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Simulating Focused Ultrasound Transducers Using
Discrete Sources on Regular Cartesian Grids

Eleanor Martin, Yan To Ling, and Bradley E. Treeby, Member, IEEE

Abstract— Accurately representing the behavior of acoustic
sources is an important part of ultrasound simulation. This is
particularly challenging in ultrasound therapy where multiele-
ment arrays are often used. Typically, sources are defined as a
boundary condition over a 2-D plane within the computational
model. However, this approach can become difficult to apply
to arrays with multiple elements distributed over a nonplanar
surface. In this paper, a grid-based discrete source model for
single- and multielement bowl-shaped transducers is developed to
model the source geometry explicitly within a regular Cartesian
grid. For each element, the source model is defined as a symmet-
ric, simply connected surface with a single grid point thickness.
Simulations using the source model with the open-source k-Wave
toolbox are validated using the Rayleigh integral, O’Neil solution,
and experimental measurements of a focused bowl transducer
under both quasi-continuous wave and pulsed excitations. Close
agreement is shown between the discrete bowl model and the
axial pressure predicted by the O’Neil solution for a uniform
curved radiator, even at very low grid resolutions. Excellent
agreement is also shown between the discrete bowl model and
experimental measurements. To accurately reproduce the near-
field pressure measured experimentally, it is necessary to derive
the drive signal at each grid point of the bowl model directly using
holography. However, good agreement is also obtained in the focal
region using uniformly radiating monopole sources distributed
over the bowl surface. This allows the response of multielement
transducers to be modeled, even where measurement of an input
plane is not possible.

Index Terms— Acoustic measurements, boundary conditions,
computational modelling, matlab, model checking, numerical
simulations, pressure measurement, ultrasonic transducers.

I. INTRODUCTION

ACCURATELY representing source conditions is an
important part of numerical simulation in ultrasound,

particularly in high-intensity focused ultrasound (HIFU) and
other ultrasound therapies where multielement arrays are
used [1], [2]. Typically, ultrasound sources are defined within
computational models as boundary conditions defined over
a 2-D input plane [3]. These input planes are either mea-
sured experimentally [2], [4] or projected using analytical
expressions [5]. However, for arrays with multiple elements

Manuscript received December 24, 2015; accepted August 14, 2016. Date
of publication August 16, 2016; date of current version October 1, 2016.
This work was supported by the Engineering and Physical Sciences Research
Council, U.K., under Grant EP/L020262/1 and Grant EP/M011119/1.

E. Martin and B. E. Treeby are with the Department of Medical Physics and
Biomedical Engineering, University College London, London, WC1E 6BT,
U.K. (e-mail: elly.martin.@.ucl.ac.uk).

Y. T. Ling is with the Department of Medical Physics and Biomedical
Engineering, University College London, London, WC1E 6BT, U.K., and
also with the Interdisciplinary Division of Biomedical Engineering, The Hong
Kong Polytechnic University, Hong Kong.

Digital Object Identifier 10.1109/TUFFC.2016.2600862

distributed over a nonplanar surface, there are two limitations
with this approach. First, if the focal region is close to or
within the bounding surface of the array (as is the case for
hemispherical arrays used in transcranial applications [6]),
it is difficult to define a single 2-D plane over which the
source can be measured and applied. Second, the input plane
must be defined (i.e., measured or projected) for each set
of drive conditions. This is a significant limitation when
investigating the response of clinical HIFU systems, which
may have hundreds or thousands of individual elements that
are phased differently for each sonication [2]. One way in
which these limitations can be overcome is to use an explicit
source model. In this case, the response of the source is
included within the model as the injection of mass or force
at particular grid points within the computational mesh rather
than the imposition of a planar boundary condition. For finite
difference and pseudospectral models, which are arguably
the most commonly used numerical methods in ultrasound
simulation [7], a regular Cartesian grid is generally used and
thus the source geometry must also conform to this mesh.
In this paper, a grid-based discrete source model for single-
and multielement bowl-shaped transducers is developed and
validated against analytical models and experimental data.

II. DISCRETE SOURCE MODEL

A. Requirements

There are several requirements for the grid-based bowl-
shaped source model. First, sources of the same radius
of curvature and diameter facing the positive/negative x-
direction, y-direction, or z-direction should be represented
by the same shape and the same number of grid points.
This means the sphere on which the bowl lies should have
three axes of order-two rotational symmetry. Second, the
source model should be simply connected and have only
a single grid point thickness. This is to ensure that the
acoustic field generated by the source is neither magnified or
smoothed due to overlapping source points nor reduced due
to discontinuities. The model is simply connected if for each
grid point marked as part of the source, exactly 8 out of the
26 neighboring points are also marked (with the exception of
grid points along the outer rim of the source). In this context,
a surface defined within the Cartesian grid is understood to
be a collection of simply connected grid points.

B. Formulation

The geometry of the bowl-shaped source model is defined
as shown in Fig. 1 (the bowl is mathematically equivalent
to a spherical cap). Each transducer element is defined by
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Fig. 1. Geometry of the discrete source model. Each bowl transducer is
defined by the position of the rear surface b, the radius of curvature, the
diameter, and a point on the beam axis f .

Fig. 2. 2-D illustration of the steps used to create the discrete source model.
First, a distance matrix is calculated containing the Euclidean distance from
each point to the center of the sphere on which the bowl lies (darker indicates
larger distance). Next, the grid points where the distance is within 0.5 grid
steps of the radius of curvature are labeled. Finally, points that lie outside
the arc angle of the bowl are removed. (a) Distance matrix. (b) Circle/sphere.
(c) Arc/bowl.

the position of the center of the rear surface of the bowl b
(analogous to the midpoint of an arc in 2-D), the radius of
curvature of the bowl, the diameter, any point on the beam
axis f where f �= b (this defines the orientation of the source),
and the overall size of the Cartesian grid in which the source
is defined. Using these parameters, the position c of the center
of the sphere on which the bowl lies is calculated using

c = radius

‖f − b‖ (f − b) + b. (1)

A distance matrix is then created that contains the Euclidean
distance from each point in the Cartesian grid to c. An example
in 2-D is given in Fig. 2(a). A series of bidirectional line
searches along each dimension of the distance matrix is then
conducted (i.e., first along all the rows in each direction
and then along the columns). The grid points with Euclidean
distance to the sphere center within 0.5 grid steps of the radius
of curvature are then labeled. This results in a singly connected
sphere (or circle in 2-D) with the correct radius centered at c.
An example is shown in Fig. 2(b).

Next, the grid points within the sphere that do not form part
of the bowl are removed. This is performed by calculating
the angle θp between the vector from each grid point p on
the sphere surface to the sphere center c and the vector from
the rear surface of the bowl b to the sphere center using the
geometric definition of the dot product

θp = cos−1
(

(p − c) · (b − c)
‖p − c‖‖b − c‖

)
. (2)

Fig. 3. Top: three views of a low-resolution grid-based bowl transducer
generated, as described in Section II-B. The radius of curvature of the bowl
is 100 grid points and the diameter is 45 grid points. Bottom: example of a
multielement hemispherical transducer array containing 64 individual bowls.

The grid points for which θp is greater than the half arc
angle θa , where

θa = sin−1(diameter/(2 × radius)) (3)

are then removed. This leaves a symmetric and simply con-
nected bowl-shaped surface with a single grid point thickness.
Functions to generate single and multiple bowls (in 3-D)
and single and multiple arcs (in 2-D) using this approach
were written in MATLAB. An example of a low-resolution
bowl and a multielement hemispherical array containing 64
individual bowls (based on [6]) are shown in Fig. 3. Note that
in Figs. 2 and 3, grid points that form part of the source are
visually represented by pixels of size �x × �y (in 2-D) or
voxels of size �x × �y × �z (in 3-D) centered about the
position of each grid point.

C. Source Scaling

The representation of the bowl surface as a series of discrete
grid points on the Cartesian grid gives rise to staircasing
errors [8], [9]. In particular, for low grid resolutions, the
discrete source points are further away from the ideal bowl,
which can affect the structure of the generated acoustic waves,
particularly in the near field. The staircase representation of
the source geometry also introduces a scaling issue due to the
different density of grid points in grid and diagonal directions.
For example, a horizontal line tilted at 45° to the grid axis
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Fig. 4. (a) Axial pressure from a focused bowl transducer calculated using
the O’Neil model (solid lines) and the discrete source model (dotted lines) for
two different PPWs. Even at very coarse grid resolutions close to the Nyquist
limit, the main features of the pressure field are captured. (b) Convergence of
the l2 relative error norms with the number of PPW. (c) Normalization factor
between the unscaled and analytical maximum pressure.

will contain a factor of
√

2 fewer grid points per unit length
than a horizontal line aligned with the grid axis. This disparity
results in the generated acoustic pressure being a factor of

√
2

smaller. This can be corrected for by introducing an individual
scaling factor for each grid point that forms part of the source.
The scaling factor is calculated based on the average distance
from the grid point to its connected neighbours, divided by
the equivalent average distance for a reference plane (3-D) or
line (2-D) source aligned with the Cartesian grid axes. For
example, for a horizontal line tilted at 45° to the grid axis, the
average distance for a grid point on the line to its connected
neighbors is (

√
2+√

2)/2 = √
2, while the reference distance

is (1 + 1)/2 = 1, giving a scaling factor of
√

2. As an
alternative, it is also possible to extract a single scaling
factor that corrects for the difference in peak pressure based
on a reference simulation or measurement (i.e., normalize
the maximum pressure to a known value). However, this
factor will change depending on the discretization parameters
[see Fig. 4(c)] and requires a suitable reference value.

III. NUMERICAL TESTING

To test the grid-based discrete bowl model, a series of
simulations was performed using the open-source k-Wave

MATLAB toolbox [10], [11]. This solves the acoustic equa-
tions on a regular Cartesian grid using a k-space pseudospec-
tral scheme. The source was modeled as the injection of mass
in free space. Within k-Wave, this is performed by defining a
source mask (which specifies the grid points that form part of
the source geometry) and a time-varying source pressure for
each grid point in the source mask. Further details about the
governing equations and source terms can be found in [12] and
the k-Wave user manual. Note that the solution obtained with a
uniform mass or uniform monopole source distribution within
k-Wave is equivalent to the Rayleigh and O’Neil integral
solutions with a uniform distribution of the normal component
of vibrational velocity over the transducer surface [7], [13].

The source geometry was based on the H-101 spherically
focused single-element HIFU transducer (Sonic Concepts,
WA, USA). This has a nominal diameter of 64 mm and a
radius of curvature of 63.2 mm. The discrete bowl surface was
calculated as described in Section II-B and used to define the
source mask within k-Wave. The beam axis was aligned with
the Cartesian grid, and the source was driven by a continuous
wave (CW) sinusoid at 1.1 MHz assuming linear and lossless
propagation. The medium properties were set to those of water
at room temperature, with a sound speed of 1482 m/s and a
density of 998.2 kg/m3. For each simulation, the steady-state
pressure amplitude was recorded, and the l2 relative error norm
in the axial pressure was calculated according to

l2 [%] = 100 ×
√∑

x (pkwave(x) − pref(x))2∑
x (pref(x))2 . (4)

The reference axial pressure was calculated using the O’Neil
solution for a focused radiator of the same dimensions [15].

Simulations were repeated using grid discretizations from
2.2 up to 11.9 points per wavelength (PPW). This corresponds
to grid sizes of 256 × 128 × 128 up to 1408 × 704 × 704
grid points. The simulations were run using the parallelized
C++ version of k-Wave [12]. The numerical model used
in k-Wave is exact in the limit of wave propagation in a
homogeneous and lossless medium [10]. This means that
changing the number of PPW only changes the discretization
of the source geometry and not the accuracy of the numerical
model. [While the numerical model can theoretically propagate
waves up to the Nyquist limit of 2 PPW, in practice, a slightly
higher PPW is needed for the perfectly matched layer to work
correctly [14].]

Results for the on-axis pressure for 2.2 and 9.7 PPW are
shown in Fig. 4(a). Even at a very low PPW close to the
Nyquist limit, the main features of the beam are still captured
by the model. The biggest discrepancies are in the near-
field region close to the source. This is due to the spatial
offset between the desired bowl geometry and the discrete
set of grid points used to represent it. This offset may be
up to half a grid step (which corresponds to a quarter of a
wavelength at 2 PPW) and has a notable effect on the near-
field pressure distribution. It may be possible to reduce this
error at low PPW by introducing a phase shift or time delay
for each discrete source point dependent on its distance from
the desired geometry.
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Fig. 5. Photograph of the experimental setup showing the bowl-shaped
H-101 transducer and the 0.2-mm PVDF needle hydrophone mounted in the
scanning tank.

At higher PPW, there is very close agreement between the
simulation and analytical results. The convergence of the l2
relative error norm with the number of PPW is shown in
Fig. 4(b). The three curves correspond to the source with
no scaling (solid line), the source with individual scaling
factors as described in Section II-C (dashed line), and the
unscaled source normalized to the maximum pressure of
the O’Neil solution (dotted line). As expected, the error in the
unscaled source does not approach zero at higher PPW due to
staircasing errors. However, when the source is normalized or
the source scaling is included, the errors converge very rapidly.
The error is below 5% by 6 PPW and below 1% by 12 PPW.
The normalization factor for the unscaled source is shown in
Fig. 4(c). At low PPW, this factor has a strong dependence
on the grid parameters. Consequently, a normalization factor
calculated using one value of PPW should not be used at other
values of PPW or for other bowl geometries.

IV. EXPERIMENTAL TESTING

A. Experimental Measurements

In addition to numerical testing, simulations using the
source model were compared with experimental measurements
made in the acoustic field generated by a single-element
spherically focused HIFU transducer (H-101, Sonic Concepts,
as above). The acoustic pressure field was measured in a tank
of deionized water (at 22 ± 0.1 °C) with a 0.2-mm PVDF
needle hydrophone (Precision Acoustics, Dorchester, U.K.),
as shown in Fig. 5. The hydrophone was positioned using
a scanning tank (Precision Acoustics, Dorchester, U.K.) with
five computer-controlled translation stages. The transducer was
driven by a signal generator (33522A, Agilent Technologies,
Santa Clara, CA, USA) connected via a 75 W power amplifier
(A075, E&I, Rochester, NY, USA) and an impedance matching
network.

Measurements were made under both quasi-CW and pulsed
conditions. In the quasi-CW case, the transducer was excited
by a 45-cycle sinusoidal burst at a frequency of 1.1 MHz and
a pulse repetition frequency of 200 Hz. To achieve steady-
state conditions, the hydrophone signal was acquired in a
time window that occurred after signals from all parts of

the transducer had arrived but before reflections from the
measurement equipment had reached the hydrophone. A planar
scan perpendicular to the beam axis was acquired at an RMS
drive voltage of 2.7 V (measured at the matching network).
Additional axial line scans were performed at both this drive
level and an RMS voltage of 5.4 V.

In the pulsed wave (PW) case, the transducer was excited
by a 4-cycle sinusoidal pulse at a frequency of 1.1 MHz
and a pulse repetition frequency of 200 Hz. The time win-
dow for acquisition of the hydrophone signal included the
earliest and latest arrival times of the pulse from all parts
of the transducer. A planar scan perpendicular to the beam
axis was acquired at a peak-to-peak drive voltage of 7.3 V.
Additional axial line scans were performed at this drive level
and at a peak-to-peak voltage of 16.6 V. In both cases, low
transducer drive levels were used to allow the use of a con-
ventional PVDF hydrophone for measurement of the acoustic
field.

In both the CW and pulsed conditions, the planar scan cov-
ered an area of 45 mm×45 mm at a distance of 42.5 mm from
the rear surface of the transducer with a spatial step size of
300 μm. Signals were digitized with a Tektronix DPO5034B
digital phosphor oscilloscope (Tektronix, U.K. Ltd., Berkshire,
U.K.) with a sampling frequency of 125 MHz and 32 aver-
ages. Line scans were performed along the transducer beam
axis from a distance of 30 to 100 mm with a step size
of 200 μm.

B. Simulation Setup and Optimization of Bowl Geometry

The experimental data from the planar scans were used
to obtain the pressure at the surface of the discrete bowl
source using linear acoustic holography. k-Wave simulations
(including absorption and nonlinearity) based on the discrete
bowl model were then performed to obtain the generated
pressure field. For the simulations, the medium properties were
set to those of water at 22 °C (the mean temperature during the
measurements), with a sound speed of 1488.5 m/s, a density of
997.8 kg/m3, a nonlinearity parameter (B/A) of 4.96, and an
absorption coefficient of 2.17 × 10−3 dB cm−1 MHz−2. The
drive signals were defined in two ways: 1) directly using
the pressure signal at each grid point of the bowl model
calculated using holography and 2) using a uniform mass
source distribution across the transducer surface. While the
resulting pressure distribution at the source in this case is not
necessarily uniform, for convenience, this condition will be
herein referred to by the equivalent mean pressure amplitude,
p0. As the source may not behave like an ideal radiator and the
geometry may differ from the nominal parameters specified
by the manufacturer, an optimization was first performed to
find the effective diameter and radius of curvature of the
source. The optimization was performed by minimizing the l2
error between the normalized pressure magnitude calculated
using the Rayleigh integral for a focused radiator (calculated
with a uniform distribution of the normal component of the
vibrational velocity) and the normalized pressure magnitude
measured on lines passing through the focus of the field in
the axial and transverse directions. The obtained parameters
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were 61.7 mm for the transducer diameter and 63.2 mm for
the radius of curvature.

C. Continuous Wave Conditions

For the CW experiments, the magnitude and phase at
1.1 MHz were extracted from the measured time-domain
pressure signals. The Rayleigh integral was then used to
calculate the complex pressure at the location of each grid
point forming the bowl surface. In order to fully capture the
source pressure distribution, the pressure was also calculated
over an area outside the bowl equal to approximately 20% of
the bowl diameter. The source hologram is shown in Fig. 6(a).
In the first set of simulations, the magnitude and phase at each
grid point over the bowl surface was used to create a set of
sinusoidal tone burst signals that were applied as the source
pressure within k-Wave. In the second set of simulations, a
single sinusoidal tone burst was applied as a mass source at
all grid points forming the bowl surface ( p0). The amplitude
of this signal was derived from the mean pressure magnitude
over the bowl surface and an additional scaling factor derived
from the measured axial pressure.

The simulations were performed using a grid discretization
of 10.8 PPW (125 μm point spacing) with a grid size of
864×648×648 grid points. Scaling to correct for the effects of
source staircasing was performed as discussed in Section II-C.
For comparisons at higher drive levels, the source pressure
was additionally scaled by the increase in drive voltage.
The simulated pressure was obtained in a time window that
occurred after the field had reached steady state.

A comparison of the pressure field simulated using k-Wave
with the pressure field calculated from the source hologram
using the Rayleigh integral is shown in Fig. 7. The axial and
lateral planes through the focus simulated by the two models
show very good agreement. The measured and simulated axial
pressure distributions at both drive levels are shown in Fig. 8.
There is excellent agreement between the measured axial
profile and the simulations using the discrete bowl model in
both the focal region and also in the near field. A comparison
of the measured and simulated focal waveforms and their
spectra at both drive levels is shown in Fig. 9. Scaling of
the source pressure by the drive voltage achieves excellent
agreement with measurements made at this drive level.

When a uniform mass source distribution is used, there is
still excellent agreement in the focal region as can be seen in
the axial profiles and the focal waveforms. Agreement is also
good in the first prefocal and postfocal maxima but becomes
worse in the near field, with the maxima appearing at different
axial locations. This is consistent with fields calculated by
other models with a uniform distribution of normal vibrational
velocity at the source surface [16], [17]. These differences in
the near field are due to the absence of Lamb waves in the
source pressure distribution when a uniform source vibration
is assumed. Lamb waves are plate waves generated due to the
edges of the transducer being fixed. They propagate toward the
center of the source and as the source is coupled to a liquid
medium some energy is radiated into this medium [16], [18].
The effect of the Lamb waves is to make the source surface

Fig. 6. (a) Magnitude and phase of the steady-state source pressure on the
surface of the bowl in CW mode reconstructed from measurements by back
projection using the Rayleigh integral. The periodic structure in the magnitude
plot is due to the presence of Lamb waves. The small variations in the phase
plot are due to the staircase source geometry on the regular Cartesian grid.
(b) Temporal peak positive source pressure on the surface of the bowl in PW
mode reconstructed from measurements by back projection using k-Wave.
Note that the PW source pressure appears rotated relative to the CW source
pressure due to remounting of the transducer between measurements.

vibration nonuniform. This is visible as rings on the source
hologram shown in Fig. 6(a).

D. Pulsed Wave Conditions

For the PW experiments, the source pressure distribution
was obtained by projecting the measured pressure waveforms
back to the grid points forming the discrete bowl source using
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Fig. 7. Comparison of pressure calculated on axial and lateral planes through
the focus under CW conditions using (a) Rayleigh integral with the source
hologram as the input pressure and (b) k-Wave with the discrete bowl model
as the source geometry and the source hologram as the input source pressure.

Fig. 8. Comparison of measured and simulated axial pressures under CW
conditions at drive voltages of (a) 2.7 Vrms and (b) 5.4 Vrms. The red dashed
lines show the simulation results using the pressure signal at each grid point of
the bowl model calculated using holography and the blue dotted lines show
the simulation results using k-Wave with uniformly radiating mass sources
distributed across the transducer surface.

k-Wave (this could equally be done using a transient Rayleigh
integral code or similar). The pressure was again also pro-
jected onto an area outside the dimensions of the transducer.

Fig. 9. Comparison of measured and simulated steady-state focal waveforms
and frequency spectra under CW conditions at drive voltages of (a) 2.7 Vrms
and (b) 5.4 Vrms.

Fig. 10. Comparison of measured and simulated axial pressures under PW
conditions at drive voltages of (a) 7.3 Vpp and (b) 16.6 Vpp.

The peak positive pressure on the bowl surface is shown in
Fig. 6(b). Analogous to the CW case, two sets of simulations
were run with different drive conditions. In the first set of
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Fig. 11. Comparison of measured and simulated focal waveforms and
frequency spectra under PW conditions at input voltages (a) 7.3 Vpp and
(b) 16.6 Vpp.

simulations, the time-domain signals at each grid point on
the source obtained via back projection of the measured data
were used directly as the source pressure within k-Wave. In
the second set, the waveform from the central grid point of
the discrete bowl source was scaled to the mean peak positive
pressure across the transducer, and this was used to define the
mass source applied to all grid points on the discrete bowl
source p0. Again, an additional scaling factor derived from
the measured axial pressure was used in the p0 case.

The simulations were performed using a grid discretization
of 9.3 PPW (150 μm point spacing), with a grid size of
768×576×576 grid points. Correction for the effect of source
staircasing was again performed as previously described. For
comparison with measurements made at higher drive levels,
the source pressure was also scaled by the increase in drive
voltage.

The axial pressure profiles for both drive levels are shown
in Fig. 10. Agreement between the measured and simulated
axial pressure is excellent for both source pressure conditions.

The effect of the uniform source distribution on the near field
is far less significant than in the quasi-steady-state case. There
are some small differences in the length of the prefocal lobes,
but their amplitude and position are not significantly different
from the measured data. This is because in the PW case, the
Lamb waves are not temporally coincident with the main pulse
except near the edge of the transducer, so they have little
effect on the axial peak positive pressure profile. There is also
excellent agreement between the measured and simulated focal
waveforms shown in Fig. 11. There are some minor differences
in the shape of the waveforms in the p0 case, which likely arise
from features present in the single source waveform that was
applied to all source grid points.

V. CONCLUSION

A method for generating a discrete bowl shape on a regular
Cartesian grid is presented. This can be used to directly model
bowl shaped transducers in ultrasound simulations based on a
Cartesian grid in place of planar boundary conditions. The
functions (called makeBowl, makeMultiBowl, makeArc,
and makeMultiArc) will be made available with the next
release of the open-source k-Wave toolbox [10].

The acoustic fields generated using these source geometries
agree well with the fields predicted by the O’Neil solution,
the Rayleigh integral, and measurements of the field of a
spherically focused transducer. Agreement between the simu-
lated and measured acoustic fields was demonstrated using low
transducer drive levels in order to allow the use of a conven-
tional PVDF hydrophone. Although the focal pressures were
much lower than those used for HIFU treatments, the validity
of the model of source geometry holds regardless of the driving
source pressure. A uniform mass source distribution applied
to the grid points of the discrete bowl model can be used to
accurately predict the pressure in the focal region, but the full
source pressure distribution is required in order to correctly
simulate the near field, particularly for CW excitation. This
is due to the presence of Lamb waves, which propagate
across the transducer surface creating a nonuniform source
pressure. Accurate source holograms could be obtained from
measurements provided the pressure can be measured over
an appropriate surface. For complex transducer geometries
where this is not possible (e.g., a hemispherical array), a good
representation of the pressure in the focal volume could be
obtained simply using a set of discrete bowl sources driven
by a uniform mass source distribution. In future, the discrete
bowl models developed here will be applied to modeling the
response of multielement arrays used in therapeutic ultrasound.

REFERENCES

[1] P. Gélat, G. ter Haar, and N. Saffari, “Modelling of the acoustic field of
a multi-element HIFU array scattered by human ribs,” Phys. Med. Biol.,
vol. 56, no. 17, pp. 5553–5581, 2011.

[2] W. Kreider et al., “Characterization of a multi-element clinical HIFU
system using acoustic holography and nonlinear modeling,” IEEE Trans.
Ultrason., Ferroelectr., Freq. Control, vol. 60, no. 8, pp. 1683–1698,
Aug. 2013.

[3] O. A. Sapozhnikov, S. A. Tsysar, V. A. Khokhlova, and W. Kreider,
“Acoustic holography as a metrological tool for characterizing medical
ultrasound sources and fields,” J. Acoust. Soc. Amer., vol. 138, no. 3,
pp. 1515–1532, 2015.



1542 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 63, NO. 10, OCTOBER 2016

[4] M. S. Canney, M. R. Bailey, L. A. Crum, V. A. Khokhlova, and
O. A. Sapozhnikov, “Acoustic characterization of high intensity
focused ultrasound fields: A combined measurement and modeling
approach,” J. Acoust. Soc. Amer., vol. 124, no. 4, pp. 2406–2420,
2008.

[5] X. Zeng and R. J. McGough, “Optimal simulations of ultrasonic fields
produced by large thermal therapy arrays using the angular spectrum
approach,” J. Acoust. Soc. Amer., vol. 125, no. 5, pp. 2967–2977,
2009.

[6] G. T. Clement, J. Sun, T. Giesecke, and K. Hynynen, “A hemisphere
array for non-invasive ultrasound brain therapy and surgery,” Phys. Med.
Biol., vol. 45, no. 12, pp. 3707–3719, 2000.

[7] M. D. Verweij, B. E. Treeby, K. W. A. van Dongen, and L. Demi,
“Simulation of ultrasound fields,” in Comprehensive Biomedical Physics,
vol. 2, A. Brahme, Ed. Amsterdam, The Netherlands: Elsevier, 2014,
ch. 2.19, pp. 465–500.

[8] J. Van Aken and M. Novak, “Curve-drawing algorithms for raster
displays,” ACM Trans. Graph., vol. 4, no. 2, pp. 147–169, 1985.

[9] E. Andres, “Discrete circles, rings and spheres,” Comput. Graph.,
vol. 18, no. 5, pp. 695–706, 1994.

[10] B. E. Treeby and B. T. Cox, “k-Wave: MATLAB toolbox for the
simulation and reconstruction of photoacoustic wave fields,” J. Biomed.
Opt., vol. 15, no. 2, p. 021314, 2010.

[11] B. E. Treeby, J. Jaros, A. P. Rendell, and B. T. Cox, “Modeling
nonlinear ultrasound propagation in heterogeneous media with power
law absorption using a k-space pseudospectral method,” J. Acoust. Soc.
Amer., vol. 131, no. 6, pp. 4324–4336, 2012.

[12] J. Jaros, A. P. Rendell, and B. E. Treeby, “Full-wave nonlinear
ultrasound simulation on distributed clusters with applications in
high-intensity focused ultrasound,” Int. J. High Perform. Comput. Appl.,
vol. 30, no. 2, pp. 137–155, Apr. 2016.

[13] R. S. C. Cobbold, Foundations of Biomedical Ultrasound. New York,
NY, USA: Oxford Univ. Press, 2007.

[14] J. L. Robertson, B. T. Cox, and B. E. Treeby, “Quantifying numerical
errors in the simulation of transcranial ultrasound using pseudospec-
tral methods,” in Proc. IEEE Int. Ultrason. Symp., Sep. 2014,
pp. 2000–2003.

[15] H. T. O’Neil, “Theory of focusing radiators,” J. Acoust. Soc. Amer.,
vol. 21, no. 5, pp. 516–526, 1949.

[16] D. Cathignol, O. A. Sapozhnikov, and J. Zhang, “Lamb waves in
piezoelectric focused radiator as a reason for discrepancy between
O’Neil’s formula and experiment,” J. Acoust. Soc. Amer., vol. 101, no. 3,
pp. 1286–1297, 1997.

[17] O. V. Bessonova and V. Wilkens, “Membrane hydrophone measure-
ment and numerical simulation of HIFU fields up to developed shock
regimes,” IEEE Trans. Ultrason., Ferroelectr., Freq. Control, vol. 60,
no. 2, pp. 290–300, Feb. 2013.

[18] O. A. Sapozhnikov and M. A. Smagin, “Finding the dispersion rela-
tions for Lamb-type waves in a concave piezoelectric plate by optical
visualization of the ultrasound field radiated into a fluid,” Acoust. Phys.,
vol. 61, no. 2, pp. 181–187, 2015.

Eleanor Martin was born in Newcastle upon
Tyne, U.K. She received the M.Sc. degree (Hons.)
in physics with a major in astrophysics from
the University of Bristol, Bristol, U.K., in 2004,
and the M.Sc. degree in medical physics and the
Ph.D. degree in physics from the University of
Exeter, Exeter, U.K., in 2006 and 2010, respectively.

She was a Higher Research Scientist with the
Medical Ultrasonics Section of the Acoustics group,
National Physical Laboratory, Teddington, U.K.,
from 2011 to 2014. She joined the Biomedical Ultra-

sound group, Department of Medical Physics and Biomedical Engineering,
University College London, London, U.K., in 2014, where she is currently
a Postdoctoral Research Associate. Her current research interests include
experimental validation of models of nonlinear ultrasound propagation and
measurement of acoustic fields at high pressure levels.

Yan To Ling was born in Hong Kong in 1993.
She received the B.Eng. degree in biomedical engi-
neering from The Chinese University of Hong Kong,
Hong Kong, in 2016. She is currently pursuing the
Doctorate degree in biomedical engineering with
The Hong Kong Polytechnic University, Hong Kong,
under the Hong Kong Ph.D. Fellowship Scheme.

She was an Exchange Student with University
College London, London, U.K., where she was
involved in the source modeling project. Her cur-
rent research interests include source modeling and

image reconstruction.

Bradley E. Treeby (M’13) was born in Albany,
Australia. He received the B.E. degree (Hons.) in
mechatronics engineering and the Ph.D. degree
in acoustics and mechanical engineering from the
University of Western Australia, Perth, Australia,
in 2003 and 2007, respectively.

He is currently an EPSRC Early Career Fellow
with the Department of Medical Physics and
Biomedical Engineering, University College
London, London, U.K. He has authored over
60 scientific papers and has coauthored an open-

source acoustics toolbox for MATLAB called k-Wave. His current research
interests include biomedical ultrasound, numerical methods, and high
performance computing.

Dr. Treeby is a member of the Acoustical Society of America.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChancery-MediumItalic
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


