
 
 

Delft University of Technology

Document Version
Final published version

Licence
CC BY

Citation (APA)
Favre, H., Berendsen, M., Waasdorp, R., & Maresca, D. (2025). A compact 2D matrix array comprised of hexagonal
transducer elements for fast volumetric ultrasound imaging. IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, 72(9), 1272-1281. https://doi.org/10.1109/TUFFC.2025.3591315

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.1109/TUFFC.2025.3591315


1272 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 72, NO. 9, SEPTEMBER 2025

A Compact 2-D Matrix Array Comprised of
Hexagonal Transducer Elements for Fast

Volumetric Ultrasound Imaging
Hugues Favre , Merijn Berendsen , Rick Waasdorp , and David Maresca

Abstract—Advances in 4-D ultrasound imaging open
new perspectives in biomedical research by reducing the
long-standing challenge of operator dependency. Exten-
sive research efforts are focused on developing next
generation of 2-D transducer arrays for 4-D imaging.
Here, we present a compact 2-D array design based on
hexagonal-shaped transducer elements. We demonstrate
that 2-D hexagonal arrays provide an optimal compact
sampling, resulting in lower grating lobe levels and
an improved imaging quality compared to conventional
square-shaped transducer element arrays. A prototype
array made of hexagonal transducer elements is pre-
sented, and its characterization is provided, demonstrat-
ing its imaging capabilities.

Index Terms— 3-D ultrasound imaging, compact sampling, grating lobes, hexagonal transducer, ultrafast ultrasound
imaging.

I. INTRODUCTION

ULTRASOUND is one of the most widely used diag-
nostic tools in clinical practice thanks to its versatility

and real-time imaging capabilities [1]. To date, biomedical
ultrasound remains predominantly used as a 2-D modality,
which makes it prone to intraobserver variability. To address
this challenge, there is a need for sensitive transducer arrays
supporting fast volumetric ultrasound imaging with an image
quality comparable to 2-D ultrasound.

Several 3-D imaging strategies are currently being explored.
One approach is to scan a volume of interest with a linear
(1-D) array and to stitch data from multiple 2-D planes to
form a volumetric image. This can be done by moving a
1-D array mechanically [2], [3], [4] or “free-handed” through
accurate position tracking of the linear array or of the imaged
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object [5]. Mechanical scanning approaches are efficient and
require little additional equipment compared to conventional
scanners. A limitation of this approach is that it prevents syn-
chronous data acquisition in space and time, which prevents
advanced imaging modes such as 4-D Doppler imaging or 3-D
elastography [6].

Another approach is to design 2-D matrix arrays of trans-
ducer elements in order to insonify volumes of tissues and
sample backscattered echoes in two dimensions. 2-D arrays
increase the number of transducer elements, which scales
proportionally to the square of the array aperture. Because
each transducer element has to be addressed by an electronic
channel to form images, 2-D arrays typically display high
channel counts that lead to higher manufacturing costs and
complexity.

Multiple advances in array design have been reported
to maximize the 3-D field of view while limiting ele-
ment count. Notable examples are sparse array designs [7],
multiplexed arrays [8], [9], ultrasound application-specific
integrated circuits (ASICs) [10], [11], or row-column-
addressed arrays (RCAs) [12]. All of these approaches
involve trade-offs in either sensitivity, volume rate, or
resolution.

Specific clinical applications, such as cardiac imaging or
transcranial imaging, require compact transducer arrays to
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Highlights
• Hexagonal 2-D matrix arrays comprised of hexagonal transducer elements provide a superior imaging performance

than square-element arrays.

• A 3.4 MHz hexagonal array prototype was manufactured and characterized experimentally.

• We report fast volumetric B-Mode imaging with a hexagonal array.

match the dimensions of intercostal spaces [13] and temporal
bone windows [14], [15]. The goal is, therefore, to opti-
mize the packing efficiency of transducer elements across a
restricted array surface to ensure optimal wavefront shaping
in transmission and spatial sampling of backscattered echoes
in reception. Furthermore, the size of individual transducer
elements should be maximized to ensure sensitive transmission
and reception.

Here, we show that for a given circular array aperture
and number of array elements, hexagonal-shaped elements
provide a better 3-D imaging performance than square-shaped
elements. Note that the fabrication of a hexagonal-element
transducer array did not require any additional manufacturing
processes, nor did it introduce additional complexity compared
to the manufacturing of square-element transducer arrays.
Specifically, the hexagonal tiling of a circular array surface
reduces grating lobes compared to the square tiling of the
same surface. We investigate this geometric transducer element
tiling problem in simulation and report the experimental per-
formance of a 3.4 MHz hexagonal 2-D matrix array comprised
of 217 hexagonal elements with a circumscribed diameter of
10 mm. This matrix array design was inspired by the primary
mirror of the James Webb Space Telescope, which is made up
of 18 hexagonal segments [16].

The manuscript is divided into three parts. First, a simula-
tion study that compares two 2-D matrix array designs with
circumscribed diameters of 10 mm and comprised of either
hexagonal or square transducer elements. Second, a compre-
hensive hydrophone characterization of a hexagonal array built
according to simulated specifications. Third, an experimental
investigation of volumetric imaging performance.

II. MATERIALS AND METHODS

A. Comparison of 2-D Matrix Arrays Comprised of
Hexagonal or Square Transducer Elements

1) Geometric Considerations: For this study, we paved a
disk with a diameter of 10 mm with either hexagonal or
square-shaped transducers as these geometrical shapes enable
a compact sampling of the active surface area (in opposition to
sparse arrays). The frequency of the array was set to 3.4 MHz,
which corresponds to a wavelength (λ ) of 0.44 mm in water.
The interelement spacing (kerf) was set to 0.1 mm due to
manufacturing constraints.

The hexagonal-elements array was made up of
217 hexagons, or 8 concentric rings of hexagons plus a
central hexagon, because it is the largest number that can be
addressed by a single 256-element ultrasound scanner. The
active surface of the hexagonal-element array is 47.0 mm2.

TABLE I
ARRAYS SPECIFICATIONS

For comparison at equal active surface, we packed the
closest possible number of square elements in a disk of
equal diameter, which led to a number of 216 square
elements (see Fig. 1). The specifications of the two arrays
are provided in Table I. The two arrays were modeled
with the same simulation setting, which is described in
Section II-A2. A hexagonal-element 2-D matrix array was
manufactured (Imasonic, Besançon, France) using the exact
same specifications as the simulated hexagonal-element array.
The prototype array was composed of a backing material,
copper electrodes, composite piezoelectric (PZT 1–3), and a
quarter-wavelength front end to ensure impedance matching
with biological tissue.

2) Volumetric Imaging Simulations: Ultrasound pressure
fields and imaging simulations were performed in MATLAB
using Field II [17], [18]. Field II simulations compute wave
propagation analytically, and transducer elements are modeled
under an infinite rigid baffle assumption, which corresponds
to an ideal transducer element, free of crosstalk between
transducer elements. Ultrasound wave propagation was sim-
ulated in homogenous water mimicking medium with a
sound speed of 1480 m/s and a linear absorption coefficient
of 2.5 × 10−3 dB/cm/MHz.

Square and hexagonal transducer elements were modeled
out of smaller square mathematical elements of 17 × 17 µm2

(λ /26). The simulated transducer material was a common
resonant piezoelectric ceramics of 3.4 MHz central frequency
and a bandwidth of 60%.

Images were beamformed from simulated pulse-echo radio
frequency (RF) data. For the point spread function (PSF) sim-
ulation, a point scatterer was positioned at a depth of 35 mm,
aligned with the center element of each array. Unsteered plane
wave transmissions were simulated (0◦ angle with respect to
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Fig. 1. PSF comparison between squared and hexagonal transducer
array. (a) Design of the square-element transducer array. (b) Design of
the hexagonal-element transducer array. Red arrows represent the pitch
of each array, while the green arrow represents the effective pitch of the
hexagonal array or spatial sampling period. PSF maximum projection on
the axial axis z for (c) square-element and (d) the hexagonal-element
array. (e) Amplitude profile [...] for the square-element array and (f) the
hexagonal array.

the array), and pulse echo RF data were simulated. Fig. 2
simulates and compares imaging of point scatterers arranged in
a spiral using both arrays. The simulated propagation medium
is composed of 2458 points randomly positioned in space
that simulate tissue inhomogeneities. The scattering amplitude
(Field II definition) of the inhomogeneities follows a standard
normal distribution (standard deviation of 1). In addition,
85 point scatterers with a scattering amplitude of 5 were
distributed along a spiral every 30◦. The spiral was positioned
at a depth of 35 mm. The lateral coordinates of the i th point
target [xi , yi ] of the spiral were following:

xi =

(
1 +

π

6
∗ i
)

∗ sin
(π

6
∗ i
)

(1)

yi =

(
1 +

π

6
∗ i
)

∗ cos
(π

6
∗ i
)
. (2)

Pulse-echo RF data were simulated using a single diverging
wave transmission using a virtual point source [6] located at
−17.5 mm along the axial direction of the arrays.

Fig. 2. Simulated images of point scatterers arranged in a spiral.
(a) C-scan at a depth of 35 mm acquired with a square-element array
and a single diverging wave transmission. (b) C-scan at a depth of
35 mm acquired with a hexagonal-element array and a single diverging
wave transmission. Arrows indicate the position of three point scatterers
located on the outer edge of the spiral.

The sampling frequence of the RF data was set to 68 MHz
for simulation stability. Conventional delay and sum (DAS)
beamforming was performed and images were reconstructed
with an isotropic pixel or voxel size of λ /2.

B. Hydrophone Measurements
To characterize acoustic pressure fields generated by the

hexagonal array experimentally, we conducted a series of
hydrophone water tank experiments. Our methodology and
experimental settings are described below.

1) Experimental Setup and Settings: The probe was con-
trolled using a mid-frequency Vantage-256 scanner (Verason-
ics, Kirkland, WA, USA). The pressure fields were measured
with a 200-µm-diameter polyvinylidene needle hydrophone
(model NH0200, Precision Acoustics, Dorchester, U.K.) with
a 55 mV/MPa sensitivity, an 8% measurement uncertainty,
and a 500-µm-diameter metallic outer shell. The voltage
measurements were converted to pressures in accordance to
the manufacturer calibration sheet.

The experiments consisted in a series of planar scans, either
parallel (B-scan) or perpendicular (C-scan) to the depth axis
facing the array. The transmitted ultrasound excitation was a
1-cycle long waveform with a 3.4 MHz frequency and a 67%
duty cycle.

2) Transmitted Pressure Fields: We studied acoustic pres-
sure fields generated with four different transmission modes.

1) Unsteered Focused Beam: With a focal depth of 35 mm.
A low driving voltage of 10 V was applied to minimize
the strain on the transducer. The signal was averaged
32 times, and a B-scan was acquired in the xz plane.
The x-range was from −10 to +10 mm and the z-range
was from 5 to 50 mm.

2) Steered Focused Beams: With a focal distance of 35 mm
from the center of the array, and a steered angle of 15◦

and 25◦. The beam is steered in the plane (Oxz) with the
referential of the array, where x is the short axis of the
hexagonal array an z the depth. The signal was averaged
32 times and the driving voltage was equal to 10 V.
A B-scan was acquired in the xz plane with an x-range
from −20 to +20 mm and a z-range of 5–50 mm.
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3) Unsteered Plane Wave: A driving voltage of 10 V was
applied and the signal was averaged 32 times. A C-scan
was acquired at a depth of 35 mm using an identical
x- and y-range from −15 to +15 mm. The C-scan
data was back propagated to the probe surface using
angular spectrum analytic method [20] to analyse the
active probe aperture [see Fig. 3(d)]. The maximum
pressure was quantified on the probe surface area at the
transmission time.

4) Single Element Transmission: With the center element of
the hexagonal array. The driving voltage was set to 10 V
and received signals were averaged 128 times to increase
SNR. A B-scan was acquired in the xz plane with an x-
range from −20 to +20 mm and a z-range of 5–40 mm.
This measurement was used to calculate the directivity
of a single array element.

3) Spatial Sampling and Experimental Alignment: In all
hydrophone measurements, the spatial sampling grid had a
resolution of 0.5 mm. Experimental pressure fields were lin-
early interpolated to increase the grid resolution by a factor of
two. The matrix array was aligned relative to the hydrophone
using a series of C-scans. A plane-wave transmit was used to
set the desired axial distance.

4) Crosstalk Assessment: In a large water tank (L tank ≫

Larray), we performed a single element transmission with
element i of the array while recording RF data on all elements
of the array to measure crosstalk between the transmitting
element i and all other elements j ̸= i . This procedure was
repeated for all 217 elements. Crosstalk was plotted as a
function of the distance from the transmitting element [see
Fig. 3(h)].

5) Simulated Pressure Fields: For comparison, we simu-
lated corresponding pressure fields using the Field-II library.
Simulation parameters can be found in Section II-A2. Pressure
fields were simulated in 2-D planes using a grid spacing of
λ /2 and temporal sampling of 68 MHz. For each pixel, peak
pressure was calculated as the maximum pressure over time.

C. Experimental Imaging Study

We conducted two sets of imaging experiments, one to
characterize the PSF of our imaging system, and one to
test high-framerate volumetric imaging quality. In both cases,
we used a 25 V driving voltage while the hexagonal probe
was connected to our programmable ultrasound scanner. All
transmitted waveforms were 3.4 MHz equalized square pulses
with a 67% duty cycle. The temporal RF sampling rate was
set to 20 times the central frequency.

1) 3-D PSF in Water: In this first imaging test, we used
the hydrophone needle (model NH0200; Precision Acoustics,
Dorchester, U.K.) as a point target to analyse the PSF of our
imaging system (hexagonal-element array and scanner). The
long axis of the hydrophone needle was aligned with the depth
axis, and the tip of the hydrophone needle was positioned at a
distance of 35 mm from the central array element. The probe
was aligned in depth, in the lateral direction, and radially.
A single unsteered plane wave transmission was used to
acquire a 3-D image of the PSF, and DAS beamforming was

performed for image reconstruction. We implemented a digital
time gain compensation (TGC) in postprocessing, assuming a
linear attenuation coefficient of 2.5 × 10−3 dB/cm/MHz. 3-D
renderings of volumetric data were obtained using Dragonfly
(Comet Technologies, Montreal, QC, Canada).

2) 3-D Imaging of a Tissue-Mimicking Phantom: In this
second experiment, we imaged an ultrasound phantom
(model CIRS-040GSE, Sun Nuclear, Melbourne, FL, USA).
The phantom consisted of a tissue-mimicking medium
and contained parallel 0.1-mm-diameter nylon monofilament
wires. The targeted region also included a hyperechoic
8-mm-diameter cylinder (+15 dB with respect to the
tissue-mimicking phantom material) at a depth of 30 mm. The
speed of sound reported by the manufacturer was 1540 m/s,
and the attenuation coefficient was 0.5 dB/cm/MHz. We used a
diverging wave sequence consisting of 13 angled transmissions
relying on a virtual point source formalism [6]. Virtual point
sources were positioned at a distance of −17.5 mm with
respect to the array. The first source was positioned to face
the central element of the array, while the remaining 12 point
sources were distributed along the three symmetry axes of
the hexagonal grid at angles of −5◦, −2.5◦, +2.5◦, and +5◦

with respect to the depth axis. The pulse repetition frequency
after diverging wave compounding was set to 400 Hz. Here as
well, the imaging voltage was set to 25 V. Beamformed 3-D
data was visualized using Dragonfly (Comet Technologies,
Montreal, QC, Canada).

In this experiment, the contrast ratio (CR) was measured
according to the following formula:

CR = 20 ∗ log10
si

so
(3)

where si is the average of the envelope signal (before tacking
log compression) of the image inside the inclusion, and so is
the average of the envelope signal outside the inclusion and
measured at the same depth. The CR was measured in a 2-D
plane transverse to the cylindrical hyperechoic inclusion.

III. RESULTS

A. Comparison of Simulated 2-D Matrix Arrays
The PSFs of the square-element and hexagonal-element

transducer arrays were compared in simulation (Fig. 1). The
full width at half the maximum (FWHM) was identical for
both arrays and equal to 2.7 mm. A difference occurs when
measuring grating lobes: the grating lobes level is −16 dB for
square-element array and −20 dB for hexagonal-element array.
The peaks of the grating lobes were positioned at ±30.0 mm
for the square-element array and ±31.1 mm for the hexagonal-
element array. The total energy contained in the grating lobes,
measured as the total energy of the 3-D field of view excluding
a sphere of 10 mm centered on the main lobe, was 64% higher
for the square-element array than for the hexagonal-element
array.

Fig. 2 presents a qualitative imaging comparison of dif-
ferences between the hexagonal-element and square-element
arrays. The higher grating lobes in the square-element array
lead to an increased background signal. Point targets located
on the outer edge of the spiral [see yellow arrows, Fig. 2(a)
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Fig. 3. Hydrophone characterization of the hexagonal-element 2-D transducer array. (a) Photograph of the prototype. (b) Simulated maximum
pressure field at 35 mm depth for a plane wave transmssion. (c) Corresponding experimental maximum pressure field. (c) Experimentally measured.
(d) Backpropagation of the wave field measured in (c) to the array surface. (e) Temporal response at x, y = 0 and 35 mm depth for the transmit
plane wave. (f) Simulated single transducer maximum pressure field. (g) Corresponding experimental maximum pressure field. (h) Coupling effect
observed on the elements of the prototype hexagonal transducer array during single-element transmissions, in a free-space water tank.

and (b)] were more clearly detected by the hexagonal-element
array.

B. Theoretical Comparison of Spatial Sampling With a
Square and Hexagonal Grid

An analysis of the 2-D sampling capabilities of each array
can be performed using equivalent line arrays using the
projection slice method described by Steinberg [21], Schwartz
and Steinberg [22].

The equivalent 1-D aperture is the projection of all element
excitations onto a rotation of the x-axis at angle ϕ in the plane
of the array. The focusing pattern of this equivalent array will
be the focusing pattern of 2-D array at that particular cut [22].
We call the sampling period of the 2-D array the maximal
sampling period of the equivalent line arrays, because this
maximal sampling period will generate the highest grating
lobes level of the 2-D array. For the hexagonal array, the
sampling period Lh lies in the direction of the grating lobes
[ϕ = 30◦ with respect to the x-axis shown in Fig. 1(b)]. The
sampling period of the hexagonal array is

Lh = cos(30) ∗ (kerf + dh)

where kerf is the interelement spacing and dh , the width of the
hexagonal transducer (distance separation of parallel sides).
The addition of kerf and dh is commonly referred as the
pitch of the array. Thus, Lh can be seen as the “effective
pitch” of the array that generates the grating lobes. For
the square-element array, the sampling period Lh is simply
the pitch. Numerically, the sampling period is 0.57 mm for

the square-element array and 0.52 mm for the hexagonal-
element array. The shorter sampling period of the hexagonal
array generates a lower grating lobe level at a wider angle
from the main lobe compared to the square array.

This brief comparison can be expanded to other frequencies
or surface areas. If we neglect the border effect, filling a disk
of radius R with square transducer elements of width ds , the
number of elements Ns is given by

Ns =
π R2

d2
s

. (4)

If we consider hexagonal shape transducer elements of
width dh (separation distance of parallel sides), the number
of hexagons Nh filling the disk is

Nh =
2π R2

√
3 d2

h

. (5)

If the number of elements is constrained to be equal, it leads
to the relation

ds =

(√
3

2

) 1
2

dh . (6)

Then, if the kerf is neglected, the sampling period relation
between the square array and the hexagonal array is given by

Ls =

(
2

√
3

) 1
2

Lh (7)

Ls ≈ 1.07 Lh . (8)

The square-element array has a higher sampling period than
the hexagonal-element array by 7%.
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C. Hydrophone Characterization of the Hexagonal Array
Prototype

The hexagonal-element transducer array, previously mod-
eled in simulation, was manufactured according to simulated
specifications, and hydrophone pressure measurements were
conducted to assess its performance. A photograph of the pro-
totype (Imasonic, Besançon, France) is displayed in Fig. 3(a).
The maximum pressure field for a plane wave transmission
was in good agreement with the simulation results Fig. 3(b)
and (c). For a 10 V pulse transmission, a peak positive pressure
of 239 kPa was measured at 35 mm depth, as shown in the
temporal response Fig. 3(e). The pressure measurements from
the plane-wave transmit were back-propagated to the surface
of the array (depth z = 0 mm), revealing the hexagonal
shape of the active surface, [see Fig. 3(d)]. The average peak
pressure at the surface of the array from the backpropagation
experiment is 74 kPa (std of 2 kPa).

Next, we evaluated the beam profile radiated by a single
hexagonal element of the array in simulation [see Fig. 3(f)]
and experimentally [see Fig. 3(g)]. A clear difference in
directivity was observed, the pressure field was more directive
for the manufactured prototype. We quantified the angular
aperture of both beams and measured an angular aperture of
76◦ in simulation versus a 36◦ angular aperture experimentally.
This difference could be explained by the coupling effect
occurring in the experimental scenario, and measured in [see
Fig. 3(h)]. For single-element transmission, closest neighbor
elements displayed a −12 dB crosstalk level on average (std =

3 dB, N = 217).

D. Focusing Performance
The maximum pressure field for a geometrical focus trans-

mit at 35 mm depth on axis and off axis was simulated
and measured experimentally (Fig. 4). We report the cases of
an unsteered beam [see Fig. 4(a) and (b)], of a 15◦ angled
beam [see Fig. 4(c) and (d)] and of a 25◦ angled beam [see
Fig. 4(e) and (f)]. The transverse FWHM of the focus beam,
the peak coordinate corresponding to the acoustical focus, and
the grating lobe levels are measured for the simulation and
experimental cases. The different quantitative measurements
are gathered in Table II for the unsteered, 15◦, and 25◦ steered
focus beam. Grating lobe level of the 15◦ steered focus beam is
measured at −22 dB in the experiment (−21 dB in simulation).
The grating lobe level increases to −10 dB in the experiment
(−18 dB in simulation) when the focus beam is steered with
a 25◦ angle.

E. Volumetric Imaging Study
The 3-D PSF of the imaging system was evaluated by

insonifying with a single plane wave transmission the tip of
the needle hydrophone positioned at a depth of 35 mm and
centered relative to the array [see Fig. 5(a)–(d)]. A 3-D image
of the PSF is displayed in Fig. 5(a), the maximum projection
of the 3-D PSF along the depth axis is displayed in Fig. 5(b),
and the ZX plane is displayed in Fig. 5(c) and the correspond-
ing maximum projection along the depth axis in Fig. 5(d) to
highlight the grating lobes levels. The first observation is that

Fig. 4. Comparison of ultrasound focusing with the simulated and
prototype hexagonal-element 2-D array. (a) Simulated maximum pres-
sure field focused at a depth of 35 mm in water. (b) Corresponding
experimental result. (c) 15◦ angled simulated maximum pressure field
focused at a depth of 35 mm. (d) Corresponding experimental result.
(e) 25◦ angled simulated maximum pressure field focused at a depth of
35 mm. (f) Corresponding experimental result.

TABLE II
FOCUS BEAM QUANTIFICATION

Fig. 5(b) is in good agreement with Fig. 1(d). Experimentally,
the grating lobe level of the hexagonal-element 2-D array was
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Fig. 5. Volumetric B-mode images acquired with the hexagonal-element 2-D array prototype. (a) Image of the tip of a needle hydrophone,
representing the 3-D PSF of the 2-D array. (b) Maximum projection of the PSF along the depth axis. (c) Cross section of 3-D PSF along the depth
and x-axis for y = 0. (d) Profile of the maximum projection of the PSF cross section in (c), along the depth axis. (e) Volumetric image of a CIRS
phantom acquired with the hexagonal-element 2-D array prototype. (f) Cross section of (e) taken at y = 2 mm. (g) Cross section of (e) taken at
x = 0 mm.

measured at −18 dB and located at ±30 mm in the lateral
direction.

Next, we imaged a tissue-mimicking phantom using
13 angled diverging wave [see Fig. 5(e)–(g)]. The CR of
the hyperechoic was measured to 15 dB, the FWHM of the
100 µm wire located at y = 0.8 mm, z = 38 mm was 2.19 mm
(or 4.8λ ) in the lateral direction and 0.7 mm in the axial
direction (or 1.5λ ).

IV. DISCUSSION

The idea underlying this study was to tile the circular
surface of a 2-D matrix array with hexagonal shaped trans-
ducer elements rather than square shaped elements because
regular hexagons provide a superior packing efficiency [23].
Using hexagonal elements, we maximize the surface area of
individual elements to increase sensitivity in transmit and
receive, limit the number of total elements to address the
array with a single scanner, and maintain an adequate spatial
sampling of ultrasound fields.

We report a simulation study of square and hexagon-shaped
transducer elements paving an equal circular array surface of
1 cm diameter. The number of elements of 2-D arrays is a
critical parameter affecting image quality as it relates to signal-
to-noise ratio and the level of grating lobes. In addition, the

maximum number of elements is constrained by the number
of electronic channels available on ultrasound scanners. Our
goal was to keep it below 256 in this study, as it is the
largest number of channels that can be addressed by a single
commercial ultrasound scanner. Since the packing of hexagons
in circles follows a mathematical sequence [23], the number
of hexagons was set to 217, the largest number below 256.

As the number of elements and the active surface aperture
of the arrays were quasi equal, the two 2-D arrays have
theoretically the same sensitivity in reception and the same
focusing gain and quality. As expected, the PSF comparison
of the square-element and hexagonal-element array shows no
difference at the focus, Fig. 1.

However, grating lobes affect the contrast of ultrasound
images and can lead to artifacts in media with large acoustic
impedance mismatches, such as the heart or the bladder.

We showed that the circular tiling of regular hexagons
outperforms the circular tiling of squares in terms of maximum
grating lobe level (−20 dB for the hexagonal array and
−16 dB for the square array). Because of lattice distribution,
the hexagonal-element 2-D array exhibits six grating lobes,
whereas the square-element 2-D array exhibits a total of eight
grating lobes, four grating lobes of first order and four grating
lobes of second order. The total energy contained in the grating
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lobes was 64% higher in the case of a square-element 2-D
array. In addition, the peak pressure of the grating lobes of
the hexagonal-element array was spaced 1.1 mm further from
the main lobe compared to the square-element array. This
can be explained by the sampling period of the arrays [see
Fig. 1(b)], which are 0.57 and 0.52 mm for the square-element
and hexagonal-element arrays, respectively. A higher sampling
period will indeed generate higher grating lobe levels that are
closer to the main lobe. Together, these grating lobe consid-
erations are in favor of hexagonal elements. To qualitatively
assess the impact of grating lobes, we simulated volumetric
imaging of a spiral structure embedded in a scattering medium
using a single diverging wave transmission (Fig. 2). The higher
grating lobe levels generated by the square-element array lead
to an increased background noise and hinder the detection of
point scatterers on the rim of the spiral target. In comparison,
the hexagonal-element array enabled a sharper detection of
these targets.

In addition to the circular aperture arrays compared in
simulation, we provide a second case study in the Appendix
for rectangular aperture arrays. Here as well, the hexagonal
array design provided lower grating lobe levels and reduced
energy contained in the grating lobes. Note that we have
not explored the impact of the orientation of the square or
hexagonal tiling within a given aperture shape, which could
be another interesting parameter to optimize.

Our study highlights the concept of “effective pitch” of
a 2-D array, building on seminal work by Steinberg [21],
Schwartz and Steinberg [22]. Their approach provides a pow-
erful tool for the analysis of grating lobes generated by a 2-D
transducer array, as exemplified in the present manuscript.

The sampling theoretical development in Section III-B can
be “reversed”: if a sampling period is imposed by the appli-
cation. For example, a phased array with a half-wavelength
sampling period can be envisioned for imaging at high angles.
Thus, for the same number of elements, the active surface of
the hexagonal array will be 15% higher and its aperture 7%
higher than the square array. In this case, the higher active
surface will result in a better sensitivity and lateral resolution
for the hexagonal-element array than the square-element array.

A hexagonal-element 2-D matrix array was manufactured
according to simulated specifications, and tested experi-
mentally. The hydrophone measurements showed a higher
directivity for the experimental probe compared to the sim-
ulated one. This increase in directivity could be expected
and is due to the electrical and acoustical crosstalk between
hexagonal elements of the array [24]. Because of crosstalk, the
effective area of a single element transmission is higher than
the surface area of a single element, which leads to a higher
directivity. Note that because the pitch between elements is
larger for the hexagonal case, the level of crosstalk for the
square case would be equal to or higher. This directivity
difference can also be explained by the element model in
the Field II simulation. It was modeled as a rigid baffle of
infinite acoustic impedance; this model is known to lower the
directivity compared to the experimental data [25].

In the focusing study, a high grating lobes of −10 dB
was measured when tilting the beam by 25◦, compared to

Fig. 6. PSF comparison between a square-element and a hexagonal-
element transducer array with rectangular apertures. (a) Design of the
square-element transducer array. (b) Design of the hexagonal-element
transducer array. Red arrows represent the pitch of each array, while
the green arrow represents the effective pitch of the hexagonal array
or spatial sampling period. (c) Maximum projection of the PSF on the
Oxy plane for the square-element array and (d) hexagonal-element
array. Whites arrows represent the highest grating lobes. (e) Maximum
projections of the PSF on the y axis and (e) x axis, respectively.

−22 dB for the 15◦ case. A lower directivity as well as
a smaller pitch would improve the ability of the array to
image at higher angles. The mismatches observed between
simulation and experimental results are due to differences in
single-element directivity and possible minor misalignments
during data acquisition.

The experimental 3-D PSF image showed similar grating
lobes levels compared to the simulated case, with a difference
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of 2 dB. Volumetric images of the tissue-mimicking phantom
showed that high-framerate imaging performance with the
hexagonal prototype was nominal.

In this study, we used 217 elements arranged in concen-
tric hexagonal rings around a central element. As explained
previously, this choice was made to keep the total number of
electronic channels to address below 256, the maximal number
of channels that can be operated by a single ultrasound scanner
without multiplexing. Note that in the future, the geometric
problem of filling hexagons in a circle, which has no analytical
solution, will be further optimized to approach a value of
256 elements.

The manufactured prototype exhibits a high crosstalk level
of up to −12 dB, which affects both the field of view and the
resolution of the imaging system. In contrast, clinical arrays
typically exhibit crosstalk levels below −30 dB. Therefore,
further optimization of the manufacturing process regarding
element isolation and crosstalk reduction techniques should
be considered in future studies [24], [26].

Hexagonal tilling of square transducer elements has already
been reported in the past to reduce grating lob levels compared
to rectangular tilling [27], [28], but to our knowledge, it is
the first time that hexagonal-shaped piezoelectric transducer
elements are being used for imaging.

Two-dimensional matrix array design based on hexagonal
elements has the potential to improve the performance of
advanced 3-D ultrasound imaging methods [7], [29], [30],
whether users seek to optimize sensitivity, field of view,
or grating lobe levels. Such geometric considerations are
beneficial for all transducer technologies, from piezoelectric
arrays to pMUTs, CMUTs [31], [32], and wearable arrays [33],
[34].

V. CONCLUSION

This study highlights the advantage of designing 2-D matrix
arrays made of hexagonal elements, which provide a compact
and efficient spatial sampling solution for 3-D ultrasound
imaging. Through simulations and the experimental character-
ization of an array prototype, we demonstrate that transmission
and reception with hexagon grids offer improvements over
conventional square-element arrays, particularly by reducing
grating lobe levels for a given aperture size and number of
transducer elements. The packing efficiency of hexagonal grids
also maximizes the active surface area while providing an
optimal compact sampling. In summary, hexagonal-element
2-D arrays are especially advantageous when the aperture is
constrained by acoustic windows, making it a promising array
design for 3-D cardiac imaging or 3-D transtemporal imaging
applications.

APPENDIX

We provide a comparison between 9 × 18 mm rect-
angular aperture arrays composed of square or hexagonal
elements. This rectangular geometry could be more suitable
for certain imaging applications (e.g., intercostal imaging),
particularly when a large number of channels is available.
The tilling and element size were identical to those reported in

Section II-A1. The square element array had 512 elements and
an active surface of 111 cm2, see Fig. 6(a). The hexagonal
element array had 508 elements and an active surface of
110 cm2, Fig. 6(a). We compared simulated PSFs at a depth of
35 mm following the methodology described in Section II-A2.
New Fig. 6(c) and (d) display the maximum intensity pro-
jection of the PSF in the XY plane for the square element
array and hexagonal element array, respectively. New Fig. 6(e)
and (f) display the maximum intensity projection of the PSF
in the x- and y-axes, respectively. Highest grating lobe levels
are indicated by the white arrows in Fig. 6(c) and (d). The
hexagonal array exhibited a lower grating lobe level than the
square array (−18.5 and −23 dB for the square and hexagonal
element arrays, respectively). The energy contained in the
grating lobes was 44% higher for the square-element array.
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