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Diffraction Effects and Compensation
in Passive Acoustic Mapping
Michael D. Gray , Erasmia Lyka, and Constantin C. Coussios

Abstract— Over the last decade, a variety of noninvasive tech-
niques have been developed to monitor therapeutic ultrasound
procedures in support of safety or efficacy assessments. One
class of methods employs diagnostic ultrasound arrays to sense
acoustic emissions, thereby providing a means to passively detect,
localize, and quantify the strength of nonlinear sources, including
cavitation. Real array element diffraction patterns may differ
substantially from those presumed in existing beamforming algo-
rithms. However, diffraction compensation has received limited
treatment in passive and active imaging, and measured diffrac-
tion data have yet to be used for array response correction. The
objectives of this paper were to identify differences between ideal
and real element diffraction patterns, and to quantify the impact
of diffraction correction on cavitation mapping beamformer
performance. These objectives were addressed by performing
calibration measurements on a diagnostic linear array, using the
results to calculate diffraction correction terms, and applying
the corrections to cavitation emission data collected from soft
tissue phantom experiments. Measured diffraction patterns were
found to differ significantly from those of ideal element forms,
particularly at higher frequencies and shorter distances from
the array. Diffraction compensation of array data resulted in
cavitation energy estimates elevated by as much as a factor of 5,
accompanied by the elimination of a substantial bias between
two established beamforming algorithms. These results illustrate
the importance of using measured array responses to validate
analytical field models and to minimize observation biases in
imaging applications where quantitative analyses are critical for
assessment of therapeutic safety and efficacy.

Index Terms— Array, cavitation, passive acoustic
mapping (PAM), ultrasound.

I. INTRODUCTION

A GROWING number of therapeutic ultrasound appli-
cations require real-time monitoring for the pur-

poses of cavitation activity optimization, utilization or
avoidance [1]–[3]. Recently developed ultrasound-based
passive [4]–[9] and active [10]–[12] cavitation mapping tech-
niques offer the potential for improved treatment efficacy and
safety by localizing and quantifying cavitation activity during
therapeutic ultrasound procedures. While the details of these
methods differ, those that are applied to tissues unobscured
by bone predominantly operate on data collected with con-
ventional diagnostic ultrasound arrays. In cavitation mapping
simulations and experiments, individual array elements are
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typically treated as point receivers, so that their frequency
response is independent of imaging target range and angle.
However, the finite size of an element has a bandwidth-limiting
effect [13]–[16] that varies by position in the beamformer field
of view. Computed responses of finite-size array elements have
been incorporated into B-mode ultrasound studies [17]–[19],
as well as photoacoustic simulation [20], [21], calibration [22],
and reconstruction [23], [24]. In some studies, computations
were supported by close range pressure field measurements in
order to quantify array lens effects [25], [26]. Notional far-field
directivities have been used to compensate individual element
data as a function of angle in the calculation of B-mode
images [27], and numerical approximations of finite array
element diffraction have been incorporated into a cavitation
imaging beamformer [5]. However, the field pattern models
used in the latter two studies were not directly validated
against corresponding experiments. More generally, exper-
imental methods for characterization and compensation of
array element diffraction effects have yet to be applied to the
development of passive cavitation mapping techniques.

Taken together, the above studies suggest that correction for
real element response characteristics could increase useable
signal bandwidth with commensurate improvements to energy
estimation and spatial resolution. Some form of diffraction
correction also may offer a potentially significant step toward
elimination of system-dependent observation biases, since the
impact of diffraction effects may vary with array geometry,
beamforming apodization, imaging distance, and algorithm
choice. Removal of such biases may enable absolute quan-
tification of cavitation emissions. Just as a properly calibrated
hydrophone reports pressure that may aid in the understanding
of physical processes underlying the generated signal, a bias-
free cavitation mapping methodology would provide more
meaningful indications of safety and efficacy for bubble-
induced bioeffects, including blood-brain barrier opening [28],
vascular damage [29], or thermal ablation [30].

Through simulation and experiment, this paper presents
array element diffraction pattern examples, quantifies their
impact on passively acquired maps of cavitation activity,
and illustrates improvements obtained by diffraction pattern
correction.

II. METHODS

This section begins with a description of the passive acoustic
mapping (PAM) algorithms employed, in order to specify the
information required and assumptions made. This is followed
by descriptions of the procedures used to characterize a
commercially available diagnostic ultrasound array. Finally,
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an in vitro cavitation monitoring experiment is described,
the data from which are used to quantify the impact of apply-
ing experimentally determined array diffraction corrections.

A. Passive Mapping Algorithms

In this paper, cavitation emissions received with a con-
ventional ultrasound linear array were processed with two
PAM algorithms adopted for cavitation monitoring: time
exposure acoustics (TEA) [6] and robust Capon beamform-
ing (RCB) [7]. The former provides a computationally simple
method of mapping sources of cavitation at the expense of
spatial resolution, while the latter provides superior spatial
resolution but at considerable computational cost. These two
algorithms are thought to bracket the resolution capabilities of
known passive mapping algorithms published to date. Both
algorithms operate on time-domain array response signals
p(t, r j ) received at array element locations r j for time duration
T to produce an estimate of monopolar source energy E(r) at
an observation location r

E(r) = 1

4πρc

∫ t0+T

t0
q2(r, t)dt (1)

where ρ and c are the density and sound speed of the ambient
medium, respectively, t0 is the start time of the data record,
and bold type quantities indicate a vector quantity. The source
strength q as a function of time t is defined by a sum over
the j = 1 : N array elements

q(r, t) = 1

N

N∑
j=1

4πw j |r j − r|p(r j , t+|r j − r|/c) (2)

where w j are the weights applied to each element.
All weights in the TEA beamformer are set to unity, while
RCB optimizes the weights for each imaging location r in
order to minimize the variance of the array output, with
allowance for uncertainties in array element sensitivity and
location [7], [31]. Here, the time window t0 ≤ t ≤ (t0 + T )
contains cavitation signals generated by pulsed ultrasound
(Section II-D) of duration ∼0.8T , so that (1) is an estimate of
the source energy associated with a finite sequence of events.

The delay and amplitude scaling operations with respect to
the distance between element and imaging locations (|r j − r|)
in (2) presume a point (omnidirectional) model for signal
reception. In reality, both the finite array element size and
the overlying lens may significantly modify the characteristics
of the received signals. The predictions and measurements
described in the next sections are used to quantify deviations
from omnidirectionality, and form the basis of array element
response correction prior to beamforming of cavitation data.

B. Diffraction Pattern Prediction

To establish an analytical baseline for comparison with
measurements described in Section II-C, diffraction patterns
for elements of width Lx and height L y were calculated as
a function of frequency ( f ) and location using a simplified
form of the Rayleigh integral

DR, j ( f, x, z) = R j

S

∫ ∫
S

e−ik Rs

Rs
d S (3)

where the area of element S = Lx L y , R j = |r j − r|
[see (2)], Rs = ((xs − x)2 + (ys − y)2 + (zs − z)2)

1/2
, xs and

ys are locations within the element area (−(1/2)Lx ≤ xs ≤
(1/2)Lx ,−(1/2)L y ≤ y

s
≤ (1/2)L y), zs = 0, k = (2π f /c),

and the spatially invariant scaling terms related to velocity dis-
tribution and medium properties [32] were omitted. Elevation
focusing effects were calculated by incorporating phase shifts
along the element height

DRj,EF( f, x, z) = R j

S

∫ ∫
S

e−ik(Rs−REF)

Rs
d S (4)

where REF = ((ys − y)2 + (zs − zEF)2)
1/2

and zEF is the
axial focusing depth. For numerical evaluation, the element
surfaces were discretized at 1/3 of an acoustic wavelength at
the highest frequency of interest (9.0 MHz), and the diffraction
patterns were computed for y = 0 [zero-elevation xz plane,
Fig. 1(a)] over the same spectral and spatial spans as were
used for the measurements described in Section II-C4.

C. Array Characterization

1) Ultrasound Array: Time-domain data sets from a lin-
ear array (L7-4, ATL Ultrasound, Bothell, WA, USA) with
128 elements of width 0.25, height 6.5, and spacing 0.30 mm
were collected using an 256-channel configurable ultrasound
array controller (Vantage 256, Verasonics, Kirkland, WA,
USA). To support the objectives of this paper, individual
array element characterization measurements took two forms:
1) normal incidence sensitivities, used for element response
balancing and 2) diffraction patterns describing response vari-
ation over a 2-D field of view used to map cavitation.

2) Element Sensitivities: Normal incidence array element
sensitivities were determined using a single element unfocused
transducer (V309, 5 MHz, as = 6.35-mm radius, Olympus
NDT, Essex, U.K.) as a source that was scanned over the
array aperture from an axial (depth) distance of z = 20 cm.
The large standoff provided an incident field that was quasi-
planar over the largest (elevation) array element dimension
while easing measurement alignment tolerances. The source
was driven by a pulser (5072PR, Olympus NDT, Essex,
U.K.) triggered by the array controller, and the resulting
individual array element responses were digitized and stored.
The incident field was separately characterized in the absence
of the array using a needle hydrophone (75-μm diameter,
Precision Acoustics, Dorchester, U.K.), whose sensitivity was
determined in the frequency range of interest through compar-
ison calibration [33] with a membrane hydrophone (DH1602,
Precision Acoustics). Hydrophone signals were preamplified
(SR 445A, Stanford Research Systems, Palo Alto, CA, USA)
before oscilloscope digitization (HDO 4024, LeCroy, Geneva,
Switzerland). Hydrophone positioning and oscilloscope data
collection were coordinated by control software (UMS2, Pre-
cision Acoustics) and synchronized by trigger pulses from the
array controller.

Hydrophone scan and array response data sets were
processed in MATLAB (Mathworks, Natick, MA, USA) using
the following steps: 1) application of a third-order 200-kHz
high-pass Butterworth filter for low-frequency noise removal;
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Fig. 1. Experimental configurations for (a) array element diffraction pattern measurements, (b) tissue phantom cavitation monitoring, and (c) validation
experiment.

2) application of a 20% Tukey window to reduce endpoint arti-
facts in subsequent frequency processing; and 3) calculation
of Fourier transforms for each field point and array element.
Sensitivities M j ( f ) for all 128 elements were found from the
ratios of the element and hydrophone spectra, the latter being
integrated over the element area.

The use of a planar incident field for determination of the
element sensitivity allows relatively rapid, high signal-to-noise
ratio (SNR) calibration of all array elements. However, the
array’s focusing lens will decorrelate the phase of an incident
plane wave, resulting in a modest low-pass filter effect. This
was mitigated through the use of a normal incidence correction
factor C( f ), found by evaluating (4) at x = 0, z = 20 cm,
and averaging over 0 ≤ y ≤ as . The correction term was taken
to be identical for all elements, and was applied in the final
processing of the cavitation data, described in Section II-E.

3) Hydrophone Directivity Measurement: For completeness,
the directivity of the needle hydrophone to be used for dif-
fraction pattern measurements (Section II-B4) was measured,
rather than using predictions based on an ideal geometry [34].
Measurements were carried out using the same transmission
and scanning instrumentation employed for the element sen-
sitivity experiments, with the addition of a manual rotator
(PR01, Thorlabs, Ely, U.K.) installed on the positioner. The
response of the needle hydrophone was recorded for a range
of −50° ≤ θ ≤ 50° (in 5 ± 0.5° steps) with respect to
normal incidence. These measurements spanned the range of
expected arrival angles from all array elements at all distances
of interest. The directivity data Y ( f, θ) were stored as spectra
normalized by the normal incidence response.

4) Diffraction Pattern Measurement: Individual array ele-
ment diffraction patterns were determined in transmit mode
by driving with a fifteen-cycle linear chirp covering 3–8 MHz,
and mapping the resulting pressure field in a rectangular
grid spanning −6 to 6 mm along the array aperture (x)
and 25 to 85 mm in depth (z) [Fig. 1(a)]. Measurement
grid steps were 0.5 and 6.0 mm in the x- and z-directions,
respectively. The radiated acoustic field was measured with

the same needle hydrophone and data collection system as
was used for the normal incidence element sensitivity and
hydrophone directivity experiments, and signals were averaged
10 times at each scan point. Care was taken to align the scan
plane with the center of the array elevation plane (y = 0).
An additional set of reference field measurements was made
to determine the location and on-axis field strength of the
elevation focus for each element.

The use of this method proceeded under the assumption
that element directivity would be the same whether transmit-
ting or receiving. To enable assessment of this assumption
during each individual element transmission, received signals
were recorded on the adjoining elements in order to quantify
the extent of any electrical crosstalk.

Data sets were processed in the following steps: 1) appli-
cation of a third-order 200-kHz high-pass Butterworth filter;
2) application of a 20% Tukey window; 3) calculation of
hydrophone Hi( f, x, z) Fourier transforms at each field point
along the array aperture (x) and depth (z); and 4) calculation
of the ratio, here termed “diffraction strength”

D j ( f, x, z) = H j ( f, x, z)

H j( f, xref , zref )

Y j ( f, xref , zref)

Y j ( f, x, z)

R j

zref
eik(R j −zref )

(5)

where xref is laterally centered on each element, zref is the
axial location of the elevation focus (found from the data
to be 32 mm), Y j ( f, x, z) is the needle hydrophone direc-
tivity interpolated from Y ( f, θ) using θ = tan(x/z). Range
estimates were based primarily on propagation time found
from a temperature–sound speed relation for water [35], but
also included corrections for an observed trigger to transmis-
sion delay, and the delay through the external hydrophone
preamplifier. The scaling terms at the end of (5) result in D j

representing the deviation of the actual diffraction pattern from
that of a point source.

Simulations and preliminary experiments indicated that the
pressure field patterns changed slowly with respect to element
index, particularly near the array center. Full-field measure-
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ments were therefore collected on 14 of the elements {1:3:16,
22:6:40, 52, 64, 95, and 128}, and the patterns of the other
elements were estimated through spatial interpolation and
assumption of left–right symmetry.

D. Cavitation Measurement

In order to demonstrate the influence of array diffrac-
tion on PAM performance, a set of experiments was con-
ducted wherein cavitation was generated inside a soft tissue-
mimicking phantom using a pair of source transducers and was
monitored with a linear ultrasound array arranged, as shown
in Fig. 1(b).

1) Source Transducers: The single-element focused ultra-
sound (FUS) transducers employed as sources for cavitation
generation and monitoring experiments had a fundamental
frequency of 1.1 MHz, a 64-mm active diameter, and a
62.6-mm spherical focus (H102, Sonic Concepts). The use of
a pair of focally overlapping FUS transducers was intended to
reduce the axial extent of the pressure field relative to what
can be achieved with a single source [36]. The two transducers
were driven identically: tone bursts consisting of 25 cycles
of 1.1 MHz were output from a waveform generator (model
33250A, Agilent Technologies, Cheshire, U.K.) passed to a
power amplifier (ENI A300, Rochester, NY, USA), then on
to a matching transformer and the transducer itself. After
positioning with a spread angle of 120° (Fig. 1) and estab-
lishing focal overlap, final alignment of the source pair was
confirmed through pressure field mapping performed with a
needle hydrophone (200-μm diameter, Precision Acoustics).
Differences in voltage responses of the two sources were
compensated by adjusting waveform generator drive voltage
amplitude and delay in order to balance the focal field contri-
butions from each source.

2) Tissue Phantom: A tissue-mimicking phantom was man-
ufactured using a mixture of 0.5% agar (UltraPure Agarose
1000, Life Technologies, Carlsbad, CA, USA) and 0.25% talc
(Sigma-Aldrich, St-Gallen, Switzerland) by weight in filtered,
degassed water [37]. Inclusion of talc was intended to provide
cavitation nuclei. Once melted, the agar was poured into
a 0.040-mm-thick clear plastic bag lining the interior of a
350-mL glass cylinder and subsequently refrigerated. After
setting, the agar bag was removed from the cylinder for
acoustic testing. Phantom sound speed, attenuation, and broad
spectrum insertion loss of the phantom liner were determined
through conventional through-transmission measurements that
employed the same source as was used for element sen-
sitivity measurements (Section II-C2), along with a needle
hydrophone (200 μm, Precision Acoustics).

3) Cavitation Experiments: Cavitation in the tissue phantom
was monitored with the L7-4 linear array during FUS expo-
sure, with all system timing coordinated by a synchronization
pulse produced once per second from the array controller.
Array time series data were digitized without any spectral
shaping except for that which was provided by the controller’s
antialiasing filter, and stored for subsequent analysis. Each
array data record was 180 μs in duration, sufficient for
capturing any acoustic emissions created in the phantom by the

22.7-μs cycle FUS pulse. The data record contained an initial
window of no less than 60 μs of background noise prior to the
arrival of cavitation signals and FUS source sidelobe radiation.
This signal-free window was used to calculate sensor SNR for
each element.

Measurements were made with array offset distances of
z = 30–80 mm with respect to the FUS source focus, with
10–20 FUS pulse exposures (“shots”) recorded per offset.
Moving the array in this manner allowed investigation of
processing and beamformer performance as a function of
distance in the 0-elevation plane [xz, Fig. 1(a)], and mimics
possible therapeutic monitoring scenarios where cavitation
activity may be produced by a source moving through a broad
range of locations. Since the phantom cavitation response
weakened after several excitation pulses at a single location,
measurements were repeated after shifting the phantom posi-
tion in order to interrogate a “fresh” region.

An independent observation of cavitation activity was made
using a single element focused transducer (Panametrics V320,
7.5 MHz, 2.95” spherical focus, Olympus NDT) acting as a
passive cavitation detector (PCD) [38]. The PCD was coaxially
mounted in the center hole of one of the two H102 sources
so that cavitation activity could be monitored at a fixed
location while the array and phantom positions were varied.
PCD element data were high-pass filtered (F5081-2P0, Allen
Avionics, Mineola, NY, USA), preamplified (SR445A, one
stage), and digitized (HS3, TiePie Engineering, Netherlands)
upon triggering from the array controller. The purpose of
the PCD data was limited to temporal monitoring of relative
cavitation emission strength, so no calibration was performed.

E. Diffraction and Sensitivity Correction

Individual element corrections were applied to raw array
cavitation monitoring data in the frequency domain for each
location in the imaging plane to which the beamformers were
steered. Processing steps consisted of: 1) application of a
20% Tukey window to the time-domain array data Sj (t) in
order to capture cavitation events and minimize the cumulative
level of electronic noise; 2) Fourier transformation [X j ( f )]
of the windowed array data; 3) application of sensitivity and
diffraction correction terms; and 4) inversion of the spectra
back to the time domain for use in existing beamformer codes

p j,comp(t) = L{Re[IFT(X j ( f )/(D j ( f, x, y)M j ( f )C( f ))]}
(6)

p j,uncomp(t) = L{Re[IFT(X j ( f )/(M j ( f )C( f )))]}. (7)

The subscripts comp and uncomp indicate whether dif-
fraction corrections were applied, IFT indicates an inverse
Fourier transform, Re[ ] indicates the real part of the argu-
ment in braces, and L{ } is a low-pass filtering operation
described later. Equation (6) shows that each channel of
the array response data is modified by a spatially inde-
pendent element sensitivity [M j ( f )C( f )], and a diffraction
strength term D j ( f, x, y) that depends on frequency, range,
and angle between each element and each point in the imaging
plane.
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At short distances and high frequencies, the diffraction
patterns may have minima or nulls that would amplify the
sensor noise when applied in (6). To mitigate this problem,
the diffraction terms D j were prewhitened with the addition of
a random noise floor term with rms amplitude of 0.01 relative
to the array maximum value of D j (∼ 1). Low-pass filter
corner frequencies were set by consideration of both data-
invariant and data-specific metrics for each cavitation experi-
ment data set. First, the lowest frequency f j,1(x, y) at which
the whitened D j term fell below 0.2 was determined for each
element. Next, the lowest frequencies for which the individual
element SNRs fell below 3 dB were found ( f j,2). Low-pass
filter corner frequencies for use in (6) and (7) were chosen
to be the minimum of [ f j,1(x, y), f j,2], and filter coefficients
were then calculated using a fifth-order Butterworth formu-
lation. The time series in (6) and (7) were run through the
filter both forward and backward in order to remove passband
phase distortion. Applying the same filtering operations to both
data sets ensured consistency of bandwidth for subsequent
performance comparisons. The corrected and filtered time
series p j,comp(t) and p j,uncomp(t) were then passed to the TEA
and RCB beamformers.

F. Validation Experiment

A validation experiment was conducted in order to assess
the accuracy of the calibration procedures described in the
preceding sections. Ideally, the validation source would have
dimensions of an order consistent with typical cavitation
events to be monitored with PAM, and be time stable so that
the emitted field could be carefully characterized. To meet
these criteria, a wire scattering configuration (see [5], [6]) was
employed [Fig. 1(c)]. A 10-cm-long Tungsten wire (Good-
fellow Cambridge Limited, Huntington, U.K.) of 0.10-mm
diameter was held taut in a clear plastic fixture (not shown) and
irradiated at the focus of a broadband (3–7 MHz) transducer
with a 0.9-mm full-width half-power beam at 5 MHz (V380-
SU, 1.0” diameter, Olympus NDT, Essex, U.K.). The use of
a large diameter source transducer and small diameter wire
were intended to cumulatively minimize the directivity of the
scattered field.

The wire-scattered field was monitored in turn by
the L7-4 array and the calibrated 75-μm diameter needle
hydrophone, the latter being scanned over a line spanning the
aperture of the array. All measurements were conducted with
a 55-mm nominal offset from the wire, corresponding to the
middle of the range of typical cavitation imaging work with the
L7-4. The pulser used for element sensitivity measurements
(Section II-C2) was used both to drive the focused transducer
and to filter and preamplify the relatively small signals from
the needle hydrophone. The preamplification gain and phase
were determined as a function of frequency using a reference
signal provided by a waveform generator (single 5-MHz
cycle from 33250A, Agilent Technologies) and calculating
the spectral ratio of amplified and unamplified signals. Wire
backscatter measurements were periodically acquired on the
focused transducer as a measure of alignment and drive level
stability.

Fig. 2. Comparison of the Rayleigh integral calculations (“Rayleigh,”
left column), Rayleigh integral calculations with 32-mm elevation focus
(“Rayleigh EF,” middle column), and measurements (right column) of the
diffraction pattern for (a)–(c) array element 1, (d)–(f) element 34, and
(g)–(i) element 64 at a frequency of 6 MHz. Element positions are illustrated
to the left of the data plots. The black line overlay indicates a −6-dB contour.

Array signals were windowed to exclude direct path signals
from the focused transducer and processed according to (6) to
yield element pressures. Hydrophone signals were corrected
for sensitivity, directivity, and preamp gain Gpre( f ) according
to

phyd(t, x, z) = L{Re[IFT(X ( f, x, z)/K ( f, x, z))]} (8a)

K ( f, x, z) = Mhyd( f )Y ( f, x, z)Gpre( f ). (8b)

In all cases, the voltage spectra X were calculated as
in Section II-E, and the filter L was set with a corner frequency
of 7.0 MHz.

III. RESULTS

A. Array Element Diffraction Patterns

Examples of measured array element diffraction patterns are
shown in Fig. 2 for a frequency of 6.0 MHz (near the center of
the 3.5–8.0 MHz band where sensitivity and diffraction data
were both available), along with pattern predictions described
in Section II-B. The displayed quantity in Fig. 2, referred to
as “diffraction strength,” is the diffraction pattern scaled by
the distance from the array element to each field point (5).
A value of 0 dB indicates that the element responded as if
it were a point monopole. The measurements show much
stronger position dependence than either of the predictions,
but the inclusion of an elevation focus leads to improved
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Fig. 3. Predicted and measured diffraction patterns for elements spanning
the left half of the array, observed along the array centerline (between
elements 64 and 65). Four-megahertz patterns for axial distances of (a) 37 and
(b) 77 mm. Seven-megahertz patterns for axial distances of (c) 37 and
(d) 77 mm. Element positions are normalized relative to the full array aperture,
so the left half of the array spans a range of −0.5 to 0.0.

agreement, particularly when the angle between element and
field point is small, as shown in Fig. 2(h) and (i).

The variation of diffraction strength with frequency, axial
distance, and element position is shown in Fig. 3 along
the centerline of the array (between elements 64 and 65)
for measured elements spanning the left half of the array
aperture. As expected, diffraction effects are strongest at the
high frequency and shortest axial range [Fig. 3(c), 7 MHz,
37 mm]. Best agreement with measurements is achieved when
the prediction includes an elevation focus, the angle between
array element and field point is smallest (near-center elements,
long axial range), and at lower frequencies [see Fig. 3(b)].
These are the same conditions under which deviations from
point monopole behavior are minimal (diffraction strength
∼0 dB). Collectively, Figs. 2 and 3 demonstrate that neither a
point monopole nor the 2-D models employed here is adequate
for describing the array element responses under many PAM
application conditions.

B. Calibration Validation

Before describing the impact of using measured diffraction
data to compensate array-measured cavitation signals, it is
important to confirm that the proposed calibration approach
is valid for a “known” source. The results of the validation
experiment are summarized in Fig. 4. Root-mean-square pres-
sure (prms, j ) scattered by the thin-wire target is shown as a
function of position (either for the fixed array elements or the
scanning hydrophone), all calculated within a τ = 10−μs time
window. The element diffraction compensation process mod-
ifies the array pressure distribution so as to closely match the

Fig. 4. Array and scanned hydrophone rms pressures obtained from the
validation experiment. Negative position values denote locations in the same
half space as the focused transducer illuminating the target. Values in the
legend are spatially averaged energy per unit area.

absolute amplitudes observed with the scanned hydrophone.
Without compensation, the array field is substantially distorted.
Asymmetry of the calibrated fields is generally consistent with
expectations for side scattering from a cylinder whose radius
is acoustically small [39].

The array response data in Fig. 4 indicate a larger degree of
point-to-point variability than the hydrophone scan. The scale
of this variability appears to be on par with the cumulative
receive and transmit channel sensitivity standard deviations
(8% and 3%, respectively) after calibration, which themselves
are similar to the rated values for array controller variability
(12% and 3.5%, respectively) [40].

Values of spatial average energy per unit area (F =
(τ/Nρc)

∑N
j=1 p2

rms, j ) shown in the legend of Fig. 4 indicate
that the diffraction compensation process raised the array
estimate from 47% to 88% of the hydrophone estimate.
The final discrepancy of 12% is the same size as the best-
case uncertainty for the hydrophone calibration (1.06, squared
for energy estimates). These results validate the calibration
and correction procedures described in Sections II-C and II-
E, and facilitate quantitative analysis of cavitation maps in
Sections III-C–III-F.

C. Effect of Diffraction Correction on Cavitation
Energy Estimation

The impact of array element response compensation on
cavitation mapping is shown in Fig. 5 for TEA and RCB beam-
formers applied to tissue phantom cavitation events centered
at an axial observation offset (depth) of approximately 57 mm.
Despite the stark differences in map patterns between the two
beamformers, the net effect of the compensation processing
is seen to be similar for both in terms of cavitation energy
estimation. The corrected map energies are elevated on the
order of 3–5 dB (factor of 2–3), with a relatively modest
impact on beamwidth (<15% both axially and laterally).
These results demonstrate the importance of diffraction cor-
rection for obtaining comparable cavitation measurements
irrespective of the beamforming algorithm used.
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Fig. 5. Examples of passive acoustic maps of a single ultrasound shot
observed with an array offset of approximately 57 mm. TEA beamformer
(a) uncompensated, (b) compensated, and (c) axial patterns passing through
the image maxima. RCB beamformer (d) uncompensated, (e) compensated,
and (f) axial patterns passing through the image maxima. The thin-black
line contour overlays on the cavitation images indicate 70% amplitude
boundaries for each map. (a)–(e) have identical color scales. Values in
(a) and (c) were normalized by the compensated image maximum in (b),
while (d) and (f) were normalized by the image maximum in (e).

D. Beamformer Sensitivity to Diffraction Correction

The influence of diffraction compensation on beamformer
performance as a function of depth is shown in Fig. 6. The
ratios of uncompensated and compensated peak energies indi-
cate how strongly the map maxima are changed by the diffrac-
tion compensation process. Under ideal conditions, the ratios
would further indicate the extent of energy under estimation
(i.e., estimation error) if diffraction were not accounted for.
The green line in Fig. 6 is the mean square of the measured
diffraction strength (MSD) at three depths along the array
centerline (x = 0), integrated over the � f = 3.5–7.0 MHz
band

MSD(z) = 1

N

1

� f

N∑
j=1

(∫ f =7.0

f =3.5
|D j ( f, x = 0, z)|d f

)2

. (9)

The TEA beamformer mean energy ratios vary between
0.38 and 0.5, meaning that in the absence of any compensation,
the algorithm would typically underestimate the energy by
more than a factor two. The TEA values track the MSD
curve within 10%–20%, suggesting that MSD may be used
as a quick estimate of diffraction effects on the peak energy
calculation when the cavitation activity is near the array
centerline.

Fig. 6. Ratios of peak cavitation map energy without (Euncomp) and with
(Ecomp) diffraction compensation as a function of beamformer type and axial
range between cavitation events and the receive array. Solid bar heights
indicate multiple shot averages (N = 15–20) and error bars indicate ±1
standard deviation. The green overlay (right ordinate) is the mean-squared
diffraction strength integrated from 3.5 to 7.0 MHz.

By contrast, the RCB results show a more pronounced
sensitivity to imaging depth, with strongest effects at short
distances. Insight into this behavior may be gained from
examination of the RCB-calculated array weights as shown
in Fig. 7. The examples shown are for two cavitation events
observed at axial ranges of 37 and 77 mm, with weights
displayed for the image pixel corresponding to the location
of image peak energy. The RCB process tends to reduce the
central element contributions and elevate those of the end
elements in order to improve resolution and suppress influence
from cavitation events in nearby locations.

At the shorter axial range (37 mm), the uncompensated
weights show a broader suppressed central region and nar-
rower end element amplification, meaning that the beam-
former is relying on a relatively small number of elements
to adjust the overall response. These end elements also show
the strongest diffraction effects, namely, loss of bandwidth
and mean-square signal level. Upon compensating the array
elements, the variance of the weights is seen to significantly
decrease.

Although the two cavitation events in this example were not
identical (recorded nonsimultaneously at two depth offsets),
they serve to illustrate how RCB operates on array channel
data, and why short range energy ratios (Fig. 6) would show
more pronounced compensation effects.

E. Effect of Diffraction Correction on Cavitation Map
Spatial Resolution

The impact of diffraction compensation on cavitation map
half-amplitude full-axial beamwidth is shown in Fig. 8.
The TEA results exhibit a beamwidth decrease on the order
of 10%–15% after compensation (black and light gray bars),
while the RCB results indicate a negligible decrease (dark
gray and white bars). Similar results were seen for lateral
beamwidth (data not shown). Together these results raise ques-
tions about how different beamformers make use of broadband
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Fig. 7. RCB weights for cavitation events centered at depths of (a) 37 and
(b) 77 mm. Weight values are shown for image pixels corresponding to the
location of maximum estimated energy. Element positions are normalized
relative to the full array aperture.

information to form an image, but this issue is beyond the
scope of this paper.

Overall, the diffraction compensation effects on beamwidth
are relatively small relative to the differences in absolute
beamwidth attained with the two beamformer methods. This
implies that resolution of broadband cavitation emissions was
limited by the low end of the received signal spectrum, which
was not substantially altered by the diffraction compensation
process. As such, PAM resolution of inertial cavitation events
may be improved simply by applying a high-pass filter to
the array data [5], [6]. Moreover, the weights found with the
current implementation of RCB are frequency-independent and
real-valued, and it may be that the absence of these restrictions
would allow better utilization of restored high frequency
information to further improve resolution. Assessment of the
tradeoff between bandwidth, resolution, and interfering source
suppression is beyond the scope of this paper, and will be
treated as part of a subsequent paper.

F. Effect of Diffraction Correction on Beamformer Bias

Up to this point, the impact of diffraction correction has
been described with a mixture of absolute and relative energy
metrics, and a question remains whether the proposed process-
ing approach is likely to mitigate potential observation biases,
particularly as related to the use of different beamformers.
Fig. 9 shows map-peak cavitation energy estimates for eight
consecutive shots recorded at a depth of approximately 32 mm.
For each shot, the individual bars show peak map energies for
both beamformers, before and after diffraction compensation.
The green overlay quantifies energy calculated with the PCD,
which served as an independent estimator of cavitation activity.

The energy levels observed by the PCD and the beam-
formed array drop more than an order of magnitude over
the shot sequence, perhaps as expected for a phantom (with

Fig. 8. Half-amplitude full-width cavitation map axial beamwidths with-
out and with diffraction compensation as a function of beamformer type
and cavitation depth. Solid bar heights indicate multiple shot averages
(N = 15–20) and error bars indicate ±1 standard deviation.

Fig. 9. Energy estimates from the array (solid bars) and PCD (green line)
for eight shots recorded when the array was approximately 32 mm from the
cavitation activity. Both energy axes have 30-dB range. The PCD transducer
was not calibrated, and is therefore displayed in voltage units.

no flow or other means to replenish nuclei) being repeatedly
exposed at the same location to FUS at an incident pressure
level close to the cavitation threshold (approximately 1.5-MPa
peak negative). As the energy levels dropped in both mea-
surement systems with increasing shot number, the PCD and
array results diverged somewhat. This is not surprising, since
the PCD and the linear array have different spatial sensitivity
patterns, and the cavitation activity is not necessarily confined
to the PCD focus.

The uncompensated peak energies estimated with the two
beamformers show discrepancies (black and dark gray bars)
that increase from a factor of approximately two to as much as
five as the overall energies dropped. However, the diffraction
compensation process largely erased these discrepancies, with
the two compensated beamformers (light gray and white
bars) yielding values within 12.2% ± 6.6% (mean ± standard
deviation) of each other over the ensemble of shots. Echoing
the results in Fig. 6, the compensation process always has
a larger effect on RCB-computed energies than on those of
TEA. The compensated RCB energies are slightly smaller than
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those of TEA—a result which is thought to be a consequence
of RCB rejection of interfering regions that may artificially
inflate TEA estimates [7].

IV. DISCUSSION

The preceding results demonstrate the significance of dif-
fraction correction for PAM, particularly when imaging cav-
itation events relatively close to the monitoring array. For
such measurement scenarios (see [7], [41]), this paper implies
that passive mapping studies performed to date may have
substantially misreported cavitation source energies. One inter-
pretation may then be that it would be simplest to not use those
array elements that are farthest from the imaging location of
interest. A predefined subarray beamforming approach [5] is
one such example, but the tradeoffs between reduced spatial
resolution and reduced diffraction sensitivity would need to
be carefully weighed against the needs and priorities of the
beamforming activity (e.g., detection, localization, and energy
quantification). As presented here, the diffraction correction
process appears to provide more flexibility for how the array
aperture may be used.

SNR-based selection of array channels, in combination with
an adaptive beamformer, may ultimately prove to provide
the best resolution while mitigating the influence of noisy
data near the aperture boundaries. Regardless of the aper-
ture chosen, some degree of amplitude correction relative to
beamformer-presumed diffraction would appear to be neces-
sary for mapping over a broad range of axial positions and
frequencies.

All diffraction terms were measured in transmission mode
and used under the assumption that the spatial field char-
acteristics are the same whether the elements are used as
transmitters or receivers. The drive level used for these
experiments was approximately 40% of the full range of the
drive system, and spot checks at lower drive levels did not
reveal any changes in element response detectable beyond
the measurement uncertainty associated with finite SNR. This
suggests that nonlinearity in the electromechanical response of
array structure was unlikely to influence the results, but it does
not rule out electrical or mechanical interelement coupling.
However, the responses of elements immediately adjoining a
driven element showed no signal until approximately 0.33 μs
after the transmission began (data not shown). This delay is
on a plausible scale for intra-array wave propagation [e.g.,
the time to travel across one element (0.3 mm) through a slow
lens-like material (c ∼ 910 m/s)]. Based on these observations,
electrical crosstalk did not appear to impact the diffraction
measurements.

No simple scaling of the element width was found to
provide a suitable diffraction pattern match over the range
of frequencies and observation points in this paper. A more
complete model incorporating lens refraction, losses, and other
aspects of array construction may well reproduce the salient
field features, but development of such models still requires
validation through experiment.

Uncertainties enter the array compensation process from
multiple sources that may be relatively straightforward
(hydrophone and array controller calibration) or challenging

(component alignment) to quantify. As such, one added value
of the validation experiment is to quantify the cumulative
error. In this paper, the array energy estimate was 12% below
that which was based on the hydrophone scan. Whether this
level of uncertainty should be expected from the proposed
procedures will not be known until they are repeated several
times with multiple arrays and acquisition systems.

This paper featured a single serial number of one array
model, so it is natural to question whether other arrays would
show similar behavior. Field pattern measurements made with
two other linear arrays (Verasonics L11-4v, ATL L12-5, data
not shown) showed trends relative to the L7-4 that were
consistent with general expectations based on element size
and elevation focus.

Alternative methods for assessing element diffraction effects
include small target scattering measurements [6], [42], [43],
performed over suitable spatial and spectral ranges. While
perhaps more challenging based on the small signal levels in
such experiments, there may be advantages in that all element
responses could be obtained from the same data set, and
the procedure of field normalization at the elevation focus
would be unnecessary. Based on the SNR observed in the
validation experiment (Section II-F), array characterization
over the relevant range of target locations would take several
weeks of facility time. By contrast, the calibrations described
in Section II-C were completed in two days.

Since diffraction patterns were measured in a plane normal
to and centered on the array aperture, no elevation plane
integration effects were included in the correction calculations.
This was intentional, as the significance of elevation directivity
would depend on the spatial distribution of cavitation in
the elevation plane, which is generally not known and is
FUS-system dependent. Spot checks indicated that elevation
directivity effects could be nonnegligible at high frequencies
and short ranges near the elevation focus, but quantifying the
impact will require further study.

The energy values determined by the TEA and RCB beam-
formers are based on partial spatial sampling of the cavitation
field with a diagnostic array. Formally, the radiated acoustic
energy should be found from the intensity integrated over a
surface that completely encloses the source(s) [32]. The beam-
formers have been numerically validated for simple cases [44],
and quantification of energy estimation uncertainties arising
from the use of partial field sampling is part of ongoing
research.

The various filtering and inversion processes described
here were carried out for every location in the imaging
domain. Processing may be greatly accelerated by running the
beamformer once without corrections in order to locate the
primary cavitation region, then a second time in order to apply
corrections over a limited region of interest. Independently,
faster algorithmic implementation will be possible through
the use of frequency-domain beamforming, where retained
data volumes are smaller [8], filtering operations need not
be causal, and multiple inversions (time to frequency to
time) of element data need not be done at all. All of these
approaches may be further accelerated through the use of
graphical processing units [8], [45].
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Array element SNR during the cavitation measurements
rarely exceeded 30 dB, largely as a consequence of operating
the excitation sources to produce an incident pressure just
above the inertial cavitation threshold of the agar phantom.
The modest SNR, particularly on the array edge elements
in the short range experiments described in Section III-F,
was useful in illustrating methods to keep inversion process-
ing from significantly enhancing noise contamination of the
energy estimates. Noise contamination of PAM data manifests
as elevated sidelobe and “tail” levels [7], neither of which
were seen in the analyses. However, since all tests presented
here were conducted in low-loss media (phantom attenuation
<0.2 dB/cm at 9 MHz, data not shown), limitations on applica-
tion of the diffraction correction technique in terms of useable
bandwidth are not yet known. For clinically relevant soft
tissue applications, short range (less than the elevation focus)
measurements may still be dominated by diffraction effects,
while at longer ranges, diffraction effects may be dwarfed
by path attenuation. Accounting for both, along with related
analysis of range-related mapping biases are the subjects of
our next paper.

The array diffraction terms were measured in a water tank at
a temperature of approximately 19 °C–20 °C, where the sound
speed in water and the phantom were estimated to be within
5 m/s of each other. Sound speeds in clinically relevant soft
tissues may differ from the water on the order of ±10% [46].
The influence of tissue sound speed and its spatial distribution
on diffraction correction is expected to be modest given the
slow variations in the image plane observed in this paper,
but the cumulative effects on energy estimation and image
resolution are the subjects of ongoing research.

V. CONCLUSION

The results in this paper highlight the significance of
experimentally characterizing array element responses for
accurate quantitative mapping of cavitation sources. Diffrac-
tion correction is particularly important when: 1) comparing
cavitation data from different depths, arrays, or processed
with different beamformers or 2) using absolute cavitation
thresholds to indicate a particular bioeffect. Both point and
planar 2-D element diffraction predictions were found to
provide inaccurate estimates of the measured fields over a
large range of relevant conditions, with limited improvement
gained by including an elevation focus. Discrepancies grew
as frequency and image plane angle increased, and it appears
that measurement-based element characterization is necessary
for accurate array modeling and processing, as well as for
validation of any numerical methods applied to the imaging
problem being addressed.

The diffraction compensation process, as validated here with
a small target scattering experiment, serves to rebalance the
spectrum of each array element, and in combination with
a sensitivity calibration, produces element responses which
should be unbiased by the specifics of the element geometry
and construction. This in turn is intended to remove array and
depth related biases from cavitation mapping processing—an
essential part of comparing results from different beamform-
ers, laboratories, or clinics. Quantitatively, compensation for

measured diffraction effects manifested as an increase in esti-
mated cavitation energy by as much as a factor of five, while
eliminating a beamformer algorithm bias. Absolute or at least
consistent estimation of cavitation energy may be of critical
concern in applications where a certain amount of bubble
activity is correlated with a desired bioeffect. In other appli-
cations where detection of cavitation is paramount, diffraction
compensation processing may be less important. Although
examined in the context of PAM for cavitation monitoring,
the techniques used here may also be applied to B-mode
or active cavitation monitoring, potentially offering more accu-
rate and improved imaging results than when assuming ideal
point or plane radiator directivity.
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