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The goal of this work was to verify experimentally the applicability of the ntlyede-
veloped Time-Averaged Wave Envelope (TAWE) method [1] as a taolast prediction of
pulsed nonlinear pressure fields from focused nonaxisymmetricsac@ources in attenuat-
ing media. The experiments were performed in water at the fundanfesgakncy of 2.8 MHz
for spherically focused (focal length = 80 mm) squareZ0 x 20 mm) and rectangular
(10 x 25 mm) sources similar to those used in the design of 1D linear arrays opevétn
ultrasonic imaging systems. The experimental results obtained with 1€-myte bursts at
three different excitation levels corresponding to linear, moderatellme@m and highly non-
linear propagation conditions (0.045, 0.225 and 0.45 MPa on-squessure amplitude, re-
spectively) were compared with those yielded using the TAWE appr@mmparison of the
experimental and numerical calculations results has shown that the Biach is well
suited to predict (to within-1 dB) both the spatial-temporal and spatial-spectral pressure
variations in the pulsed nonlinear acoustic beams.

Keywords: rectangular focused apertures, pulsed acoustic fields, nonlineatidistoumer-
ical modelling and experiments.

1. Introduction

A majority of currently used ultrasound imaging systems employs linear arrays,
which launch an interrogating wave into tissue by sequential activation gi@es or
rectangular subsection of the array. However, there are relativelpdpers published
which consider nonlinear sound beams in attenuating media emitted from seuitice
the nonaxisymmetric aperture. Also, they provide field modelling for the comiisu
wave excitation.
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2. Numerical model

The numerical model used for describing the nonlinear waveform distaofithe
pulsed finite-amplitude sound pressure wave propagating through a thscmes me-
dium was comprehensively described in [1]. The model was made commatiitief-
ficient by means of replacing the Fourier-series solution approach by-Ameged
Wave Envelope algorithm. The TAWE approach is based on decompositibe pfop-
agating, nonlinearly distorted acoustic pulse or tone burst into a serigausogdal
pulses with carrier frequencies being the harmonics of the initial (undidjcataustic
tone burst and with envelopes being the product of two specific functitimes first
function represents the solution to the nonlinear wave equation underpirggsrgation
conditions whereas the second function accounts for nonlinear interactidharmonic
components under given boundary conditions. The model is semi-emplinicaitier to
predict fields generated by considered transducers an apodisatidiofuin analytical
form f(z,y) = Py|l — (z/a)™| - |1 — (y/b)"| was introduced. This function produced
the transverse pressure distributions in bothutlaady directions close to the radiating
aperture that best reproduced the data measured.

3. Materials and methods

3.1. Experimental set-up

The experimental set-up used for the measurements is shown in Fig. 1. Alireea
ments were performed a5°C in temperature-controlled degassed distilled water using
two spherically focused piezoelectric transducers made of Pz27 ceréfeiceperm,
Denmark) having geometrical focal lengkhof 80 mm and operating at the resonance
frequency of 2.8 MHz. This frequency is frequently used in clinical imggigit allows
both cardiac (fundamental) and abdomen (2nd harmonic) imaging. In additivas
selected to maximise the number of experimentally generated harmonics thabeould
quantified using 40 MHz calibrated membrane hydrophone (model 806r&btedical
Systems, Inc. Longmont, CO, USA).

The amplitude of the measured harmonics was determined at a given fegquen
using hydrophone sensitivityy{/uPa) and compared with the corresponding, TAWE
algorithm calculated one. The design of the transducers mimicked that afautre
imaging array sub-sections. One of the transducers was squatel(, = 20 mm) and
the other one rectangulai( = 10 mm, b, = 25 mm). Both transducers were backed
and had a quarter-wavelength matching layer to optimise transmitting effici@acy.
already mentioned, the pressure field generated by the transducenseaasred us-
ing a broadband bilaminar polyvinylidene difluoride (PVDF) membrane tpliyne
(Sonora Medical Systems Inc. SN S5-153, preamplifier P-159, Longra@y USA)
with an effective diameter of the sensor element of 0.414 mm and calibratéal up
40 MHz. The transmitting transducer was mounted in the mechanical positioygng s
tem driven by three stepper motors allowing its motion in the, = directions with
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Fig. 1. Schematic diagram of the experimental set-up.

steps adjustable from 0.1 to 5 mm. Thgz micromanipulator allowed also its rota-
tion in azimuth. The measuring hydrophone was fixed. To maximise the signails® n
ratio at the measurement of the 14th harmonic the tested transducers werekyr
10-cycle tone bursts via RF Power Amplifier (ENI 3100LA, Rochester, BISA). The
amplitude of the tone burst excitation voltage was controlled by the Step Attenuato
(Tektronix 2701, Beaverton, OR, USA) in order to enable linear, maelkgraonlin-
ear and highly nonlinear wave distortion. The frequency and duratitdmedbne bursts
were adjustable using Arbitrary Function Generator (LeCroy 9109st@beRidge, NY,
USA). As described below at the low excitation level the sources pradsiogace pres-
sure of 0.045 MPa. Moderately and highly nonlinear fields were pratiogenhancing
voltage at the output of the RF amplifier by a factor of 5 (producing serfaessure
of 0.225 MPa) and 10 times (producing surface pressure of 0.45 Mé&&pectively.
The hydrophone output was additionally amplified by 20 dB using the linezadsr
band amplifier (Ritec BR-640, Warwick, RI, USA) and then fed to the infaino8-bit
digital oscilloscope (HP54503A, Hewlett Packard, Colorado Sprin@s, \TSA) with

a 200 MHz sampling frequency. The received signals were digitised\ardged over
16 consecutive waveforms in the oscilloscope memory and then tramsferrepec-
tral analysis to 1.5 GHz clock frequency, 32-bit processor PC laptop2v@iB RAM.
The amplitude of the measured harmonic components was corrected fodtiophgne
sensitivity dependence on frequency.

3.2. Methodology of measurements

As noted above three excitation levels were used. Initially, the measuremeirgs w
carried out at low excitation level (linear propagation mode). This was @tmmeach of
the tested sources in order to determine the input parameters to the numeidiehl mo
These parameters included the speed of sound in water, actual fogl Iérmpressure
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amplitude Py at the transducer surface (source pressure), initial pressure-tave w
form and apodisation function. The apodisation function and pressupétade P, at

the transducer surface were determined at low (45 kPa) excitation lgwakebsuring
the transverse pressure distributions and their maxima in both #redy directions
close to the radiating surface (5—-15 mm axial distance). Specifically, theumsebax-

ial and lateral pressure distributions were compared with those theoreficatlicted
using the linear propagation theory and accounting for attenuation whifgrieée
source pressurg, constant and varying the radiating aperture dimensighsand ex-
ponentm of the apodisation function (see Sec. 2). At higher excitation levels ,(here
225 and 450 kPa) the value 8% was scaled up directly proportional to the increase in
the applied excitation voltage (5 and 10 times). Figure 2 shows the apodisation f
tion for the square aperture at low excitation level in thdirection, described by the
polynomial f(x,0) = Py|1 — (x/a)®|, which produced the transverse pressure distrib-
ution calculated at the axial distance 15 mm that best fitted to the measuretlitbee a
same distance. Hereandb are the transducer effective dimensions in bothutlaady
directions,m is positive integer number that was determined by iteration process. The
effective aperture dimensions were found tdbe 19 mm for the square arzit x 9 mm

for the rectangular transducer, respectively. Water density andispaed input to the
TAWE model corresponded to those2i°C, i.e. 1000 kg/m and 1497 m/s, respec-
tively. The frequency-dependent attenuation was introduced into tmemcal model
asa(f) = aif?, wherea; = 2.5 - 1072 Np/(m-MHz?) is the attenuation coefficient at

1 MHz. The nonlinearity parameter of watBy A = 5.3 was used.
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Fig. 2. Square aperture, low excitation level. Solid line: apodisation funessaomed for numerical cal-

culations: f(x,0) = Py - |1 — (z/a)®| for 0 < 2 < a at the radiating aperture surface in thgor y)

direction. Dashed line: the transverse pressure distribution calculatébfabove apodisation function at
the axial distance of 15 mm and measured at the same distance (dots).

4. Results and discussion
Figures 3—7 show the comparison between the measured pulsed nontioesti@

fields (dots) and their theoretical predictions (solid lines) obtained usingAle¢E
approach for both transducers tested.
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Fig. 3. Square aperture, moderate excitation level. Pressure distribfitiothe peak-compressio®{,
peak-rarefaction ®~) and peak-to-peakH) amplitudes. Solid lines: predicted. Dots: measured. Left:
axial pressure distributions. Right: lateral distributions in the plare7 cm.
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Fig. 4. Square aperture, moderate (left) and high (right) excitation l&x&l pressure distributions for
2.8 MHz fundamental (1), second (2) and third (3) harmonics. Soleslimumerically predicted. Dots:
measured.
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Fig. 5. Rectangular aperture, high excitation level. Pressure distribdtiotise peak-compressiod("),
peak-rarefaction ®~) and peak-to-peakH) amplitudes. Solid lines: predicted. Dots: measured. Left:
axial pressure distributions. Right: lateral distributions in the plare8 cm.
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Fig. 6. Rectangular aperture, high excitation level. Axial pressure disivits for 2.8 MHz fundamen-
tal (1), second (2) and third (3) harmonics. Solid lines: predicted.:Duggsured.

5 T T T T 0.4 — T T T T T T T 1
4 z=8cm _|
= 3 0.3
a
g 2
> | 0.2
2
g0 0.1
o -l
. 1 1 | I 0
0 1 2 3 4 5 0 28 56 84 112 14 168 19.6 22.4 252 28
Time (us) Freauency (MHz)

Fig. 7. Rectangular aperture, high excitation level. Pressure-time aravefand their spectra of 10-cycle
tone burst on the axis at the focal plane. Solid lines: predicted. Dotsurezh

5. Conclusions

The comparison of the experimental results and numerical predictionshbes s
that the TAWE approach is capable of predicting correctly both the spatidetel
and spatial-spectral pressure distributions. The discrepancies (withdB) between
the theoretically predicted pressure distributions and those determinednespelly,
were probably caused by the finite aperture of the hydrophone sersdtiment and the
uncertainty of the hydrophone calibration.
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