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This paper illustrates the evolution of optical fiber
lever concepts leading to several designs found useful
in air and water applications. In particular, this tech-
nology has led to the development of underwater detectors
of the pressure and pressure gradient kind. In addition
an optical microphone with features not found in conden-
ser microphones has been utilized in the measurement of
pressure fluctuations in high speed boundary layers re-
quiring sensors of small size, extended bandwidth, wide
dynamic range, and high temperature capability. Finally
similar concepts have been applied to the design of scale
model acoustic arrays intended for acoustic imaging appli-
cations in the megahertz frequency range.

INTRODUCTION

Sensors based on a wide range of transductance mechanisms can be charac-
terized as amplitude sensors. Any transduction method which produces a
change in optical intensity proportional to an applied signal can be
classified as such a sensor. Among this class of sensors, it is possible
to differentiate between two types. The first comprises a conditioned
light input signal passing through some form of acousto-optical inter-
action region where the light beam is amplitude-modulated by the surroun-
ding field and then detected upon transmission. The second type, although
similar in concept, detects its ensuing modulations upon reflection with-
in the interaction region. This latter approach falls within the nomen-
clature of fiber optic levers. By definition, a fiber optic lever consists
of a light beam conveyed to a vibrating target by a method that causes the
power in the reflected beam to be modulated in a manner proportional to
the target displacement. It is possible to describe three sensor concepts
falling in this category. The first, shown in Figure 1(a), consists of a
transmit fiber and at least one adjacent receive fiber. A minute motion of
the reflector 1is translated into an optical power modulation AP at the
photodetector. The second type, shown in Figure 1(b), is similar to the
first but utilizés only one fiber and a fiber optic coupler to provide the
change in optical output. The third approach, shown in Figure 1(c), uti-
lizes a Fabry-Perot cavity at the distal end of the transmit fiber. In
this case, both ends of the cavity are partial reflectors, and changes in
the cavity length caused by an external field are translated into optical
modulations by means of fringes generated at the output. The analytical
implications associated with these concepts will be briefly reviewed next;
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however, in this paper, we will concentrate on the approach shown in
Figure 1(a).

THEORY

In most applications, the detection threshold is a viable parameter for
sensor comparisons. A normalized modulation index defined by [1]

1 AP -1

Q=3 ap (P& 1
is a parameter which applies to any optical sensor. P, is the optical
power at the output, AP is the induced change in optical power, while Ap
is the unit change in pressure. The modulation index is used to calculate
the sensor response and the minimum detectable threshold. The sensor res-
ponse S is the differential voltage for a unit change in pressure

S = qP4RQ (volts/Pa) (2)

where q is the detector responsivity in ampere/watt, and R is the detector
load resistance in ohms. Similarly the shot noise limited detection thresh-
old can be written as

1l 2eB

1/2
8% (min)~ q (qp,’

(Pa) (3

where e is the electronic charge in coulombs and B is the detection band-
width in Hertz.

Multi-fiber lever

Eq. (1) can be used to represent the normalized modulation index Q of the
optical fiber lever shown ig Figure 1(a). 1In addition, it is possible to
define a similar quantity Q given by
* _1 AP
Q = P, OD (4)

where AD becomes the change in gap between the distal end of the transmit/
receive fibers and the reflector due to an external pressure field Ap
acting wupon it. From Egs. (1), (2) and (4), it is possible to derive an
expression for the sensor response

AP _ AP AD
ap = BRap ap ()

where 4E represents the induced change in optical power realized by the

S = qR

reflector motion, while D Eﬁlate; to the membrane motion due to an ex-
ternal pressure field. Sinck AD ™ Q P,, the sensor response can be written
as



* AD
S = qRQ P, Ap (6)
Finally, a viable expression for S can B derived based on the appropriate
conditions assigned to the quantity Ao~ If the reflector consists of a
thin, stretched, wundamped circular megbrane fixed at its edge, such as
found in a microphone design, then it is straightforward to show that the
membrane displacement at its center is given by

2
Y = ar @)
or 2

Ap ~ Ap 4T

where a is the membrane radius in meters and T is the membrane tension in
newtons/meter. Thus the sensor response becomes

*
qRQ P,a?
S= ®
Given thaglthe above_4quantities are: q =_Q.5 amperes/watt, R = 10° ,
Q =10*m "™, P,=1 watt, a=1.6x10 "m, and T = 500 newtons/m,

one obtains 6.4 x 10~ volts/uPa, or -184 dB re 1 volt/uPa. The fundamen-
tal frequency of the first resonance peak is given by

2.405 , T
i

27a ¥ p_ (10)

£,

where p_ is the membrane surface density in kg/m?. From the above example,
utiliziﬁg a metallized my}&r membrane 1.27 x 10~ m thick yielding a sur-
face density of 1.64 x 10 ~ kg/m?, the resonance frequency becomes about
42 kHz. The third quantity representing the minimum detectable pressure
can be obtained from Eqs. (1) and (3):

_ 1 2eB\1/2 _ 4T 2eB1/2
5P (niny = Q Cape) a7 (o) (11)

Utilizing the same example this quantity becomes 3.125 x 10% pPa or 70 dB
re 1 puPa. It should be noted that the above analysis is based on a unian-
gular optical beam profile. This assumption is not necessarily correct. In
fact, the profile is basically Lambertian in nature. Figure 2 shows the
results of an experiment performed utilizing a beam from a light emitting
diode coupled into a 100 micron core optical fiber whose output end is
placed 600 microns from an opaque screen. A computerized CCD camera is
focused onto the screen as shown. Figure 3 illustrates the distribution of
light on the screen. Thus, a more realistic analysis of the fiber optic
lever should include this result. Present research on this topic accounts
for the Lambertian profile, as well as sensitivity maximization of the
optical sensor. To improve sensitivity with a minimum number of receive
fibers, two approaches have been considered. The first is based on the
output ratio of two or more receive fibers having different core diameters
[2], while the second controls the diameter and position of the reflector
for optimum performance [3]. Figure 4 shows preliminary results of these



approaches. In this figure, the quantity k defines the miryor dimensions
referenced to the core radius of the transmit fiber, while Q and D remain
as originally described.

Single fiber lever

As an alternate to the multi-fiber concept, a single fiber can be used as
shown in Figure 1(b). Eqs. (1), (2) and (3) apply also to this case, and
calculations which include the coupler loss predict sensitivities equi-
valent to the arrangement of Figure 1(a). However, to achieve similar re-
sults, the fiber gap must be kept small.

Fabrv-Perot cavity

The arrangement of Figure 1(c) is somewhat more complex but predicts im-
proved sensitivities. The analysis can be briefly explained from Figure 5.
Consider a beam of coherent light of amplitude A normally incident on a
partially reflective boundary a which is reflected and transmitted into
media a,and B as shown. The phase difference § between the reflected rays
equals 2 being the light wavelength. It is possible to show that the

I
ratio Iz of the incident and reflected light intensities is given by
i
EL (rl-r2)2+4r1rzsin2%p
I. = (l-r,r,)2+4r,r,sin?% (12)
and 2 2% o
I 2r,ry(1-r3)(1-r3)siné

&
s

Ir, ¢
(1) = Triz,) 7%, 7,517 2 (13)

where r, and r, are the reflection coefficients of boundaries a and b,
respectively. If one defines the sensitivity of the cavity as

I
* A x
S = Ad (I. (14)
where: 1
' A _ A5 A 4 (15)
Ad AsS Ad Aé A

one obtains:
8rr,r,(1-r?)(1l-r2)siné
T A[(l-r,r,)2+4r,r,sin26/2]2

*
S

(16)

In this treatment, it is assumed that the medium of the cavity is air. It
is relevant to note that for large displacements (Ad >> A) fringe count-
ing is suitable, while for small displacements (Ad << )) it is possible to
utilize the slope of one fringe to obtain sensitivities about three orders
of magnitude larger than the multi-fiber lever previously discussed.



APPLICATIONS

Fiber optic lever hydrophone

In the early stages of development, several acoustic devices wutilizing

fiber optic levers have been constructed and tested . They include some

prototypes recently designed as well as others which were devised some

years ago but never reported in the literature. Among them the interest

focused on two major types, the first being a low-frequency pressure hy-

drophone and the second intended for low-frequency detection of the acous-

tic pressure gradient providing directivity. The intent of these in-

vestigations focused on the determination of the acoustic sensitivities,

beam patterns, and noise floor levels; other relevant parameters such as

operational frequency optimization, miniaturization, and depth dependence

were left for future work. In this paper, we shall confine our discussion

to the performance of a simple pressure hydrophone, shown in Figure 6,

which was designed wutilizing a commercially available fiber optic bundle

1 meter 1long, with random fiber distribution at the distal end [4]. The

bundle was held in place by a cylindrical brass body. A small front sur-

face mirror was cemented on a room-temperature-vulcanized silicone RTV

window installed in a brass ring with fine threads. The optimum working

distance prior to testing was chosen by a simple adjustment of the ring

on the transducer body which was provided with suitable holes allowing air-
backed as well as water-loaded conditions. This device was tested in an
acoustic tank, and a standard LC-32 hydrophone was used for comparison
measurements . The hydrophone was tested with air and water inside the

transducer body. Figure 7 gives the frequency response obtained in the 100-
1000 Hz range. The patterns given in Figure 8 illustrate the omnidirection-
al characteristics at low frequencies.

Pressure sensors in turbulent flow measurements

The measurement of mean velocities, forces, pressures, and shear stresses
can provide useful information about transition, separation and turbulent
friction in the study of fluid flow. 1In most cases, previous sensors have
lacked some of the features necessary to satisfactorily establish the flow
properties. This paper discusses the development of an optical fiber pres-
sure sensor whose active dimensions, sensitivity and frequency response
have shown to improve the measuring capabilities presently available. This
effort led to the construction of several flush-mounted devices utilizing
active elements consisting of 1/2 mil metallized mylar and optically clear
elastomers with a reflector attached. Figures 9(a) and 9(b) show the probe
construction and the sensor design, respectively. This particular arrange-
ment used stretched mylar with the specifications indicated on the Figure.
These sensors were tested utilizing a 7" x 11" low-speed wind tunnel. A
calibrated B & K type 4144 microphone was used to obtain comparison type
data. A narrow band analysis derived from FIT runs at 250 Hz indicated
that signals down to 60 dB re 20 puPa could be detected. Since these meas-
urements were generally 1limited by the amplifier noise, a lower detecta-
bility is predicted with improved instrumentation. Figure 10 shows in non-



dimensionalized form some results obtained with the fiber optic sensor and
compares it to published data on the behavior of piezoelectric transdu-
cers. Reference [5] provides a detailed description of this effort. The
rationale which led to the utilization of optical fibers in turbulent
boundary layer pressure measurements was stimulated by several promising
factors associated with their implementation. First, the elimination of
electromagnetic interference (EMI) and the passive characteristics of the
device (absence of power requirements at the distal end of the fiber bun-
dle) predict superior performance in comparison to other sensors such as
the condenser microphone.- In addition, design versatility, small size, sen-
sitivity, 1low cost, and relative ease of implementation become important
aspects of this research. It is relevant to note that the use of optical
fiber levers (intensity modulation) or interferometric techniques (phase
modulation) requires that the distal end of the optical fiber probe in the
detection region be coupled to the surrounding field in some form sensi-
tive to pressure fluctuations.

Pressure fluctuations at high temperatures

The measurement of pressure fluctuations in a turbulent boundary layer
confined to ambient temperatures allows the use of metallized mylar re-
flectors and organic-coated silica fibers. At elevated temperatures and
harsh environments, such as found in hypersonic wind tunnels, the measure-
ment of pressure in high-speed boundary layers poses very stringent re-
quirements [6]. A summary of essential specifications for these measure-
ments is given in Table 1. According to Reference [6], several potential
advantages exist utilizing fiber optic sensors for high temperature opera-
tions in place of other devices. In particular, the recent availability of
metal-coated optical fibers, which can operate at temperatures as high as
750° C with gold coatings, and the use of metal bodies and diaphragms make
this application very attractive. Based on optical fiber information given
in Table 1 and a nickel membrane with a radius of about 0.4 millimeters
and a thickness of 25.4 microns, the expected frequency response of the
device extends to about 210 kHz. This prediction accounts for effects due
to thermal expansion at high temperatures, changes in the elastic modulus
and a loss of bandwidth. A detailed description of a prototype pressure
sensor useful in high temperature environments 1is given in Reference [6].

Fiber optic lever microphone

In many respects, the fiber optic lever microphone can be constructed very
similar to the condenser microphone. The inherent advantages found in the
first type include: (a) the absence of a preamplifier close to the device
because of lack of loading effects, (b) the size of the sensor, (c) an in-
crease in bandwidth, and (d) a 6 dB increase in response below resonance
because the condenser microphone responds to the mean displacement of the
membrane, while the fiber optic microphone responds to the displacement at
the center. Another important aspect is associated with the membrane damp-
ing which in a condenser microphone is achieved by the use of a backplate.
Similar designs have been incorporated in a fiber optic microphone [7, 8].



Figure 11 shows the theoretical microphone response of both types based on
backplate configurations given in Figure 12. These results were derived in
Reference [7] based on computations intended to achieve a proper damping
for the fiber optic equivalent.

Scale model fiber optic acoustic arrays

Acoustic imaging studies of the scattered fields from an underwater target
can improve the target’s spatial characteristics and dynamics. This ap-
proach can be realized 1in a controlled testing environment by means of
scale model acoustic arrays. Since in many instances, the dimensions of
piezoceramic elements are too large for high-frequency operation, optical
fiber sensors have been considered as viable substitutes in the design of
miniature acoustic arrays. Figure 13 illustrates an idealized design of an
acoustic array consisting of fiber optic lever elements similar in cons-
truction to those shown in Figure 9(a). Their overall dimensions are such
that, if placed side by side in a square matrix as shown, they can provide
amplitude and phase information at megahertz frequencies. At present,
similar designs have been successfully built and tested in air. Future
plans include in-water measurements utilizing a computer-controlled acous-
tic tank designed for high-frequency applications. Figure 14 shows a photo-
graph of this experimental facility.

CONCLUSIONS

The theoretical approach in optical fiber lever sensor designs has been
briefly presented with emphasis on calculations leading to sensor response
and limited detection threshold. Several applications have been discussed
for in-air and in-water use. The frequency range covers a bandwidth exten-
ding from D. C. to the megahertz region. Due to space limitations, some
other applications have been omitted; namely, the utilization of similar
devices for the measurement of shear stresses in a turbulent boundary lay-
er [9] and the construction of an ultrasonic probe for 3-dimensional sound
field visualization [10]. It has been found that these sensors can be very
effective in a variety of pressure sensing techniques.
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TABLE 1. Summary of essential specifications for measurement of pressure
fluctuations in hypersonic flow.

Small size <0.02 in. (0.508 mm)

High temperature 2000° F (1093° ¢C)

Frequency response 200 kHz

Dynamic Range 0.01-10 psi (130-190 dB re 20 uPa)
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Figure 8.
DIRECTIVITY PATTERNS
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OPTICAL FIBER PROBE CONSTRUCTION
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