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Abstract

This paper presents the results of an experimental investigation on the effective radiating areas (4,,) of auxiliary
ultrasonic transducers forming part of the measurement standard for the unit of ultrasonic pressure in water NDETU
AUV-02-2018. When carrying out measurements, the pressure field of MANA Instruments ultrasonic transducers E1025-SU;
E2312-SU; E3512-SM has been subjected to raster scanning at operating frequencies using a raster scanning system.
A positioning device for ultrasonic transducers was developed at DP NDI “Systema” in the process of creating the measurement
standard NDETU AUV-02-2018, and forms its integral part. The A4,, calculation protocol has been developed based on
IEC 61689. The type A uncertainty has been evaluated from ten repetitions of the full measurement procedure to deter-

mine the 4,,,

and the type B uncertainty has been estimated from the A, -specific mathematical model based on IEC 61689

and DSTU-N RMG 43 “Metrology. Application of the Guide to the Expression of Uncertainty in Measurement”.
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Introduction

The national (state primary) measurement standard
for the unit of ultrasonic pressure in water (NDETU
AUV-02-2018) reproduces the ultrasonic pressure
unit — pascal (Pa) — by the two-transducer reciprocity
method. An auxiliary ultrasonic transducer (UT) which
is used in reproducing the ultrasonic pressure shall have
a circular plane active surface and create an acoustic
field that, by its properties, is very similar to the field
of a circularly plane piston source [1]. The UT shall be
passive, reversible, and reciprocal [2]. The reciprocal
UT sensitivity in receiving the acoustic signal, and its
sensitivity in radiating are related to one other by the
reciprocity parameter (J,). For the plane wave, the
reciprocity parameter is a function of the effective
radiating area, and is given by [3]

g, =2t (1)
p-c

where A,, is the UT effective area, p is the water
density, c¢ is the speed of sound in water.

The ultrasonic pressure generated by the auxiliary
UT can be determined using a mathematical model
that relates the measured electrical parameters and
acoustical parameters of the UT, and those of the
propagation medium (water):
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where [ is the current through the UT with an
ultrasonic signal being radiated; U is the UT voltage
being a response to the UT-radiated acoustic signal
reflected off the reflector; r is the reflector reflection
coefficient; G is the diffraction loss coefficient; a is
the attenuation coefficient of ultrasound in water; d is
the measurement distance; 4,, is the effective radiating
area; Jp is the reciprocity coefficient.

As it is seen from the mathematical model for
the ultrasonic pressure, the UT effective radiating
area value (4,,) influences the accuracy of the pres-
sure reproduced, and the A4,, uncertainty is a compo-
nent of the combined uncertainty for the ultrasonic
pressure unit reproduction by NDETU AUV-02-2018.

Objective of the paper

To determine the auxiliary UT effective radiating
area value that influences the accuracy in reproducing
the unit of ultrasonic pressure in water, as well as its
uncertainty, which is a component of the combined
uncertainty for the ultrasonic pressure unit reproduction
by NDETU AUV-02-2018.
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Fig. 1. Functional schematic of the raster scanning system

Raster scanning system for ultrasonic field

In order to determine the UT effective radiating
area, a raster scanning system for the UT ultrasonic
field has been created, which comprises:

— a hydrophone positioning fixture (HPF) be-
ing a component of NDETU AUV-02-2018;

— measuring equipment (signal generator, po-
wer amplifier, oscilloscope, hydrophone);

— a measurement tank filled with water,
985%385%x490 mm (150 liter capacity) whose dimensions
are sufficient to perform acoustic measurements of the
UT characteristics in the frequency range 1 to 10 MHz;

— a personal computer with the software ap-
plication “Acoustic etalon”. Fig. 1 illustrates the func-
tional schematic of the raster scanning system.

The HPF is intended for the spatial positioning
(placement and mutual orientation) of the hydro-
phone and the UT in the measurement tank, consists
of two angle bar carriages on which the UST and the
hydrophone are mounted. The HPF ensures the linear
displacement for the UT along the axes X (0—90 mm),
Y (0—430 mm), Z (0—640 mm), for the hydrophone
along the axes X2 (0—90 mm), Y2 (0—430 mm), and
the horizontal and vertical rotation for the UT around

) AutoScanForm

Scan Diagram

the axes A (—20° to +20°), B (—-20° to +20°), for
the hydrophone around the axes A2 (—20° to +20°),
B2 (—20° to +20°). The HPF resolution is 2 pm for
the linear displacement, and 0.01° for the angular
displacement.

The developed software application “Acoustic
etalon” enables the user to enter a scan step, a to-
tal number of scan steps to be performed by the
hydrophone (for the axes X2, Y2), and a time delay to
avoid water agitation due to hydrophone displacements,
and to correctly measure the voltage at each scan
point. The software application automatically scans
the UT ultrasonic field by displacing the needle
hydrophone with respect to the UT that remains still
during the scanning procedure, and records the values
of the hydrophone output voltages at each scan point,
displays the results on the user screen, and saves them
into a particular file after completion of the scanning
procedure. A general view of the software application
“Acoustic etalon” is given in Fig. 2.

Determination of the effective radiating area of the UT
The effective radiating area of the auxiliary UT
is the auxiliary UT surface area which contains 100%
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Fig. 2. Software application “Acoustic etalon” for raster scanning
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of the total mean square acoustic pressure generated
by it. The effective radiating area is determined by the
formula [3]

AER = ABCS (0'3)'];::4 > (3)
where A, (0.3) is the minimum area in the plane
at a distance of 0.3 cm from the front of the UT,
perpendicular to the beam alignment axis, for which
the sum of the mean square acoustic pressure is 75%
of the total mean square acoustic pressure; F,_= 1.333
is the dimensionless factor.

The effective radiating area of the UT has been
investigated according to [3] and determined by the
raster scan method using a needle hydrophone whose
effective radius shall not be greater than 0.4 times the
wavelength at a frequency of interest. Scans have been
performed in a specified plane perpendicular to the
beam alignment axis at a distance of 0.3 cm from the
front of the UT. The geometrical centre of the UT has
been chosen as an initial point of raster scanning with
the assumption that the ultrasonic beam alignment axis
coincides with its geometrical centre. The scan step
and the number of scan points on the axes X2, Y2
have been chosen such that the hydrophone linear
displacement exceeds the UT geometrical diameter
and covers the entire UT geometrical area.

The generator AFG 3021C and the power amplifier
A150 have been used to apply to the UT a sinusoidal
tone burst signal of operating frequency (a 20—30-cycle
duration), and the oscilloscope TDS 2024C has been
used to measure the hydrophone output voltage in
each scan point. A measurement schematic is shown
in Fig. 1.

In order to determine the beam cross-sectional
area, A,.,(0.3), the obtained voltages have been sorted
into a set in descending order to find the value of
the number of voltages, N, that satisfies the following
relationship:

n

U’ L
—<0.75
> v ;

i=1

ulowu;
]\4,2 < z ]\4,2 ’ (4)
L i=1 L

where M, is the hydrophone sensitivity, U, is the
hydrophone output voltage in the i-th scan point,
n is the number of scan points.

Then, the value of the beam cross-sectional area,
A,.5(0.3), has been determined as

4,,(03)=5"-N, &)

where s is the raster scan step; N is the number of
voltage values obtained after sorting, which satisfy the
requirement (4).

For reliable determination of A,.(0.3), the num-
ber of points, n, included in the determination of

Ay(0.3), should be at least 100.

Thus, the UT effective radiating area, A,

according to (3) and (5) has been determined as

AER:Ezc'SZ'N' (6)
Analysis of sources and calculation of the uncertainty
of the effective radiating area measurement

The type B standard uncertainty of the scan step s,
U, depends on the chosen number of scan steps, i.e.
on the displacement length along the axes X2, Y2 and
the resolution of the raster scanning system (2 pm).
The system resolution refers to the type B uncertain-
ty, and is estimated to be half the system resolution
value for the rectangular probability distribution, i.e.
LA 2/ 2V3.

According to the manufacturer of the ball screw
pair used for linear displacement in the scanning sys-
tem, the irreducible (inherent) additive error through
a displacement of 1 cm is equal to 1.7 um. Under
the rectangular probability distribution assumption,
U iiwy = 3.4*%1.7/N3 (for a linear displacement of
3.4 cm). Therefore, the type B standard uncertainty of

the scan step, U, has been determined as

_ [ 2
Uyp = \/usiresal(B) U sy -

The type B standard uncertainty of the parameter
N, U, g depends on three sources: measurement of the
r.m.s. value of the AC output voltage of the hydrophone
by using an oscilloscope, U, peny of the linearity of
the measurement system “hydrophone + preamplifier+
+ power supply (matching) + oscilloscope”, U, sy
and of the hydrophone sensitivity, U, \ny However,
the hydrophone sensitivity and its uncertainty may be
neglected according to [3], since the absolute values
of the acoustic pressure are not required and the
analysis of measured data in this work is based on
relative hydrophone measurements of the voltage (4),
therefore U, vw = 0.

According to the calibration certificate, the
expanded uncertainty of the oscilloscope is equal to
3% for the normal probability distribution, therefore
uniosc(B)) = 3/V2

The linearity of the measurement system has been
checked using a separate UT operating in tone-burst
mode, and measuring with the oscilloscope the voltage
received by the hydrophone as a function of voltage
excitation applied to the UT. The oscilloscope has
been set up for a measuring range of 0 mV to 100 mV.
The system linearity has been determined at the points
of 10 mV, 25 mV, 50 mV, 75 mV, 100 mV at the
maximum deviation of the measured voltage value from
the best-fit regression line. The system linearity does
not exceed 0.8% for the normal probability distribution
in the measuring range 10 mV to 100 mV, therefore
u = 0.8/V2. The type B standard uncertainty of

n_lin(B)
the parameter N, U has been determined as
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_ [ 2 2
U,y = \/uniusc(B) U, iy YU M-

According to Annex E [3], the standard uncertain-
ty for the value of F,, = 1.333 is taken equal to zero.

The type A standard uncertainty of the effective
radiating area of the UT, (u  yex A)), has been deter-
mined from a series of 10 independent observations
in accordance with [4]. To allow for all possible
errors associated with the UT and hydrophone
adjustment, for each individual measurement, the UT
and hydrophone have been remounted and readjusted.
Adjustment depends on the positioning accuracy and
fastening technique of the UT and hydrophone, and
on the operator skills.

According to [4], the combined standard
uncertainty, u, for any y = f(x,) function associated
with the measurement result, is determined by the

formula
2
n 6y
u' = = | u’,

where u, is the type A or B evaluation of standard
uncertainty associated with the corresponding variable
x, used to determine the value of the function y;
Oy / Ox is the sensitivity coefficient with respect to the
variable x..

For the effective radiating area, the sensitivity
coefficients associated with the parameters F _, s, N
are obtained by partial differentiation of the formula (6)

with respect to a corresponding parameter, and they
are as follows:
_ O0Ag,

04 . -
G =ar, T BT

The combined standard uncertainty of the UT
effective radiating area has been determined as

2 2
(uS(B) -CS) +(un(3) -Cn) +

() 2

2
+ (uFac(B) *Crac ) + Uy ()

A calculation example of the uncertainty budget
for the A, of the E1025-SU at frequency 1 MHz (I mm
scan step, 34%34 mm scan area) is given in Table 1.

Results of the investigation

The raster scan of the ultrasonic pressure field
has been carried out for three types of ultrasonic
transducers: Mana Instruments E1025-SU; E2312-SU;
E3512-SM that have been used during the reproduction
of the ultrasonic pressure unit by the measurement
standard in the frequency range 1 MHz to 4 MHz.
Technical characteristics of the UTs and their opera-
ting frequencies are given in Table 2.

An example of the arrays of voltage values
obtained during the scan for different types of UTs
that have been used in determining the parameter N,
and calculating the UT effective radiating areas, A,,,
is given in Fig. 3.

Table 1
Uncertainty budget for the 4., of the E1025-SU at frequency 1 MHz
Value Estimate u:ill}ti?lrl(tl Probability S::fsl.::tcli\:rtl?[/ cliﬁfrigj:?(g u, % k v,
Y| distribution ’ . Hen (P =0.95)] %
u, c, %
Scan step s, mm/u 1.0 0.0034 normal 2 0.68
U ooy M 0.0006 rectangular
U gy M 0.0010 rectangular
Parameter n/u, ® 276 1.55 normal 1 1.55
U o 15 normal 1.74 2.0 3.48
U, iy % 0.4 normal
Parameter F_ /u Fac(B) 1.333 0 normal 1 0.0
U, % 0.39 normal 1 0.39
Table 2

Technical characteristics of the UTs and their operating frequencies

UT type Diameter, mm Geometrical area, mm? Operating frequency, MHz
E1025-SU 25 490.87 1
E2312-SU 12.7 126.68 2,3
E3512-SM 12.7 126.68 2,3,4
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E1025(1 MHz)

E2312 (2MHz)
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max. voltage

Fig. 3. Results of the UT ultrasonic field scanning

Table 3
The results of determining the A, of the auxiliary UTs obtained by automated raster scanning
Frequency, . i Eff.ectlve RMSD, Difference in size of A R
UT type Geometrical area, mm? | radiating area, compared to geometrical
MHz s o 0
mm area, %
E1025-SU 1.0 490.80 368.32 0.45 -25.0
2.0 89.88 0.63 -29.05
E2312-SU 126.68
3.0 96.88 0.39 -23.52
2.0 104.14 1.55 -17.79
E3512-SU 3.0 126.68 101.98 0.62 -19.50
4.0 105.57 0.39 -16.66
Table 4
The results of calculation the auxiliary UT effective areas and their uncertainty
> —~ .
2 § § g Effective Expanded
% = S o Parameter N radiating u. k uncertainty,
UT type S 3 S area U
& wn ) —
MHz | mm mm — mm? % P=0.95 %
E1025-SU 1 1.0 34 276 368.32 1.74 2 3.48
2 0.5 32 268 89.88 2.05 2 4.1
E2312-SU
3 0.5 32 290 96.88 2.15 2 43
2 0.5 32 306 104.14 2.58 2 5.16
E3512-SU 3 0.5 32 316 101.98 2.26 2 4.52
4 0.5 32 318 105.57 2.37 2 4.74
The results of determining the A,, of the Conclusion

auxiliary UTs obtained by automated raster scanning,
and difference in size of the A, compared to the
geometrical area are given in Table 3.

The results of calculating the auxiliary UT effective
radiating areas are given in Table 4.

Based on the experimental investigation results, the
values of the UT effective radiating areas have been
obtained, which form part of the national measurement
standard NDETU-AUV-02-2018, at operating frequen-
cies, and their uncertainty has been evaluated. The re-
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sults obtained have made it possible to pass from
applying the UT geometrical area in the mathematical
reproduction model of the ultrasonic pressure in water
to applying the UT effective radiating area, which in
turn has made it possible to fulfill the requirements
of [5], as well as to increase the accuracy of reprodu-
cing the unit of ultrasonic pressure in water by the
NDETU-AUV-02-2018.

It should be mentioned that the raster scanning
system and the software application, which have
been developed, can be used in determining the
treatment head parameters of medical ultrasonic
physiotherapy equipment, such as radiation intensity,

effective radiating area, and power, requirements to
which are specified in IEC 61689. This equipment is
widely used in Ukraine for treatment of soft tissues,
musculoskeletal system in the frequency range 0.5 MHz
to 3.0 MHz, but, for the time being, it falls outside
the scope of state metrological supervision. Since
the high intensity levels of the treatment ultrasonic
heads can result in excessive heat, shock waves and
cavitation which can damage human tissues, therefore
the measurement and control of their parameters when
performing the conformity assessment or operation
procedures, as well as after repair are of current in-
terest.

JocaikeHHs: e(peKTUBHOI IUIOINII YJIbTPA3BYKOBHX
NepPeTBOPIOBAYIB /ISl MiABMIIEHHSA TOYHOCTI BiATBOPEHHS
OJMHHUILI YJbTPA3BYKOBOIO THCKY Y BOII

O.B. Wnak, O.B. Oysipsk, B.B. NMapakyaa, I.I. KizniBcbkui

Al HAI “Cucmema”, syn. M. KpueoHoca, 6, 79008, Jlbeie, YkpaiHa
lesykshpak@gmail.com; dardar2410@gmail.com; v.v.parakuda@gmail.com; superkzig@gmail.com

AHoTanisa

HauioHanbHuii aepXXaBHUM TEPBMHHUI €TaJOH OIMHUI YJIbTPAa3BYKOBOIO THUCKY Y BOJHOMY CEpPEIOBUILI
(HOETY AUV-02-2018) BiaTBOpIOE OAWMHUIIIO YJIBTPa3ByKOBOTO THUCKY — MacKaib (Ila) MeTomom B3aeMHOCTI 3 JBOMa
yibTpa3ByKoBuMu nepetBopioBayamu (YI1). BinmoBigHo 1o MateMaTMYHOI MOJeJi BUBHAYEHHS YJbTPa3ByKOBOIO TUCKY, sIKa
IOB’SI3y€ BUMIpIOBaHi eJeKTpuuHi mmapametpu (ctpym YII mim yac BMIIpOMiHIOBaHHSI aKyCTUYHOIO CHUTHAJy, HaIlpyra Ha
VII nin yac npuiioMy akyCTUYHOIrO CUTHasly) i akycTMuHi mapametrpu YII Ta cepenoBuiiie MmoumMpeHHs1 (Bona), 3HaYEHHS
e(PeKTUBHOI IUTOLIi BUIIPOMIHIOBAHHS YIBTPa3BYKOBOTO MEPETBOPIOBaYa (4,,) BIUIMBAE HA TOYHICTb BilTBOPEHOTO TUCKY, a
HEBU3HAYEHICTb A4,, € CKIAI0BOIO 3arajJbHOI HEBU3HAYEHOCTI BIITBOPEHHS YIBTPa3ByKOBOIO THUCKY, SIKUI BIITBOPIOE €TAJIOH.
[ns Bu3HaueHHsT eheKTUBHOI TUIOIII BUIMPOMIHIOBAHHS YIBTPa3BYKOBOTO TMEPETBOPIOBaYa CTBOPEHO CUCTEMY PAcCTPOBOTO
CKaHyBaHHS 3 MPOTPaMHUM 3a0€3MeUYEHHSIM I aBTOMATUYHOTO CKaHYBaHHS YJIbTPa3BYKOBOTO TOJISI MEepeTBOpIOBavya Ta
peecTpallii pe3yJbTaTiB BUMipIOBaHHS.

Y wiit po6oTi HafaHO PE3YIBTATH NOCTIKEHHS €(DEKTUBHUX TLIOLL BUIPOMiHIOBaHHSA (A ) IOTIOMDKXHUX yJIbTPa3BYKOBHMX
MepeTBOPIOBaYiB e€TajioHa yJIbTpa3BykoBoro TMcKy y Boai HIETY AUV-02-2018. ITig yac BUMipioBaHHS IMPOBOAWIN PacTpOBE
CKaHyBaHHS TIOJISI TUCKY YJIbTpa3ByKoBux IepeTBopioBauiB E1025-SU; E2312-SU; E3512-SM ¢ipmu MANA instruments
Ha pobouux yactorax (Bim 1 mo 4 MI') 3a JOIOMOrol CUCTEMU PacTPOBOro cCKaHyBaHHs. [IpucTpiit 1ist MO3UIiIOBAHHS
YIBTPa3BYKOBMX TEPEeTBOPIOBaYiB Ta TimpodoHiB po3pobaenuit B JII1T HII “Cucrema” mim yac crBopeHHst etasiona HIETY
AUV-02-2018 Ta BxomuTh no ioro ckuamy. IIporokon obuucieHHs (4,,) Oyno po3pobieHo Ha ocHOBi cranmapty IEC
61689:2013 “VYnbrpaszByk — DizioTepaneBTUUHi CUCTeMU — XapaKTEePUCTUKW BUXIIHOTO TOJSI TA METOAM BUMIpIOBAHHS
B miamazoHi yactoT Big 0,5 MI'm no 5 MI'1”. HeBusHaueHicTh 3a TUIIOM A OyJIO OLIHEHO 3 AECSITU MOBTOPEHb MOBHOI
NPOLELYPU BUMIiPIOBaHHs ULl BUSHAYEHHA A,,, 2 HEBU3HAYEHICTh TUITYy B Oy0 OLiHEHO 3 MaTeMaTM4HOI Momesi Mt A, ,
Ha ocHoBi IEC 61689:2013 ta ICTY H PMI 43-2001 “HacrtaHOBM IIOIO BM3HAYEHHSI HEMEBHOCTI BUMIipIOBaHb”.

Kirouosi ciioBa: eeKTrBHA TIJI0IIA BUITPOMIHIOBAaHHS; YIbTPa3BYKOBUIA TTPOMiHb; YIBTPa3ByKOBUIA TUCK; HEBU3HAYEHICTh
BUMIipIOBaHHSI.
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UccaenoBanue 3¢G¢eKTUBHON MIOMAAM YIbTPA3BYKOBBIX
npeoOpa3oBareJieil A5 NOBbIIIEHUS TOYHOCTH BOCIPOM3-
BeJleHUs1 eIMHMIIbI YJIbTPA3BYKOBOIO JABJIEHUS B BOJe

A.B. Wnak, O.B. Oysupsk, B.B. MNapakyna, W.I. Knanusckun

1 HUM “Cucmema”, yn. M. KpueoHoca, 6, 79008, Jlbeos, YkpauHa
lesykshpak@gmail.com; dardar2410@gmail.com; v.v.parakuda@gmail.com; superkzig@gmail.com

AHHOTAIMSA

B manHol1 paboTe NpeacTaBIeHb! PE3YIBTaThl MCCIENO0BAHMA 3(D(PEKTUBHBIX IUIOINANEH N3Ty9eHusl (4,,) BCIIOMOTraTeIbHBIX
YJIBTPa3BYKOBBIX IpeoOpa3zoBaresieil atajjoHa yiabsTpa3BykoBoro napieHus B Boge HJIETY AUV-02-2018. Ilpu uszmepeHuun
MPOBOAWIM PACTPOBOE CKAHUPOBAHUE TOJIS JaBIEHMS YIBTpa3BYKOBBIX TpeodOpasoBateneit E1025-SU; E2312-SU; E3512-
SM ¢upmbl MANA instruments Ha pabo4yuxX 4YacTOTaxX MOCPEACTBOM CUCTEMbl PACTPOBOIO CKAHWPOBAaHUSA. YCTPONCTBO
JIJIS TTO3ULIMOHMPOBAaHUS YIBTPa3BYKOBBIX Mpeobpa3oBareneii paspadorano B I'TT HUM “Cucrema” npu co3gaHuM 3TajioHa
HOETY AUV-02-2018 u Bxomut B ero coctas. [Ipotokon BeruucieHus (A,,) 0but pazpadoraH Ha ocHoBe cranmapra JJICTY
IEC 61689:2018. HeormnpeneneHHOCTh MO TUITy A ObUIa OlLlcHEHA U3 HECSITH MOBTOPEHMII MOJHOI MpOLEnypbl M3MepeHUs
LTSl OTIpENeNeHus A,,, a HEOMPEAENEHHOCTh TUMa B Oblia oleHeHa Mo MatemaTndeckoil monenu ast A,, Ha ocHose JCTY
IEC 61689:2018 u ACTY H PMI 43-2001 “PykoBoacTBa 1o ONpene/ieHHI0 HEeONpeaeIeHHOCTH U3MepeHuii”.

KmoueBble cioBa: 3GhdekTrBHAS IUIOIIAAL M3JIydeHUs; YIbTPA3BYKOBOM JIyd; YJIBTPa3ByKOBOE [aBJIEHUE;
HEOTPeIeIEHHOCTh U3MEPEHUIA.
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