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Abstract

The traditional method for calculating acoustic pressure amplitude is to divide a hydrophone
output voltage measurement by the hydrophone sensitivity at the “acoustic working frequency,”
but this approach neglects frequency dependence of hydrophone sensitivity. Another method is to
perform a complex deconvolution between the hydrophone output waveform and the hydrophone
impulse response (the inverse Fourier transform of the sensitivity). In this paper, the effects of
deconvolution on measurements of peak compressional pressure (p..), peak rarefactional pressure
(p-), and pulse intensity integral (PI1) are studied. Time delay spectrometry (TDS) was used to
measure complex sensitivities from 1 to 40 MHz for 8 hydrophones used in medical ultrasound
exposimetry. These included polyvinylidene fluoride (PVDF) spot-poled membrane, needle,
capsule, and fiber-optic designs. Subsequently, the 8 hydrophones were used to measure a 4-cycle,
3 MHz pressure waveform mimicking a pulsed Doppler waveform. Acoustic parameters were
measured for the 8 hydrophones using the traditional approach and deconvolution. Average
measurements (across all 8 hydrophones) of acoustic parameters from deconvolved waveforms
were 4.8 MPa (p4), 2.4 MPa (p-), and 0.21 mJ/cm? (PI1). Compared with the traditional method,
deconvolution reduced coefficient of variation (ratio of standard deviation to mean across all 8
hydrophones) from 29% to 8% (p.), 39% to 13% (p-), and 58% to 10% (PII).
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INTRODUCTION

Hydrophones are used in medical ultrasound exposimetry to measure acoustic pressure
waveforms from diagnostic ultrasound transducers [1]. A common approach for estimation
of acoustic pressure amplitude is to take the ratio of the hydrophone output voltage to the
value of the hydrophone sensitivity at the “acoustic working frequency” [2, 3]. However, this
approach neglects frequency dependence of hydrophone sensitivity over the usable
bandwidth of the source transducer. This approach may become problematic, for example,
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for acoustic waveforms that have significant energy in harmonic frequencies, which arise
from nonlinear propagation effects. An improved measurement of the acoustic pressure
waveform may be obtained by deconvolving the measured hydrophone waveform with the
hydrophone impulse response (the inverse Fourier transform of the sensitivity).

The need for deconvolution is increasing in medical ultrasound as source transducers move
toward higher frequencies (e.g., 15 MHz and above) [4, 5]. An International Electrotechnical
Commission (IEC) standard states that in the presence of short pulses or significant
nonlinear distortion, the + 3 dB bandwidth of the hydrophone should be at least 8 times the
acoustic working frequency in order to keep measurement errors below about 5% [2]. When
such a bandwidth is not achievable, the standard recommends that deconvolution be
performed if “the uncertainty in the measurement becomes unacceptably large due to limited
bandwidth of the hydrophone” [2, 3]. In order to perform a complete complex deconvolution
of the hydrophone impulse response from measurements of acoustic fields, both the phase
and magnitude of the hydrophone transfer function must be known. Unfortunately,
hydrophones are often characterized only by the magnitude of their transfer function.

Various methods for measuring phase have been proposed, including methods based on an
optical multilayer reference hydrophone [6], an optical-fiber-based probe [5], nonlinear
acoustic wave propagation in water [7-9], and TDS [5, 10, 11]. This laboratory previously
reported a TDS-based method for measurement of hydrophone complex sensitivity. It was
validated over the range from 5-18 MHz for several hydrophone types, including PVDF
spot-poled membrane, needle, capsule designs, and a piezoelectric ceramic design [11]. This
method was used to show that many hydrophone measurement systems in common use in
medical ultrasound exposimetry may be modeled as approximately minimum phase systems
[11, 12], which implies that their phase responses can be inferred from measurements of
their magnitude responses [13]. The minimum-phase model has previously been applied to
an interferometric fiber-optic system [14].

One potentially important application of deconvolution is for improving measurements
performed with fiber-optic hydrophones [15-16]. One recent fiber-optic design features an
extremely small sensitive element size (10 um) for high spatial resolution, the ability to
withstand high intensity therapeutic fields, and the ability to measure temperature as well as
pressure [15]. However, as the authors acknowledge, this design does not result in a high
degree of uniformity of frequency response (see Ref. [15], Figure 7). Another fiber-optic
design, also capable of withstanding high intensity therapeutic fields, exhibits non-uniform
frequency response (see Ref. [16], Figure 2). The inventors of this design therefore
recommend deconvolution in conjunction with this device [16]. Another fiber-optic design,
however, shows relatively uniform response [5].

The objective of the present work was to investigate the benefits of deconvolution for
estimating acoustic output parameters for a typical pulsed Doppler pressure waveform
measured with typical hydrophones used in medical ultrasound exposimetry. Due to the
broad bandwidth of such waveforms (resulting from nonlinear propagation in water), this
objective required modifying the hardware components of a previously reported TDS system
[11] to increase the measurement bandwidth, which was expanded for the present study from
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5-18 MHz [11] to 1-40 MHz. The acoustic output parameters considered were the peak
compressional pressure (p.), peak rarefactional pressure (p-), and the pulse intensity integral
(PIN). The likelihood for mechanical bioeffects is thought to be related to p— while the
likelihood for thermal bioeffects is thought to be related to PII [17]. In histotripsy
applications, p+ is important for distinguishing regimes of cavitation histotripsy and boiling
histotripsy [18].

METHODS

A. TDS-Based Measurement of Magnitude and Phase Response

TDS has been used by several authors to measure the magnitude of hydrophone response
[19-23]. In the present study, TDS was used to measure both magnitude and phase. The
method for measuring magnitude and phase response was similar to that reported previously
[11] and will be briefly summarized here. Figure 1 shows a block diagram of the TDS data
acquisition system. The source signal is assumed to be a linear, swept-frequency cosine
wave denoted by cos(wi), where w = 2rf=2rSt, f=frequency, S= sweep rate, and ¢=
time. The measurement system includes a source transducer, ultrasound propagation from
source to receiver, a receiving transducer (e.g., hydrophone), receiving electronics, and any
other electronics that are present (e.g., attenuators, filters, hydrophone pre-amplifier, ...).
The output of the measurement system is given by

Y(w) = |A(w)] cos[(a) —Aw)t + (pA(a))], (1)

where A(w) is the system response with magnitude |A(w)| and phase Arg [A(w)] = ¢a(w),
Aw =2rAf=2mrStpis the TDS offset frequency, {p= Z cis the system delay time, cis the
speed of sound, and s the distance between the transmitting and receiving transducers. The
offset frequency Aw is negative in Equation (1) to signify that the received frequency lags
the source signal frequency by this offset.

The system output (the “R” input to the mixer in Figure 1) is mixed with (i.e., multiplied by)
the source signal, cos(w?) (the “L” input to the mixer in Figure 1). The output of the mixer
contains components at the sum and difference frequencies [11],

Y () cos(wr) = (1/2) |A(@)|{cos|Qw — Aw)t + ¢, (@)] + cos[Adwt — g, (@)]}, @

The mixed signal is then low-pass filtered to remove the sum-frequency component and
retain the difference-frequency component, producing the so-called “dechirped” signal,

D(w) = (1/2) |A(w)| cos|[Awt — ¢ 4(w)] . ®)

The analytic signal of representation of (w) may be denoted by Dg(w) + iD[{w), where
Dr(w) = Dw), D{w) = H{ D(w) }, H{ } denotes a Hilbert transform and the integration
variable is ¢ (recall that w = 27zS). The Hilbert transform of D(w) is given by Df{w) = (1/2) |
A(w)| sin[Awt - ¢p4(w)] [11]. The magnitude and phase of the analytic signal representation

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wear et al. Page 4

of D(w) are given by [D(w) + DA(w)]Y? and arctan [Dfw) | D(w)] respectively.
Therefore, the magnitude and phase of the system response are given by

]1/2

A@) = 2[Dg’(@) + D) @

@, (@) = — arctan [D,(®) /Dg(w)| + Awt ©)

Equivalent expressions for magnitude and phase may also be derived using an 1/Q
demodulation approach [11].

B. Data Acquisition

Table | shows the 8 tested hydrophones, which were chosen to be representative of types in
common use in medical ultrasound exposimetry. System magnitude and phase responses
were measured for the 8 hydrophones. The magnitude and phase of the sensitivities of two
membrane hydrophones (M1 and M3) were also evaluated by an independent laboratory, the
Physikalisch-Technische Bundesanstalt (PTB, Braunschweig, Germany), so that they could
be used as references. M1 was used as a reference for measurements on M3, and M3 was
used as a reference for all the other hydrophones. A previously-reported substitution method
[11] was used to estimate magnitude and phase responses of the remaining hydrophones.

TDS measurements were performed using four different broadband unfocussed source
transducers (approximate center frequencies: 2 MHz, 5 MHz, 30 MHz, and 50 MHz) in
order to obtain hydrophone magnitude and phase response over the band from 1 to 40 MHz.
Measurements were performed twice for each source transducer and each hydrophone (with
repositioning of both) so that 1) sensitivity measurement variability could be estimated and
2) precision could be improved by averaging pairs of measurements. (IEC 62127-1 [2],
following common practice, refers to uncertainties evaluated by statistical means as Type A
uncertainties). Table Il shows transducer properties and TDS parameters for the four sets of
measurements. The receiving hydrophone was co-axially positioned a distance zfrom the
source, resulting in a time delay, tp= z/ ¢, where cis the speed of sound in water. The
function generator was a Tektronix (Beaverton, OR, USA) model AFG 3102 function
generator. The hydrophone signal was amplified by a 40 dB amplifier (Model 5676,
Olympus-NDT, Waltham, MA). For all measurements, this amplifier’s input was terminated
with 50 ohms, as specified for the hydrophones that contained an integral preamplifier. For
measurements using hydrophones without an integral preamplifier, a buffer amplifier having
unity voltage gain was placed between the hydrophone output and the amplifier input to
prevent signal loss due to this low impedance 50 ohm load [25]. A frequency mixer (model
ZAD-3, Mini-Circuits, Brooklyn, NY, USA) was used to mix the received signal with the
swept frequency input signal. The mixed signal was bandpass filtered via an 8-pole
Butterworth filter having a roll-off of 48 dB/octave and corner frequencies of Af+ B2
kHz (model 3384, Krohn-Hite, Brocton, MA, USA) to remove the undesired chirp signal
and retain the desired “dechirped” TDS signal [11]. The dechirped TDS signal (Eq. 3) was
digitized and stored (sampling rate = 100 kHz, vertical resolution = 11 bits) using a digital
oscilloscope (model DPO 3054 Tektronix, Beaverton, OR, USA). As may be seen in Table
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I1, the TDS parameters were set in order to maintain constant time resolution and frequency
resolution for the four sets of measurements.

The eight hydrophones were used to receive a pressure waveform that was designed to
mimic a pulsed Doppler waveform in a water tank. A Tektronix AFG 3102 function
generator produced a signal of approximately 4 cycles at 3 MHz, which was fed into a
Gammell Applied Technologies 02—-06B pulser [26] that drove a KB-Aerotech (Stratford,
CT) MLB 35EL 117245HR transducer (center frequency: 3.5 MHz, diameter: 19 mm, and
focal range 6-13 cm). The hydrophones were placed 8.2 cm from the source transducer,
which roughly corresponded to the location of maximum peak-to-peak pressure amplitude.
At this depth, the —6 dB beam diameter was approximately 1.412/d= 3 mm, where A is the
wavelength and ¢is the transducer diameter. These measurements were digitized and stored
(sampling rate = 2.5 GHz, vertical resolution = 11 bits) using a Tektronix (Beaverton, OR,
USA) DPO 3054 digital oscilloscope.

C. Data Analysis

Data analysis was performed using Matlab (Natick, MA, USA). Magnitudes of system
responses were computed using Equation 4. Phase of system responses were computed two
ways: 1) using Equation 5 (direct method), and 2) applying the minimum phase assumption,
/. e, taking the inverse Hilbert transform of the natural logarithm of the magnitude of A(w)
[11] (indirect method). An inverse Hilbert transform entails an integral over all frequencies.
In practice, data are only available over a finite frequency band. A numerical inverse Hilbert
transform over data within a finite frequency band will be valid only if the integrand is
negligible outside that frequency band. In this study, the minimum phase model was applied
to the transfer function of the entire measurement system, which included source electronics,
source transducer, diffraction, hydrophone, and receiving electronics. Because of the limited
frequency band of the source transducer, it was possible to satisfy the requirement that the
integrand (/.e., measurement system transfer function) was negligible outside the
experimental frequency band. It would have been more difficult to apply the minimum phase
model specifically to the hydrophone sensitivity, which in this study was typically not
negligible outside the experimental frequency band. A substitution method was used to
obtain hydrophone sensitivities from system responses [11].

Frequency-dependent phase vectors were unwrapped and smoothed with a rectangular filter
of width 50 kHz. An integer multiple of 27 radians was subtracted from the frequency-
dependent phase vector difference (between test and reference) so that the mean phase
difference over the analysis bandwidth fell between +2 r radians.

The substitution calibration experiment assumes that the test and reference hydrophones are
placed at exactly the same depth from the source transducer. A discrepancy in these two
depths will introduce an additive phase difference that is a linear function of frequency. Even
a slight difference, on the order of four microns (approximately A/10 at 40 MHz), can
produce a substantial effect. Therefore, in order to compensate for this discrepancy, 1) the
difference between the direct phase difference vs. frequency measurement (Equation 5) and
the indirect phase difference vs. frequency estimate (minimum-phase approach) was least-
squares fit to a linear function of frequency, and 2) this linear function of frequency (4¢ =
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bf) was subtracted from the direct phase difference vs. frequency measurement. Note that the
addition or subtraction of a linear phase function in frequency domain corresponds only to a
shift in the time domain but not a change in shape of the time domain signal. Koch
performed a similar linear adjustment to TDS data by analyzing a low-frequency portion of
the spectrum over which the hydrophone phase response was assumed on theoretical
grounds to be constant [10]. (Previously, a linear function of the form 4¢ = a+ bfwas used
[11]. The inclusion of the constant term, &, was inappropriate. However, it was
inconsequential because, as may be seen in Figures 5-7 from [11], the constant terms from
linear fits were approximately zero.)

Broadband sensitivity functions were constructed by concatenating the data acquired with
the four broadband source transducers. (See Appendix for details.) Sensitivities at negative
frequencies (which were required for the deconvolution) were obtained by assuming that the
sensitivity magnitude was an even function of frequency and the sensitivity phase was an
odd function of frequency. This Hermitian form for the frequency response follows from
assuming that the hydrophone impulse response is a real function. Sensitivities at
frequencies below the minimum measurement frequency (near 1 MHz) were estimated as
follows. The magnitude of the sensitivity at the minimum measurement frequency was used
for all frequencies below the minimum measurement frequency even though the low
frequency response is dependent on the hydrophone geometry [22]. The phase at zero
frequency was assumed to be zero (as is required for an odd function). The phase at
frequencies below the minimum measurement frequency was found by linearly interpolating
between zero at zero frequency and the phase measured at the minimum measurement
frequency. Prior to deconvolution, signals were low-pass filtered with a zero-mean Gaussian
filter of the form exp(-#/20%) MHz in order to suppress amplification of high-frequency
noise (resulting from deconvolution), which can be problematic at high frequencies in cases
in which the hydrophone sensitivity diminishes to small levels. The value for owas 35 MHz
for all hydrophones except for NP for which o was reduced to 25 MHz because of
particularly low sensitivity for frequencies above 25 MHz.

Pressure waveforms were estimated using 4 methods:

1. Traditional method (ratio of the hydrophone output voltage to the magnitude of
the hydrophone sensitivity at the acoustic working frequency) (“Scale”)

2. Deconvolution based on the direct measurement of the complex sensitivity
(“Direct™)

3. Deconvolution based only on the magnitude of the sensitivity (“Mag”)

4. Deconvolution based on the estimate of the complex sensitivity assuming that the

hydrophone measurement system is minimum phase (“MP”)

The third method, deconvolution based on the magnitude of the sensitivity, was previously
proposed by Hurrell [4] as a potential improvement over the traditional method when phase
information is unavailable. Similarly, Annex D from Reference [2] implies a magnitude-only
deconvolution. The acoustic output parameters (p+, p-, PIl) were computed using each of the
4 methods for each of the 8 hydrophones.
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RESULTS

Figure 2 shows the magnitude and phase of the M1 membrane hydrophone measured by the
FDA and the Physikalisch-Technische Bundesanstalt (PTB, Braunschweig, Germany). The
FDA measurements used the M3 membrane hydrophone (also calibrated by PTB) as a
reference for the measurements in Figure 2. Over the range from 1 MHz to 38 MHz, the
RMS difference between the two magnitudes was 8% and the RMS difference between the
two phases was 5.2 degrees. Both FDA and PTB measurements capture the rapid oscillations
in magnitude and phase at low frequencies. One possible source of disparity is that there was
a two-year time lag between the PTB and FDA calibrations. PTB specifies a calibration
uncertainty of approximately 10%.

Figure 3 shows the magnitude (left column) and phase (right column) of measurements of
sensitivities for the 8 hydrophones. The left column of Figure 3 also shows independent
magnitude specifications from a manufacturer or a national measurements laboratory
(dashed lines) when available. Generally, the measured magnitudes (solid lines) were in
good agreement with independent specifications (dashed lines). The main exception was for
the EP hydrophone, for which the discrepancy may be due to temporal drift in sensitivity
during the time between the FDA calibration measurements (2011 and 2012) and the
independent calibration measurements (2006). (M4 was fabricated at our institution and
therefore did not have an independent specification.) From comparison of repeated
sensitivity measurements (with repositioning), it was found that precision (standard
deviation) of sensitivity magnitude averaged 8.0% at 3 MHz and 7.4% at 20 MHz and that
precision of sensitivity phase averaged 3.3 degrees at 3 MHz and 3.1 degrees at 20 MHz.
Averaging two sensitivity measurements prior to deconvolution improved measurement
precision by a factor of /2. The measured phases (solid lines) were in good agreement with
the minimum phase computations (dotted lines) for all hydrophones except for the fiber
optic hydrophone. The root-mean-square differences between the measured phases and the
minimum phase computations were 7 (M1), 6 (EP), 11 (NP), 6 (NC), 20 (M2), 9 (M3), 8
(M4), and 142 (FO) degrees.

Figure 4 shows reconstructed pressure waveforms obtained by dividing the hydrophone
output voltage by the magnitude of the sensitivity at the acoustic working frequency (left
column) and by deconvolving the hydrophone output voltage by the complex hydrophone
sensitivity (right column). It can be seen in Figure 3 that the M2 and FO hydrophones had
high-pass filter characteristics up to about 15 MHz. This high-pass filtering, which boosted
harmonics relative to the fundamental frequency (/.e., the acoustic working frequency),
resulted in higher, sharper compressional peaks as shown in Figure 4 (left column). By
comparing the left and right columns for Figure 4, it can be seen that deconvolution
improved the consistency of the pressure waveforms. The biggest improvement occurred for
the fiber-optic (FO) hydrophone.

Figure 5 shows reconstructed pressure waveforms obtained by deconvolving the hydrophone
output voltage with the magnitude of the hydrophone sensitivity (left column) and the
complex sensitivity based on the minimum phase assumption (right column). In most cases,
these methods produced reconstructed pressure waveforms that resembled those produced
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by deconvolving the hydrophone output voltage with the directly-measured complex
hydrophone sensitivity (Figure 4, right column). However, one exception is the waveform
acquired with the fiber-optic (FO) hydrophone. In this case, deconvolution with the directly-
measured complex hydrophone sensitivity produced a reconstructed pressure waveform that
was more consistent in appearance with deconvolved waveforms acquired with the other
hydrophones.

Measurements of acoustic parameters obtained from complex deconvolved waveforms were
(means = standard deviations, across all 8 hydrophones) 4.8 £ 0.4 MPa (p.), 2.4 £ 0.3 MPa
(p-), and 0.21 + 0.02 mJ/cm? (PII).

Figure 6 shows peak compressional pressure (p.), peak rarefactional pressure (p-), and pulse
intensity integral (P11) obtained using the traditional scaling method (“Scale) and using
deconvolution based on the magnitude of the sensitivity (“Mag”), the direct measurement of
the complex sensitivity (“Direct”), and the minimum phase estimate of the complex
sensitivity (“MP”). Direct deconvolution resulted in a substantial reduction in variance of
measurements of p., p—, and PlI, regardless of whether the fiber-optic hydrophone was
included in the analysis (left panel of Figure 6) or not (right panel of Figure 6). As noted
previously [6], PII (unlike p; and p-) does not depend on phase. (This is a consequence of
Parseval’s theorem.) Therefore, the three methods of deconvolution yielded identical results
for PII for each hydrophone.

Table I11 gives means and coefficients of variations (COVs) for the acoustic pulse parameters
using “Scale,” “Mag,” “Direct,” and “MP”” methods. In addition, Table 111 gives results
obtained by using the “Scale” method with the low-pass filter used for the deconvolution
methods. Table I11 shows that the reduction in COV was primarily due to deconvolution
rather than the low-pass filter. The reduction in COV was greater in magnitude when the
fiber-optic hydrophone was included in the analysis (top half of Table I11), but was still
substantial when the fiber-optic hydrophone was excluded (bottom half of Table I11).
Variability for p- in the table could be due in part to low frequencies [27]. In the present
study, sensitivities were measured down to approximately 7,/ 3 (approximately 1 MHz)
where 7,,ris the acoustic working frequency (approximately 3 MHz). Therefore, inadequate
deconvolution at very low frequencies (|#/< £,,,#/ 3) could have contributed error. (IEC
Standard 62127-1 [2] recommends that the hydrophone measurement system response
should vary by no less than + 3 dB for frequencies down to 7,,#/ 2 and up to min { 8 £,z 40
MHz }. However, the standard adds that, if possible, the lower limit should be reduced down
as far as £,,7/ 16.)

DISCUSSION

The effects of nonuniform hydrophone sensitivity on measurements of acoustic parameters
for a diagnostic ultrasound waveform have been investigated for membrane, needle, capsule,
and fiber-optic hydrophones. Deconvolution of hydrophone sensitivity can improve accuracy
and precision of measurements of peak compressional pressure (p.), peak rarefactional
pressure (p-), and pulse intensity integral (P1l) from diagnostic ultrasound pulses.
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Comparison of the left and right columns of Figure 4 illustrates that deconvolution greatly
improved the consistency of reconstructed RF traces. Explanations for remaining
discrepancies among deconvolved signals include spatial averaging effects (see sensitive
element sizes in Table 1), imperfect hydrophone positioning, and calibration uncertainties.
The effects of spatial averaging and imperfect hydrophone positioning, which increase with
ultrasonic frequency, presumably had a greater impact on estimates of p.. than estimates of p
- since p. exhibits greater influence from high frequencies than p_.

As can be seen in Figure 6, deconvolution affected measurements of p., p—, and PlI
differently. One possible explanation for these differences is related to the waveform shape.
The test waveform, which mimicked a pulsed Doppler waveform, exhibited effects of
nonlinear propagation. This can be seen in Figure 7, which shows the magnitude of the
spectrum of the signal measured using the M4 hydrophone (which had a relatively uniform
frequency response). (Note that this signal was measured directly with an oscilloscope
without using TDS, so it was not limited to the 40 MHz TDS measurement band.) The
effects of nonlinear propagation can also be seen in the time domain (Figure 4, left column),
where compressional segments tended to have sharper peaks while rarefactional segments
tended to be more rounded. This kind of asymmetry between compressional and
rarefactional segments is common for many diagnostic ultrasound signals [28]. It means that
higher harmonics of the spectrum manifested themselves more on compressional segments
than rarefactional segments. Therefore, compressional features of the nonlinear waveform
would be expected to be dominated by higher frequencies while rarefactional features would
be expected to be dominated by lower frequencies. Differences in the effectiveness of the
deconvolution process for p; and p- arise as they are dependent on different spectral
characteristics of the acoustic field. If hydrophone sensitivities were more uniform
throughout the fundamental spectral lobe (e.g., approximately 2 — 4 MHz for the signal
studied here) than throughout the entire fundamental plus significant harmonic range (say 2
— 40 MHz), then deconvolution might be expected to have a smaller effect on the
fundamental spectral lobe than the harmonic spectral lobes and therefore a smaller effect on
rarefactional segments than compressional segments. In addition, errors in assumptions
regarding the frequency dependence of complex sensitivity at frequencies below the
minimum measurement frequency near 1 MHz (see Methods Section, part C), in
combination with some appreciable signal energy below 1 MHz (see Figure 7), may have
diminished the effectiveness of the deconvolution process on p-.

It is useful to consider approaches to deconvolution that do not require knowledge of the
phase of the hydrophone sensitivity because hydrophone suppliers often do not provide
phase information [4]. As noted previously [6], PIl (unlike p+ and p-) does not depend on
phase. Therefore, as shown in Figure 6 and Table 111, estimates of P1l were identical for
deconvolutions performed with the magnitude of sensitivity and complex sensitivity. Figure
6 and Table 111 also suggest that for the test signal and hydrophones considered in this
investigation, estimates of p, (and to a lesser extent, p_) were similar for deconvolutions
performed with the magnitude of sensitivity and complex sensitivity. Although the present
dataset is too small to provide definitive conclusions, Figure 6 and Table Il suggest that the
MP deconvolution may not offer a substantial benefit over the magnitude deconvolution for
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either p. or p_. This may be partially due to uncertainties in the magnitude of sensitivity
feeding through to the calculation of phase from the MP method.

Previously, Hurrell investigated the effect of deconvolution on measurements performed
with a membrane hydrophone and a needle hydrophone [4]. Hurrell did not measure phase
data but in one case (membrane hydrophone) used a theoretical model to predict phase and
in the other case (needle hydrophone) performed deconvolution based on the magnitude of
the sensitivity. The membrane hydrophone was used without a matching amplifier and
therefore had a monotonically increasing sensitivity for frequencies up to the thickness
resonance frequency near 30 MHz. This case is analogous to the hydrophones considered in
the present investigation that also exhibited high-pass filter behavior over the main band of
frequencies in the test signal (EP, M2, FO). In both investigations, deconvolution noticeably
mitigated the excessive sharpness of compressional peaks that had been caused by
hydrophone overemphasis of higher frequencies. In comparing nondeconvolved with
deconvolved estimates of acoustic waveform parameters for a 2-cycle, 1 MHz pulse
measured using the two hydrophones, Hurrell found a reduction in the variation in p, from
30% to 18% and a reduction in the variation of p_ from 12% to 5%.

Wilkens and Koch also investigated the effect of deconvolution on measurements performed
with a membrane hydrophone and a needle hydrophone [6]. They measured complex
sensitivity using an optical multilayer reference hydrophone. As in Hurrell’s investigation,
the membrane hydrophone had a monotonically increasing sensitivity for frequencies up to
the thickness resonance frequency near 30 MHz. Wilkens and Koch found that for pulses
with center frequencies ranging from 5 — 7 MHz measured with the membrane hydrophone,
deconvolution reduced measurements of p. by 35%-50% (presumably for the same reasons
as explained in the previous paragraph), increased measurements of p- by 4%-11%, and
decreased measurements of PIl by 11%-28%. The substantial reductions of p; and PlI
accompanied by the smaller effect on p- are similar to what was found in the present
investigation for high-pass-filter hydrophones (EP, M2, FO). In comparing nondeconvolved
with deconvolved estimates of acoustic waveform parameters for pulses with center
frequencies ranging from 5 — 7 MHz measured using the two hydrophones, Wilkens and
Koch found a reduction in the variation in p; from 48%-150% to —5%-22% and a reduction
in the variation of p_ from 35%—-274% to 5%-30%. The reductions in variations were much
greater than those observed by Hurrell and in the present investigation because the needle
hydrophone used by Wilkens and Koch had a very nonuniform sensitivity, including a sharp
drop of approximately 20 dB between 4 and 5 MHz.

Deconvolution has been applied to high intensity focused ultrasound (HIFU) field
measurements. HIFU field measurements can benefit from deconvolution because their
spectra exhibit pronounced effects of nonlinear propagation and therefore contain substantial
high harmonic content. As in the present study and the two studies mentioned above,
Canney et al. found that deconvolution resulted in reduced values for p. [29]. For their
measurements, obtained with a fiber-optic hydrophone, the reduction of p; was on the order
of 50% (see Ref. [29], Figure 11). Again, this reduction may be attributable to the high-pass
filter characteristic of the hydrophone over a range of frequencies including the fundamental
and many low-order harmonics (See Ref. [29], Figure 12b).
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Haller et al. compared three hydrophones (fiber-optic, needle, coated membrane) for
measurements of HIFU fields [30]. They performed field measurements for two source
transducers operated at two power levels each, resulting in a total of four scenarios. Because
of challenges associated with HIFU field measurements, they never achieved successful
measurements with all three hydrophones for any of the four scenarios. Nevertheless, they
found that after deconvolution, discrepancies for p. and p- were smaller than typical
calibration uncertainties of 15%. However, discrepancies for the spatial-peak temporal-
average intensity (which is proportional to the pulse intensity integral) were as high as 50%.
The authors suggested that different active diameters and different usable frequency ranges
of the hydrophones might have contributed to the discrepancies.

A previous investigation by this laboratory indicated that over the range from 5 — 18 MHz,
the minimum phase principle could be used to estimate the phase of the hydrophone
sensitivity with root-mean-square differences from direct phase measurements less than 4
degrees for several hydrophone types (membrane, capsule, needle) [11]. The minimum
phase principle allows phase to be estimated from magnitude measurements, which can be
easier to perform than phase measurements. The current investigation extends this finding to
a larger set of membrane, capsule, and needle hydrophones over a greater frequency range (1
— 40 MHz). However, in this investigation, when the measurement system included the fiber-
optic hydrophone, it did not seem to conform to the minimum phase model. This might be
related to resonance behavior of the Fabry-Perot interferometer. Alternatively, it might be
due to inaccuracy in the minimum phase estimate arising from the complicated frequency
dependence of sensitivity of the fiber-optic hydrophone.

CONCLUSION

The frequency range of a previously-reported TDS-based system for measuring magnitude
and phase of hydrophone sensitivity has been extended to 1 — 40 MHz. Complex
deconvolution of hydrophone sensitivity has been applied to the task of measuring pressure
waveform parameters. For hydrophones with nonuniform sensitivity and acoustic signals
with high harmonic content arising from nonlinear propagation, complex deconvolution
reduces variability of estimates of p., p-, and PIl. When phase information is not available,
deconvolution based on magnitude alone offers substantial improvement for p., p—, and Pl
in many cases.
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APPENDIX

Broadband sensitivity functions were constructed by concatenating the data acquired with
the four broadband source transducers with nominal center frequencies of 2, 5, 30, and 50
MHz. The four source transducers produced sensitivity data over frequency ranges that were
typically approximately 1-3 MHz, 3-6 MHz, 6-25 MHz, and 25-39 MHz respectively.
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Figure 8 shows that measurements did not always exhibit perfect agreement at the transition
frequencies—3 MHz, 6 MHz, and 25 MHz. This appendix describes how data were adjusted
in order to compensate for these disparities, which were likely due to imperfect hydrophone
positioning.

A. Adjustment of Sensitivity Magnitude
Let the sensitivity magnitudes measured over each of the four frequency bands be denoted
by My (1, My(1), M3(H, and My(7). Let the transition frequencies between adjacent bands be

denoted by £ 5, f3, and %4 (which in this case would be approximately 3, 6, and 25 MHz
respectively). Let the magnitude disparities at the transition frequencies be denoted by

Ay =My(f1o) = M(f1)

Apy=M(fp3) = My(fp3)

Agy=My(fy) ~M5(f3)

When there was overlap between two adjacent frequency bands, A; j+1 was computed by
taking the average difference between M, and M over the overlapping frequency range.
An adjustment term was added to each sensitivity magnitude measurement.

Ml(f)_’Ml(f) +C1

Mz(f)_)M2(f) +C2

M3(f)_)M3(f) +C3

M4(f)_’M4(f) +C4

Three equations may be obtained by imposing continuity at the transition frequencies.
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C3-Cy= 43y

A fourth equation may be obtained by requiring that the average adjustment is zero,

C1+C2+C3+C4: 0.

With four equations for four unknowns, the adjustment terms Cy, C,, Gz, and C, may be
found. The top panel of Figure 8 shows the result obtained for the M2 hydrophone.

B. Adjustment of Sensitivity Phase

According to the Fourier Shift Theorem, a shift in time domain (resulting, for example, from
a shift in distance between source and hydrophone) would result in a phase shift in
frequency domain that is a linear function of frequency. Therefore, if source-to-hydrophone
distances are not exactly equal for all measurements, the measured sensitivity phases could
differ by linear functions of frequency. Let the sensitivity phase measured over each of the
four frequency bands be denoted by ¢1(#), ¢2(7), 93(#, and ¢4(7). Let the phase disparities at
the transition frequencies be denoted by

S1a= 0lf1a) = o1(f1)

5y3= 03(f23) = #2lf23)

034= 04(f34) — #3(F34)
When there was overlap between two adjacent frequency bands, &; j+1 was computed by
taking the average difference between ¢;.1 and ¢; over the overlapping frequency range. A

linear phase function was added to each sensitivity phase measurement to account for
imperfect positioning.

Qal(f)_)qul(f) +D1f

fﬂz(f) - (pz(f) + sz

(PS(f) - <ﬂ3(f) + D3f
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(/14(f) - (/74(f) + D4f
As with magnitude, three equations may be obtained by imposing continuity at the transition

frequencies.

Dif1a=Dyf 1= 915

Dyfo3=D3fp3= 0p3

D3fo3=Dyfoz3= 934

A fourth equation may be obtained by requiring that the average adjustment is zero,

D1<f1> +D2<f2> +D3<f3> +D4<f4> =0

where <f;>, <£>, <fz>, and <f;> are the mean frequencies of the four frequency bands (in
this example, 2 MHz, 4.5 MHz, 15.5 MHz, and 32 MHz).

With four equations for four unknowns, the adjustment coefficients Dy, D, D3, and D, may
be found. The bottom panel of Figure 8 shows the result obtained for the M2 hydrophone.

Concatenating magnitude and phase data in the way described in this appendix is analogous
to taking a weighted average of independent measurements, which can result in improved
precision.

References

[1]. Harris GR, “Progress in medical ultrasound exposimetry.” IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 52, 717-736. 2005. [PubMed: 16048175]

[2]. International Electrotechnical Commission IEC 62127-1. Ultrasonics — Hydrophones —Part 1:
Measurement and characterization of ultrasonic fields up to 40 MHz (IEC, Geneva, Switzerland).
2007

[3]. International Electrotechnical Commission IEC 62127-2. Ultrasonics — Hydrophones —Part 2:
Calibration for ultrasonic fields up to 40 MHz (IEC, Geneva, Switzerland). Annex | 2007

[4]. Hurrell A, “Voltage to pressure conversion: are you getting ‘phased’ by the problem?” J. Phys.
conf. Series, Adv. Metrol., Ultrasound Med, pp. 57-62, Apr. 27-28 2004.

[5]. Umchid S, Gopinath R, Srinivasan K, Lewin PA, Daryoush AS, Bansal L, and and EI-Sherif M,
“Development of calibration techniques for ultrasonic hydrophone probes in the frequency range
from 1 to 100 MHz.” Ultrasonics, 49, 306-311. 2009. [PubMed: 19110289]

[6]. Wilkens V and Koch C “Amplitude and phase calibration of hydrophones up to 70 MHz using
broadband pulse excitation and an optical reference hydrophone.” J. Acoust. Soc. Am 115, 2892—
2903. 2004.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wear et al.

Page 15

[7]. Cooling MP and Humphrey VF, “A nonlinear propagation model-based phase calibration

technique for membrane hydrophones.” IEEE Trans. Ultrason. Ferroelectr. Freq. Control 55, 84—
93. 2008. [PubMed: 18334316]

[8]. Gandhi G “Determination of phase characteristics for PVDF membrane hydrophones in the

frequency range 1-100 MHz using nonlinear acoustics approach,” Drexel University. 2009.

[9]. Bloomfield PE, Gandhi G, and Lewin PA, “Membrane hydrophone phase characteristics through

[10].

nonlinear acoustics measurements,” IEEE Trans. Ultrason. Ferrorelectr., Freq. Cont, 58, 2418-
2437, 2011.

Koch C, “Amplitude and phase calibration of hydrophones by heterodyne and time-gated time-
delay spectrometry.” IEEE Trans. Ultrason. Ferroelectr. Freq. Control 50, 344-348. 2003.
[PubMed: 12699169]

[11]. Wear KA, Gammell PM, Maruvada S, Liu Y, and Harris GR, “Time-delay-spectrometry

[12].
[13].

[14].

[15].

[16].

measurement of magnitude and phase of hydrophone response,” IEEE Trans. Ultrason., Ferro.,
Freg. Cont, 58, 2325-2333, 2011.

Papoullis A, The Fourier Integral and its Applications. New York, NY: McGraw-Hill, chap. 10
1962, p. 204.

Oppenheim A, and Schafer R, Digital Signal Processing. Englewood Cliffs, NJ: Prentice-Hall,
Inc 1975, p. 345.

Koch C, Molenstruck W, and Reibold R, “Shock-wave measurement using a calibrated
interferometric fiber-tip sensor,” Ultrasound Med. & Biol, 23, 1259-1266, 1997. [PubMed:
9372574]

Morris P, Hurrell A, Shaw A, Zhang E, and Beard P, “A Fabry-Perot fiber-optic ultrasonic
hydrophone for the simultaneous measurement of temperature and acoustic pressure,” J. Acoust.
Soc. Am, 125, 3611-3622, 2009. [PubMed: 19507943]

Haller J, Wilkens V, Jenderka K, and Koch C, “Characterization of a fiber-optic displacement
sensor for measurements in high-intensity focused ultrasound fields,” J. Acoust. Soc. Am, 129,
3676-3681, 2011. [PubMed: 21682392]

[17]. American Institute of Ultrasound in Medicine (AIUM) and National Electrical Manufacturers

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

Association (NEMA), “Standard for real-time display of thermal and mechanical acoustic output
indices on diagnostic ultrasound equipment, Revision 2” AIUM/NEMA, 2004, ISBN:
1-930047-99-1.

Maxwell A, Sapozhnikov O, Bailey M, Crum L, Xu Z, Fowlkes B, Cain C, and Khokhlova V,
“Disintegration of tissue using high intensity focused ultrasound: two approaches that utilize
shock waves,” Acoustics Today, 8, 24-37, 2012.

Lewin P, “Calibration and performance evaluation of miniature ultrasonic hydrophones using
time delay spectrometry,” Proc. 1981 IEEE Ultrasonics Symp. pp. 660-664, 1981.

Pedersen PC, Lewin PA, and Bjorno L, L. “Application of time-delay spectrometry for
calibration of ultrasonic transducers.” IEEE Trans. Ultrason. Ferroelectr. Freq. Control 35, 185—
205. 1988. [PubMed: 18290145]

Ludwig G, and Brendel K, “Calibration of hydrophones based on reciprocity and time delay
spectrometry.” IEEE Trans. Ultrason. Ferro. Freq. Cont, 35, 168-174. 1988.

Harris GR, Gammell PM, Lewin PA, and Radulescu EG, “Interlaboratory evaluation of
hydrophone sensitivity calibration from 0.1 to 2 MHz via time delay spectrometry.” Ultrasonics
42, 349-353. 2004. [PubMed: 15047310]

Gammell PM, Maruvada S, and Harris GR, “An ultrasonic time-delay spectrometry system
employing digital processing.” IEEE Trans. Ultrason. Ferroelectr. Freq. Control 54, 1036-1044.
2007. [PubMed: 17523568]

Harris GR and Gammell PM, “1-3 piezoelectric composite transducers for swept-frequency
calibration of hydrophones from 100 kHz to 2 MHz,” J. Acoust. Soc. Am, 115, 2914-2918,
2004. [PubMed: 15237815]

Harris GR, “Hydrophone measurements in diagnostic ultrasound fields,” IEEE Trans. Ultrason.
Ferro. Freg. Cont, 35, 87-101, 1988.

Gammell PM and Harris GR, “IGBT-based kilovoltage pulsers for ultrasound measurements
applications,” IEEE Trans. Ultrason. Ferro. Freq. Cont, 50, 1722-1728, 2003.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wear et al.

Page 16

[27]. Harris GR, “Are current hydrophone low frequency response standards acceptable for measuring
mechanical/cavitation indices?” Ultrasonics, 34, 649-654, 1996. [PubMed: 8844965]

[28]. Harris GR, “A model of the effects of hydrophone and amplifier frequency response on
ultrasound exposure measurements,” IEEE Trans. Ultrason., Ferro., and Freq. Cont, 38, 413-417,
1991.

[29]. Canney MS, Bailey MR, Crum LA, Khokhlova VA, and Sapozhnikov OA, “Acoustic
characterization of high intensity focused ultrasound fields: a combined measurement and
modeling approach,” J. Acoust. Soc. Am, 124, 2406-2420, 2008. [PubMed: 19062878]

[30]. Haller J, Jenderka K, Durando G, and Shaw A, “A comparative evaluation of three hydrophones
and a numerical model in high intensity focused ultrasound fields,” J. Acoust. Soc. Am, 131,
1121-1130, 2012. [PubMed: 22352487]

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wear et al.

SWEPT FREQUENCY

Page 17

ATTENUATOR
SOURCE ggﬁ’l\/ﬁﬂéR :
SWEPT XMIT HYDROPHONE L
START SINE
PULSE

MIXER

DIGITIZER

BAND PASS FILTER

!

DECHIRPED
SIGNAL

1.
Block diagram of experimental setup.
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Magnitude and phase of M1 membrane hydrophone measured by the FDA and the
Physikalisch-Technische Bundesanstalt (PTB, Braunschweig, Germany).
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Hydrophone Sensitivity Phase
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Frequency (MHz)

calibrations for magnitude are shown in the left column as dashed lines when available.
Minimum phase estimates of phase are shown in the right column as dotted lines.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.

40



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wear et al.

Page 20

Scaled RF = RF /| M(fawf)l Direct Complex Deconvolved RF

= =
o o
S st | 25
@ @
a 0 a 0
1% 1%
£ 5 ° 5
a5 o -
18 185 19 19.5 20 18 185 19 19.5 20
T ; ; ; T
o o
S st EP 1 R
® ®
a3 0 a 0
%] %]
I ) ; 2 . a i .
o = QL =
18 185 19 19.5 20 18 185 19 19.5 20
= =
s s
s 51 NP 1 £ 5
(0] (0]
5 5
[7] 0 (7] 0
%] %]
£ 5 e 5
= e =
18 185 19 19.5 20 18 185 19 19.5 20

18 185 19 19.5 20

Pressure (MPa) Pressure (MPa) Pressure (MPa)

Pressure (MPa) Pressure (MPa) Pressure (MPa)
o (4]

Pressure (MPa) Pressure (MPa)
Pressure (MPa) Pressure (MPa)

18 185 19 19.5 20
5|
0 -—-—/\J\.\MJ\,\VJ\,\/W
s ; ; 5 ; ; ;
18 185 19 195 20 18 185 19 195 20
Time (us) Time (us)

4.
Raw hydrophone output divided by the magnitude of the sensitivity at the acoustic working

frequency (left column) and hydrophone output deconvolved with the complex hydrophone
sensitivity (right column).
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Raw hydrophone output deconvolved with the magnitude of the hydrophone sensitivity (left
column) and the complex sensitivity based on the minimum phase assumption.
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Peak compressional pressure (p+), peak rarefactional pressure (p-), and pulse intensity
integral (PI1) obtained using the traditional scaling method (“Scale™) and using
deconvolution based on the magnitude of the sensitivity (“Mag”), the direct measurement of
the complex sensitivity (“Direct”), and the minimum phase estimate of the complex
sensitivity (“MP”). The left column is based on all 8 hydrophones. The right column
excludes the fiber-optic hydrophone.
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7.
Magnitude of spectrum of test pulse measured with the M4 hydrophone, which had a

relatively uniform frequency response.
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Measurements (dashed lines) of sensitivity magnitude (top) and phase (bottom) for the M2
hydrophone. The concatenated functions are shown by the solid lines. See appendix.
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Table I.
Hydrophones
Name | Design Nominal Sensitive Element Diameter (mm) | Integral Pre-amplifier?
EP PVDF ellipsoid (capsule) 0.2 yes
NP PVDF needle 0.6 no
NC Piezoelectric ceramic needle 0.4 no
M1 Single-layer PVDF membrane with rubber backing | 0.5 yes
M2 Bilaminar PVDF membrane 0.4 no
M3 Bilaminar PVDF membrane 0.5 yes
M4 Single layer PVDF membrane 1.0 yes
FO Fiber Optic 0.01 yes
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Table Il.

Page 26

Transducer properties and TDS parameters. The source frequency was swept linearly from 0 to the maximum

sweep frequency. See [11] for relationships among TDS parameters.

Transducer Biconcave 1-3 Valpey Fisher Panametrics ZF3001 | Olympus P150-2-
piezoelectric composite 1S0504HR R2.00
[24]
Diameter (cm) 4 1.27 0.635 0.635
Center Frequency (MHz) 2 5 30 50
Maximum Sweep Frequency (MHz) 20 20 40 40
Sweep Time (s) 0.2 0.334 0.334 0.267
Sweep Rate S (MHz/s) 100 60 120 150
Hydrophone Depth (2) (cm) 15 30 15 10
Delay Time tp=z/c (11s) 101 203 101 68
TDS Frequency Af= Stp (kHz) 10.1 12.1 12.1 10.1
Filter Bandwidth (BW) (kHz) 0.67 04 0.8 1
Frequency Resolution = §BW (MHz) | 0.15 0.15 0.15 0.15
Time Resolution = BW/ S (us) 6.7 6.7 6.7 6.7
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Means + standard deviations and coefficients of variation (COV = standard deviation / mean, in parentheses
expressed as a percentage) for acoustic pulse parameters for hydrophones obtained using the traditional
scaling method (“Scale”), the traditional scaling method plus low-pass filtering (“Scale+LPF”), and using
deconvolution based on the magnitude of the sensitivity (“Mag”), the direct measurement of the complex

Table lll.

sensitivity (“Direct”), and the minimum phase estimate of the complex sensitivity (“MP”).

Method p: (MPa) p- (MPa) PII (mJ/cm?)

All hydrophones Scale 6.0+ 1.7 (29%) | 2.6 +1.0(39%) | 0.29 +0.17 (58%)
Scale+LPF | 55+1.6 (30%) | 2.5+0.9 (35%) | 0.27 +0.15 (55%)
Mag 47+03(7%) | 2.5+0.4(16%) | 0.21 +0.02 (10%)
Direct 48+04(8%) | 2.4+03(13%) | 0.21+0.02 (10%)
MP 49+0.7 (14%) | 2.5+0.4 (16%) | 0.21 +0.02 (10%)

All hydrophones except fiber-optic hydrophone | Scale 55+1.1(20%) | 2.3+0.4(17%) | 0.23 +0.05 (22%)
Scale+LPF | 5.0+ 1.0 (20%) | 2.2+ 0.4 (17%) | 0.22 +0.05 (22%)
Mag 48+03(7%) | 25+0.4(18%) | 0.21+0.02 (10%)
Direct 48+04(8%) | 24+02(9%) | 0.21+0.02 (10%)
MP 4.9+0.8(15%) | 25+0.4 (17%) | 0.21 +0.02 (10%)

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.




	Abstract
	INTRODUCTION
	METHODS
	TDS-Based Measurement of Magnitude and Phase Response
	Data Acquisition
	Data Analysis

	RESULTS
	DISCUSSION
	CONCLUSION
	APPENDIX
	References
	1.
	2.
	3.
	4.
	5.
	6.
	7.
	8.
	Table I.
	Table II.
	Table III.

