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Abstract
This work reports a theory for the single lens fiber optical microphone. Computational simulation and experimental results were

compared presenting good agreement. It is shown that the operating principle of this microphone is based in membrane tilt angle
variation rather than membrane longitudinal displacement.
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1. Introduction

Interest on fiber optical microphone, FOM, is related to the advantages that an optical sensor has over
conventional sensors, such as electrical and chemical passiveness and electromagnetic interference immunity. In
addition, long distances between the microphone and the electronic circuit are supported due to the low loss
characteristic of optical fiber. These features make feasible the employ of a FOM as an alternative way to
applications in surveillance, military, medicine, robotics, and noncontact or nondestructive essays [1]-[4].

In the FOM configuration proposed in this work, differently from classic configurations [5], [6] a lens is used and
the principle of operation based in back and forward movement of membrane is not valid anymore. Feldmann and
Biittgenbach [7] developed a two lens fiber optical microphone and used the classical approach to explain the
behavior of this microphone, but unlike suggested by these authors, a back and forward movement will not cause the
light modulation since lens focus the parallels beams at the same point.

The theoretical analysis presented in an early work by the authors [8], provided the computational simulation and
in this work it is compared to experimental data.
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2. Theory

2.1. Microphone scheme

The proposed fiber optical microphone consists of two optical fibers (transmitting and receiving ones), one
positive lens, and one reflective membrane, as shown in Fig. 1. The light emerges from the transmitting fiber in a
conical shape limited by the critical angle 6, until it reaches the lens. The distance, d,, between the lens and the
transmitting fiber is set to obtain a collimated beam after lens. Supposing that membrane is tilted by an angle 0
relative to y axis, the collimated beam reaches the membrane with incidence angle 6 relative to the membrane
normal, and is reflected with the same angle. Total deviation is equal to 26. After going through the lens again, the
beam is focused reaching the receiving fiber core. The tilt of the membrane is necessary to light impinge the core of
receiving fiber since transmitting and receiving fibers are spatially separated.
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Fig.1 Detailed scheme of fiber optical microphone head with a single lens and tilted membrane.

The parameters shown in Fig. 1 are the following: a, 4 and ¢ are core radius, cladding radius, and cladding
thickness of transmitting fiber; n; and n, are the refractive indexes of core and cladding, respectively; a,, b, and ¢,
are core radius, cladding radius and cladding thickness of receiving fiber; m is the distance between the center of
fibers and J'is the gap between fibers; d| is the distance between lens and reflective membrane; P; is the total power
of the beam incident in the entrance plane of receiving fiber, z = 0, and P, is the power coupled to receiving fiber
core; y; and a; are the height and angle of the center ray at membrane, or plane z = d, + d;; y, and a; are the height
and angle of the center ray at fibers plane, or z = 0. The angle 6, is given by

. 1
6, =sin™' (NA/n) (1)
where 7 is the air refractive index and NA is the transmitting fiber numerical aperture, given by

NA =\/n} —n; 2
The distance d, is given by

d, = f~d/tald)) 3)
where f'is the lens focal distance.

In the next section power transfer coefficient, 1, i.e., the ratio between the power coupled to the receiving fiber,
P,, and the total power incident on its surface, P, is calculated to determine how amplitude modulation of light
occurs in this microphone.
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2.2. Principle of operation

2.2.1. Power transfer coefficient
The intensity distribution profile of the optical beam from transmitting fiber can be regarded as gaussian and can
be written in cylindrical coordinate as

—Ar?

[(F)ZIIe w? )

where r is the radial coordinate, /; is the optical intensity at the center of the cross section plane, A is a constant
related to the modal power distribution in the fiber, and w is the beam (or spot) radius. Integrating (4) over the total
spot area, S, one can find the relation between the optical power P; and the optical intensity /; on the entrance plane
of receiving fiber, as follows:

2z © 2
w
P = [[1(r)ds = [dg [1(r)rdr = =—1, (5)
0 0 A
where dS is the area differential element of S. Then the optical intensity distribution in terms of P; can be written
as
—Ar?
A —
I(r)z—zP,e " (6)

The optical power coupled to the receiving fiber can be calculated integrating (6) over incident light area on core:

20y
P = ”I(r)dSR =P 3 I¢(r)re v dr (7)

i
where dS; is the area differential element of the intersection area, Sk, between spot and fiber core. The angle
between y axis and the line connecting the center of spot to the intersection point of core and spot is given by

2

2 2
q r + d —da
— - r 8
¢(r) cos ( rd J (8

Finally, regarding transmission losses in interface air-receiving fiber as a constant I', the power transfer
coefficient is as follows:

P
B _p2A
P

) ~Ar?
2

7= [#(r)re » ar ©
Ul

With (9) it is possible to calculate # for each spot position relative to the center of receiving fiber. Such position
determines the integration limits. The two parameters which the authors take in account as the cause of variations in
spot positions are d; and 6.

In Fig. 2, the x and y axis have the origin in center of transmitting fiber core. The x’ and y’ axis are placed in the
center of spot and move with it. The parameter d is the distance between center of receiving fiber core and center of
spot, and is given by

d=m-y, (10)
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where the distance m is

m=a+a,+c+c,+6 (D
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Fig.2 Geometric scheme showing transmitting and receiving fibers and the light spot impinging receiving one.

2.2.2. Spot position

Analyzing only the central ray of the reflected beam, knowing its position and angle (y;, a,) at the membrane and
using ABCD matrix, it is possible to determine the position and angle (y,, a) at the receiving fiber. Since € is quite
small, a paraxial approximation and the following ABCD matrix can be used:

R b R e ]

As can be seen in Fig. 1, it was stated that y, = 0 and «; = 26. With (12) one can vary d; or § parameter to find
the spot position y,.

2.2.3. Integration limits

In order to determine the integration limits #; and r,, the spot position was divided in four regions. The first
region initiates when the spot starts to enter the core of receiving fiber and it ends immediately after spot enters
completely on core, which means

a,-w<d<a,+w

»
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and the integration limits are
n=d-a,
(13)
r,=w

The second region occurs when spot is completely on core until the center of spot reach the center of core, i.e.,

0<d<a,-w,
and the integration limits are

{rl - (14)

r,=w

The integral is considered symmetric for d < 0 and the third and fourth regions are symmetric to first and second,
respectively.

3. Results

The results presented in this section refer to static calibration curves of microphone. The first curve was obtained
varying the tilt angle of membrane, 6, to a fixed position d;. The second curve was obtained varying the position d;
to a fixed angle 6.

3.1. Microphone parameters
The fiber optical microphone mounted in laboratory was built using a light source, two step-index optical fibers,

a lens, a reflective membrane mounted over translation and rotation stages, and a photodetector. This system is
shown in Fig. 3.
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membrane
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stage

Rotation
stage Receiving
| fiber

Fig.3 Photography of the fiber optical microphone.

The light source in this case was an He-Ne laser with 633 nm wavelength and 30 mW power. A PIN photodiode
OPF480 was employed as photodetector. The reflective membrane used was a dielectric mica film with 19.4 mm
radius and 60 um thickness. The membrane was mounted in a circular support, fixed at the borders. The purpose of
this work was not a membrane analysis, and then its parameters were not subject of concern. The transmitting fiber
has the following characteristics: monomode, 1330 nm operating wavelength, @ = 4 um, b = 60 um, and refraction
indexes n; = 1.465 (core) and n, = 1.460 (cladding), resulting in NA = 0.12. The receiving fiber has the following
relevant characteristics: multimode, azr = 13 pm, and bz = 60 um. The gap between fibers is regarded as 6= 0, then
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m =120 pm. The lens had a focal distance f= 8 mm. As mentioned before y; = 0, a; = 20. The calculated parameters
are 0, = 121 mrad and d, = 7.96 mm. The spot radius was considered as w =12 pm and A = 2.
Experimental and simulation results are compared in the next sections.

3.2. Tilt angle variation

Firstly, to evaluate the 1 variation as a function of tilt angle variation 0, for a given constant d1, it was used (12)
to determine the y2 position, d position with (10) and the integration limits r1 and 2 with (13) or (14). Then n was
calculated using (9). This calculation was done through computer simulation to each § value, and the result was
normalized. The set of the following parameters were used: d; = 60 mm, and 0 ranges from 5 to 10 mrad. Fig. 4
displays the simulation result for # as function of 8 in the black solid line.

The measurement was done using a rotation stage to vary membrane angle, maintaining distance d; = 60 mm.
The photodetector output was measured to each angle, measured with the rotation stage scale, and the result was
normalized. The experimental result is shown in Fig. 4 in the red markers.
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Fig.4 Experimental and simulation curves of power transfer coefficient # versus @ variation.

The curve showed in Fig. 4 indicates that small variations in membrane angle, 6, can cause large variations in 7.
For a 5 variation from 10% to 90% it is necessary a tilt angle variation of approximately 0.85 mrad.

Regarding the positive slope of curve and the experimental data, the calibration factor obtained was
approximately 98 urad/V, which means that a 1 V increase at the photodetector output corresponds to a increase of
98 urad in tilt angle.

3.3. Longitudinal displacement

Secondly, it is evaluated how longitudinal variation in distance between membrane and lens, d;, can cause
variations on power transfer coefficient #. Now the variable in (12) is d; and to each value of it, one can determine
v, d, 1, and r,. The computational simulation was done to a fixed 6, approximately equals to 8.3 mrad. This angle is
the one which gives the maximum output to the initial value of d;. In this case, d; ranges from 60 to 200 mm. The
result was normalized and is shown in the black solid line in Fig. 5.

The membrane support was fixed in a translation stage with a micrometer to provide longitudinal displacement,
or d; variation. Then to each position d; was measured the optical intensity with the photodetector. The
measurement was done for d; from 60 to 83 mm due to translation stage limitation. This curve is shown in red
markers in Fig. 5 and it was normalized to compare with simulation.

In Fig. 5 one can realize that a large displacement d; is necessary to have optical amplitude modulation. Note
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that a variation from 10% to 90% needs a displacement of approximately 80 mm. In other words, regarding that
membrane movement is a longitudinal displacement, the microphone would have a very low sensitivity.

The calibration factor obtained to this curve was -8.9 mm/V, which means that a 1 V decrease in output voltage
corresponds to an increase of approximately 8.9 mm in distance between membrane and lens.

= Simulation
® Experiment

e o =
N @ W

e
&

s & 5
N W

Normalized power transfer coefficient, n
(=]
o

o
-

]
=1

80 100 120 140 160 180 200

Displacement, d, [mm]

Fig.5 Experimental and simulation curves of power transfer coefficient # versus d; variation.

4. Conclusion

According results obtained by computational simulation and corroborated by experiment, to obtain a modulation
of light correspondent to an output voltage of 1 V, through longitudinal displacement, it is necessary an unrealistic
movement of membrane around 8.9 mm. On the other hand, to obtain the same amount of light modulation, through
membrane tilt angle variation, it is necessary only 98 prad. As can be concluded, the results indicated that the main
modulation parameter of this microphone is the membrane tilt angle variation instead the membrane longitudinal
displacement. This occurs as a consequence of the collimating and focusing lens effect. It is important to point out
that the presented result clarifies the misunderstanding of the two lens microphone [7], in which the authors use the
back and forward displacement of membrane to explain the light intensity modulation.

Physically, the tilt angle variation is due to actual membrane movement, which is free on center to displace and it
is fixed at the border. This center displacement causes a membrane curvature. Such curvature corresponds to a tilt
angle, especially if the light beam provided by transmitting fiber is positioned off center of membrane. Also, since
membrane has a small diameter, about 19.4 mm, the actual longitudinal membrane movement is less than 1 mm,
which cannot produce a detectable modulation of light.

Analyzing the characteristic curve of power transfer coefficient versus tilt angle one can realize that it presents
linear regions appropriated to choose a suitable static operation point, in which membrane tilt angle is converted in
optical power variation. To obtain high sensitivity and maximum dynamic range, the static operation point must be
achieved setting the angle 0 to drop # to half of its maximum value. At this point, the microphone can be used to
detect the dynamic vibration of membrane, or the acoustic waves. This use was shown before by the authors in [8].
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