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Abstract–The current state of the art of opticat fiber sensors is re-

viewed. The principles of operation are detaited and the various types

of fiber sensors are outlined. Achievable performance and timitations

are discussed and a description of technology used to fabricate the

sensor is presented. The characteristics of acoustic, magnetic, gyro,

laser diode, and other sensors are described. Trends in the development

of this sensor technology and expected application areas are briefly

outlined.

I. OVERVIEW AND INTRODUCTION

OPTICAL fiber sensor development has matured to the

point where the impact of this new technology is now

evident. Fiber sensors offer a number of advantages: increased

sensitivity over existing techniques, geometric versatility in

that fiber sensors can be configured in arbitrary shapes, a

common technology base from which devices to sense various

physical perturbations (acoustic, magnetic, temperature, rota-

tion, etc.) can be constructed, dielectric construction so that

it can be used in high voltage, electrically noisy, high tempera-

ture, corrosive, or other stressing environments, and inherent

compatibility with optical fiber telemetry technology. Progress

in demonstrating these advantages has been substantial in the

past few years with over 60 different sensor types being devel-

oped. This large number of individual devices is usuilly cate-

gorized into amplitude or phase (interferometric) sensors. In

the former case the physical perturbation interacts with the

fiber or some device attached to the fiber to directly modulate

the intensity of the light in the fiber. The advantages of inten-

sity sensors, which are described in detail in the body of this

paper, are the simplicity of construction and the compatibility

with multimode fiber technology. In some cases, sensitwity is

traded off in order to realize these advantages. In view of the

fact that extreme sensitivity is not required for most applica-

tions and that these devices are competitive with existing

devices, a large market appears to exist for this class of sensor.
The phase (or interferometric) sensor, whether for magnetic,

acoustic, rotation, etc., sensing, theoretically offers orders of

magnitude increased sensitivity over existing technologies. In
the case of the acoustic sensor constructed utilizing optical

fiber interferometers, these theorehcal predictions have been

verified to the limit of state of the iwt in acoustic measurements.
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Additionally, other advantages have been accrued because

these fiber acoustic sensors can be configured as extended

elements permitting amplitude shading for sidelobe reduction.

noise cancellation, and/or in fiber signal processing. In the case

of the magnetic sensor, it appears that fiber sensors operating

at room temperature offer detection sensitivities comparable

to or exceeding cryogenic SQUID technology, which normally

operate between 4 and 10 K. Phase sensors therefore satisfy

a market where geometric versatility and high sensitivity are

the pacing requirements.

Development of optical fiber sensors started in earnest in

1977 even though some isolated demonstrations preceded this

date. During the past four years, many laboratories have en-

tered this field resulting in rapid progress. As an example,

between 1977 and 1979 demonstrated fiber acoustic sensor

sensitivities improved by about 100 dB so that many of these

sensors now rival or surpass previous electroacoustic perfor-

mance. Magnetic, acoustic, pressure, temperature, acceleration,

gyro, displacement, fluid level, torque, photoacoustic, current,

and strain sensors are among the fiber optic sensor types being

investigated. Since fiber sensors are constructed using dielectric

materials and compatible with fiber telemetry, this technology

offers unparalleled flexibility.

While progress has been rapid and many sensor types have

been demonstrated, the technology is not yet fully developed

nor exploited. Practical problems remain in the aleas of noise

sources and detection processes, in packaging, and in optimized

fiber coatings. As an example, nonreciprocal noise in the fiber

gyro has prevented the ultimate sensitivity from being realized.

In the magnetic sensor, lengths of magnetically sensitive coated

fiber are only available in short lengths (approximately 1 m)

whereas kilometer lengths are desired. Finally, sensor pack-

aging to survive the stringent conditions encountered in opera-

tional deployment has not been completed. These problems

are areas of current efforts, and work in many of these prob-

lem areas has only recently been initiated so that they would
not be expected at this time to be completely resolved.

This paper is designed to describe the technology, define

what the current state of the art N, review a number of con-

siderations important to those who may attempt to construct

these sensors, and give the reader a feeling for the potential

of this newly emerging technology. Section H discusses the

most highly developed sensor to date, the acoustic sensor. A

description of techniques to sensitize or desensitize fibers to

acoustic fields N presented, Noise sources, frequency depen-
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dent effects, and configurational response are outlined. The

projected and measured performance levels are described along

with a brief description of sensor packaging.

In Section III the fiber magnetic sensor is discussed. Effects

of coatings and mandrels on sensitivity, frequency dependence

of the sensor response, and noise sources are described. The

expected performance and state of the art is presented. Sec-

tion IV describes fiber optic angular rate of rotation sensors

(gyroscopes). These devices promise significant increases in

rotation sensing performance; however, noise problems have

prevented the realization of this performance. A review of

these noise considerations, the different gyro techniques and

configurations demonstrated to date, and the status of the

technology will be described in this section.

Amplitude sensors are presented in Section V. The operating

principles, advantages, limitations, and demonstrated perfor-

mance are outlined. Section VI describes diode laser sensors.

These sensors utilize in most cases a three mirror laser cavity

structure in which one mirror’s position is affected by the field

to be sensed. These sensors may or may not have fibers as part

of the cavities. Noise sources, advantages, limitations, and

demonstrated performance are outlined.

Acceleration, current, temperature, photoacoustic, torque,

liquid level, etc., sensors are briefly discussed in Section VII.

Several types use phase effects, whereas others utilize ampli-

tude effects. These sensors are discussed in this section primar-

ily because they are in an early state of development. While

the discussion is brief, it is hoped that the references will

provide additional helpful information. The final section

describes technology used in support of the development of

fiber sensors, particularly detection and laser technologies.

The laser source imposes limitations on the performance of

fiber sensors and these limitations are presented in this section.

The descriptions of the various detection schemes and tradeoffs

between them are also detailed so that the reader can appreciate

the approaches available and the limitations of each. The paper

concludes with final remarks on future directions and the

expected utility of fiber optical sensor technology.

II. FIBER OPTIC ACOUSTIC SENSOR

Fiber Optic Interferometer

Fiber optic interferometer acoustic sensors [1], [2] generally

employ the Mach-Zehnder arrangement shown in Fig. 1. A

laser beam is split, with part of the beam being transmitted by
a reference fiber and the other part being transmitted in a

sensing fiber which is exposed to the acoustic field. In the

reference arm some means is provided for either shifting the

optical frequency (e.g., a Bragg modulator) or for phase modu-

lating (e.g., a fiber stretcher [3] or integrated optic phase

shifter). The two beams are recombined, allowed to interact

on the surface of a photodetector, and then a suitable demodu-

lator is employed to detect the original phase modulated signal.

Various demodulation techniques can be utilized including

FM discrimination [4] , stabilized homodyne [3], synthetic
heterodyne [5] , as well as several others [6] . Actual choice

of the demodulator is driven by the specific sensor application

and is discussed in detail in Section VIII.

The extreme sensitivities possible with fiber interferometer
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Fig. 1. Basic fiber optic interferometer.
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Fig. 2. Minimum detectable pressure for a shot noise-limited fiber optic

acoustic sensor for various lengths of coated optical fiber (after [4]).

sensors are illustrated in Fig. 2 for the case in which the signal-

to-noise is determined by the shot or quantum limit. For

comparison the threshold detectability of state of the art in

conventional piezoelectric sensors (H56 hydrophore) is shown

as well as the threshold detectability of the human ear. As can

be seen, these threshold detectabilities can be exceeded with

lengths of optical fiber as short as 1 m.

One of the principal advantages possessed by fiber acoustic

sensors is their geometric versatility. Some examples are shown

in Fig. 3. As shown in the upper left, planar sensor elements

can be fabricated which are light and flexible. Linear arrays

can be made as shown in the lower left and long, single fiber

elements can be made much longer than an acoustic wavelength

resulting m a highly directional receiver. Alternatively, individ-

ual fiber sensors with desired properties can be placed in a line

resulting in a lightweight, small linear array. As shown on the

right, simple gradient sensors can be fabricated by placing the

“reference” fiber (in this case a loop) adjacent to the “sensing”

fiber. If the pressure sensitivities of the two loops are matched,

the pair does not respond to the pressure, but to the spatial

pressure gradient. Such a gradient sensor can be utilized to
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Fig. 3. Various fiber optic sensor w et ends.

detect the direction of an incident acoustic wave. As can be

seen, gradient sensors can be readily made small and rugged.

Most of these fiber sensors can be spatially shaded to achieve

predetection signallnoise processing advantages. This is readily

accomplished by varying the density of fiber windings. Finally,

as illustrated in the upper right, sensitive omnidirectional ele-

ments can be made by simply keeping the size of the sensing

element small compared to an acoustic wavelength.

Acoustic Sensitivity at Low Frequencies

Acoustic modulation of the phase of light propagating in a

fiber is usually considered in three distinct frequency regimes

which correspond to different interaction regimes between the

fiber and acoustic signal. To define these regions it is useful to

consider a particular sensor arrangement, for example, a loop

of diameter D formed from fiber having a diameter d. At low

frequencies, where the acoustic wavelength A is much larger

than D, the acoustic wave exerts a varying hydrostatic pressure

on the fiber. At intermediate frequencies, where A is compar-

able to D but still much smaller than d, pressure gradients along

the sound propagation direction become important. And

finally, at ultrasonic frequencies where A is comparable to or

smaller than d, the elastic strain distribution across the fiber

cross section becomes anisotropic and the optical mode distri-

bution must be taken into account.

The pressure sensitivity of the optical phase in a fiber is de-

fined as Ar)l@AP, where A@ is the shift in the phase @ due to

a pressure change AP. If a given pressure change AP results in

a fiber core axial strain e= and radial strain er, it can be shown
[1] that

(1)

Here, Pll and P12 are the elastooptic or Pockels coefficients

of the core, and n is the refractive index of the core. The first

term in (1) is the part of A@/@AP which is due to the fiber

length change, while the second and third terms are the parts

due to the refractive index modulation of the core, which is

related to the photoelastic effect [8] .

A typical optical fiber is composed of a core, cladding, and a

substrate, all fabricated from glasses having similar properties.

The sensor fiber is usually coated with a soft rubber and then

with a hard plastic. To calculate the sensitivity as given in (l),

the strains in the core ez and e? must be related to properties

of the various layers of the fiber. The pressure sensitivity of

a fiber with one layer [7] , [9] or two layers [8] has already

been reported. In the following we take into account the exact

geometry of a typical four-layer fiber.

At low frequencies (i.e., A >> the largest dimensions of the

sensor), the acoustic wave exerts a hydrostatic pressure on the

fiber sensor. For sensor sizes of the order of inches, this is the

case for frequencies up to several kilohertz. The polar stresses

or, Oe, and u= in the fiber are related to the strains e?, ee, and

e= as follows [9] :

[1 [

0; (1’ + 2p’) A’

o~ = Ai (~’ +2@ hi

u: Ai k’
1

(ki + 2pi)

where i is the layer index (O for the core, 1 f~ -.
etc.) and Ai and W’ are the Lame parameters [10] which are

related to Young’s modulus E i and Poisson’s ratio vi as

follows :

hi= viEi Ei

(1 +Vi)(l - 2Vi) ‘ ‘i=2(l + vi)”
(3)

For a cylinder the strains can be obtained from the Lame

solutions [ 11]

(4)

where U;, U~, and W: are constants to be determined. Since

the strains must be finite at the center of the core, Up = O.

For a fiber with m layers the constants U;, U~, and W$ in

(4) are determined from the boundary conditions

dlr=yi=d+’lr=ri(i- O, 1,””” ,m - 1), (5)

‘+ll,=F, (i= 0,1, ”,m -l),U;ly=rl = Ur (6)

(rVmIr=fm =–P, (7)

~ u~Ai =- PAm, (8)
i=o

where u;(= J_ej dr) is the radial displacement in the ith layer,

and ri and Ai are the radius and the cross section area of the

ith layer, respectively. Equations (5) and (6) describe the
radial stress and displacement continuity across the bound-

aries of the layers. Equations (7) and (8) assume that the

applied pressure is hydrostatic. Equation (9) is the plane strain

approximation which ignores end effects. For long thin cylin-

ders such as fibers it introduces an error of less than 1 percent

[7] .
Using the boundary conditions described by (5)-(9), the

constants U:, U; , and W;, are determined and e$ and e$’ are

calculated from (4). Then from (1) the sensitivity A@~A@P

can be found.
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