, this layer could be grounded
and used as part of the electric shielding. With the design in
FIG. 14 we note that the ground electrode encompasses the
other electrodes and the piezoelectric layers, a solution that
increases the resistance to interference from external elec-
tromagnetic sources.

[0168] Thus, while there have shown and described and
pointed out fundamental novel features of the invention as
applied to a preferred embodiment thereof, it will be under-
stood that various omissions and substitutions and changes
in the form and details of the devices illustrated, and in their
operation, may be made by those skilled in the art without
departing from the spirit of the invention. For example, the
presented transfer functions are calculated with a selected
set of material characteristics and layer thicknesses, and
adjustments and improvements in the transfer function char-
acteristics can be obtained by adjustments of the parameters
such as the layer thicknesses and characteristic impedances.
One hence see that the transducer structures of FIGS. 5, 8,
12,13, and 14 provide wideband and multiband operations
in both transmit and receive modes, according to the general
principle of the invention.

[0169] Tt is also expressly intended that all combinations
of those elements and/or method steps which perform sub-
stantially the same function in substantially the same way to
achieve the same results are within the scope of the inven-
tion. Moreover, it should be recognized that structures
and/or elements and/or method steps shown and/or
described in connection with any disclosed form or embodi-
ment of the invention may be incorporated in any other
disclosed or described or suggested form or embodiment as
a general matter of design choice. It is the intention, there-
fore, to be limited only as indicated by the scope of the
claims appended hereto.

What is claimed is:
1. An ultrasound bulk wave transducer for transmission
and reception of ultrasound pulses in one of a wide band and
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multiple bands of frequencies, where the ultrasound is
radiated from a front face of the transducer and in a
thickness direction normal to the radiating front face, com-
prising:

a high impedance section composed of multiple, stacked
layers with at least one t piezoelectric layer and at least
one additional elastic layer, the at least one piezoelec-
tric layer having a front face and a back face that are
covered with conducting electrodes to form two con-
nections for at least one electric layer port, the layers
having characteristic impedances so close to each other
that the total thickness of the high impedance section
defines the thickness resonance frequencies of the high
impedance section with open electric ports of the
piezoelectric layers,

a back face of the high impedance section being acous-
tically connected to a backing material and optionally
through a back impedance matching section comprised
of a stack of at least one elastic layer, the backing
material having a sufficiently large acoustic absorption
that reflected waves in the backing material can be
neglected,

a front face of the high impedance section being acous-
tically connected to a load material through a load
matching section composed of a set of elastic layers,
the characteristic impedance of the layers of the load
matching section lying between that of the high imped-
ance section and of the load material with monoto-
nously falling values from the high impedance section
towards the load material, and

at least one electric layer port being used for electro-
acoustic coupling to vibrations of the transducer radi-
ating front face at frequencies at which the thickness of
the high impedance section is substantially larger than
half a wave length.

2. An ultrasound transducer according to claim 1, wherein
the piezoelectric layers are based on a composite of a whole
piezoelectric material and a polymer.

3 An ultrasound transducer according to claim 1, wherein
at least one additional elastic layer of the high impedance
section is an electrically unloaded piezoelectric Player.

4. An ultrasound transducer according to claim 1, wherein
at least one additional elastic layer of the high impedance
section is made of silicon.

5. An ultrasound transducer according to claim 1, wherein
at least one additional elastic layer of the high impedance
section is made of a glass or a glass composite.

6. An ultrasound transducer according to claim 1, wherein
at least one additional elastic layer of the high impedance
section is made of one of alloys and pure forms of one of tin,
cadmium, beryllium, lead, bismuth, aluminum, and magne-
sium.

7. An ultrasound transducer according to claim 1, wherein
at least one additional elastic layer of the high impedance
section is electrically conducting and also functions as an
electrode.

8. An ultrasound transducer according to claim 4 or 7,
wherein at least one additional elastic layer of the high
impedance section is highly doped silicon.

9. An ultrasound transducer according to claim 1, wherein
at least one additional elastic layer of the high impedance
section is made of a material with characteristic impedance
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close to that of the whole piezoelectric material, and the
elastic layer is adhered to the whole piezoelectric material
before dicing to form the piezoelectric/polymer composite,
and the elastic layer is diced together with the piezoelectric
layer to manufacture a composite of polymer and the piezo-
electric/elastic layers with characteristic impedances close
to each other.

10. An ultrasound transducer according to claim 1,
wherein first a piezoelectric/polymer composite is made
with a coarse distance between the dicing grooves, followed
by application of at least one additional elastic layer on the
piezoelectric/polymer material, followed by a final dicing of
the layered elastic and piezoelectric/polymer structure with
dicing grooves between the first dicing grooves, so that
uneven relative volume fill of the piezoelectric/polymer and
the elastic material/polymer is obtained, for matching the
characteristic impedances of the piezoelectric/polymer and
the elastic material/polymer composite layers to each other.

11. An ultrasound transducer according to claim 9 or 10,
wherein at least one elastic layer is made of a conducting
material that functions as electrodes connecting to piezo-
electric posts.

12. An ultrasound transducer according to claim 9 or 10,
wherein at least one elastic layer is deployed by electroplat-
ing onto a metallic layer on the piezoelectric layer before i
final dicing.

13. An ultrasound transducer according to claim 9 or 10,
wherein at least one elastic layer is deployed by thick film
printing onto the piezoelectric layer before final dicing.

14. An ultrasound transducer according to claim 9 or 10,
wherein a final thickness of the elastic layer is obtained
through etching.

15. An ultrasound transducer according to claim 9 or 10,
wherein the added elastic layer can be etched, and the
relative thickness of the posts of elastic and piezoelectric
layers are reduced by etching after final dicing, for tuning of
the relative magnitudes of the characteristic impedances of
the elastic and piezoelectric layers.

16. An ultrasound transducer according to claim 9 or 10,
wherein the added elastic layer can be electroplated, and the
relative thickness of the posts of elastic and piezoelectric
layers are increased by electroplating after final dicing, for
tuning of the relative magnitudes of the characteristic
impedances of the elastic and piezoelectric layers.

17. An ultrasound transducer according to claim 9 or 10,
wherein tuning of the thickness of the posts of at least one
of the elastic and piezoelectric layers are done by additional
dicing, for tuning of the relative magnitudes of the charac-
teristic impedances of the elastic and piezoelectric layers.

18. An ultrasound transducer according to claim 9 or 10,
wherein at least one elastic layer is made of one of alloys or
pure materials of one of gold, iron, copper, silver, brass, cast
iron, zirconium, zinc, titanium, germanium, gallium ars-
enide, tin, cadmium, beryllium, lead, bismuth, silicon, and
aluminum.

19. An ultrasound transducer according to claim 1,
wherein at least one of the load and back matching layers are
made of one of a glass and a glass/solid particle composite.

20. An ultrasound transducer according to claim 1,
wherein at least one of the load or back matching layers are
made of a composite of solid particles and a polymer
material.
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21. An ultrasound transducer according to claim 1,
wherein at least one of the load or back matching layers are
made of one of alloys and pure materials of one of silicon,
aluminum, and magnesium.

22. An ultrasound transducer according to claim 1,
wherein the front layer of the back impedance matching
section is electrically conducting and in electrical contact
with the back piezoelectric layer so that it functions as the
back electrode of the back piezoelectric layer.

23. An ultrasound transducer according to claim 22,
wherein the front layer of the back matching section is made
of one of alloys and pure material of one of bismuth, lead,
beryllium, cadmium, tin, gallium arsenide, germanium, tita-
nium, zinc, zirconium, silver, copper, gold, platinum, and
tungsten.

24. An ultrasound transducer according to claim 9 or 10,
wherein at least one of the load and back matching layers are
adhered to the layers of the high impedance section before
final dicing, followed by final dicing of all of the layers
together, filling of the dice grooves with polymer material to
form composites with polymer material to obtain piezoelec-
tric/polymer, high impedance elastic/polymer, and imped-
ance matching layer/polymer composites, optionally with
different volume fills, so that the characteristic impedances
of the said layers are tuned to transfer function requirements.

25. An ultrasound transducer according to claim 24,
wherein the added elastic layer, and the load or back
matching layers before dicing are made of a conducting
material, and wherein a thin metal layer on top of the
composite binds conducting posts together to form elec-
trodes for the piezoelectric layers.

26. An ultrasound transducer according to claim 25,
wherein the conducting material of the load and back
matching layers is made of one of alloys and pure material
of one of titanium, germanium, gallium arsenide, tin, cad-
mium, beryllium, lead, bismuth, silicon, aluminum, and
magnesium.

27. An ultrasound transducer according to claim 24,
wherein the added matching layers can be etched, and the
relative thickness of posts of the matching, high impedance
elastic and piezoelectric layers are reduced by etching after
the final dicing, for tuning of the relative magnitudes of the
characteristic impedances of the said layers to the transfer
function requirements.

28. An ultrasound transducer according to claim 24,
wherein the added matching layers can be electroplated, and
the relative thickness of posts of the matching, high imped-
ance elastic and piezoelectric layers are increased by elec-
troplating after the dicing, for tuning of the relative magni-
tudes of the characteristic impedances of said layers to the
transfer function requirements.

29. An ultrasound transducer according to claim 24,
wherein tuning of the thickness of posts of one of the
matching, high impedance elastic layers and the piezoelec-
tric layers are done by additional dicing, for tuning of the
relative magnitudes of the characteristic impedances of said
layers to the transfer function requirements.

30. An ultrasound transducer according to claim 1,
wherein the high impedance section is composed of more
than one piezoelectric layer covered with electrodes to form
multiple electric layer ports for electro-acoustic coupling
into a load material in different frequency bands.

31. An ultrasound transducer according to claim 30,
wherein electric layer ports are combined into electric
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resultant ports through direct galvanic connection of the
electrodes of the layer ports that are combined to produce
one of serial, anti-serial, parallel, and anti-parallel couplings
of the layer ports, determined by a polarization direction of
the piezoelectric layers and the connection of the electrodes.

32. An ultrasound transducer according to claim 31,
wherein the electric resultant ports are more than one, and at
least one of the resultant ports provides effective transduc-
tion bands at frequencies at which the thickness of the high
impedance section is substantially larger than half a wave
length.

33. An ultrasound transducer according to claim 30 or 32,
wherein active electric ports are combined through electric
connection of the electrodes through electronically control-
lable switches, for electronic selection of electrical combi-
nation of the active ports to produce one of serial, anti-serial,
parallel, and anti-parallel couplings of the layer ports.

34. An ultrasound transducer according to claim 33,

wherein the number of active electric ports is two, defined
as a front port closest to the acoustic load and a back
port closest to the backing,

wherein the back port provides efficient electro-acoustic
transduction at frequencies at which the thickness of
the high impedance section is substantially larger than
half a wave length so that the back port is efficient in
a high frequency band, and

wherein a low frequency electric port is obtained by
electrical serial or electrical parallel coupling of the
front and the back ports.

35. An ultrasound transducer according to claim 34,
wherein electrical serial coupling of the front and the back
ports is obtained with the same polarization directions of the
front and the back piezoelectric layers, and wherein a signal
is connected between the front electrode of the front port and
the back electrode of the back port.

36. An ultrasound transducer according to claim 34,
wherein electrical parallel coupling of the front and back
ports is obtained with opposite polarization directions of the
front and the back piezoelectric layers, and electric connec-
tions between the front electrode of the front port and the
back electrode of the back port, and middle electrodes of the
front port and the back port, and the signal is connected
between the front and back electrodes and the middle
electrodes of the front and the back ports.

37. An ultrasound transducer according to claim 34,
wherein the two active ports are electrically one of anti-
parallel and anti-serial combined to form a high frequency
ads; electric port.

38. An ultrasound transducer array composed of a plural-
ity of element transducers according to claim 1, said plural
transducers being placed by side so that the element front
faces form an optionally curved composite array radiating
surface, and the electric ports of each element being con-
nected to individual electronic transceiver systems, for elec-
tronic steering of array focus and optionally of beam direc-
tion.

39. An ultrasound transducer array according to claim 38,
wherein at least one of the electrodes internally within the
high impedance section is grounded and forms a continuous
electrode between all of the plural element transducers
throughout the array, for simplified ground connection to the
at least one electrode for the whole array, and wherein the
other electrodes of the ports connect through one of the front
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and back faces of the high impedance section and through
sides of the high impedance section.

40. A two-dimensional ultrasound transducer array
according to claim 39, wherein some of the front electrodes
of the front electric ports connect to an instrument through
the front elastic layer of the high impedance section, and
optionally also through at least one layer of the load match-
ing section, and some of the back electrodes of the back
electric ports connect to the instrument through at least one
optional back matching layer and optionally through the
backing material, while the internal ground electrode
extends continuously throughout the whole array.

41. An ultrasound transceiver system, comprising:

an ultrasound bulk wave transducer with several electric
ports coupling to a common acoustic front face port to
define electro-acoustic ports, the transfer functions of
the electro-acoustic ports having efficient operation in
different frequency bands,

receive amplifiers selectively connected in receive mode
to each electric port to provide receive signals with the
transfer functions of the actual electro-acoustic ports,
and

transmit amplifiers selectively connected to each electric
port so that one in transmit mode can select the transmit
signal on a selected electro-acoustic port for efficient
transmission of ultrasound waves in a frequency band
of the selected port, and so that one through selection
of combined transmitter signals on at least two electric
ports is able to obtain transfer functions of combined
electro-acoustic ports combined as one of electric par-
allel, anti parallel, serial and anti-serial couplings of the
ports, and so that one through selection of combined
transmitter signals on at least two electric ports is
operable to transmit composite signals with compo-
nents in multiple frequency bands.

42. An ultrasound transceiver system according to claim
41, further comprising an additive signal combination unit
that in receive mode combines the received signal from
several electro-acoustic ports after the receiver amplifiers,
optionally after filtering of signals, to provide receive sig-
nals in wide band or multiple frequency bands.

43. An ultrasound transceiver system according to claim
42, wherein the signal combination unit contains filters that
provide multiple signals that have a harmonic frequency
relation to each other, said frequency relation comprising
frequency components in ok bands with one of a 1%, a 279,
a 3 and a 4" harmonic relation to each other.

44. An ultrasound transceiver system according to claim
41, wherein the transducer is formed of several layered
sections and wherein ultrasound is radiated from a front face
and in the thickness direction normal to the radiating front
face, further comprising:

a high impedance section comprised of multiple, stacked
layers with characteristic impedances so close to each
other that the section functions acoustically as a unit so
that a total thickness of the high impedance section
defines thickness resonance frequencies of the high
impedance section with open electric ports,

a back face of the high impedance section being acous-
tically connected to a backing material, optionally
through a back impedance matching section, the back-
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ing material having sufficiently large acoustic absorp-
tion so that reflected waves in the backing material can
be neglected,

a front face of the high impedance section being acous-
tically connected to a load material through a load
matching section comprised of a set of elastic layers,

the high impedance section being comprised of at least
two piezoelectric layers with a front and a back face
that are covered with conducting electrodes to form two
connections of electric layer ports for each layer,

the electric layer ports being such that some of the ports
perform efficient electro-acoustic coupling at frequen-
cies at which the thickness of the high impedance
section is substantially larger than half a wave length,
and other port transfer functions are efficient at fre-
quencies at which the thickness of the high impedance
section is below half a wave length with a back
impedance lower than a characteristic impedance of the
high impedance section and below a quarter wave
length with a back impedance higher than the charac-
teristic impedance of the high impedance section.

45. An ultrasound transceiver system according to claim

44, wherein:

the electrodes from some electric layer ports are com-
bined galvanically to form electric resultant ports in
one of a series, parallel, anti-parallel and anti-series
coupling of the involved layer ports,

the transfer functions of the electro-acoustic resultant
ports having efficient operation in different frequency
bands where at least one of the resultant port transfer
functions is efficient at frequencies at which the thick-
ness of the high impedance section is substantially
larger than half a wave length, and at least one port
transfer function is efficient at frequencies where the
thickness of the high impedance section is below half
a wave length with a back impedance lower than the
characteristic impedance of the high impedance section
and below a quarter wave length with a back imped-
ance higher than the characteristic impedance of the
high impedance section.

46. An ultrasound transceiver system according to claim
41, including a transducer in accordance with claim 1.

47. An ultrasound transceiver system according to one of
claims 41 to 45, wherein the number of electric ports is two
and defined as a front port closest to the load and a back port
closest to the backing, and electrical polarization of the
piezoelectric layers is arranged so that

transmit operation in a low frequency band through
parallel coupling of the ports is obtained by driving the
ports with the same voltage signal where the voltage
polarity on each port is referred to the polarization
direction of piezoelectric material of the each port,

transmit operation in a high frequency band through
anti-parallel coupling of the ports is obtained by driving
the ports with voltage signals of opposite polarity and
the same form where the voltage polarity on each port
is referred to the polarization direction of piezoelectric
material of the each port,
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transmit operation in a widest frequency band is obtained
through a voltage drive signal at the back port with no
drive signal on the front port,

transmit operation of combined signals with a combined
low and high frequency band is obtained by driving the
ports with voltage signals which are the sums of a low
frequency signal that is equal on each port and one of
a high frequency signal at one port only and high
frequency signals that have opposite polarity on each
port where the voltage polarity on each port is referred
to the polarization direction of piezoelectric material of
the each port.

48. An ultrasound array transceiver system, comprising a
plurality of ultrasound tranceiver systems according to at
least one of claims 41 to 45 and 47, and comprising
ultrasound element transducers with multiple electric ports,
the element transducers being placed side-by-side so that the
element radiating front faces form an optionally curved
composite array radiating surface, the electric ports of each
element transducer being connected to individual electronic
transceivers, for electronic steering of array focus and
optionally of beam direction.

49. An ultrasound array transceiver system according to
claim 48, wherein at least one of the electrodes internally
within the high impedance section of the element transduc-
ers is grounded and the grounded electrode forms a con-
tinuous electrode between all of the element transducers
throughout the array, for simplified connection of the at least
one electrode to ground for the whole array.

50. An ultrasound array transceiver system according to
claim 49, wherein each element transducer contains two
electric ports sharing one common ground electrode situated
internally within the high impedance section and extending
throughout the array, and the other two electrodes of the
ports connect through one of the front and back faces, and
sides, of the high impedance section.

51. An ultrasound array transceiver system according to
claim 49 or 50, wherein some of the front electrodes of the
front electric ports connect to an instrument through an
optionally elastic front layer of the high impedance section,
and optionally also through at least one load matching layer,
and wherein some of the back electrodes of the back electric
ports connect to the instrument through one of at least one
back matching layer and the backing material, and an
internal ground electrode extends continuously throughout
the whole array.

52. An ultrasound transducer according to claim 1 and that
is encapsulated in at a grounded, electrically conducting
cage, electrically isolated from signal electrodes of the
transducer.

53. An ultrasound transducer array according to claim 38
and that is encapsulated in a grounded, electrically conduct-
ing cage, electrically isolated from the signal electrodes of
the transducer array.
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