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Today, a rather relevant direction in medicine is the
study of passive functional images of biological objects, in
particular, a human body, obtained by methods of recording
physical fields of various nature, among which infrared (IR)
thermal imaging, radio and acoustic thermometry can be
distinguished.

IR thermal imaging is characterized by a penetration depth
of about 100 um and allows obtaining information about the
surface temperature due to capillary blood flow in the skin.

Radio and acoustic thermometry allow measuring the tempera-
ture of internal tissues at depths of several centimeters, which
is of interest in early diagnosis of diseases, hearing diagnostics,
identifying inflammatory processes, monitoring physiotherapy
procedures, conducting surgical operations accompanied by
patient cooling, long-term control of the engraftment process
of transplanted organs, monitoring treatment of malignant
neoplasms by hyperthermia and thermal ablation methods, as
well as using synergistic effects in oncology.

In the acoustothermometry research method, the in-
ternal temperature is measured by receiving and recording



acoustic radiation generated by the thermal motion of atoms
and molecules of the medium. Thermal acoustic radiation
is low-power noise radiation with a wide spectrum, and its
intensity is directly proportional to thermodynamic tem-
perature.

Comparative analysis of radio and acoustic thermom-
etry [1] showed that the method of measuring the internal
temperature by recording thermal acoustic radiation has a
better spatial resolution, less attenuation and is also easier to
implement, which proves the prospects of its use.

2. Literature review and problem statement

In [2], an acoustic thermometer (AT) was proposed to
measure the internal temperature of a biological object, the
operation of which is based on the zero modulation method.
This method allows distinguishing weak noise signals, which
include thermal acoustic radiation, against the background
of the receiver’s natural noise. Detailed analysis of the mod-
ulation AT based on the results of [3—6] showed that the
minimum detected temperature difference is much worse
than the maximum allowable one calculated theoretically.
In addition to this drawback, such an AT has limited ap-
plication due to the need for a priori knowledge of frequen-
cy-dependent absorption coefficients and measurements at
two frequencies.

An option to overcome these difficulties may be the use
of a focused piezoelectric receiver in the AT. In [1], based on
the study of the features of receiving thermal acoustic radi-
ation depending on the design of the piezoelectric receiver
(PR), the principles of constructing the corresponding ele-
ment of the receiving path were formulated.

The works [7, 8] were devoted to the search for circuitry
solutions of the acoustic receiver and materials of its struc-
tural units, the implementation of which made it possible to
obtain sufficient accuracy of internal temperature measure-
ment for medical applications.

In [9], on the basis of the theory of human body acousto-
thermometry, a block diagram of the focused AT implement-
ing the modified zero modulation method was theoretically
justified and developed. It is shown that the use of a piezo-
electric plate as a noise signal receiver, taking into account
the effect of spatial filtering of diffuse radiation by transition
layers, makes it possible to do with single-spectrum and
single-beam sounding. The use of electronic switching of the
piezoelectric transducer and the noise standard allowed ex-
cluding the modulator unit used in analogs from the acoustic
thermometer circuit. From the results of theoretical studies,
it was concluded that the proposed AT allows real-time
temperature measurement by thermal acoustic radiation
through the skin with an accuracy of at least 0.2 °C.

The practical significance of the results is obvious, but
the issues regarding the experimental validation of the
presented analytical calculations were not sufficiently ad-
dressed. AT functioning is associated with the measurement
of weak noise signals in the megahertz range. In addition,
during assembly and operation, deviations of parameters
from those theoretically calculated may occur, so it is nec-
essary to have information on the degree of accuracy with
which the proposed mathematical models describe real
physical phenomena.

The above suggests it advisable to conduct laboratory
studies in this direction.

3. The aim and objectives of the study

The aim of this work is to verify the compliance of an-
alytical calculations with practical implementation, as well
as experimental confirmation of the possibility of measuring
the deep temperature of the AT implementing the modified
zero modulation method with a given accuracy.

To achieve the aim, the following objectives were set:

— to create a model of a single-channel focused AT;

—to conduct an experimental study of electric noise
voltage at the electrodes of the focused piezoelectric receiver
from temperature according to the established method.

4. Model of the single-channel focussed acoustic
thermometer

The AT model (Fig. 1) contains an acoustic receiver
(AR) connected to a broadband high-frequency amplifier
(HFA), amplitude (AD) and synchronous (SD) detector,
from the output of which the signal is transmitted to a re-
cording device (RD).

FPT—1 ES —HFA— AD[— SD — RD

NS

AR

Fig. 1. Model of the focused AT: a — block diagram;
b — appearance

The acoustic receiver includes a focussed piezoelectric
transducer (FPT), an electronic switch (ES) and a noise
simulator (NS). As the FPT of thermal acoustic radiation,
a PZT-8 piezoceramic plate transducer with a quarter-wave
matching layer of epoxy glue and an acoustic lens made of
polystyrene mechanically non-damped from the back side
and electrically loaded with parallel-connected inductance
is used.

The noise simulator has the same frequency response as
the focused piezoelectric transducer and close value of the
mean square of the output voltage. The electronic switch
periodically switches the input of the high-frequency am-
plifier from the focused piezoelectric transducer to the noise
simulator and back.

The model includes the original switching and detection
unit, as well as two serial devices — V3-57 microvoltmeter
and V7-27 universal digital voltmeter. V3-57 is designed to



measure the RMS value of arbitrary shape AC voltage, and
V7-27 is used to measure DC and AC voltage, resistance,
direct current, temperature by converting the measured
physical value into DC voltage and then measuring it with
an integrating analog-to-digital converter.

The V3-57 microvoltmeter used its broadband amplifier,
and the V7-27 versatile digital voltmeter — constant voltage
modulation unit; AC voltage amplifier; synchronous detec-
tor; low-pass filter; digital voltage meter proportional to the
temperature difference between the biological object and
noise simulator.

4.1. Noise simulator of the focused piezoelectric
transducer
As a noise simulator, it is proposed to use a resistor with
a resistance R=7,700 Ohm and reactive elements forming a
band-pass filter for the thermal noise of this resistor (Fig. 2)
(nominal values of filter elements are equal to those of ele-
ments of the PR equivalent circuit).
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Fig. 2. Equivalent circuit of the electric noise simulator

Parameters of the elements of the band-pass filter of the
electric NS for £, =051, p= k?=0.26 ( k, — electromechan-
ical coupling coefficient of piezoceramics) are determined as
follows:

C, =157 pF;
Lo = 1/('0(2) (CO +Ccab);

C=C,(88/n*)/(1-8B/n*); L=1/wiC,

where C, is the static capacitance of the piezoelectric
element, C, is t/}%e capacity of the connecting cable,
o, =0)0(1—8B / n2) is the angular frequency of electric
resonance of the piezoelectric element (resonance frequen-
cy), o, is the angular frequency of mechanical resonance of

the piezoelectric element (antiresonance frequency).

4. 2. Electronic switch of the focused electric convert-
er and noise simulator

In classical modulation AT, modulation of the noise sig-
nal of a biological object is performed by a rotating disk with
holes. In the case of a depth-focused piezoelectric receiver,
such modulation is not possible, so it was proposed to use an
electronic switch.

The key mode of semiconductor elements (diodes, tran-
sistors) is widely used in voltage switches. However, the case
of thermal noise switching was not found in the literature.
In this regard, the original switching and detection unit was
developed (Fig. 3).
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Fig. 3. Switching unit: a — electronic switch with noise
simulator and FPT equivalent circuit in the block diagram of
the AT model; b — appearance

The switch of the focused electric converter and noise
simulator is made on n-channel field-effect transistors (FET).
Transistors of this type at drain-source voltages of both signs
less than 1 V are controlled resistors, the resistance of which is
minimum at the gate-source voltage U, =0 and very large
at |U g,5|>Ucuwff | (U, — cutoff voltage). The channel of
the field-effect transistor can be bulk (junction gate tran-
sistors) and surface (insulated gate transistors) [10, 11].

The resistance of the junction gate transistor is min-
imum when the gate-source voltage U, =0. Reference
books usually give the value of the initial drain cur-
rent I, at a saturation voltage U, and also the
cutoff voltage U, o5 Equality Uy, =U, ~U, o OF
U,

st = VUgenonr at Uy =0 always holds.

Therefore, the value r, , can be determined by the for-
mula:

g sat?

U U

d-ssat -s cutoff
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4. 3. Equivalent circuit of the focused piezoelectric
receiver

The equivalent circuit of the piezoelectric receiver
(Fig. 4), like the noise simulator, are connected circuits with
a bandwidth in which the average noise voltage level is deter-
mined by the noise voltage at a frequency:

me:fo =— )



0...200 Ohm

Fig. 4. Equivalent circuit of the piezoelectric transducer at
resonance frequency

Assuming that in the range Af the resistance R=R;+
+ AR, we get:

Un=552-10" (R, +AR)TA/,. )

From (2), it follows that the resistance 7, (for U e =0)
should be much less than R, +AR.

5. Experimental study of the AT model

The experimental study of the model was carried out in
several stages.

At the preparatory stage, according to the developed
method, a set of measurements was carried out aimed at
checking the compliance of the NS characteristics and the
FPT equivalent circuit (Fig. 5), as well as voltage values at
the control points of the model, with theoretically calculated.
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Fig. 5. Experimental normalized frequency response of the
equivalent circuit of FPT (curve 1), NS (curve 2)

Noise voltage at a separate resistance with a nominal
value of 3,850 Ohm (7,700 Ohm) at the input of the V3-57
microvoltmeter was estimated (Table 1). Instead of the FPT,
its equivalent circuit was used, similar to that of the noise
simulator, in which resistance generates thermal noise with
an intensity equal to the sum of intensities of the received
acoustic radiation of the biological object and natural noise
of the piezoelectric transducer.

Since the V3-57 bandwidth is[5 Hz...5 MHz], that is,
10 times greater than Af=0.5 MHz, the noise voltage should
be about 114 pV. The results in Table 1 show that the theoret-
ical and experimental values are almost identical.Subsequent
studies focused on measuring the frequency dependences
of the FPT electrical impedance in order to determine the
nature of changes in the electric voltage at the electrodes of
the transducer under test to control the assembly quality. The
measurements were carried out according to the block dia-
gram implemented in the experimental stand (Fig. 6).

Table 1

Measured noise voltage at a separate resistance at the V3-57
microvoltmeter input

Rated resistance Noise voltage

3.3kOhm 60 pV

7.5 kOhm 100 pV

—1
L=
signal
il I
L]
'_

Reference

Fig. 6. Block diagram of the experimental stand for
measuring frequency dependences of FPT electrical
impedance

According to standard methods [10, 11], the voltage from
generator 1 with a given frequency and amplitude U,, main-
tained constant (controlled by voltmeter 5), was supplied
through ballast resistor 7 to piezoelectric element 8.

Voltmeter 6 measured the voltage amplitude at the
piezoelectric element U,, and phase meter 2 measured the
phase angle @, between the voltages U, and U,. Frequency
meter 3 and oscilloscope 4 controlled the output signal by
frequency and appearance. In this case, resonance and an-
tiresonance sections of frequency response were detected.

The dynamic range and levels of the signals used U,
were determined in accordance with the resulting interfer-
ence level U,. In this case, the ratio U, /U, 220dB holds
as follows:

—in the absence of voltage at the output of generator 1,
the interference voltage U,; at the test object 8 was mea-
sured;

— electric voltage exceeding the interference voltage by
at least 20 dB was set on the test model 8.

The values of impedance, as well as its active and reactive
components, were determined by the formulas:

U

z=—2R;
U’
U cosp—-U, /U.
Ra=R0 1 — (p 1/ 2 2;
U, sin® ¢+ (coso-U, /U,)
X =R, U, sin@ 3)

U, sin? @+ (cos@-U, /U, )"’

where the cosine of the phase difference between cur-
rent and voltage was determined by the formula:
cosp=cos(180°—¢,), where ¢ is the phase difference
between current and voltage.

The experimental frequency response of the focused AT
piezoelectric transducer, in accordance with (3), is presented
in Fig. 7.

To analyze the obtained frequency response, a method
based on the use of equivalent electrical circuits was applied
(Fig. 8) [12, 13].



R, Ohm X,, Ohm — mechanical resonance frequency; &k, k, — rel-
1,300 1.700 ative wave impedance (relative to the wave im-
1,125 1375 pedance of piezoceramics) of the rear (air) and
938 | 1,065 I working loads (acoustic lens made of polystyrene)
750 | 750 | of the piezoelectric transducer.
563 [ 438 ’ The frequencies ®, and ®, for R, =0 are
375 / 125 \l, related by the ratio:
187 -188
/ tg(mo, 20) 1 o o | 8K
0 063077 09 1 12 fMHz 0 063 0.77 bo.9 1 12 f,MHz (o, /20,) K o, =
a
7. Ohm The above circuit (Fig. 8, @) is most accurate
for ki+ky<<1, since at a frequency o, it is a par-
3,500 allel connection of capacitance C, and equivalent
3,000 load resistance R(®,) (Fig. 8, b), and at a frequen-
2,500 | cy o, — serial connection of the same capacitor C,
?’288 | and resistance
1,000 I 2 ,
500 | 0= 1 4 1 ~ L (Fig. 8, o),
o = —/ o,C, © k+k o,CR

0.63 0.77 09 1
c

12 f,MIz

Fig. 7. Experimental frequency response: a — active; b — reactive component
of electrical impedance of the piezoelectric receiver;c — electrical impedance
of the piezoelectric receiver of the acoustic thermometer
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Fig. 8. Transducer equivalent circuits: @ — general case;
b — parallel equivalent circuit; ¢ — serial equivalent circuit

On equivalent circuits (Fig. 8), the following notation
is used:
_ SCok:z /T _ Scokf
1-8k /1>«

— dynamic capacitance; C, — static capacitance of the piezo-
electric element;

P
Co,

— dynamic inductance;

_m(k+k)
T 4koC,

— dynamic resistance of radiation loss; ®, — electrical reso-
nance frequency;

i.e., parallel or serial circuits of active and reac-
tive resistances are possible for the entire frequen-
cy range 0<o<2w.

The serial circuit is especially convenient
for replacing the piezoelectric element in which
ultrasonic waves are received at the mechanical
resonance frequency, as in the case of acoustic
thermometer.

The parameters of the serial circuit are related to the
above measured values U,, U, and ¢ by the ratios (4).
Passing from the circuit (Fig. 8, a) to the circuit (Fig. 8, ¢),
from (3) we can obtain:

R

" 1+(Qa (1/9(—35))2 ;
RQ,(YVx-x) 1

e 2 ’
x0,C,

1+(Q, (1/x-x))

)

where

x=f/f, Qﬂ=mOCURHU=2(++kZ), k+k,=7/(2Q,).

At the final stage of the research, the temperature de-
pendence of electric noise voltage at the FPT electrodes was
obtained (Fig. 9). Water was used as a load, since the acous-
tic characteristics (specific acoustic impedance) of water and
biological objects are identical.

U, uv

53

47 %
40 -l
33 =]
27
20

20 25 30 35 40 45 T,°C

Fig. 9. Experimental temperature dependence of electric
noise voltage at the FPT electrodes loaded with water
through a polystyrene lens



Processing of the experimental data in accordance
with [14] showed that the error of the measurement result for
the given confidence level P=0.95 was within §,= 13 %.
The upper and lower boundaries of the confidence interval
were compared with the boundaries of the confidence inter-
val calculated in accordance with [14] by the found value of
the standard error of the measured voltage.

6. Discussion of the results of the study of the single-
channel focussed acoustic thermometer model

The results of laboratory studies confirm the correctness
of the model of the single-channel focused AT. Indeed, Fig. 5
shows that the normalized frequency response of the FPT
and NS equivalent circuits is substantially the same, and
the measured natural noise levels of the circuit (Table 1)
correspond to theoretically calculated ones. In turn, it fol-
lows that the proposed AT implementing the modified zero
modulation method allows measuring noise voltages in the
range of 5...30 uV. The latter relates to solving the problem
of reducing the level of natural noise of the receiving path
by using electronic switching of signals from the output of
the noise simulator and the equivalent circuit of the focused
piezoelectric transducer. This circuitry solution made it
possible to exclude the mechanical modulator unit used in
analogs from the acoustic thermometer circuit.

Analysis of the frequency response of the piezoelectric
transducer, experimentally obtained by the developed
method, based on relations (4), showed that at the mechan-
ical resonance frequency f,=0.885MHz, determined by
the position of the maximum R, (Fig.7, a), the reactance

1
@,Cy

X =

c0

=X, (fo) =1,628 Ohm,
therefore

C=— 1110 F.

('OOXe (fO)

Acoustic Q-factor of the piezoelectric transducer:

o
Af’
where Af=0.05MHz (the band along the curve R,(f) is
determined by the level of 0.5):

0
Ru_087 0 =177
N Q,=177

G

R,=R,(/,)=14110hm;
T
k+k,=——=0.089% k =0.23.
2Q,

These results allowed controlling the assembly quality of
the focused piezoelectric receiver and confirmed the absence
of deviations of the values of the piezoelectric receiver pa-
rameters from the theoretical ones.

However, it should be noted that the studies of the
temperature dependence of electric noise voltage at the elec-
trodes of the focused piezoelectric receiver, loaded through
an acoustic elliptical lens on water, do not take into account
the heterogeneity of the structure of real biological tissues.
This fact indicates a drawback of the proposed method and
necessitates further studies aimed at improving the devel-
oped method, taking into account the indicated features of
biological objects.

In the future, the results can be used in the development
of a model of the focused AT.

7. Conclusions

1. For experimental confirmation of the possibility of deep
temperature measurement with a given accuracy, the model
of a single-channel passive focussed acoustic thermometer
implementing the modified zero modulation method is pro-
posed. The model based on the plate piezoelectric transducer,
acoustic elliptical lens and blocks of two serial voltmeters
allows measuring noise voltages in the range of 5...30 pV with
sufficient simplicity. The determining factor in solving this
problem is the use of the original electronic switching unit of
the output signals of the noise simulator and the equivalent
circuit of the focused piezoelectric transducer.

2. The studies of the temperature dependence of electric
noise voltage at the electrodes of the focused piezoelectric
receiver, loaded through the acoustic elliptical lens on water,
carried out according to the developed method, showed that
the total measurement error, taking into account the mean
square error 7.9 %, does not exceed 9 %. It should be noted
that the proposed method of internal temperature mea-
surement allows getting a measurement accuracy of 0.2 °C,
reducing the measurement time to ~1 s and measuring tem-
perature in the dynamic mode. Spatial resolution of ~1 mm
at a depth of 10 cm is much better than with an elliptical
mirror radiothermograph.
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