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Effect of phase frequency response of hydrophone sensitivity
on instantaneous acoustic pressure of diagnostic ultrasound
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1. Introduction

As for the specification of medical ultrasonic diag-
nostic equipment, the magnitude of instantaneous
acoustic pressure of broadband ultrasound deter-
mines definition of a diagnostic image. However, the
instantaneous acoustic pressure shall not exceed a
regulatory limitation for ensuring safety of patients.
In order to use the instantaneous acoustic pressure as
high as possible, its precise and practical measure-
ment techniques are required. Conventional method
for measuring the instantaneous acoustic pressure as-
sumes narrowband ultrasound'. Thus, methods avail-
able to broadband ultrasound have been investigated,
which use frequency response of amplitude and
phase on hydrophone sensitivity (here, called decon-
volution method)*~.

Phase response of the hydrophone sensitiv-
ity is available by a few ways. Ideally, calibration
certificate should be the most reliable source. In
some cases, however, we might be able to regard the
phase response as independent of frequency if the
hydrophone has sufficiently flat frequency response.
In other cases, calibration of the phase response
might be replaced with theoretical calculation. The
method to obtain the phase response will depend on
cost and accuracy. Nevertheless, few studies have fo-
cused on the influence of the methods for determin-
ing the phase response on the instantaneous acoustic
pressure quantitatively.

In this study, we investigate difference of
the instantaneous acoustic pressure derived by the
conventional method and the deconvolution method
by three different methods for determining phase fre-
quency response. Four hydrophones having different
frequency response of the sensitivity are used and the
results are compared with each other.

2. Measurement principles

Instantaneous acoustic pressure, p(7), of broadband
ultrasound is derived by the deconvolution method
as p(t) = FHF{u(t)}/M(f)], where u(f) denotes
hydrophone output voltage and M(f) indicates fre-
quency response of hydrophone sensitivity (|[M(f)|:
amplitude and 2M(f): phase). Operators, F and
F~1 denote Fourier transform and inverse Fourier
transform, respectively. In the conventional method,

8= ~\Hyd-4 " )
E& i 1
o
<§3 0.5+ Hyd-2 1
6 , a1l ,
— 0'8 T T T T
F§ B /\/J/\ (a-z) 1
o Of _
[l |
A~ 08 ; ; ; ;
. 0 T T T T
B | ®) |
_ % | |
ok 20
(SRS i
Z € 40 ! ! . .
0 10 20 30 40

Frequency [MHz]
Fig. 1 Calibrated sensitivity of four hydrophones,
frequency response of (a-1) amplitude and (a-2) phase,
and (b) normalized spectrum amplitude of output volt-
age by Hyd-2 for ultrasonic pulse from ultrasonic
transducer.

p(?) is derived as p(t) = u(t)/IM(f,)|, where |M(f.)|
denotes |M(f)| at a center frequency, fc, of ultrasound.
In this study, p(f) was derived by the fol-
lowing methods:
- Mec: conventional method,
- Mpo: deconvolution method using 2M(f), as-
sumed to be zero for all frequencies,
- Mbpg: deconvolution method using calculated
2M(f), and,
- Mpr: deconvolution method using calibrated
2M(f).
In the deconvolution methods Mpo, Mps and Mpg,
|M(f)| was obtained by calibration. In the method
Mbpg, £M(f) was calculated by using Bode’s gain-
phase relation, which describes the relation between
a gain and a minimum phase, 2M,(f), of a fre-
quency transfer function®. By regarding M(¥) as the
frequency transfer function and substituting |M(f)|
into the following equation, 2M(f) is derived as,

LMm(f)_ZmelnIM(f)I/IM(f)I

72 ar’. (1)

3. Experimental method

A diagram for the measurement sytem of p(f) was
omitted for space saving®. Recording conditions of
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Fig. 2 Waveforms of instantaneous acoustic pressure derived by four hydrophones.
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Fig. 3 Relative p. and p; as the ratio to the value derived by Mpg.

an analog-to-digital converter were as follows:
number of samples, N 1,024 and sampling
frequency, f; = 204.8 MHz. The instantancous
acousitc pressure was measured by using four
hydrophones having different frequency response of
M(f). Hydrophones are Hyd-1 (HNP0400, Onda,
polyvinylidene difluoride (PVDF) needle type),
Hyd-2 (MHB500A, NRT Systems, PVDF membrane
type), Hyd-3 (HMBO0500, Onda, PVDF membrane
type with backing material) and Hyd-4 (HNC0400,
Onda, lead zirconate titanate (PZT) needle type),
respectively. Figs. 1 (a-1) and (a-2) show |M(f)| and
£M(f) calibrated by National Physical Laboratory
(Teddington, UK) for each hydrophone, in the fre-
quency range from 1 MHz to 40 MHz with an inter-
val of 1 MHz. Fig. 1(b) shows spectrum amplitude
of outpout voltage by Hyd-2 for the ultrasonic pulse
from a focal ultrasonic transducer (PCS-1000, Onda,
fc = 3.4 MHz). The amplitude of spectrum was
normalized by its maximum. Intervals of the
spectrum is Af= f/N = 0.2 MHz.

The deconvolution method requires signal
processing techniques such as interpolation and ex-
trapolation of M(f), and filtering of p(7). In this study,
the extrapolation followed the way by Hurrell ef al°.
In addition, we applied spline interpolation and sev-
enth-order lowpass Butterworth filter, which were
also proposed by Hurrell ef al’. Cutoff frequency of
the filter was set to 35 MHz for all hydrophones.

4. Results

Fig. 2 shows waveforms of p(f) derived by each
method for four hydrophones. In Fig. 2, however, it
is not easy to compare each peak-compressional
pressure, p., and peak-rarefactional pressure, pr,
among the four method Mc, Mpo, Mpg and Mpr in

detail. Thus, Fig. 3 was additionally introduced.

Fig. 3 consists of diagrams on p. (upper)
and pr (lower) for four hydrophones. Each diagram
shows dependency of p. or p: on the method for de-
termining 2£M(f) and this dependency was indi-
cated as a ratio to the value by Mpr. For specific
combination of the ultrasonic transducer and four hy-
drophones, each ratio of p. and p, ranges for four hy-
drophones as follows: -10% to +27% (p.) and -29%
to -10% (pr) in Mc, +1% to +14% (pc) and -18% to -
1% (pr) in Mpg and -1% to +8% (p.) and -17% to +9%
(pr) in Mpg. p and p; in Mpr are always equal to zero
because they were used as reference values. Fig. 3
shows that p. and p: obtained by three hydrophones
(Hyd-1, 3 and 4) tend to approach the corresponding
values in Mpgr in the order of Mc, Mpo and Mpg.
However, Hyd-2 is exceptional and p. and p: in Mpyg
are close to the values in Mpr compared with Mpg.

5. Summary

We confirmed that peak-compressional pressure and
peak-rarefactional pressure are significantly influ-
enced by the method for determining phase fre-
quency response of hydrophone sensitivity.

In the future, we will apply the other ultra-
sonic transducers having different frequency re-
sponse for further discussion.
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