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Abstract
resnel binary lenses have been made to focus
light waves at a point. In this paper we used
F
Fresnel lens’ laws to make a device that is able
to focus sound waves at a point. The overall
method was constructing a device which amplifies
the waves’ amplitude by constructive interference
and prevents destructive interference at the focal
point. The lens’ properties have been studied then,
the setup tested by simulation and its ability to focus sound in various conditions tested experimentally.

1

Introduction

Fresnel zone plates are widely used in optical applications. One of the common uses of a zone plate
is to bring light from a distant source to focus. The
zone plates, with concentric opaque rings in determined radiuses (depend on sound frequency and
required focal length) are able to focus light waves.
The main idea which has been used to make zone
plates was to prevent destructive interference of
waves using opaque ring and to amplify the waves’
amplitude at the focal point due to constructive interference. Because the sued rules of light waves
in producing an optical Fresnel zone plates are as
same as the rules of acoustic waves; we are going
to apply them to produce the acoustic one.

2
2.1

Theory
Method of determining ring’s
radiuses of a Fresnel zone

The Fresnel lens shown in FIG. 1 is made for
plane wave front of waves that causes the same
initial phase of the waves. Light waves impinge
the structure from the back and the focal point is
considered on the symmetry axis of the lens. By
referring to the Huygens principle of waves, any
arbitrary point on the lens’s plane can be considered as a spherical source point which cause the
waves to reach the focal point. The purpose is
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to get constructive interference at the focal point
,so the rings should switch from opaque to transparent. Actually the Opaque rings prevent transmission of waves which destructively interfere at
the focal point and transparent rings transmit the
waves which constructively interfere.
Since the final amplitude at the focal point is
equal to the sum of the amplitudes of waves passing through the lens, the lens amplifies the light
intensity at the focal point.
The optical path difference of points on the plane
of zone plate and the focal point, causes the phase
difference of waves. The path difference is equal
to l − l0 where l0 is the focal length (see FIG. 2a).
If l − l0 < λ2 , waves at the focal point constructively interfere and make the amplitude larger, so,
we made the red surface (shown in FIG. 2a) transparent for waves. And if λ2 < l − l0 < λ waves
cause destructive interference at the focal point, so,
we put an opaque ring on the blue surface (shown
in FIG. 2b) to prevent destructive interference.
By continuing this approach, we have:
(n − 1)λ
nλ
< l − l0 <
2
2

(1)

Then:
nλ
+ l0
2
By Pythagoras’s law we have:
√
rn = l 2 − l02
l=

Using Eq. [(2), (3)]:
√
n2 λ 2
rn =
+ nλ l0
4
Where l0 is focal length and is equal to f .
As λ ≪ l0 , rn can be approximated as:
√
rn ∼
= nfλ

(2)

(3)

(4)

(5)

Where n is an integer, f is focal length and λ is
light’s wavelength.
This method of determining the radius of the
rings is based on diffraction and interference phenomena. And also the Huygens principle is a principle for all types of waves. So this method of making a lens is also useful for concentration of sound
waves.

2.2 Our Fresnel lens
We decided to make a lens for the osund frequency of 13 kHz and the focal length of 0.5 m.
Speed of sound in the air considered equal to 340
m/s. Using Eq. (5) radius of the rings calculated
as TABLE I.

FIG. 1. Fresnel lens consist of concentric rings. Opaque
rings prevent destructive interferece. Transparent rings
cause constructive interference at the focal point.

(b) Where an
(a) Where the path
inappropriate
path
difference causes
difference
causes
constructive interference
the rings considered to be destructive interference
transparent. (the red the rings considered to be
opaque. (the blue
surface)
surface)
FIG. 2

2.3 Assumption of this method and
solutions to them
1. In the given method of constructing Fresnel
lenses, the opaque rings assumed to be an
absolute sound insulator material but in real
situation any material that we use to make
our lens have a coefficient of sound transmission and it will transmit some waves which
destructively interfere at the focal point and
cause decrement of final amplitude.
2. Eq. (5) has been reached by assuming that the
wave front of sound source is plane, but in
real situation, sound source is spherical and
it effects on the initial phase of the incident
waves. This effect makes the waves not to
be all in same phase and it may decrease the
sound intensity at the focal point. To solve
this problem, we had to put sound source far
number of
rings
r1
r2
r3
r4
r5
r6
···

rn × 10−6
(m)
114354
161722
198068
228709
255705
290111
···

∆rn × 10−6
(m)
4
6
7
8
9
10
···

TABLE I. Radius of the rings of our binary lens as a
function of ring’s number (n)
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Simulation

FIG. 4. Geometry of setup in axis symmetry simulation.
Sound waves impinge the structure from bottom. The
spherical sound source is placed 12.5 m under the lens
and the thickness of the rings considered to be 0.01 m

FIG. 3. Waves of a spherical sound source incoming to
the lens. The distnce δ is the path difference which
makes phase difference in the back of the lens. If
L = Lmin , the wave front can be almost assumed plane.

enough from the lens in a way that the wave
front can be almost assumed plane. So, we
decided to calculate the minimum needed distance (Lmin ) between sound source and the
lens. FIG. 3, shows the wave front of a spherical sound source which is incoming to the
lens. Where rn the radius of the biggest ring
is (depends on number of rings) and δ is the
maximum path difference that makes phase
difference in the back of the lens. To be able
to assume that the wave front is almost plane,
the δ should be much less than rn (δ ≪ rn ).
The magnitude order of rn and λ are 10−1 m
and 10−2 m. So we estimated the of magnitude of δ . According to the estimation δ
should be one order of magnitude smaller then
λ . Then it would be in order of 10−3 m. So
this estimation can confirm the δ ≪ rn condition.
By Pythagoras law we have:
(L + δ )2 = rn2 + L2

(6)

As δ is one order of magnitude smaller than λ ,
λ
in Eq. (6). Then:
we can put δ = 10
Lmin =

100rn2 − λ 2
20λ

(7)

As λ ≪ rn :
rn2
(8)
λ
As the smaller structure is more applied we decided to make our lens consisting of three opaque
rings. So the maximum radius of the rings was
equal to r5 (TABLE I). Sounds’ speed (vs ) considered to be 340 m/s without error. By λ = vvs (v
is sound’s frequency) we have λ = (26154 ± 2) ×
10−6 m.
Lmin ∼
=5
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FIG. 5. The triangular mesh inside and outside the lens.
Finer mesh around the boundaries considered.

Then from Eq. (8) the minimum of L is:
Lmin = (12500 ± 1) × 10−3 m

(9)

To test this estimation and to see the ral situation’s effects on lens’ amplification we did simulation using COMSOL software.

3

Simulation

We
used
2D-axisymmetric
simulation
with COMSOL multi physics software. 2Daxisymmetric was chosen because our geometry
is a body of revolution and building blocks act
only radial and axial, with no tangential component. Everything in 2D plan revolve on the
rotational axis (Here the symmetry axis of the
lens). FIG. 7 (3D diagram) shows the revolution
of FIG. 6 (2D diagram). Also doing simulation
in 2D-axisymmetric environment instead of 3D
environment reduces time of solving.
The lens designed for 13 kHz frequency and
f = 0.5 m. To see the real situation’s effect on the
results of sound focusing, the sound source considered to be spherical and the given material was
PVC (density = 1.38 g/cm3 ) which has a coefficient of sound transmission. This coefficient is
measured experimentally. The sound intensity behind and front the material is measured and the
blocked intensity was found, which was equal to
16 ± 1 dB (The error is the instrument error).

Experiments
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3.1 Geometry
FIG. 4 shows the geometry of setup in 2Daxisymmetry simulation. Everything in 2D environment revolve on the r = 0 axis (FIG. 4). Then
the rectangular rings (in 2D environment) by revolving change into circular rings in 3D environment. The radius of the rings is as same as TABLE
I. Distance L is equal to Lmin (see Eq. [(8), (9)]).
The PML (Perfectly Matched Layer) prevents reflection of sound from the walls to avoid interference of reflected waves with waves transmitted the
lens.

3.2 Mesh
The mesh designed for this geometry was an unstructured mesh (see FIG. 5). Although the structural one is more accurate but we chose the unstructured, because, it is easier to apply to our geometry
and takes less time. As diffraction occurs from the
edges of the rings, calculations around the boundaries of rectangles must be more accurate. So the
mesh around the boundaries considered to be finer
but the mesh’s size increased by increasing distance from the rings (rectangles in 2D). Then the
space between them filled with triangular mesh.

3.3 Simulation’s result
FIG. 6 indicates the 2D acoustic pressure diagram of our Fresnel zone plate. Red and blue colors (indicatives of high intensity) have been appeared 0.5 m in front of the lens.
The 3D result of simulation has been shown in
FIG. 7 which is sound pressure diagram. As shown
the dark red color has been appeared in front of
the lens. The simulation’s results indicated that in
about 0.5 m in front of the lens, sound pressure has
been increased. It means that our lens in real situation is able to focus sound and the estimations
were appropriate for the lens to focus sound.

FIG. 6. Axis symmetry simulation result using
COMSOL. The 2D acoustic pressure diagram for our
Fresnel lens. The red and blue colors indicate high
intensity of sound.

with intensity equal to 24 dB ± 1 dB. This is more
than what PVC blocks. So the Styrofoam is the
better sound insulator material and it is better to use
for the experiments. Because the more insulator
material, prevents the transmission of waves which
destructively interfere at the focal point.
FIG. 9 shows the schematic top view of our
experimental setup. The Tone generator used to
produce sound then it amplified using a amplifier.
Fresnel lens has been placed in front of the sound
source and the distance between sound source and
the lens is equal to Lmin (Eq. [(8), (9)]). We moved
a microphone (Shown by a black solid circle on
FIG. 9) on the symmetry axis of the lens and detected sound intensity on it to see intensity’s variations which is expected from theory and simulation. We used Visual analyzer to measure sound
intensity where ever the microphone is located. It
shows the intensity of each frequency of sound in
the experiment’s space. See FIG. 10 which shows
the Visual analyzer environment.
The lens put out in an open space and the experiments done there to prevent sound reflection from
walls and its destructive effects on sound focusing.

6
4 Experiments
As the simulation’s results said that our lens is
able to focus sound, we started bulding the lens to
test its ability of focusing sound experimentally.

5 Experimental setup
The radius of the rings has been taken from Eq.
(5) and it is as same as TABLE I. The used material
was Styrofoam; because it is able to reflect sound,
so it will prevent sound’s transmission of opaque
rings (FIG. 8). The Styrofoam blocks the sound

Experiment No.1

6.1 Measuring sound intensity on
the symmetry axis of lens (Testing the setup)
The microphone moved on the symmetry axis
of the lens and the sound intensity of 13 kHz frequency detected each 10 cm on it, but near the focal point (Which x = 50 cm and the maximum intensity was expected) to be more accurate, the detection was done each 5 cm. Results of this experiment is shown in FIG. 11. Which is variations
of acoustic level vs. horizontal distance from the
plate. x = 0 is on the surface of the lens and x = 50
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Experiment No.2

FIG. 9. Schematic top view of the acoustic lens setup.

FIG. 10. Visual analyzer environment. It shows the
intensity of sound for each frequency in our
experimental space. As you can see the intensity of
13kHz frequency (Which the lens is made for) is more
and we detected this frequency’s intensity variation on
the symmetry axis of the lens.
FIG. 7. Axis symmetry simulation results. The 3D
diagram of sound pressure level. The dark red color
indicates high sound pressure.

7
7.1

Experiment No.2
Focusing sound with other frequencies

Our lens had been made for 13 kHz frequency
and f = 0.5 m. To see that how does the lens behave by changing√frequency, we referred to Eq. 5
which says rn = n f λ . As λ = vνs (vs is speed of
sound and ν is the frequency of sound) we have:
√
vs
rn = n f
(10)
ν
FIG. 8. The acousitc lens with concentric rings made
using Styrofoam.

We don’t change our lens so the radius of the
rings (rn ) is constant. Then the focal length can be

cm is the focal point. FIG. 11 indicates that the
sound pressure at x = 50 cm has been increased.
Which is because of constructive interference of
sound waves at the focal point.
The lens was optimized for focusing sound in 50
cm in front of it; but, as constructive interference
of waves can also occur in other points in front of
the lens, picks before and after x = 50 cm are also
arisen (FIG. 10).
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FIG. 11. Variations of acoustic level vs. horizontal
distance from the plate. Where x varies on the lens’
sysmmetry axis. The lens has been focused sound in its
focal point (x=50 cm). The average sound intensity
after x=50 cm is lower than it before x=50 cm, because
that is related with x−2 (As we know = 4πpx2 , where I is
sound intensity and p is the sound source’s power)

Experiment No.3
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FIG. 12. ν vs. f diagram for our lens. Blue line relates
to the experiments. Diagram slope = (3.77 ± 0.06)
cm/kHz. (Regression=0.9996)

FIG. 14. Results of experiment No.3. Sound pressure
vs. horizontal distance from the plate diagram for
positive lens (the first one) and negative lens (the
second one). Green areas indicate the focusing area.
Both lenses were able to focus sound but the width of
the focusing area for the negative one is smaller so it
has a better amplification.
FIG. 13. Two types of acoustic lens. The left one is
positive lens and the right one is negative lens. Made
using foam.

Where c =

rn2
nvs

rn2
= νc
nvs

Experiment No.3

8.1 Positive and negative lenses

written as a function of frequency:

f =ν

8

(11)

and is constant.

We changed the frequency (ν ) and for each frequency plotted sound intensity vs. horizontal distance from the plate chart (like the chart in FIG.
11). In each, where the intensity was in its maximum, considered to be that frequency’s focal point.
After that a chart for each frequency and its focal length plotted. FIG. 12 indicates the results of
this experiment. As it was expected from Eq. (11)
the ν vs. f chart is linear. The diagram slope is
the constant number c. Our lens was able to focus
other frequencies of sound but in a different focal
point. It means that the lens can be used for any
arbitrary frequency of sound which is wanted to be
concentrated in point.
Our lens was able to focus other frequencies of
sound but in a different focal point. It means that
the lens can be used for any arbitrary frequency
of sound which is wanted to be concentrated in a
point.

This type of acoustic lens can be made in two
different shapes (see FIG. 13). The left one, in
which the even rings are opaque, is called positive
lens prevent transmission of waves which destructively interfere at the focal point. In the negative
lens, in which the odd rings are opaque (FIG. 13
(right one)), the opaque rings of positive lens have
been changed into transparent rings; so the negative one concentrate waves which are prevented by
the positive one. As a result both types of lenses are
able to focus sound but in an opposite amplitude.
In this experiment both setups were tested and
their ability of focusing acoustic waves compared
with each other. The comparison was based on
resolution of focusing sound where the resolution
refers to the width of the focused beam. The used
material was foam which is an appropriate sound
insulator material. The foam blocks sound with intensity equal to 26 dB ± 1 dB. To be accurate and
to prevent sound waves’ reflection from walls, this
experiment done in an acoustic room.
FIG. 14 is about the results of this experiment.
As it indicates both positive and negative lenses
are able to focus sound in the required focal point
(x ∼
= 50 cm). The orange lines in FIG. 14 show
the sound pressure on the symmetry axis when we
hadn’t put the lens in front of the sound source. The
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sound pressure is measured using:
LI

p = p0 10 20

(12)

Where p is sound pressure; p0 is the reference
sound pressure and is equal to 2 × 10−5 Pa and LI
is sound intensity level.
Green areas specified in the charts of FIG. 14
indicates the focused area. Width of focused area
(indicative of lens’ resolution) for negative lens is
smaller. Actually the negative lens has been focused sound better than the positive one. The reason is that the area of the positive lens’ innermost
circle is almost large, so this type of lens transmits
a large amount of sound without concentrating it
from the innermost circle; whereas the negative
one prevents the transmission of large amount of
sound without concentrating it, because of its first
opaque ring.
As a result of this experiment the negative lens
has a better sound focusing.

9 Conclusion
In this paper Fresnel zone plate’s laws used to
make an acoustic lens. The basic reason of ability
of focusing sound waves using this lens was that
the diffraction of waves occurs from the edges of
the rings and the radius of the rings determined in
a way that the waves constructively interfere at the
focal point. Our lens made for frequency of 13 kHz
and focal length of 0.5 m.
To see the effects of theory’s assumptions and
the setup’s behavior in real situation, simulation
test done. Then the lens tested experimentally. Detection of sound intensity on the symmetry axis of
the lens gave a pick in x ∼
= 0.5 m on the acoustic level vs. horizontal distance from the plate diagram as it was expected from theory and simulation. The lens was also able to focus other frequencies of sound but in a different focal length so it is
useful for any arbitrary frequency of sound.
The more insulator the material of the lens is,
we have the less destructive interference at the focal point and also amplification occurs better. The
experiments should be done in an open space or
an acoustic room to prevent interference of incident waves with reflected waves from walls. Also
the negative lens has a better resolution of focusing
sound.
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