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Abstract

The manipulation of focal patterns of acoustic underwater Soret Zone Plate lens in far fields, such as manipulation (optimization) of
Sidelobe Level and the design of long depth of focus by selecting the simple free parameter called reference radius (phase) has been
demonstrated.Two effects have been studied by means of numerical simulations. Regarding the first effect, simulations demonstrate
diffraction limited focal spot (0.47 wavelength) and 3dB reduction of the first Sidelobe Level using Soret ZP with an optimal
reference radius and without causing neither main lobe broadening or gain reduction. In the second effect, by using numerical
simulations an increasing of depth of focus, more than 2 times, in comparison with classical Soret ZP with high numericalaperture
(F/D=2.5), was observed.
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1. Introduction

A lens is a device that can manipulate waves by taking advan-
tage of both their refractive and diffractive properties to produce
wave focalization. Acoustic lenses have attracted the attention
of scientists around the world for their application in multiple5

areas of industry, engineering, acoustic tweezers, biomedicine
and for other applications requiring low-cost acoustic focusing
lenses [1–11], to mention a few. This explains why their de-
sign is subject of much research nowadays. One of the effects
of these lenses is their capability of focalization, which it can10

be obtained by means of different types of methods and tech-
niques.

Acoustic lenses based on phononic crystals have been de-
signed and fabricated [12]. Other types of acoustic lenses are
those designed with a refractive index that varies throughout15

the medium continuously. These are the so-called Gradient-
Index (GRIN) lens, and the variation of the refractive indexis
achieved by forming labyrinthine structures [13–15]. Acoustic
metamaterials [16] and acoustic resonators [17] have also been
used in the design of acoustic lenses.20

There are also acoustic devices that focus sound through the
phenomenon of diffraction. Acoustic lenses based on construc-
tive interferences of diffracted fields, such as Fractal Lenses
or Fresnel Zone Plates (FZP), are a good alternative to refrac-
tive lenses. FZP lenses have advantages in situations where25

size, weight, system complexity and fabrication are impor-
tant [18, 19]. The classic FZPs that are implemented alternat-
ing transparent to opaque Fresnel zones are called Soret Zone
Plates (SZP) [20]. This work is focused on this type of Fresnel’s

lenses.30

In Ref. [21] the authors study a lens formed by slits of dif-
ferent thickness located atrn, while in the present work rigid
scattered located atrn (rn is a radius of n-th Fresnel zone) has
been used. Following Babinet’s principle considerations,both
approaches can be considered equivalent. Recently Calvo etal.35

[22] fabricated and characterized an underwater acoustic SZP
lens with alternating transparent and opaque zones made of soft
silicone rubber. Calculations shown some reduction of the first
Side Lobe Level (SLL), but with a main lobe broadening.

Although the diffraction of the acoustic field produce a maxi-40

mum pressure field in the axis, the focal point shows some miss-
definition due to the existence of secondary lobes [23–25]. In
such a way, the relationship between the main and secondary
lobe, known as SLL, is one of the main problems that SZPs can
exhibit [26].45

Even though the maximum energy is obtained at the Focal
Length (FL), the SLL are not high enough with SZP lenses for
applications where high precision is required. In this regard,
a new technique used in biomedicine such as High Intensity
Focused Ultrasound [27, 28], both in acoustical printer [8]or50

in acoustical particle manipulations [10] requires very precise
targeting area so it is desirable to be able to control the lobes of
the transmitted signal.

In other fields of physics, such as electromagnetism, this
problem has already been raised. Minin et al [29] studied the55

possibility of altering the energy distribution function in a pre-
determined focus area. Recently, the authors themselves have
shown that by choosing a radius of the first zone or a reference
phase, non-standard values of the SZP radii can be obtained
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which improve the performance of the antennas and add a new60

application to the antennas zone plates [30] add and in commu-
nications to preferentially suppress the clutter return relative to
the desired main beam signal [31].

The present study investigates numerically an alternative
SZP design to reduce or manipulate the lobes of the transmit-65

ted acoustic signal for an underwater SZP. Aλ/6, whereλ is the
wavelength, thin SZP and 15 Fresnel zones width is thereby ob-
tained in simulation showing different phenomena such as side
lobe corrections and ultra-wide beam pattern. The simulations
have been carried out using the Finite Element Method (FEM)70

[32, 33].

2. Theoretical Analysis and Simulation

A SZP is structured in concentric circular sections known as
Fresnel Regions. Each Fresnel Region has the same surface and
makes the same contribution to the focusing procedure. Con-75

secutive Fresnel Regions have a 180o phase shift between them
and they interfere destructively. Among other, the main SZP
design parameters to deal with areFL that is the location, in the
axial coordinate, where the acoustic pressure field is focused;
the Number of Fresnel Zones (N) which include both opaque80

and transparent circular sections; the Design Frequency (f ), it
is the frequency at which the lens is expected to focus at the
FL (see Fig 1a). Once the design values have been set, the ra-
dial distances of the implemented lens can be obtained using
the Eq.(1) which depends on all the previous design parameters85

and is valid for plane wave incidence.

rn =

√

nλFL +

(nλ
2

)

(1)

On the other hand, in the earliest work was recognized the
existence of a free parameter in the design of zone plates,where
the radius of the central Fresnel zone were treated. This radius90

is known as the reference radius [29] and it is the new free pa-
rameter. It should be note that the choice of the first zone as the
reference is arbitrary. From the point of view of geometrical op-
tics, the introduction of a reference radius does not changethe
properties of the zone plate. However, in the wave approxima-95

tion this is not so. This reference radius is equal to introducing
a variable reference phase [30].

In other words, another parameter that can be varied in cal-
culating the modulation function of a zone plate is a perma-
nent phase shift. The quasi-Fresnel radii can be displaced by100

adding an initial phase shift to the phase function of the SZP.
This means in fact that the zone is divided not by starting at the
extremum of the transmission phase function but at an arbitrary
value of transmission [30]. In this case for binary zone plate the
quasi-Fresnel radii will be defined by the Eq.(2) [30]:105

rn =

√

nλ
√

F2
L + r2

0 +

(nλ
2

)2

+ r2
0 (2)

In order to study the physical phenomena involved in the
interaction between the ultrasound waves and the lenses, it

has been necessary to implement a mathematical model that
replicates the characteristics of the system. Commercial FEM110

software COMSOL Multyphysics [34] has been used to deter-
mine the distribution of acoustic pressure and how the gener-
ated sources remain once the waves interact with the lens and
diffract, causing the interference phenomena. FEM provides an
approximate numerical solution of the model. This method per-115

forms a discretization of the model and solves the Helmholtz
Partial Differential Equation (PDE) described in the equation
Eq.(3).

Figure 1: (a) FEM Scheme. In blue, the boundary of the IncidentPressure Wave
(IPW), in green radiation condition boundaries and in red axis of rotation. SZP
zones are considered rigid. (b.1) SZP withr0 = 0 (b.2) Amplitude mask of SZP
with r0 ≪ r1, (b.3) Amplitude mask of SZP withr0 ≫ r1. Note that for visual
information the picture (b.2) is not in scale.
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All the SZP lenses (including or not radius/phase reference)120

are axisymmetric, the model has been simplified by implement-
ing a half-lens and applying a rotation with its central axisas
the center for its complete generation. This facilitates the re-
duction of the degrees of freedom necessary to obtain the re-
sults of the numerical simulation and thus reducing the cal-125

culation time and its complexity. In this work, underwater
acoustic transmission is considered. To solve the Helmholtz
equation Eq.(3), typical values of water such as density of the
medium (ρ = 1000 kg/m3) and sound propagation velocity
(c = 1500m/s) have been taken. The working frequency (f ) of130

both lenses is 250 kHz (therefore the wavelength (λ = 6 mm)
and it can be found at Eq.(3) by its relationship with the angu-
lar velocity (ω). Finally, p corresponds to the acoustic pressure.
The initial conditions of the model were the following: Initial
pressure (p0) was zero and the thickness of the lenses was 1135

mm which was despicable with respect to the wavelength of
the incident pressure wave. The defined boundary conditions
were: the lenses were considered infinitely rigid marking the
contours of the elements applying the Newmann condition (the
sound velocity in the contour was zero); the contours of the140

2



model were defined as wave radiation condition boundary to
emulate an infinitely large medium and therefore the Sommer-
feld condition was satisfied; the axis of rotation was definedas
axis of axisymmetry to simulate the 360o rotation that makes up
the SZPs in 3D. The geometry of the mesh used was triangular.145

A maximum element size ofλ/8 and a minimum ofλ/14 was
established to avoid numerical dispersion in the simulations. In
Fig.1 the scheme of the model implemented in FEM is shown.

3. Results

The Numerical Aperture (NA) of the lens design must be150

taken into account. NA is defined asFL divided by the diameter
of the lens (D). It is well known that the Rayleigh resolution is
determined by the numerical aperture of the lens and the wave-
length of the radiation used. The smaller the NA, the better is
the resolution of the lens. Taking into account that it must be155

designed with a small numerical aperture, a value NA of 0.214
has been selected for simulation. By selecting a focus position
at 27 mm in axis of symmetry, a maximum lens diameter of 126
mm is obtained that complies with the chosen NA.

Therefore, the design of the SZP will comply with these char-160

acteristics implemented in the construction equation Eq.(1),
taking into account thatλ is 6 mm for the case of the host
medium is water. To design the SZP with radius/phase refer-
ence, two cases are considered. Given the construction equa-
tion Eq.(2), a reference radius must be chosen for each case.165

The first one, is thatr0 is smaller than the first radius (r1) of
the original SZP (r0 ≪ r1). The second case occurs whenr0 is
bigger thanr1 (r0 ≫ r1).

The results are expressed as a function of the Intensity Level
(IL), that is defined as the ratio, in dB, between the downstream170

intensityI and the incident intensityI inc.

Intensity Level(dB) = 10log

(

I
I inc

)

(4)

3.1. SLL Reduction

Figure 2: Numerical results of the Intensity Level (in dB) along Z axis.
Comparison between classical SZP and SZP with reference radius r0 (r0 =

1.308mm) beingr0≪ r1. The results are shown forf = 250kHz

In the first case, a reference radius smaller than the first ra-
dius of a classical SZP has been taken. The numerical results175

are shown below. In Fig.2 a longitudinal section is shown for

Figure 3: Numerical results of the Intensity Level (in dB) along R axis.
Comparison between classical SZP and SZP with reference radius r0 (r0 =

1.308mm) beeingr0 ≪ r1. The results are shown at the Focal Length (FL) for
f = 250kHz

the optimal case compared with the original SZP. It can be seen
the position of theFL has not been modified regardless of the
r0 chosen. In Fig.3 a cross section at theFL position is made,
in other words a cut in R axis is made. In this case, it can be180

seen that there is a modulation of the secondary lobes. An SLL
increase of approximately 3 dB is produced. By the conserva-
tion energy law, a displacement of this energy is caused towards
other lobes. Further, the energy inFL is conserved. It is also
followed from Fig.3 that FWHM for both cases is almost the185

same and equal to 0.47λ, which is near the diffraction limit.
In Table 1, a comparison is shown for different cases that

meet the conditionr0≪ r1. As r0 decreases, SLL increases un-
til a limit value is obtained. Therefore,r0 = r1/10 has been se-
lected as the optimum value since the SLL cannot be improved190

for selected values of NA.

Table 1: Numerical values of Side Lobe Level (SLL) and Full Width Half Max-
imum (FWHM) for different values of the reference radius. Note thatr0 = 0
corresponds to SZP and the FWHM is obtained along R axis.

r0 (mm) SLL (dB) FWHM (λ)

0 9.9 0.46± 0.12
6.540 (r1/2) 11.8 0.47± 0.12
4.359 (r1/3) 12.4 0.47± 0.12
2.615 (r1/5) 12.8 0.48± 0.12
1.308 (r1/10) 13.0 0.48± 0.12
0.654(r1/20) 13.0 0.48± 0.12
0.436 (r1/30) 13.0 0.48± 0.12

3.2. Focus Expansion

In the second case, values are taken above the first radius of
the classical SZP. A longitudinal cut has been made in the same
way as in the previous case that corresponds to the Z axis. It can195

be seen that despite maintaining the position of the maximum
energy in theFL, asr0 increases, an energy expansion in the
longitudinal axis is caused. In Fig.4, several higher reference
radii thanr1 can be observed.

It could be noted that by selecting the reference radius, it200

may be controlled not only the first sidelobes (Fig.3) but also
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Figure 4: Numerical results of the Intensity Level (in dB) along Z axis. Com-
parison between classical SZP and SZP with reference radiusr0 that accomplish
r0 ≫ r1 for f = 250kHz

the main beamwidth to form ultra wide main beam. In Table 2,
the value of the FLHM along the Z axis and the focal shift have
been shown.The focal shift in SZP is completely dependent on
the Fresnel number (NF), which is determined by [35]205

NF =
D2

4λFL
(5)

As it can be seen from Fig.1 and formula Eq.(5), increasing
the effective lens size (D), or reducing the focal length (FL)
or decreasing the working wavelength will increase the Fresnel
number Eq.(5), and thus, reduce the focal shift. Also in our210

design of SZP the focal shift increases with reference radius
increasing. This effect was not previously observed.

For a reference radius ofr0= 50.20 mm, the intensity referred
to the incident intensity (I/I inc) at the focus and at two points of
half intensity drop (FLHM) along Z axis is shown in Fig.5. The215

inset of the figure shows anI/I inc map. White discontinuous
line point out the R axis cut which corresponds to FLHM points.

Table 2: Numerical values of Full Length Half Maximum (FLHM), Focus Shift
and maximum Intensity referred to incident Intensity (Imax/I inc) for diferent
values of the reference radius along Z axis . Numerical value obtained for SZP
designedFL corresponds to 4.65λ.

r0 (mm) FLHM (λ) Focus Shift (λ) Imax/I inc

0 1.53 0 170
36.00 (r6) 2.56 +0.30 118
50.20 (r10) 3.48 +0.55 86
60.23 (r13) 4.16 +1.05 73

4. Discussion and Conclusions

A numerical study of the characteristics of the acoustic
SZP with radius/phase reference has been carried out. Two220

cases have been studied in which two different phenomena are
caused. As expected, a SLL reduction has been achieved when
r0 is minor thanr1. This is due to the control of constructive
interference of diffracted waves from circular zones’ array. By

Figure 5: Intensity the intensity referred to the incident intensity (I/I inc) at the
focus (Z= 4.78λ) and two points of half intensity (FLHM). Red dashed line
corresponds to Z= 6.95λ and blue dotted line to Z= 3.50λ. The inset shows an
I/I inc map and the cut lines of FLHM for a SZP with a reference radius ofr0=

50.20 mm.

changing the reference radius, the spatial frequency of theFres-225

nel zones has been changed. Having control over spatial fre-
quency means being able to obtain a much finer focus, which in
the case of applications such as HIFU, is of great interest asit
allows to obtain a more precise foci.

In the case of beingr0 bigger thanr1, an expansion of the230

focus along the longitudinal axis is caused. This is due to 2
effects: one is the same as in the first case and the second one
is amplitude apodisation effect. The latest is due to geometri-
cal effect interpretation of central apodisation (obturation) on
background sound, as the focus at the first diffraction order is235

in the shadow of the obturation for all other diffraction orders.
Acoustic wave from negative orders is divergent and acoustic
wave from positive orders above one, is rejected far from the
center of the SZP [36]. That is, a small fraction of the first
order radiation is shifted to the higher order lobes.240

To the best of our knowledge, the two designed and char-
acterized focusing properties in this work, regarding the ref-
erence radius had been never studied previously in acoustics
SZP lenses, making this work a great contribution to the field.
Having these tunable properties will allow Fresnel lenses to be245

improved and further research to be made, given their possi-
ble applications in situations where better precision is required.
For instance, the prospect of these results are important insome
medical applications, where depending on the tumor or target
area it is desirable either to have a finer focus, or an expansion250

of the focus.
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