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On the use of phase correction rings on Fresnel zone plates with ultrasound
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In this work, the distortion of the Fresnel Zone Plate focusing profile generated by a piston emitter
in ultrasound applications is significantly reduced through the use of phase correction rings, which
compensate the effect of the piston emitter radiation diagram. Both simulation and experimental
results demonstrate the improvement achieved with this design method over the conventional case.
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Wave focusing is a hot topic of great interest in many
areas of physics, including optics, x-rays, microwaves, or
ultrasounds.'™ Fresnel Zone Plates (FZPs) have been pro-
posed for implementing this application in situations where
conventional lenses are difficult to implement or planar fab-
rication is advantageous.’

Conventional FZPs are capable of focusing a planar
wave into a certain location with a single focus. The structure
of the FZP is a set of concentric rings with increasing radius,
each ring being a Fresnel region. The radius and width of
each Fresnel ring depends on certain design parameters such
as the desired focal length and the signal wavelength.

The use of FZPs in the ultrasound domain is very
appealing because it provides high flexibility in certain
medical applications where fast and accurate focus shifting
is critical,’ such as tumor ablation.”® Other approaches
have also been proposed, such as lenses based on passive
acoustic metamaterials'® and multi-array devices.'"!?
Metamaterials provide several interesting applications, such
as acoustic cloaking, although they are complex structures
difficult to build. Multi-array devices are expensive systems
that require Magnetic Resonance Imaging (MRI) real-time
monitoring to adjust the amplitudes and phases of the emit-
ting elements in order to focus at the intended treatment
area. Therefore, FZPs are still a more attractive alternative
for conventional focusing applications as they are cheaper
and simpler to use.

Planar and spherical wave incidence have been exten-
sively studied,* and FZPs can be easily designed for such
excitations. However, ultrasonic FZPs usually require the
use of piston emitters,”f15 which in certain situations intro-
duce a significant distortion on the focus profile. This work
demonstrates that an accurate focus profile is achieved when
the piston emitter parameters are included in the design pro-
cess of ultrasonic FZPs.

The governing equation used to design a FZP with point
source excitation is given by
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withn=1, 2,..., N, being N the number of Fresnel regions, F'
the FZP focal length, / the operating wavelength, d the sepa-
ration between the point source and the FZP, and r,, the radius
of each Fresnel region. Using Eq. (1), the r, values are
obtained from the FZP design parameters (F, N, 4, and d).

Figure 1 shows a setup with a FZP placed at a distance d
of a piston emitter in the ultrasound domain. In the far field
case, the piston can be modeled as a point source emitter
with a specific directivity pattern, given by

2, (ka sin(0)) 5
~ kasin(0) @
with k being the wave number, a the piston active radius, 0
the angle referenced to the normal direction of the piston sur-
face, and J; the first kind and first order Bessel function.
Figure 2 shows the directivity of a piston with a com-
bined ka product of 16.96. As it can be observed, the piston
introduces two drawbacks over the ideal point source emit-
ter: the non-omnidirectional behavior and the =-phase
change at some secondary lobes. This second drawback is
more significant, because the additional n-phase introduced
in the secondary lobes causes that their contributions
destructively interfere those of the main lobe, which results
in a significant distortion at the focusing profile. Thus, the
maximum angle 0,,,. beyond which there would be a phase
error due to the piston directivity diagram can be calculated
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FIG. 1. Ultrasound FZP focusing setup using a piston emitter.
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FIG. 2. Directivity pattern of a piston emitter with ka=16.96; module
(blue) and phase (red).

from the first zero of the J;(x) function, which is located at
x=3.83, using

a

0,a = arcsin (i{ﬁ) 3)

From the 6,,,, parameter obtained with Eq. (3), it is pos-
sible to calculate the FZP maximum radius as

Ryax = d tan (0 ). 4)

Equations (1) and (4) yield to a maximum number of
radii for the FZP in order to avoid phase distortion

2
— | = 2 2 2 2
Nmax - \‘/1 (\/d +Rmax + \/F +Rmax d F)Jz (5)

with |- | being the floor operator.

If N> N, the m-phase error introduced by the piston
first secondary lobes results in a destructive interference at
the focal length, as mentioned earlier. Figure 3 shows the
computed axial intensity of the same FZP with N=31 for
both an ideal point source emitter (blue line) and a piston
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FIG. 3. Normalized axial intensity of a FZP with N=31, F =80 mm, and
/=5.55mm. Ideal point source emitter (blue line) and piston emitter with
ka=16.96 and d =340 mm (red line).
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emitter with ka =16.96, d=340mm and N, =14 (red
line). The FZP has been designed to operate at A=5.55 mm
with F=80mm. As it can be observed from the figure, the
phase error generates a very noticeable distortion on the
focusing profile, which can result in malfunctioning of the
FZP. 1t is worth noting that at the focal length, the acoustic
intensity shifts from a maximum value in the point emitter
case to a local minimum in the piston case.

The interference behavior of each Fresnel region can be
analyzed by plotting the directivity phase and the FZP radii
in the same graph, as shown in Fig. 4. Thus, those Fresnel
regions in which the piston phase is © generate a destructive
interference, whereas those radii in which the piston phase is
0 generate a constructive interference.

In order to correct the phase error, a phase correction
ring (PCR) must be added to the FZP when N > N, so the
n-phase change is compensated. The PCR consists of skip-
ping one Fresnel radius when the n >N, condition is
reached in Eq. (1); therefore, introducing an additional phase
shift of 7 that compensates the piston phase error. This PCR
should be added every time the FZP radius changes from a
piston directivity lobe to the next one.

Figure 5 shows two different FZPs using piston emitters
with the same number of Fresnel regions (N =31) and their
corresponding focusing profiles. Figures 5(a) and 5(c) corre-
spond to a conventional FZP, while Figs. 5(b) and 5(d) are
associated with the FZP with one PCR. In both simulations,
ka=16.96, and the distance between the piston and the FZP
is 340mm. As it can be observed from the comparison of
Figs. 5(c) and 5(d), the PCR removes the phase error intro-
duced by the piston and achieves a focal length of 80 mm,
which corresponds to the theoretically designed focal length.
However, there is still some remnant distortion introduced
by the piston due to the amplitude of its directivity pattern,
which cannot be compensated and increases the level of the
side lobes adjacent to the main focus.

Figure 6 shows additional simulation results for two dif-
ferent focal lengths: F =60 mm [Fig. 6(a)] and F =100 mm
[Fig. 6(b)]. Blue lines correspond to conventional FZP
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FIG. 4. FZP radii (black) and directivity phase for a piston with ka =16.96
and d =340 mm (blue), N=31, F =80 mm, and A =15.55 mm.
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focusing profiles, while red lines are used to plot focusing
profiles for the FZP with one PCR. Comparing the focusing
profiles plotted in Figs. 5 and 6, it can be deduced that the
distortion augments with the focal length. This is caused by
the increase in the FZP size, as the radii of the different
Fresnel regions become higher with the focal length, which
results in a bigger 0 parameter in the piston directivity pat-
tern, introducing more amplitude and phase distortion onto
the FZP focusing profile. In the conventional FZP case, the
increase in distortion can be observed in the destructive
interference at the focus, which becomes more significant
when F is higher. In the FZP-PCR case, the overall distortion
is much lower, because phase distortion has been removed
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FIG. 6. Axial intensity profiles for conventional FZP (blue line) and FZP
with PCR (red line): (a) F =60 mm, (b) F=100mm; N =31, A=5.55mm,
ka=16.96, and d =340 mm.
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(b)

FIG. 5. (a) Conventional FZP layout
and (c) its normalized axial intensity.
(d) (b) FZP with PCR and (d) its normalized
axial intensity; N=31, F=80mm, A
=5.55mm, ka = 16.96, and d = 340 mm.
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with the PCR. However, the remnant amplitude distortion is
still present, and it also augments with focal length, as it can
be deduced by observing the increasing level of the side
lobes adjacent to the main focus.

In order to evaluate the distortion introduced by the pis-
ton, Fig. 7 shows the computed acoustic intensity at the focal
length as a function of N for three different FZPs: a conven-
tional FZP (red line), a FZP with one PCR (blue line) and a
FZP with two PCRs (black line). The boundary between the
main lobe and the first secondary lobe is located at N, = 14
and the boundary between the first secondary lobe and the
next one is located at N,,,,» =45. As it can be observed from
Fig. 7, when N > 14, the focal intensity of the conventional
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FIG. 7. Normalized intensity at focal length: Conventional FZP (red), FZP
with one PCR (blue) and FZP with two PCRs (black). ka = 16.96, d = 340 mm,
Npa1 =14, and N, 0 =45.
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FIG. 8. Experimental set-up.

FZP does not increase when N increases as expected, but
instead it begins to decrease due to the destructive interfer-
ences generated by the N, <N <N, Fresnel regions.
The FZP with one PCR compensates the phase error up to
N =N,,u2. As this FZP does not have the second PCR, when
N> 45, the intensity at the focal length begins to decrease,
while it starts to increase again for the conventional case. This
phenomenon is due to the fact that for N > 45 the phase of the
piston directivity pattern is not © but 0 again, due to the
change to the next secondary lobe. Finally, the last FZP
includes two PCRs for compensating the phase error due to
both transitions in the piston phase diagram and presents a
proper behavior. In this last case, the intensity at the focus is
continuously increasing because all the contributions are con-
structive. This mechanism can be extended, adding additional
PCRs when the number of Fresnel regions increases and more
piston side lobes contribute to the FZP focusing profile.

The simulation results have been validated through
experimental measurements. Figure 8 shows the experimen-
tal set-up. An underwater 3D automated positioning system
with a spatial resolution of 1 x 1 x 1 mm’ is used inside a
water tank. An Imasonic piston transducer with a 30 mm
active diameter, a central frequency of 260.88kHz and a
—6dB bandwidth of 180.66 kHz is used as an emitter. A nee-
dle hydrophone from Precision Acoustics, Ltd., with a diam-
eter of 1.5mm and a —4dB bandwidth that goes from
200kHz to 25MHz is used as receiver. The transmitted

()

FIG. 9. (a) Conventional FZP with R; =122.11 mm (b) FZP-PCR with
R;=123.51 mm.
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FIG. 10. Experimental acoustic intensity maps: conventional FZP (a) and
FZP with PCR (b).
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signal is generated using a Panametrics 5077PR Pulser,
whereas the received signal is acquired and sampled using a
digital oscilloscope from Pico Technology with 12-bit reso-
lution and 72 dB dynamic range.

Two Soret FZPs have been measured in the experiment,
a conventional FZP [Fig. 9(a)] and the FZP with a PCR [Fig.
9(b)]. The FZP external radii are R;=122.11mm and
R; =123.51 mm, respectively. Both lenses are very similar
in size as they differ in a single Fresnel region. The FZPs are
I mm thick and made of brass. They have been designed for
operating at 270 kHz at a focal length of 80 mm. The number
of Fresnel zones is 31, and the separation between the piston
and the zone plate is 340 mm. The water sound speed is
¢, = 1500 m/s.

Figure 10 shows the acoustic intensity maps for both the
conventional FZP [Fig. 10(a)] and the FZP with one PCR
[Fig. 10(b)]. Both maps have been normalized to the same
reference, the maximum value in the FZP-PCR case. As it
can be observed from the figure, the focal length of the FZP
with one PCR agrees accurately with the design value of
80 mm, while the focusing profile of the conventional FZP is
severely distorted, and its main focus is shift to 10 mm
towards the lens plane.
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FIG. 11. Axial focusing profiles for conventional FZP: measurements (blue
solid line) and simulation (blue dashed line) and FZP with PCR: measure-
ments (red solid line) and simulation (red dashed line).
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FIG. 12. Radial focusing profiles for conventional FZP: measurements (blue
solid line) and simulation (blue dashed line) and FZP with PCR: measure-
ments (red solid line) and simulation (red dashed line).

Figure 11 shows the measured focusing profiles along the
axial direction for both lenses: conventional FZP (blue) and
FZP with one PCR (red). The corresponding simulation
results are also depicted as dashed lines. As it can be observed
from Fig. 11, experimental results agree very well with simu-
lations, and the FZP with the correction ring achieves its theo-
retical focal length of 80mm, whereas the standard FZP
presents destructive interference at that same focal length.

Figure 12 shows the measured focusing profiles along
the radial direction for both lenses: conventional FZP (blue)
and FZP with one PCR (red). The corresponding simulation
results are also depicted as dashed lines. As it can be
observed from Fig. 12, experimental results also agree very
well with simulations, and the FZP with one PCR presents a
narrower beam waist (wo=5.98 mm) than the conventional
FZP (wo="7.66 mm). Both values are higher than the theo-
retical minimum value,'® which in this case corresponds to
wp=2.31mm.

Although experimental and simulation results agree
very well in Figs. 11 and 12, there are small differences that
can be caused by the cross-shaped mechanical support that

Appl. Phys. Lett. 112, 264102 (2018)

can be observed in Fig. 9, which maintains the FZP brass
rings fixed in place. This cross-shaped structure has not been
modelled in the simulation.

In this paper, a method to design FZPs to operate with
piston emitters, which are typically used for underwater
ultrasound transmission, has been presented. A theoretical
analysis on the error introduced by the piston has been devel-
oped, and a method to eliminate the piston phase error based
on PCRs has been proposed. Simulation results have been
obtained to validate the theoretical model. Moreover, the
performance of these FZPs with PCRs has been experimen-
tally demonstrated showing an improvement over conven-
tional FZPs and removing the focusing profile distortion
caused by the phase error introduce by piston emitters.

This work has been supported by Spanish MINECO
(TEC2015-70939-R).
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