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The work considers broadband ultrasonic piezoelectric transducers for medical diagnostic echoscopes,
ultrasonic therapeutic devices, which are widely used for the diagnosis and treatment of various diseases
in medicine. Such piezoelectric transducers provide a bandwidth that covers almost the entire operating
range of single-frequency electroacoustic transducers, specifically 1.4 to 18 MHz for diagnostic devices and
1 to 3 MHz for therapeutic devices. The use of broadband piezoelectric transducers significantly expands
the capabilities of ultrasound devices. With the help of a 4.5-18 MHz band scanner, it becomes possible to
obtain an image of the spinal canal, the possibility of which has not even been discussed before. Therapeu-
tic devices become more effective, and at the same time, their safety increases by eliminating the possibil-
ity of the formation of standing waves in the broadband mode. In this work, a method was chosen for ex-
panding the band of a piezoelectric transducer using acoustic layers and electrical circuits, and the fea-
tures of their medical application were taken into account: the load of piezoelectric transducers on a medi-
um with low impedance and high attenuation — biological tissue — and operation in the echo mode. In all of
the above applications of broadband piezoelectric transducers, the transfer function parameter becomes
important, that is, the ratio of the input action to the output one. The purpose of the work is to obtain ex-
pressions for the transfer functions of wideband piezoelectric transducers of various designs with one or
two transition layers. The calculation of the piezoelectric transducer transfer functions was carried out by
two methods: the wave equation method, which is characterized by the need to solve a system consisting of
a large number of equations even with a small number of transition layers, and on the basis of A-matrices
of the regular line segment. It is shown that these two methods give the same calculated ratios, but the se-
cond method is more convenient for calculations.
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1. INTRODUCTION

Narrowband ultrasound (US) medical diagnostic
scanners (echoscopes) and US therapeutic devices are
widely used for the diagnosis and treatment of various
diseases in medicine. For the first time, a person gets
acquainted with US echoscopy in the womb during US
examination of pregnant women. The World Health
Organization (WHO) has asked to review the current
policy of their routine US examination, and this has
served as an additional stimulus for the further devel-
opment of echoscopes. A new milestone in this direction
was the emergence of broadband diagnostic echoscopes.
In contrast to traditional single-frequency echoscopes,
in which the operating range is covered by a set of
variable narrow-band piezoelectric transducers (PTs),
they use wide-band transducers.

The task of providing a wide frequency band has
become especially relevant with the advent of wideband
US echoscopes, covering the entire operating range of
single-frequency PTs: from 1.4 to 18 MHz. An illustra-
tion of what the expansion of the PT frequency range
gives can be the acquisition of an image of the spinal
canal [1] using the 18H5 Transducer of the ACUSON
Juniper Ultrasound System scanner from Siemens with
a frequency band of 4.5-18 MHz [1], the possibility of
which has not even been discussed earlier.

A feature of the diagnostic application of US is the
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load of a PT on a medium with low wave impedance
and high attenuation (biological tissues), as well as
work in the echo mode.

The authors chose the method of expanding the PT
band using acoustic layers and electrical circuits [2, 3].
The latter is especially important for converters with
linear scanning, in which the number of elements
reaches hundreds, and adjustment of elements (usually
connected in parallel with inductance elements) is used
to equalize their characteristics.

US therapeutic emitters are widely used in medi-
cine [4]. Those are usually made in the form of disks of
high-quality piezoelectric ceramics of lead zirconate
titanate and are placed in a waterproof shell made of
aluminum or stainless steel, the reverse side of disks is
adjacent to air. Contact with human skin is carried out
either through a thin layer of contact liquid, or through
an acoustically transparent bag with water, which can
take the form of the irradiated part of the body. The
radiation mode can be either continuous or pulsed. The
operating frequency range from 1 to 3 MHz in most US
devices is covered by single-frequency emitters. They
are intended for the treatment of the peripheral nerv-
ous system, musculoskeletal system, internal organs,
dental, urological, obstetric and gynecological, as well
as eye diseases.

It should be noted that to generate oscillations with
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frequencies of 1 and 3 MHz, PTs with the same thick-
ness are used, only for generating 3 MHz — the third
harmonic. Although for radiation of the same power as
at the first harmonic, we need to triple the voltage
amplitude of the high-frequency generator.

A significant disadvantage of single-frequency ther-
apeutic emitters, especially when working with the
maximum permissible intensity and direct contact with
the skin, which is not mentioned in the technical speci-
fications, is the need to move them during the proce-
dure [4]. This is caused by the necessity to avoid local
damage to biological tissues due to the possible for-
mation of standing waves and "hot spots".

To obtain a uniform ultrasonic beam in the cross
section, it was proposed, as it is used in pulsed flaw
detection of materials and in US medical scanners, to
use sources with a wide spectrum of radiation. And as
transducers, PTs of variable thickness were proposed,
that are used in flaw detection [4]. Not to mention the
problem of creating a broadband emitter of sufficient
intensity in a continuous mode, such transducers are
unacceptable, since different parts of biological tissues
in the cross section of the beam are irradiated with
different frequencies. Therefore, in this case, prefer-
ence should be given to plate-type PTs.

In all the above-mentioned applications of broad-
band PTs, such parameter of a PT as its transfer func-
tion becomes important, that is, the ratio of the input
action to the output one. For uniform vibrations of the
piezoelectric plate (uniform distribution of the ampli-
tudes of the vibrational velocity over the surface of the
piezoelectric plate), it is advisable to consider a pair of
values as input and output effects of the PT: vibration-
al pressure-electric voltage [5].

The purpose of the work is to obtain expressions for
the transfer functions of broadband PTs of various
designs.

2. CALCULATION OF THE TRANSFER
FUNCTIONS OF PTs USING THE WAVE
EQUATION METHOD

The transfer function of a PT operating in the ultra-
sonic wave emission mode (piezoelectric emitter) is
determined by the expression [5]:

p
K =, 1
Rad U ( )

where p is the oscillatory pressure at the acoustic out-
put, Uin is the power supply voltage.

Accordingly, the transfer function of a PT operating
in the ultrasonic wave receiving mode (piezoelectric
receiver) is expressed as follows:

where Uou: is the electrical voltage on the transducer
electrodes, p is the oscillatory pressure in the working
environment without a piezoelectric receiver.
The values of the transfer functions at fixed fre-
quencies are called transducer transfer coefficients [5].
When there are no losses and distortions of the sig-
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nal in the working environment (caused by absorption,
diffraction, etc.) and the transfer function is character-
ized only by the properties of the PT, then the transfer
function of the transducer operating in the radiation-
receiving mode will be:

K= KRadKRec .

In general, transfer functions are complex quanti-
ties that are expressed by amplitude-frequency K(w)
and phase-frequency ¢(w) characteristics [5]. Both K(w)
and ¢(w) characteristics are especially important in the
analysis of broadband PTs, where the wave equation
method is preferable to the method of equivalent cir-
cuits for finding transfer functions [6]. A characteristic
feature of the wave equation method is the need to
solve a system consisting of a large number of equa-
tions even with a small number of transition layers.

Then, we present the expressions for the transient
response obtained by the wave equation method for the
case without layers from [6], where generalizing formu-
las are given without intermediate calculations for the
case of transducers with transition layers, obtained on
the basis of relations for long lines.

The main system of equations, including the equa-
tions of motion, the direct and inverse piezoelectric
effect (where the deformation S =040z and the electric
field strength E are taken as independent variables),
and the equations of electrostatics, has the form:

¢ _oo
P
D:e33a—§+s§?3E,
oz

@

E 0
o= 0335—63351,

oD _

0’
0z

where o is the density of the material of the piezoelec-
tric element, & is the displacement of the piezoelectric
plate particles in the direction of the Oz-axis, o is the

elastic stress describing the field of elastic defor-

mations, 5353 is the dielectric constant of the clamped

piezoelectric plate, cfS is the elasticity constant at

constant electric field strength, es3 is the piezoelectric
constant, D is the electrical induction.
System (2) is solved in the case if

otz 95 0, UOYE+AO%:O, ®)

z2=0, ly; EZ

where z is the resistance of acoustic loads applied to

the ends of the piezoelectric element z=0, lo, lo is the
piezoelectric plate thickness, Yz is the conductivity of
the electrical load on the active element, Ao is the pie-
zoelectric element surface area, Up is the voltage ap-
plied to the piezoelectric element.

With a harmonious dependence of the sought quan-
tities on time, the solution to the boundary value prob-
lem (2), (3), that is, the transfer function of the PE, has
the form:
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—o() _ e o (1-a)l-av’)

a
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Ppad
K raqe =

where z, = afc:gpo is the PT wave resistance, cl) is the

elasticity constant at constant electric induction D,

= w . . .
a=e™ =" ¢ is the phase velocity of ultrasonic
o
wave distribution in the piezoelectric plate at constant
electric induction D,

2 4 -
Ay=1-av'v,

B

A = 1-a)[2+0v" +v —a(v' +v +20'V7) .
1 Ziklo( ) ( )

2.1 PT with One Transition Layer

Now consider a PT with one transition layer of
thickness di1 and wave impedance z1 (see Fig. 1). In this
design, z, is replaced by the input impedance of the

layer with acoustic load z2 at the end.

d1

Fig. 1 — Schematic representation of the PT design
The distribution of pressure and velocity along the

axis of the layer z is as follows:

. 1 . . l 2 1 . . _i _z
p(2)=§(p2+vzzl)eﬂ(d1 )+§(pz—vzzl)e a2 (5)

o(z) = zi (Dot 022G —(py—03 2,)e P4 -9] (6)
21

Hence

. L i . -ipd,
s _ Dy _ 2 (Py +0y21)e P, N _

1 . . . i . . —i
I (py + vzzl)elﬂd1 —(Dy — 092, )e ipd; ™
1 *0121112

1 ’
1+ a12”12
where

2z, -2
Uy =2 ®)
z +2,

is the reflection coefficient of load zs.

Thus, in (4), instead of o, we substitute o, — 2.

2
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To compare the results, let us return to the designa-
tions used in [7]:

Zn _>Zl’ 21 _)22’22 _)Zm’ U12 _)‘IZm’ an —>‘/12’
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Further, we obtain the transfer coefficient of one
layer pressure from the PT surface to the load. For this,

we use expression (5) if z=0,0, = & :
=2
Ky=Bio 20 _q e
by 1+i+a12(1_i) 1-av,
2 2
or in designations used in [7]:
1-v.
n=—a,. (12)
1-av,,

Thus, with one layer:

“Ou _ly1-0"(1-a)® 1-uv, (13)
Uy & 2 A-A1-dfu,
or in designations used in [7]:
— \/ p— 2 —
K =P llVin(za) 1oV, gy
U, I, 2 A-A1-a)V,,

2.2 PT with Two Layers

Consider the design of a PT containing two layers of
thickness d1, d2 and impedance z1, z2:
K, 6 =q 1-0p b= Uy + A3Uns , (15)

pl

~ 12 — 2
1-a;v, 1+a5v,50;5
1-v. 2,—Z
=a B, =23 (16)
p2 =% T 0 23
— AUy 2y +2,

In designations used in [7]:

~ 2
K. -a 1-0y5 . = Y23t Aalsy
p2 =0 o V= 0 )
—QyUy3 +a3Us5,,Us3
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K - 1-v,, _23—2,
3 =0y 3m =
P 1-alv,, 2,+2,
or
K. = 1_‘/2m _ ‘/23+a3v3m (17)
P oalV, T 1+a2V, VY,
Ay Vom Ta3Vo3Vay
1-V, 2,—2
— 3m _~3 m
p3 a3 1 ZV ’Vv3m - . (18)
—a3V3, Z3t+z,

Analyzing the obtained expressions (15)-(18), we can
conclude that Kp2 and Kp3 do not depend on zi1to V, .

The transfer function of a two-layer PT is:

_7 — 2 _7 —
&213731 Vvlm 1 aq a, 1 ‘2/27m a, 1 Z/%m ’(19)
U, 1, 2 A-A T1+a3V,, T1-a3V,
where

_ ‘/12 + a§‘72m
T T
1+a;Vi,Vs, ) (20)
Then, we check the values of K2 in the case of one
quarter-wave layer and (Kpz, Kp3)-two layers, if x =1,
x = @lawo, ao 1s the PT antiresonant frequency.
1) According to (12):

1—172 .2
=2 q,=j-2. (21)
P 1—(1;‘/2," ? ’ ZZ

2) According to (17) and (18):

1-V,

1_V3m 23
KPZ'KPSZ_JI+VQ Tz,

1+V,, 2y

- (=)

m

(22)

Now we conclude that if x =1, the layer pressure
transfer coefficients do not depend on the wave imped-
ances of the layers z1 and zm.

The PT sensitivity in ultrasonic wave receiving
mode (at idle speed Y; = 0) is:

%_lﬁlﬂ)+ (1-a)d-av’)
(A =AY, +Ypp)

(23)

-0y by 2,

Ao

where Y, =iwC, is the PT conductivity, Y7 is

0~ A1
the conductivity of electrical load to the active element.

In the presence of two layers, expression (23) is
multiplied by the layer transfer coefficient of the pres-
sure from the load side, and v* is replaced by " (10).
Since in the combined mode of operation of the PT the
transmission coefficients of the layers during emission
and reception in free space are equal to 1, that is,
(KpZ'KpS)'(KpS'KpZ) = 1, then

(KpB .KpZ) = 1/(Kp2 'KPS) . (24)

In designations used in [7] Gf v™ =1):

Ly 1+V,, (1-q)° 1
_Km‘:% 1 =
0

. (25)
2z (A =AY, +Ypp) Ky K s
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According to (22),

1 —_%
bl
Kp2'Kp3 23
then
1-0 . Uy + Qv
K, =a 12 , b, =127 0298
P 1-a,%0 1+ aZv,.v
1 Y12 2Y23%12
1-v 25— 2 z, —Z
K, =a, 223 ) Ugy = 2Ly, =2 (26)
1-a, vy, 2y + Zpp 2, +2y

If we use the same designations as in the radiation
mode, then

Ujg = Ugy = —Uj9,Ug3 —> Ugpp = —Upyy -

3. DETERMINATION OF TRANSMISSION
PRESSURE RATIO BASED ON A-MATRICES
OF REGULAR LINE SECTION

Consider the radiation mode:
Py = Pycos Bl +i0,2, sin B,

U = P jsin Bl +0,cos B,
2
cos Bl iz sinfBl

@ _f ;
AT = Lsingl  cospl | @7)
z

1

Multiplying the matrices for the 1st and 2nd layers,
and then replacing p, by p,, 0, by v, = &, we get an
z

m

expression for & :
Py
cos Bl, iz, sin Sl
A(2) =i . ,
—sin By,  cos Byl
z

2

1) A4 (2) 1) A(2) (1) A4 (2) 1) A(2)
A= AD. 4® — [An AV +AZAY AYVAY + AR A, J

1) £ (2) 1) A(2) 1) A (2) 1) A(2)

A AT + A Ay Agl Ay + Agy Agy
:[Au A12]
Ay Ay

o i
A, =cos S cos B,l, +1z, sin S, —sin S,l,,
22
A, =cos fliz, sin f,1, +iz, sin S, cos f,l,,

j 28
A, = L sin Bl cos Byl, +cos Sl L sin Lol (8)
z z

1 2

Ay = L sin A L sin Lol +cos Bl cos fyl,.
z z

1 2

Further

D A,
Dy = AP+ Ay 0y = A py+ Ay ?3 =(A;; + 71)173 .
3 3
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From the above formula:

p
=4, +ﬁ . (29)
Dy 23

Then we get an expression for the transmission co-
efficient, which depends on zs.
By doing the following substitution:

1
. . —+
cos Al _eMhieh g 4 _l+af
! 2 2 2a,
1+a;

cos Syly = 20
2

B 4 o Bl 1_ g2
sin gl = € .e = .al ,
21 2ia,
. 1-a?
sin B,l, =——2,
2ia,,

we get the expression:

D3 _ a0y (1-05)(1 —Vy5)
b a§U23(012 -a)+(1-ajvy,)

(30)
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MeTonu po3paxyHKy mepesaBajibHUX (DYHKI[HA IMIHNPOKOCMYTOBHUX IJIACTUHYATUX
n'e30MepPeTBOPIOBAYIB 3 IMepexXiTHNMU mapamu

C.A. Haiima, T.M. Hemsacrosa, A.C. Haiiga, I''A. Kiromuiyenxo, A.B. Jlamapaz

Hauionanvruti mexniunuli ynisepcumem Yrpainu “Kuiscokuil nonimexniunuii incmumym
imeni Ieops Cikopcvroeo, np-m Ilepemoeu, 37, 03056 Kuis, Yrpaina

B po6oTi posrisgamTbes IMMMPOKOCMYIOBl YJIBTPA3BYKOBI I'€30€JIEKTPUYHI II€PEeTBOPIOBAYL IJIA MeIrd-
HUX JIaTHOCTMYHUX €XOCKOIIIB, YJIbTPA3BYKOBUX TEPAIIEBTUYHUX AIlapaTiB, Kl IMHPOKO BUKOPHUCTOBYIOTHCS
[IJIA JIATHOCTHKH 1 JIKyBAaHHS PISHUX 3aXBOPIOBAHL B MeAulmHl. Taki Ir'e3omepeTBopioBadl 3a0e3medyioTh
CMyYTY YacToOT, SIKA OXOIUIIE Mailike yBeCh POOOYMIl JIAa30H OJHOUYACTOTHUX eJIeKTPOAKYCTUYHUX IIePEeTBO-
poBauiB, a came, Big 1,4 mo 18 MI' mmis miarmocrmunux mpmiamis 1 Bim 1 go 3 MI'm myia TepameBTHYHNX
mpuiais. BUKOpHUCTAHHS MIMPOKOCMYTOBUX IT'€30II€PETBOPIOBAYIB 3HAYHO POSIIMPIOE MOMKIIUBOCTI YIBTPA3-
BYKOBUX IpmiiafiB. Tak, 3a JomoMoromn ckamepa i3 cmyromwo 4,5-18 MI'ir crae MOKIMBAM OTpUMAHHS 300pa-
JKeHHST KaHaJy Xpe0Ta, MOKJIMBICTD YOTO JI0 IIHOr0 HABITH He 06roBopioBasacs. A TepareBTUYHI amapaTh
CTAIOTH OLIBIN e)eKTUBHUMMU, 1 IPH I[OMY, IIIJBUIILYETHCS IX 0E3IIEYHICTH 38 PAXYHOK BUKJIIOYEHHS MOKJIU-
BOCT1 YTBOPEHHSI CTOSTYMX XBUJIb Yy IINPOKOCMYTOBOMY peskuMi. B po6ori BuGpaHMil METO/ PO3IINPEHHS CMY-
T'¥ II'€30IIepeTBOPIOBAYA 34 JOIIOMOI0I0 aKyCTHYHUX IMapiB 1 eJIEKTPUYHUX JIAHINIOTIB, TA BpaXxoBaHi 0cobsiu-
BOCTI iX MEIUYHOrO 3aCTOCYBAHHS: HABAHTAYKEHHS II'€30II€PETBOPIOBAYIB HA CEPEOBUINE 3 MaJMM XBHJIE-
BHM OITIOPOM 1 BEJIMKUM 3aracaHHAM — OIOJIOTIUHY TKAHWHY 1 poboTa B exo-pesknmi. B ycix srajgaHux BHUIIE
3aCTOCYBaHHSX IIMPOKOCMYTOBUX IT'€30II€PETBOPIOBAYIB BAMKJINBE 3HAYEHHS HAOyBae TAKUI IapaMerp, sk IX
mepegaBajbHA (PYHKIIIS, TOOTO BiOHOIIEHHS BXIiZHOIO BILIMBY OO0 BHXITHOro. MeTom poGoTH € OTpUMAaHHS
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BHPA3IB [T TepeIaBaIbHUX (PYHKINHM IIMPOKOCMYTOBHUX II'€30II€PETBOPIOBAYIB PI3HUX KOHCTPYKINHN 3 OTHIM
abo nBoMAa mepeximHUMU Iapamu. Po3paxyHOK mepenaBabHUX (QDYHKIN IT'€30II€peTBOPIOBAYA BHUKOHAHO
JIBOMa MeTOJaMU: METOJOM XBUJILOBOIO PIBHSHHSI, XaPAKTEPHUM JJIsl SIKOTO € HeOOX1JHICTb PO3B'sI3aHHS CH-
CTeMH, TII0 CKJIIATAETHCA 3 3HAYHOI KIJTBKOCTI PIBHAHD HABITH IIPU HEBEJIMKOMY YHCJIL TIEPEX1THUX MIapiB, 1 HA
ocHOBI A-marpuils Bifpisky perymisapsol miumii. [Tokasawmo, 1mo gBa MeToqu [al0Th OJHAKOBI PO3PAXYHKOBI
CITIBBITHOIIIEHHS, aJie IPYTHUH € OLIIBII 3PYIHUM JIJI PO3PAXYHKIB.

Kunrouori ciora: Yiasrpassyk, [lluporocmyrosi m'ezonepersopioBaui, [lepexinmi mapu, Enexrpuuni ganiory,
XBuIbOBE PIBHIHHSA, KIIEKTPOMEXaHIYHUN YOTHPHOXIIOIIOCHUK.
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