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FIBER OPTIC TECHNIQUES FOR REMOTE SENSING 

by 

Kimberly Dean Bennett 

(ABSTRACT) 

The need for sensors demonstrating both high sensitivity 

and electromagnetic noise immunity has prompted the develop-

ment of sensing systems based on optical fiber technology . 

This presentation opens with a short review of fibe r optic 

sensing methods, including a discussion of several dev ices 

dev eloped in prominent laboratories. The theoretical and 

empirical results of a particular technique of distributed 

pressure sensing appear next. This sensing approach, aimed 

towards the nondestructive . testing of graphite/ epoxy compos -

ite structures, relies on optical time - domain reflectometry 

in imbedded optical fibers. The method is inv estigated pri -

marily in terms of its sensitiv ity and its effect on the me -

chanical integrity of the host composite. The work con-

eludes with a discussion of results and ideas r e lating to 

microbending sensor research, as well as the design of sev -

eral novel sensing dev ices. 
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Chapter I 

INTRODUCTION 

For thousands o f years, man has been concerned wi t h con-

v erting energy from one form to another. Burning a piece of 

wood to change mass energy into l i ght and heat prov ides an 

early example. Later, the potential energy of a coiled 

spring was transformed to kinetic energy to dri v e mechanical 

s y stems. Of c onsiderable importance during the last century 

has been the conv ersi o n of mechanical energy to electrical 

energy , primarily for the generation of power, and the sub-

sequent conv ersion of electrical energy t o other forms. In 

the av erage home f o r instance , electrical energy enters and 

is transformed to light energy v ia light bulbs, heat energy 

v ia resistive coils, mechanical or k inetic energy v ia elec -

tric motors, and so on. 

The generation and transferal of power is driv en by man's 

insatiable desire to accomplish, to produce. But nearly as 

fundamental in man is his desire to communicate. This is 

e v idenced in part by the e v er-present push to dev elop new 

wa y s to send i nformati on fr om p l ace to p l ace. Such c ommuni-

cation not only al lows for personal exchange of ideas; it 

helps man to meet his goal to achieve. 

, 
.J.. 
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In reality, information is being generated, detected and 

processed by man in a vast number of ways, often subliminal -

ly. For example, the eyes detect a decrease of ambient light 

below some predetermined threshold, and a lamp is switched 

on. In this case, the eyes act as an information sensor, 

one link in a total system. Light energy is receiv ed, con-

verted to an electronic brain signal, processed, and another 

signal is sent to the hand. Chemical energy internal to the 

body is transformed into mechanical energy, and the switch 

is turned. 

Engineering systems are simply man-made v ersions of the 

same, though few work as precisely as the human body . Their 

ov erall performance depends in many ways on the sensor used. 

Generally, a high response to signal and low response to 

noise is desired, being determined by the efficiency of en-

ergy conversion from one form to another. For example, 

though light creates heat on the skin, the process is inef -

ficient so that hands are rarely used as light level indica-

tors. Much of engineering effort concerns itself with the 

dev elopment of efficient and appropriate sensors for use in 

larger s y stems. 

This report inv estigates an increasingly popular method 

of sensing: the conversion of input v ariables to light sig-

nals in optical fibers. In one class of sensors, referred 
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to as extrinsic, light signals are captured by the fiber and 

are guided along its length to a light-to-electric energy 

converter known as a photodetector. The other chief type of 

sensor is termed intrinsic . The parameter to be measured 

actually changes the transmission characteristics of the fi-

ber itselfi light inside the fiber is thus affected to cre-

ate the required signal. 

Optical fibers offer the same adv antages to sensing s ys-

terns as they do to telecommunications, [ l]. First, the die-

lectric nature of optical wav eguides render them inherently 

less sensitiv e to electrical noise than conventi onal signal 

carriers [ 2] . This fact driv es much of the dev elopment of 

such sensors , especially in v iew of mounting concern about 

electromagnetic pulse (EMP) weaponry and electromagnetic in-

terference (EM!), both designed to destro y o r cripple commu-

nications. Their chemical structure also makes these sen-

sors safe for certain types of corrosi v e or high temperature 

environments which conv entional sensors cannot tolerate. 

Second, optical fibers can be made responsi v e to any num-

ber of parameters: electric , magnetic, or acoustic fields , 

displacement, v elocity, accelerati on , pressure , strain , 

chemical concentration , or temperature, to name just a few 

[ 3 / 4] • This often constitutes the point of separati on be-

t ween fiber sensor and communications applications. Whereas 

i 
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communications engineers wish to reduce a fiber's sensitivi-

ty to physical perturbations, sensor designers wish to in-

crease and exploit it. Furthermore, because of their small 

size, and more particularly because of the small wavelength 

of light, optical sensors can demonstrate extremely high 

sensitivity. For instance, the measurement of displacements 

the size of fractions of wavelengths and of magnetic fields 
-9 of 10 Gauss was reported as early as 1981, even with what 

are now considered somewhat crude techniques (4). 

Other benefits of fiber optic sensors stem from their 

geometric versatility. Glass fibers are thin and light, and 

can be incorporated into an endless variety of sensor con-

figurations. Moreover, because of their common components, 

fiber sensors and fiber telemetry systems are highly compat -

ible. Besides the obvious advantage of being able to con-

struct all-fiber systems, this means that advances ~n commu-

nications technology often translate into enhanced 

capabilities in the sensor field. 

The first major effort towards fiber optic sensor devel-

opment began at the Naval Research Laboratory (NRL), Wash-

ington, D.C., in 1977 ( 4). Early work concentrated on the 

production of acoustic wave monitors, presumably for under-

sea applications, but the scope of investigation expanded 

quickly. Other large-sca le operations dedicated to fiber 
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optic sensors started soon after, notably at United Technol-

ogies Research Center, East Hartford, Connecticut ( 5,6], and 

Sperry Research Center, Sudbury, Massachusetts [ 1, 7, 8]. 

This resulted in rapid progress in the field, so that when 

the first thorough review of fiber optic sensors was written 

by Gi al lorenzi, et al, in 1981, over sixty different sensor 

types were being developed [ 4]. Since then, the scale of 

work and number of researchers in the field has enlarged to 

the point that writing a truly comprehensiv e rev iew would be 

a formidable, if not impossible task. 

This presentation is organized into four chapters. Chap-

ter l introduces the reader to optical fiber sensors, in-

eluding a justification for their dev elopment. Chapter 2 

presents an ov erview of the basic sensing concepts, provid-

ing a few examples of how each concept has been applied. 

Chapter · 3 concentrates on a particular sensor inv estigated 

to detect distributed strain in graphite/ epoxy composite 

panels. It includes the motivation, background, and funda-

mentals of the method, as well as the results of preliminary 

tests and a computer simulation of the technique. Chapter 4: 

presents a v ariety of sensor concepts developed or consid-

ered as a part of this work, their intent, any data taken , 

and computer models where applicable. It also includes a 

discussion of a few tools and components concei v ed for use 
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in fiber sensor design, as well as potential areas for fu-

ture work. 



Chapter II 

FIBER OPTIC SENSING TECHNOLOGY 

Fiber optic sensors consist of three basic components, 

the sending electronics and optics, the fiber transmission 

line, and the receiving optics and electronics. Along the 

transmission length, 

ulates the light in 

a physical process to be measured mod-

the fiber. Al though one of several 

mechanisms can be responsible for the light modulation, each 

is eventually detected as a change in the output light am-

plitude. The modulating mechanisms are traditionally clas-

sified as affecting one of four basic light properties: am-

plitude, phase, polarization, and wavelength. A fifth 

mechanism is based on the propagation of various modes of 

light in a optical fiber. In the following paragraphs, each 

of these sensing methods will be briefly discussed 

few examples in each category will be reviewed. 

7 

and a 
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2.1 AMPLITUDE SENSORS 

Amplitude sensors detect changes in light intensity aris-

ing from the conversion of fiber transmission modes to radi-

a ting modes. Because of their relativ e simplicity of de-

sign , amplitude sensors are the most dev eloped catego ry of 

fiber optic sensors. In what are called extrinsic sensors, 

light leaves the fiber, interacts with some phenomenon to be 

measured, and then is collected either by the sending fiber 

or by another fiber. This is in contrast to intrinsic sen-

sors, which guide their signal intensity along their entire 

length. 

elude 

Transduction mechanisms for extrinsic sensors in-

reflecting off a mov eable surface, transmitting 

through a v ariable filter, or linking the collection ability 

to the phenomenon directly. 

Reflectance-based dev ices are now well dev eloped and com-

mercially av ailable; object motions ranging from tens of mi-

crons to several inches can be reliably measured . Theim-

portant quantity in such measurements is the ratio of the 

fiber-reflector separation to the span of the collecting fi-

ber [2]. This can be seen in Figure 2.1, showing the n o r-

malized optical intensity v ersus this ratio for three dif-

ferent cases . A schematic of a pressure sensor based on 

these curv es, consisting of light modulated by a metallic 

diaphragm, can be seen in Figure 2.2. Furthermore, sev eral 

) 
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rese archers, notably those at Sperry, have extensively in-

vestigated both reflectance and transmission designs for use 

in hydrophones with considerable success [7,9). 

A v ariable transmission design can be seen in Figure 

2. 3a, where a Schlieren grating is coupled to an incident 

sound field by means of a diaphragm. A varying acoustic ex-

citation causes relative motion between the gratings and is 

detected as a modulation of light intensity. In another hy-

drophone, the coupling between two abutted single-mode fi-

bers is directly affected by the incoming sound, as seen in 

Figure 2. 3b. As the pressure wave propagates across the 

housing, again the transmitted signal intensity is modulat -

ed. However, a major disadv antage is incurred in both the 

reflectance and transmission designs since the optical sig-

nal actually leaves the fiber waveguide, and so is subject 

to v arious forms of interference. 

Another class of amplitude sensors depends on the effects 

of microbending a mul timode fiber. As light in a fiber 

rounds the sharp corner caused by a bend, the critical angle 

is exceeded and higher order modes are no longer totally in-

ternally reflected. This conversion of propagating modes to 

radiating modes adds to the light scattering from bend- in-

duced local refractiv e index changes to yield a signal loss 

which implies the amount of bending incurred. Micro - bending 

\ 
\ 
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cladding mode interactions [10]. 

in single mode fiber displays further losses due to core and \ 

Bending may be induced by 

changes in strain, pressure, temperature, or many other pa-

rameters. Figure 2 . 4 shows the conv entional microbend sen-

sor consisting of a fiber sandwiched between two defo rming 

surfaces. 

As an example, researchers at NRL hav e demonstrated a mi-

crobend-based hydrophone capable of detecting audio frequen-

cy signals only 25 dB above the sea state zero [ 11]. As 

Figure 2.5 shows, a multimode fiber responds to an acoustic 

wav e by bending into slots milled in a threaded cylinder. 

In another example, a microbending modulated accelerometer 
-6 hav ing a linear range from 7 x 10 to 0.7 times the grav i-

tational acceleration g was recently reported by workers at 

OPTECH [ 2]. 

Since the signal light never leav es the fiber, microbend 

sensors hav e been proven to be quite suitable for distribut-

ed sensor arrays using optical time domain reflectometry 

( OTDR). Inv estigators at Occidental Research Corporation 

recently employed this method to monitor the motion of roof 

strata in v arious p l aces in coal mines [ 12 ] . An e v en mo re 

integrated approach of measuring continuous microbending 

loss of optical fibers imbedded in composite panels will be 

presented in Chapter 3. 
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2.2 PHASE SENSORS 

Phase sensors all rely on principles of optical interfer-

ometry, and thus take one of four basic forms, as seen in 

Figure 2 . 6, all employing single mode fiber. Sensors em-

ploying the Mach-Zehnder configuration are the most devel-

oped type, having been extensiv ely researched at NRL 

[4, 13, 14). In this form, monochromatic, coherent radiation 

is di v ided into two rays by a directional coupler. One fi-

ber path is an untouched reference arm, while the other 

"signal" path is physically perturbed by the process of in-

terest. If the two paths are recombined by a second 

coupler, an interference pattern appears at the detector. 

Often the SNR is increased by frequency or phase modulating 

the reference signal. Demodulation schemes are then chosen 

suitable for the specific sensor application [ 4 ) . 

Whereas the Mach-Zehnder interferometer detects the path 

length difference integrated along the entire signal arm, 

the Fabry-Perot approach actually measures the length of a 

"cavity" created between the two ends of the fiber. Whether 

the ends are silv ered (2), or unsilv ered [ 15), this has the 

property of separating the sensing portion of the fiber at 

the end from the lead portion. Also, if a 2x2 directional 

coupler is used ( as shown), a second photodetector can be 

used to monitor the laser source , allowing for correction of 
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input power fluctuations. In addition, high sensitivity can 

often be achieved by increasing the finesse of the interfer-

ometer. Such devices have been applied to sensors of temp-

erature, vibration, acoustic wav e including human voice, ac 

voltage, and ac and de magnetic fields [16]. 

In the Michelson approach, the fibers merely act as light 

conduits. Both fibers and the reference mirror are fixed, 

while movement of the signal mirror causes interference to 

take place at the detector. This has the disadv antage of 

suggesting the need for either collimating optics at the 

sensing end or for a high reflectance silver coating applied 

to the fiber itself, and so is rarely used. However, it has 

been shown that the Michelson technique is theoretically 

twice as sensitive as the Mach-Zehnder in certain applica-

tions. In thermometry, for example, where changes in the ac-

tual fiber length act as the interference mechanism, the 

light passes through the elongated fiber twice and incurs 

twice the phase change [17]. 

Often the signal fiber in the Mach-Zehnder configuration 

is coated with a special coating which is sensitive to the 

modulating field [18]. Most often a magnetostrictiv e coat-

ing, which changes its shape in response to an applied mag-

netic field, is employed [19,20,21]. Depending on the qual-

ity of the coating, changes in the applied field imply 
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changes in the optical path length of the signal arm, and 

thereby changes in the relative phase between the two arms. 

Changes smaller than 10- 12 Gauss per meter of fiber hav e 

been detected by this method [ 22] . Problems traditionally 

arise from the quality of the coating itself. Recently, 

however, thick uniform nickel coatings applied to long, con-

tinuous lengths of single mode fiber hav e been reported by 

e n gineers at ITT-EOPD [23]. 

In addition to magnetostricti v e coatings, a number of 

groups have recently applied polymer-based piezoelectric 

jackets to optical fibers [24]. This coating is easily ap-

plied and is inherently sensitiv e to electric field changes. 

To date, howev er, electrically induced optical phase shifts 

are somewhat lower than theoretical v alues, presumably due 

to inefficiencies in the molecular dipole alignment process. 

Two main noise sources limit the sensiti v ity of phase 

sensors: instability of the wav elength and intens i ty of the 

laser source, and random temperature and pressure v ariations 

between the two sensing arms. The most common approach to 

ov ercoming the latter problem is to couple both sensing arms 

t o the signal field and measure differential phase changes. 

This technique has been carried out one step further, most 

recently at Hirst Research Center [ 25]. In this approach, 

fiber supporting only two modes (LP 01 and LP 11 ) is "created" 
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by using single mode fiber and a laser source just below the 

cutoff wavelength of the fiber. Interference between these 

two modes has been demonstrated to be quite stable and re-

peatable, al though the sensi ti vi ty of such measurements is 

predictably two orders of magnitude below the two-fiber ar-

rangement [ 26]. Figure 2.7a shows the intensity distribu-

tion across the endface for these modes; 2.7b shows an ex-

perimental arrangement for measuring temperature; 2.7c shows 

the power variation (fringes) obtained. 

The fourth basic phase sensing method arises from the 

Sagnac effect, used to advantage in fiber optic gyroscopes 

[4]. Generally light from a single-mode laser diode is 

split by a directional coupler and injected into opposite 

ends of a single mode fiber coil. The rays travel in oppo-

site directions around the coil, are recombined by the 

coupler, and the resulting interference pattern is imaged 

onto a detector. When the fiber coil rotates, the progress 

of the beam going in the rotation direction will be rela-

tively slowed, while the progress of the opposite-travelling 

beam will be aided. This giv es rise to a phase shift be -

tween the two beams corresponding to the coil rotation rate. 

Although fiber optic gyros are extremely sensitive [27,28], 

work is still required to make them practical for common 

use. 
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Because the previously mentioned noise sources are gener-

ally low frequency sources, phase sensors are most effective 

when moni taring processes which occur at moderate to high 

frequencies. 
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2.3 POLARIZATION SENSORS 

Polarization sensors depend on the fact that some physi-

cal phenomena can change the birefringence of an optical fi-

be r [ 2 9 , 3 0 ] . The amount of birefringence change is a func-

tion of the physical constants of the fiber and of the 

magnitude of the phenomenon itself. These devices require a 

polarized light source and polarization-maintaining single 

mode fibers. The state of polarization of the light in the 

fiber is altered as the birefringence of the fiber is influ-

enced. A polarization analyzer in series with an ordinary 

detector monitors the light amplitude, inferring the amount 

of the modulating phenomenon. 

An early example of a polarization-based sensor was dem-

onstrated at NRL in the form of a single mode fiber wrapped 

around a compliant cylinder [31]. Tension in the fiber var -

ied with the intensity of an acoustic wave deforming the 

cylinder, and the varying tension induced varying amounts 

of birefringence. In a more fundamental experiment , the bi-

refringence of a straight piece of fiber was shown to change 

noticeably when subject to a high frequency ultrasonic wave 

[4). This could be used to measure both the frequency and 

the intensity of the disturbing acoustic wave . 

The electro-optic effect of certain transparent crystals 

has also been used in polarization sensors. Scientists at 
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Sumitomo Electric Industries in Japan have shown that circu-

larly polarized light impinging on a bismuth silicone oxide 

single crystal can be changed to elliptically polarized 

light in response to an ac voltage applied to the crystal 

l 32, 33 l. Using this principle, a highly linear, noise in-

sensitive, and sturdy sensor was packaged to measure rms 

voltages in the range of 1 to 1000 V; see Figure 2.8. 

Some of the most researched polarization sensors are 

those employing the Faraday effect, whereby an applied mag-

nettc field induces a change in the fiber birefringence [4]. 

Although the effect is a weak one, as dictated by the Verdet 

constant of the fiber, it has been used successfully to 

measure current flow near the fiber. Efforts to increase 

the Verdet constant of the fiber by various doping methods 

have been met with only limited success. In any case, this 

approach requires special materials and fabrication care, 
-Ll. and the theoretical sensitivities of approximately 10 -

Gauss per meter are far below those using magnetostrictive 

coatings. 

Because of the limitations in strain-induced bi refrin-

gence and the Faraday effect, polarization sensors appeared 

to be losing popularity with respect to other sensing meth-

ods. However, two recent developments seem to have re-

v ersed, or at least slowed this trend. One development is 
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the fabrication of readily available but expensive polariza-

tion preserving fibers, made with either elliptical stress 

cladding or isolated stress regions [ 34]. With the quality 

of such fibers increasing and the price gradually decreas-

ing, this necessary tool for precise . measurements is more 

accessible. Already workers in England have tested a dual 

Fabry-Perot cavity based on highly birefringent single mode 

fiber [ 35], and many other similar dev ices hav e been de -

signed. 

The other advancement for polarization sensors appears in 

the area of polarization optical time domain reflectometry 

(POTDR). A POTDR set-up is only slightly more complex than 

a conv entional OTDR, and has the adv antage of being able to 

interrogate polarization-based sensors in single line sensor 

arrays [ 3]. This will likely find application where sensing 

is to be done in several locations remote from the electron-

ic processor. 
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2.4 WAVELENGTH SENSORS 

Sensors which are categorized as being wavelength-based gen-

erally result from fiber optic technology combined with 

spectroscopic techniques. Often the wavelength of light 

launched into a fiber is determined by a parameter to be 

measured. At the detecting end, variations in wavelength 

are converted to amplitude changes through the use of 

prisms, diffraction gratings, filters, or other differenti-

a ting optics. The same detection scheme can also be used 

when wavelength is the key factor in light that is chemical-

ly generated at the sensing end of the fiber. 

In a slightly different approach, two or more wavelengths 

can be made to enter a sensing head and be affected differ-

ently by the variable of interest. A sensor using this idea 

was reported by Inaba, et~, with the application of moni-

toring air pollution [36). Two wavelengths, \ and \ , a w en-

ter a multipass White cell containing the sample gas. These 

wavelengths are chosen so that one is highly absorbed by a 

chemical of interest, while the other is virtually unaffect-

ed. Bulk optics collect the light emerging from the cell 

and send it to a spectrometer and a set of detectors. The 

relative amplitudes of \ and \ are compared to determine a w 

the concentration of the chemical. 
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In this technique, the optical fibers act solely to con-

duct light from the electronics to the sensing element. 

This allows for remote sensing in hazardous conditions. 

However, as discussed by the authors, the intrinsic absorp-

tion of the fiber itself is wavelength dependent, placing 

limits on both the di stance and the spectral range of the 

dev ice. The latter quantity in turn affects the number of 

atmospheric contaminants which can be monitored. Figure 2.9 

shows the setup used, as well as a comparison of fiber 

transmission loss with respect to wav elength , and the ab-

sorption wavelengths of some common compounds. 

As another example , a technique to determine position us-

ing a wav elength di v ision multiplexing format is underway at 

Inland Motor, Radford , Virginia [37]. Radiation from a 

broadband source enters the sensing head through a fiber, 

and is color multiplexed by a number of small, rugged inter-

ference fi 1 ters. After interacting with an encoder plate, 

the light is recollected and sent back to the processing lo-

cation. There, a set of filters matching the first set act 

in conjunction with photodetectors to decode the signal. 

This device will be further discussed in Chapter 4, as well 

as a related sensor array multiplexing scheme. 

In biomedicine, wav elength sensors utilizing the Doppler 

effect have been constructed [ 38 ] . As blood strikes a mem-
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brane inserted into a vein, light reflected from the mem-

brane is blue-shifted by an amount proportional to the blood 

velocity. This technique has obvious 

other velocity measuring situations. 

application to many 

However, this sensor 

has the disadvantage of requiring a highly stable monochro -

matic light source in order to distinguish signal v ariations 

from, say, random thermal fluctuations of the source. 

Scientists at the National Physical Laboratory in England 

hav e demonstrated a v ariety of wav elength sensing dev ices, 

mostly for use in measuring displacement [39]. Their 

schemes generally rely on a sensing monochrometer working in 

reverse: white light is injected into the monochrometer and 

the displacement to be measured either turns an internal 

grating (for rotary sensors) or translates a zone plate (for 

linear sensors). The output wav elength is a function of po-

sition, and is resolv ed by another monochrometer or any oth-

er spectrometer, ranging from the eye to a computer-control-

led spectrum analyzer. 

in Figure 2.10. 

Some of these cases are illustrated 

A temperature sensor based on a similar concept was re-

cently developed at Rockwell International [ 40]. White 

light launched into one end of a fiber is fed into a Fabry-

Perot gap which v aries with temperature. With an increase 

in temperature comes an increase in the gap width and thus 
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an increase in the number of spectral bands passing to the 

detector. By counting this number of bands one can infer the 

temperature change. The major disadvantage of this scheme 

is the ability to measure only relati v e changes. A knowl -

edge of the beginning temperature is required if absolute 

temperatures are to be determined. 



33 

2.5 MODAL MODULATION SENSORS 

The fifth, virtually undeveloped class of sensors rests 

on the phenomenon known as modal modulation. Because an op-

tical fiber is a waveguide, some propagation modes are sup-

p o rted in the fiber while others are n ot, dep ending on the 

fiber structure. In a multimode fiber, many such modes pro-

pagate and interact with each other all along the length of 

the guide. When these modes emerge from the end of the fi-

ber, they form a complex pseudo-random interference pattern 

known as a speckle pattern. It consists of hundreds of are-

as of v arying intensity depending on the modal behav ior and 

thus on the exact fiber geometry and local refractiv e in-

dex profile. Monitoring the intensity of any one speckle is 

then a measure of any process which changes these parame-

ters. As with other sensitiv e measuring techniques, how-

e ver, noise problems arise due to random environmental v ari-

ations . 

Early work done at NRL hinted at this idea when interfer-

ence was performed between modes in a multimode fiber [ 26]. 

From that time howev er , emphasis has been placed on decreas-

ing the number of modes tc two , and detecting differential 

phase changes, as mentioned earlier. A fe w effo rts hav e 

continued using the multimode fiber speckle concept , n otably 

at the Uni v ersity Co l lege in London [ 41 ] . There , Culshaw et 
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al, correlated strain, pressure, and temperature changes 

with single speckle intensities; their method is called Fi-

berdyne. Other sensors, intended to measure current and 

temperature hav e been described, as well as one specifically 

geared towards acoustic wav e monito ring [ 42 , 43] . Howev er, 

interest in this method of sensing seems to be low, presum-

ably due to insensi ti vi ty with respect to conventional in-

terferometric techniques. 



Chapter III 

OTDR TECHNIQUES IN COMPOSITES 

Materials engineers hav e ev er pursued the fabrication of 

strong but light materials. Demands for their use appear in 

a broad spectrum of human activ ity, ranging from recreation 

to tooling to weaponry. Recently developed laminated fiber 

reinforced composite materials hav e been made to meet a 

great many of these demands . 

The merits of such composite materials are now well es-

tablished. They include high strength-to-weight ratios, 

stiffness-to-weight ratios and high corrosi on resistance. 

As structural members they reduce parts counts and display 

increased longev ity ov er high technology metals, making them 

attractiv e from a financial point of view. Furthermore, the 

constituents of such composites are created from abundant 

materials, as opposed to aluminum or titanium, for example. 

Finally, the dielectric nature of composites offers advan-

tages considered paramount in importance for certain appli-

cations, such as offering low radar cross-sections . 

Naturally, the ubiquity of composite materials calls for 

a variety of means to test them. Prev ious optical fiber 

measurements hav e included both destructive and nondestruc-

tiv e tests. Crane, for example, imbedded two-dimensional 
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grid arrays of similar multimode fibers and used the inter-

ruption of transmitted light caused by internal fiber break-

age to indicate regions of excessive local strain [ 44 , 45). 

Since in the future it may be more economical to replace 

rather than repair large composite parts , such a senso r ar-

ray may prov ide all the materials e v aluation information 

that is needed in many applications. 

In an effort to obtain quantitative information concern-

ing material loading, Meltz and Dunphy demonstrated excel -

lent sensi ti vi ty to subsurface strains and stresses within 

orthotropic plates and symmetric cross-ply laminates [ 46). 

They have used twin core fibers to measure differential 

changes in core cross-talk, as well as polarization- main-

taining fibers to interferometrically monitor stress - induced 

birefringence. Additionally, Cl aus and Wade implemented im-

bedded single mode fiber grid arrays and multiple channel 

Mach- Zehnder instrumentation to obtain good spatial sensi -

tivity to static strain distributions in small composite 

coupons [47 , 48) . 

The vision behind the present research entails a nondes-

tructiv e ev aluation technique (NDE) which is both repeatable 

and sensitiv e , and with which real - time anal y sis can be per -

formed. Although several NDE methods currently exist, such 

as ultrasonic measurement, x - ray analysis, acoustic emission 
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sensing, vibrothermography, and Moire analysis, none are 

well suited to dynamic measurements. 

In 1982 the Virginia Tech Acousto - Optics Group proposed a 

strain measurement system to meet the desired goal. It re-

lies on the use of optical fiber imbedded in the composite 

material, and employs optical time - domain reflectometry 

( OTDR) a s the sensing technique . In 1984 a preliminary 

study of the system was conducted, culminating in a Master's 

Thesis by group member B. S. Jackson [ 49]. The study con-

tained a theoretical analysis of OTDR, especially as applied 

to imbedded optical fibers, as well as a detailed desc:?:"ip -

tion of laminated reinforced composite plates. It also in-

eluded the testing of a sample containing an optical fiber, 

the description of a computer model to simulate OTDR, and a 

comprehensive set of references on OTDR and related techni -

ques. 

Jackson's work resulted in full justification of continu-

ing investigation into the proposed system. This chapter 

rests on that foundation , and uses it as a springboard for 

further research. Al though mentions of the prev ious work 

will appear where appropriate, no effort will be made to re-

iterate what has been said before. 

This chapter presents first a rev iew of the OTDR method, 

the meaning of the backscattered signal and its anal ysis, 
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its theoretical and practical limitations, and its adv antag-

es and possible applications. A short summary of prior work 

follows, and resulting problematic questions are identified. 

Both the rational for and the results of tests designed to 

answer those questions are the subject of the next sections. 

A modified OTDR computer simulation is then presented, as 

well as a signal processing program and a discussion of its 

usefulness. The chapter concludes with suggestions for fu-

ture work, both near and far term. 
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3.1 OTDR CONCEPTS 

OTDR is conventionally used in optical fibers to charac-

terize propagation properties such as attenuation or as a 

fault location technique. Ideally an optical pulse ap-

pro aching zero width ( an impulse) is l aunched into one end 

of a fiber. At each point within the fiber, material atoms 

scatter light in all directions. Most continue as a forward 

travelling wav e; a small percentage is backscattered within 

the numerical aperture of the fiber. Because of these Ray-

leigh scatterers, the intensity of the forward travelling 

wav e continually decreases, allowing for less and less light 

to be backscattered. Figure 3.1 shows a typical backseat-

tered signal, including its v arious attenuation regions, 

while Figure 3. 2 shows the . simplified arrangement used to 

generate such a signal . 

Theoretically, the backscattered intensity in homogeneous 

fibers can be shown to experience an exponential decrease 

with respect to time ( 50]. When the intensity is plotted on 

a natural logarithmic scale, a straight line results. The 

slope of the line can be correlated to the attenuation of 

the fiber in terms of dB per kilometer. A sharp slope indi-

cates the presence of many scatterers in a given distance, 

so that the forward trav eling wave is attenuated rat.her 

quickly. It should be noted, howev er , that the attenuation 
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due to Rayleigh scattering is highly dependent on the source 

wavelength, \, as seen in the relationship 

IR« 1/\4 
( 3. 1) 

where IR is the Rayleigh scattered intensity [51]. 

If the far end of the fiber is cleaved flat, then light 

internal to the fiber will experience the normal 4% reflec-

tion at the glass-air interface. This is actually quite 

large with respect to the Rayleigh backscatter. Further-

more, 

fiber 

if the group velocity, v, of the optical pulse in the g 

is known, the length L of the fiber can be obtained 

from the roundtrip transit time t of the optical pulse. 

That is, 

L V t / 2 g 
( 3. 2) 

where v is easily determined from the refractive index n of g 

the fiber, and the speed of light in a v acuum, c, 

V g c / n ( 3. 3) 

For most calculations, n is considered as approximately 1.5 

(actually it is usually around 1.458), making v = 2 x 108 
g 

m/ sec. 

&otdrf .. 

The large end reflection can also be seen in Figure 

For various reasons, cracks or outright breaks sometimes 

occur in fiber lengths . These faults generally transmit a 

small portion of light, scattering the rest. In essence, 

they act as regions hav ing a v ery high local attenuation . 
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Consequently, the OTDR signature shows a drastic change in 

slope at a time corresponding to the location of the damage. 

This principle is used to adv antage in field operations 

calling for the isolation and repair of cable faults. 

Besides the fiber end, cracks, and breaks, other pertur -

bations in the fiber homogeneity exist due to impurity at-

oms. Although they are not uniformly distributed in the fi-

ber core, their presence acts to increase the average 

attenuation. Although this type of scattering loss limited 

the range of early fiber optic transmission, fabrication 

techniques are now capable of producing extremely pure pre-

forms. In addition, fiber drawing processes have been re-

fined to the point that inhomogeneities due to intrinsic lo-

cal refractiv e index changes (which themselves act as light 

scatterers), have been nearly eliminated. Finally, although 

some light is actually absorbed by the medium, choice of the 

proper fiber core dopants and emission wav elength render 

this loss as small compared to other loss mechanisms. Thus 

the attenuation of adv anced fiber is approaching the theo-

retical minimum [ 52] . 

When stress is applied to an optic a l fiber, areas of lo-

cal index changes result. This , as well as light losses due 

to microbending giv e rise to concentrated regions of high 

attenuation. As mentioned before, slope v ariations in the 
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backscattered signal locate these regions, and therefore the 

applied stress. Furthermore, although calibration problems 

exist, it can be said that small stresses lead to small 

slope changes, while large stresses lead to large slope 

changes. 

The spatial resolution of a practical OTDR system depends 

primarily on the pulse width of the optical probe, the pho-

todetector rise time, and the pulse dispersion characteris-

tics of the fiber. For the lengths and types of fiber gen-

erally used, the latter factor can usually be neglected. In 

this case the spatial resolution limit can be expressed as 

~l = (t + td)v /2 p g ( 3. 4) 

where tp is the pulse width and td is the detector response 

time [SO]. Since generally td> >tp, ( 3. 4) is conventionally 

reduced to 

~l = tdvg/2 ( 3 . 5) 

As will be shown, this resolution limit was successfully 

confirmed by actual measurements. 



45 

3.2 OTDR IN IMBEDDED FIBERS 

From the previous discussion, we conclude that to within 

limits, the location and amplitude of stresses applied to 

optical fibers can be determined using OTDR. This concept 

was partially demonstrated by McMillan and Robertson [ 3 ], 

whereby a remote microbend sensor such as in Figure 2.4 was 

monitored with an OTDR system. As Figure 3.3 shows, their 

results concentrate on the pressure calibration of the sen-

sor. In a later paper, Marvin and Ives report the distribu-

tion of three such sensors in series along a single fiber 

I 12 J. Their work features the use of both deconvolution and 

background subtraction schemes for proper data interpreta-

tion. Howev er, in neither case were the authors particular-

ly concerned with the precise location of the strain, since 

discrete sensors were being used. 

In the present research, a continuous length of optical 

fiber imbedded in a composite plate is envisioned as a dis-

tributed strain sensor. Due to both the periodic graphite 

fiber bundle structure within the composite, and the matrix 

flow properties, the imbedded fiber is inherently subject to 

some microbending. The geometry of this microbending de-

pends in part on the periodicity of the fiber bundles , and 

thus on the orientation of the optical fiber with respect to 

the ply layers which contain it . Moreo·v·er, the degree of 

\ 
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microbending rests on the size and mechanical compliance of 

the optical fiber, the degree to which the fiber contacts 

the composite plys, and finally on the external load applied 

to the composite itself. The amount which each of these 

factors contribute to total fiber attenuation is unknown at 

present, but would certainly vary from sample to sample. 

Many advantages accrue to the continuous sensor. -If the 

first deri v ativ e of the OTDR signature is performed, the 

magnitude of the slope at various points becomes e v ident. 

The second derivative further enhances changes in the slope. 

Together these give information concerning the stress at any 

point along the fiber, again, to within the resolution iim-

its. 

Because of the composition of fiber optics , the all-die -

lectric nature of the composite can be maintained with this 

sensor. Further, dynamic strain measurements are possible 

with this system, depending largely on the capabilities of 

the processing electronics. Together with a knowledge of 

the layout of the fiber within the composite specimen, these 

adv antages suggest the possibility of obtaining a dynamic , 

three-dimensional strain map of the specimen, similar to a 

topographical map. The applications of such a powerful 

measurement tool would be boundless, ranging from monitoring \ 

of composite lay-up and curing processes, to strain monitor-

ing of panels installed in aircraft wings. 
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In v iew of the foregoing, imbedded optical fiber sensors 

certainly deserve investigation; however, some caution 

should be exercised. First, while the system is theoreti-

cally capable of making real-time measurements, limitations 

in the data acquisition timing thwart this somewhat. For 

example, the system used in this work was limited to approx-

imately one strain measurement every two seconds [53]. This 

was due in part to the digital av eraging of many individual 

wav eforms needed to improv e output SNR. In addition, fur-

ther signal processing such as taking deri v ativ es and making 

layout/ strain correlations would significantly impact the 

ov erall dynamic measurement ability. 

Second, the effect of continuous microbending on modal 

power distribution is unclear. When light is injected into 

a fiber, power is not generally distributed e v enly among the 

modes. It has been shown howev er , that for distances 

(3.6) 

in a straight fiber, where r 1 is the attenuation coefficient 

of the lowest order mode, mode mixing occurs so that an even 

power distribution can be assumed [ 54] . 

As mentioned previously, high order modes are more sus-

ceptible to bending loss than are low order modes. Also, as 

pointed out by Marcuse, e v en nearly imperceptible bends and 

bumps can cause significant mode coupling and mode conv er-
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sion [55,56]. Thus, while calibration assuming even distri-

bution may be valid for the first bend, subsequent bends vi-

olate the assumption. Some high mode power is lost due to 

the bend, and some low mode power is transferred to high 

modes. 

To assume that these latter two effects offset one an-

other in a waveguide supporting hundreds or ev en thousands 

of modes, thus instantly creating modal equilibrium, is at 

best precipitous and unconfirmed. In fact, the net result 

of such bending is an unpredictable scrambling of the modal 

distribution. If a guess were to be v entured howev er , it is 

likely that more higher mode power was lost than replaced. 

This could cause the second bend to appear less sev ere than 

it would hav e if modal equilibrium had existed prior to it. 

This concern is confirmed by Marv in and I v es' emphasis on 

the need for proper background (prev ious signal) subtrac -

tion. 
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3.3 OPTICAL MEASUREMENTS 

As a first attempt towards the realization of a composite 

strain sensor using OTDR, Jackson imbedded a jacketed , grad-

ed index fiber between two plys of a 30 cm square composite 

panel. An ultrasonic C-scan of the panel , seen in Figure 

3.4 shows the serpentine fiber lay-up pattern used to maxim-

ize the amount of fiber wi thin the panel. Except at the 

bends near the edges, the optical fiber lay parallel to the 

graphite fibers in the adjacent plys, as seen in Figure 3.5. 

Static measurements of the fiber's sensiti v ity to mechan-

ical loading was performed using the set up shown in Figure 

3. 6. Figure 3. 7 di splays the optical signal transmitted 

through the fiber as a function of time, in response to 

loading the sample with an 8. 2 kg weight with a circular 

contact area one cm in diameter. The points marked "A" in 

the figure represent the time the weight was placed on the 

composite, while those marked "B" delineate its remov al. 

The upper trace shows the response obtained by placing 

the weight near the edge of the panel. Clearly the attenua -

tion of the imbedded fiber has increased due to the mechani-

cal load. The lower two traces were obtained by placing the 

weight near the center of the composite. In one case the 

local attenuation has increased, while in the other it has 

apparently decreased. As suggested b y J ackson, the latter 
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Figure 3.4: Enhanced C-Sc an of Imbedded Optical Fiber 
La you t (after ( 49 ] ) 
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Ar=ows indicate direc~ion of 
fiber axes in composi~e ~aterial. 

Figure 3.5: Orientation of Optical and Composite Fibers 
( after [ 49] ) 
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Figure 3.6: Setup for Measuring Loss in Imbedded Fiber 
( after [ 49) ) 



Figure 3.7: 

54 

n 

--- TIME---> 

Signal Produced by Weight on Composite 
(after [49]) 



55 

case is presumably due to either the mass straightening out 

a kink induced by the composite, or a change in fiber geom-

etry which couples cladding modes back into the core. It is 

mentioned here to further demonstrate the need for care when 

trying to correlate electronic signal levels with load-in-

duced strain. 

Next, OTDR measurements were performed on the sample. 

The backscattered slope revealed a low attenuation of rough-

ly 4 dB/ km for the fiber portions on either side of the com-

posite, while the ten meters of imbedded fiber experienced a 

high attenuation of about 1 dB per meter . When the pane 1 

was clamped with a C-clamp along the first straight portion 

of fiber, a significant slope change occurred, indicating an 

increased over al 1 attenuation. Figure 3 . 8 shows the OTDR 

signal returned from the imbedded portion for both the un-

loaded and loaded cases. When the clamp was mov ed further 

along the fiber, the slope change also moved, as expected. 

This can be seen in Figure 3.9. 

Recently, further optical measurements were carried out 

on the same composite/ fiber sample to confirm prev ious re-

sults. Due to the spatial resolution limitation cited ear-

lier, mechanical 

long rectangular 

loading was 

solid bars 

performed by clamping 

of aluminum above and 

16 cm 

below 

straight sections of the imbedded fiber in such a way that 
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OTDR Signal from Weighted Imbedded Fiber 
( after [ 49] ) 
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Figure 3.9: 
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OTDR Signal from Fiber Weighted in Center 
( after [ 49] ) 
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the internal load was approximately 350 kPa and uniform 

aiong the bars. The OTDR signature obtained for this type 

of loading is shown in Figure 3.10a. SNR was improved here 

by digitally averaging 250 individual waveforms per trace. 

Next, the specimen was loaded with three similar bars on 

which different pressures were exerted. The relative loca-

tions of the separate loads may be observed from Figure 

3.10b. In addition, the relative difference in the signals 

resulting from the three separate loads of 350, 700, and 

1050 kPa is easily discernible. 

By reducing the spacing between adjacent loading points 

and observing the local excess attenuation regions approach 

each other on the OTDR output, a practical linear spatial 

resolution of somewhat over 18 cm was determined. For the 

system used, the optical pulse width t was 245 psec , while p 

the detector response time td was l. 6 nsec. Resolution 

measurements were then in excellent agreement with Equation 

(3.4), which predicts a limitation of 18.45 cm. 
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3.4 MECHANICAL CONSIDERATIONS 

The optical measurements give confidence that imbedded 

optical fibers do offer promise as a means for measuring 

strain in composites. Howev er, nothing has been said thus 

far about the strain sensitivity of the imbedded fiber, nor 

has there been any discussion of how the fiber affects the 

integrity of the host composite. These factors must be re-

alistically ev aluated if the usefulness of this sensing con-

cept is to be established. 

3.4.1 Mechanical Sensitivity 

As discussed in Section 3.2, it has been assumed that the 

imbedded fiber will act as an integrated microbend sensor. 

Even with no loading on the composite sample, the fiber 

should undergo some microbending due to its interaction with 

the graphite fiber tows, and thus experience a higher atten-

uation than non-imbedded fiber. Loading the specimen would 

then cause bulk strain, which should be transferred to the 

fiber through the laminated plys. The additional force is 

then noticeable through further attenuation. 

As mentioned, the portion of fiber imbedded in the panel 

does indeed show a higher attenuation than normal, ev en with 

the sample unloaded. It may be nai v e howev er to assume that 

this is only due to interaction with the tows. One reason 
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is that although the composite fibers start out in discrete 

bundles (tows), during the pre-preg formation they are 

pressed into a nearly uniform density [57]. This is illus-

trated in Figure 3 .11. Thus, if the optical fiber is laid 

across the composite fibers and is in intimate contact with 

them, the greatest bending amplitude it can experience is on 

the order of a graphite fiber radius. When one considers 

that this radius of 5 to 15 microns is roughly an order of 

magnitude smaller than that of the typical unjacketed opti-

cal fiber, and nearly two smaller than a jacketed fiber 

[58], it is unlikely that this would cause significant bend-

ing. 

The bending periodicity is also of extreme importance to 

the loss characteristics. Formulation and data presented in 

Section 4. 1 show that when optical power loss is plotted 

against the spatial deformation period, a strong peak occurs 

at periods of a few millimeters, depending on the exact fi-

ber used. The loss occurring at periods typically presented 

by the composite fibers is generally v ery low. 

Another consideration in discussing the high attenuation 

of the imbedded fiber has to do with the degree of contact 

between it and the composite fibers. First of all, in the 

fabricated specimen, the polymer buffer remained on the fi-

ber. Generally a jacket is app lied to an optic al fiber in 
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(a) fiber tows are coated with resin and 
aligned between two sheets of siliconized paper. 

(b) tows are rolled between sheets -- alignment 
is preserved and trapped air is removed. 

Figure 3.11: Making of a Pre-Preg Sheet(after [57]) 
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order to reduce the coupling between external mechanical ef-

fects and the light guiding core. Obviously that property 

is undesirable in this case. Also, although the coating 

shows some yellowing due to the 35O°F heat applied to cure 

the panel, it appears to be relatively intact. Thus the 

jacket acts to increase the effecti v e fiber diameter, al-

lowing for even less bending in small periods. 

Secondly, the contact between the optical fiber and the 

graphite fibers is impeded by the matrix material. Not only 

are the fiber tows laminated in the epoxy resin, the indi-

victual plys (pre-pregs) are glued together with it. Thus, 

before curing, the optical fiber may be considered to be 

partially surrounded by a low modulus material, and is 

therefore unlikely to be easily perturbed. However, the 

panel is generally cured under pressure, in this case 588 

kP a ( 8 5 psi ) . The degree to which the optical and composite 

fibers were forced into contact is not clear. It is su-

spected however, that since the epoxy remained in the panel, 

the contact is not as intimate as desired. 

Finally , as noted before, the optical fibers and the gra-

phite fibers actually run parallel . .... -in mos1... or the sample. 

Thus, the entire discussion of whether or not the optica l 

fiber fol lows a sinusoidal bend ( as in Figure 2. 4) , while 

instructiv e, is somewhat superfluous. Of course some fiber 
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crossings are expected; they are not a ll exactly perpendicu-

lar along their entire length . Also, the two types of fiber 

do cross significantly at the edges, where the optical fiber 

rev erses direction. Ne v erthe l ess , the combined effect of 

these t ypes of crossings is considered insignificant, though 

more data is needed in order to reach a firm conclusion. 

The question still remains then as to the cause of the 

high attenuation exhibited by the imbedded fiber . One ex -

planation is that the fiber e xperiences significant loss at 

the large curv es near the edges. To test this theory, a 

similar piece of fiber was laid on a flat board in the same 

geometry as the imbedded fiber. While it was true that 

light was quite v isible at the hairpin turns, the actual in-

tensity v aried little when the bends were carefully re -

leased, one at a time. Since the fiber was not mode strip -

ped at the bends, coupling between core and cladding modes 

is permitted, presenting a complicated, as of yet unpredic -

table situation. Also, the amount of loss introduced by a 

gi v en bend has been observ ed to be highly dependent on pre-

ci sel y how the light was launched into the fiber. Thus, 

though the claim abov e may be true, 

to substantiate with repeatable data. 

. .... 
J. '- is at best difficult 

It is suggested that a large contribution to the observ ed 

fiber attenuati on arises from small but sev ere bends caused 
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by irregularities in the fiber-resin interface. Although 

the addition of extra resin along the optical fiber during 

lay-up reduces voids between the fiber and the matrix [53), 

this extra resin was not applied to the specimen under dis-

cussion. Before the panel was cured therefore, some voids 

undoubtedly existed. This is confirmed in that the non-en-

hanced ultrasonic C-scan of the imbedded panel outlined the 

fiber, indicating a significant boundary existed between the 

fiber and the host material. This is especially noticeable 

near the direction rev ersals, where the effect is expected 

to be even greater. 

When heat and pressure were applied, bends of smaller ra-

dius than those due to iteration with the tows or due to the 

direction rev ersals would likely have been created. This 

type of curvature would correspond to the bending easily in-

duced by the low pressures. This has often been observed to 

cause through-put intensity decreases ranging up to 15 dB 

[ 59]. A combination of only a few such bends, while not 

regularly spaced (therefore not of the "optimum" deformation 

period), could be responsible for significant loss. 

Another factor contributing to the mechanical sensitivity 

is the mechanical and adhesi v e properties of the fiber jack-

et, since the strain transfer from the material to the opti -

cal fiber depends on these. Although much work has been done 
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to identify jacketing materials having elastic constants 

which enhance fiber pressure sensi ti vi ty, little work has 

been done in this area to determine trade-off between such 

enhancement and the effect of the jacket on the ov erall me-

chanical properties of the composite. Preliminary analysis 

by Crane suggests only that a fiber coating of resin similar 

to that used as matrix has acceptable mechanical properties 

[ 45]. Dunphy and Meltz have shown that this type of coating 

also provides maximum bonding between the optical fibers and 

the surrounding composite structure [60]. 

Finally, how the fiber jacket is affected by the curing 

process is still unknown to us. It has been suggested that 

under heat and pressure, the elastomer simply melts into the 

surrounding resin. This would probably be favorable, since 

it would increase strain transfer and microbending possibil-

. +- . 1.~1.es. Also since stress concentrates around discontinu-

ities, a smaller effective fiber size would probably add to 

the overall mechanical stability of the panel. 

In vi ew of the small bending radii required to observe 

microbending loss, as well as the fact that the imbedded fi-

ber was jacketed, it is not surprising that significant 

pressures had to be applied in order to observe additional 

fiber attenuation ( such as observed from Figure 3. 8 and 

3. 10) . However, it is presently too early to draw final 
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conclusions about the mechanical sensitivity obtainable with 

imbedded fibers. Much more research is required to sort out 

the ambiguities noted above. 

3.4.2 Mechanical Integritv 

Exactly how an imbedded optical fiber affects the struc-

tural integrity of a composite sample is unclear, but is 

certainly of great concern. As mentioned, voids between the 

fiber jacket and the matrix are known to occur if care is 

not exercised. Some composite engineers purport that these 

voids, or even the presence of extra resin added to allevi-

ate them, greatly increase the risk of delamination [ 61). 

Of course if the sensor were to thus compromise the mechani-

cal properties of the sample the viability of the technique 

would be decreased, especially for in situ applications. 

Related to the concern about delamination, questions have 

arisen regarding the tensile strength of samples containing 

optical fibers. Preliminary studies indicated that yield 

strengths of composite panels with imbedded optical fibers 

are higher along the fibers than panels with no optical fi-

bers. Because the ultimate tensile strength ( UTS) of the 

composite panel, oc, depends on the constituent components , 

this result is expected, if the optical fiber bonds to the 

matrix at least as well as the optical fibers do. That 

o = o V + o V o V (3.7) 
c g g m rn o o 
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where o is the UTS and Vis the volume fraction of g, the 

graphite fibers, m, the matrix, and o, the optical fibers 

[ 62] . Similarly, the Young's modulus, E, can be written 
C 

E = E V + E V + E V . (3.8) 
c g g m m o o 

Generally, the yield stress of the matrix is much less 

than that of the fibers. This can be seen by considering 

that unreinforced epoxy resins usually possess a UTS of 

around 70 MPa and Young's moduli of around 2. 5 GPa [ 63], 

while typical carbon fibers show a UTS of 2 . 0 GPa, and 

Young's moduli of 420 GPa. By comparison, drawn silica dem-

onstrates a UTS typically higher than carbon, around 3. 5 

GPa, but a much lower Young's modulus, around 85 GPa ( 64]. 

Thus, as the load is increased on a composite sample con-

taining these components, the matrix will flow plastically 

and the fibers will continue to deform elastically until 

they fracture (these fibers show v irtually no plasticity). 

In the range between the onset of matrix flow and fiber 

failure, the Young's modulus of the composite sample at a 

gi v en strain can be shown to be 

E 
C 

EV +c,V +EV gg Em 00 (3.9) 

where[, is the slope of the stress-strain curve of the ma-

trix [62]. This term is generally small and therefore neg-

lected, simplifying (3 . 9) to 

E = E V + E V . 
C g g O 0 ( 3. 10) 



69 

In addition, since the UTS of the matrix is much smaller 

than that of the fibers, (3.7) can be written as 

o = o V + o V . 
C g g O 0 

(3.11) 

Comparing (3.10) and (3.11) with the respective UTS and E 

values for the fiber types, it can be argued that if the op-

tical fiber can be integrated into the composite without in-

troducing points of stress concentration, the sample tensile 

strength should increase, while the Young's modulus should 

decrease. In practice, because the Young's modulus may be 

defined as the ratio between the applied stress and the 

fractional extension of the sample, this means that while 

the composite would exhibit greater strength, the toughness 

would suffer. However, ambiguities in fiber-matrix bonding, 

as well as the unknowns regarding the exact properties of 

the carbon and optical fibers in hand, all suggest that more 

quantitative data be collected to determine how different 

types of fibers and how the number of fibers per area affect 

yield strength. 

3.4.3 Composite Testing 

In considering the many questions regarding the fiber / 

composite interaction that remain the fabrication of several 

types of test panels was proposed. Because of the complexi-

ty involved, the tests aimed at isolating v arious factors 
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contributing to both the mechanical sensitivity and integri-

ty . Ideally, several panels of each type would be desired 

to substantiate the data obtained from them, as well as es-

tablish "noise" boundaries, and so on. The suggested panels 

(listed by type), tests, and what they were intended to 

show, will be discussed in the following paragraphs. The 

results of those actually carried out will be presented in 

the next section. 

1 . Samples for Mechanical Testing (refer to Figure 

3. 12). 

a) Control panel: composite fibers in long di rec-

tion, no optical fiber. 

b) Control panel: composite fibers in short di rec-

tion, no optical fiber. 

c) Composite fibers in long direction, one parallel 

optical fiber. 

d) Composite fibers in short direction, one parallel 

optical fiber. 

e) composite figures in long direction , fi v e paral l el 

optical fibers inch. 

f) Composite fibers in short direction, fi v e perpen-

dicular optical fibers per inch. 

g) Component fibers in long direction, t wenty paral-

lel optical fibers per inch. 
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h) Component fibers in long direction, one perpendic-

ular optical fiber. 

i) Composite fibers in long direction, five perpen-

dicular optical fibers. 

The sample coupons were all to be 7.5 x 12.5 cm coupons, 

four plys thick. The fiber was the same Corning 50/ 125 

graded index type used in earlier tests. The test procedure 

was to mount each sample lengthwise in a load frame and load 

until failure. With respect to control samples la and lb, 

le and ld were expected to show little added tensile 

strength, while le, lf, lg, and lh were expected to show a 

measurable increase . Samples li and lj were to help deter-

mine the degree to which optical fibers running across the 

strain field would degrade tensile strengths and concentrate 

the stress. 

2. Samples for Optical Testing (refer to Figure 3.13). 

a) Composite fibers in long direction, four long, 

parallel optical fibers, each of a different type. 

b) Composite fibers in long direction, three long, 

parallel optical fibers. 

c) Composite fibers in short direction, three perpen-

dicular optical fibers. 

d) Composite fibers in long direction, fi v e short 

pieces of optical fiber in short direction , three 

long optical fibers in long direction. 
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e) Composite fibers in long direction, twenty-five 

short pieces of optical fiber in short direction, 

three long optical fibers in long direction. 

Samples 2a - 2e are all 7.5 x 12 . 5 cm coupons , four pl y s 

thick. "Long" fibers are those hav ing a meter or two on ei-

ther side of the panel, suitable for optical coupling. 

Sample 2a was to be loaded in the same way as the prev i-

ous samples. Howev er, in this case, light was to be inject-

ed into each fiber (perhaps one at a time) at equal load in-

terv als, and their outputs monitored. Since the fibers are 

of different type, each should break at a different strain 

level, thus acting as a crude strain lev el indicator. The 

four fibers to be used were the Corning graded index, a 

graded index fiber in an oil-filled buffer ('hereafter refer-

red to as oi 1-fi l led), ITT single mode fiber, and a large 

diameter (0.5 mm) plastic fiber. 

Samples 2b and 2c were to be used to compare the effect 

of running parallel and perpendicular to the composite .c . 
.L]. -

bers. If the fiber tows actually introduce significant mi-

crobending, 2c should allow considerabl y less thru-put in-

tensity than 2b, or, if OTDR is used, 2c should display 

considerably higher negati v e slope (attenuation) than 2b. 

Samples 2d and 2e were designed to purposely introduce 

deformation. Because of the similar dimensions between the 
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light-carrying fibers and the short fiber pieces, curvature 

and a ssoci ated losses should be pronounced. Presumably 2e 

will create higher fiber attenuation, unless the bending 

periodicity comes into play. 

f) 15 x 20 cm coupon, 8 plys thick; one long optical 

fiber weaves in and out of panel between top two 

plys. Another weaves between bottom two plys; all 

microbends exterior to panel, and ply orientations 

as shown. Refer to Figure 3.14 

g) 15 x 20 cm coupon, 28 plys thick; three sets of 

three parallel optical fibers, each set of a dif -

ferent type; the first fiber in each set between 

top two plys, second between middle two plys; all 

optical fibers parallel to composite fibers in 

neighboring plys. Refer to Figure 3.15. 

Sample 2£ was mainly to be tested with an OTDR. The re-

sul ts of the attenuation measurement were to be compared 

with the data from the previously made panel. If the atten-

uation was due to the fiber tows, this sample should show 

more since each fiber was to be in contact with perpendicu -

lar composite fibers in one ply (as opposed to all parallel 

fibers in the prev ious case). If, on the other hand, the 

high attenuation was caused by large bends near the edges, 

this sample should show less, since the direction reversals 
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occur outside the panel in much larger bending radii than 

those inside the prior sample. In any case, 

was to prov ide OTDR slope information from 

layers when the panel was loaded. 

this specimen 

two different 

Sample 2g was also intended to collect information origi-

nating in the different layers of composite. As with 2f, 

fibers al, a2, and a3 and cl, c2, and c3 were to be multi-

mode (Corning and oil-filled, respecti v el y ). Fibers bl , b2, 

and b3, were to be ITT single-mode, and available for inter-

ferometric measurements. The sample was to be loaded as a 

cantilever, while monitoring any of the fibers desired. Mi-

crobending due to tows would have been reduced, since all 

fibers were to be parallel. 

3 . 4.3.1 Fabrication of Samples 

Each of the proposed test panels were fabricated at NASA 

Langley Research Center, Hampton, Virginia, with aid of NASA 

personnel. In addition, one extra coupon resembling le, us-

ing ITT fiber, and two resembling le, one using ITT and the 

other using oil-filled fibers were made . Cutting the plys 

from pre-preg roll, laying the plys with optical fibers, and 

autoclav ing the samples took about two full working days. 

The results of the sample fabrication were rather disap-

pointing. None of the samples intended for optical testing 
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survived the curing process, primarily due to the epoxy hav-

ing bled out of the panels. When it hardened, it acted to 

glue the external fiber coils to one another and to the 

cloth in which the samples were wrapped for autoclaving. 

In addition, the fiber jackets melted and burned to dif -

ferent degrees. The ITT jacket, consisting of a reasona~ly 

hard plastic coating on top of a soft elastomeric (Hytrel) 

coating, survived the best. This jacket did not melt enough 

to stick to itself, but did become brittle and kinked, some-

times severely enough to break the optical fiber within . 

The Corning jacket, a soft polymer (CPC), softened enough 

to adhere the fiber coils to one another. It also yellowed 

and hardened, breaking the external fibers in dozens of 

places throughout the batch. Stripping this fiber after 

curing was only possible chemically (using methyl chloride); 

conventional razor blade stripping was intractable due to 

jacket hardening and subsequent fiber fragility. 

The oil-filled fiber jacket apparently melted to a high 

degree, flowed into the clo th beneath, and rehardened. 

Broad lines of diffused black coating followed the original 

fiber coil paths, with the bare fiber clearly vis ib l e abov e 

the lines. In most cases the fiber itself remained in tact , 

revealing an even melting, unlike the prev ious cases. 



80 

Finally, the plastic fiber used in sample 2a was found to 

be totally unsuitable under the given curing conditions. 

When the specimen emerged from the autoclave, the fiber had 

completely disappeared; the lead lengths originally hanging 

out of the panel apparently had liquefied. And, although 

the broad ITT fiber was clearly visible inside the samples, 

the e v en broader plastic fiber could not be discerned, indi-

cating that it had melted into the matrix. 

3.4.3 . 2 Optical Testing 

Only a few simple optical tests were actually carried 

out. In one case, a Corning fiber, one in a tangle of many 

coming out of sample 2e, was stripped and roughly cleaved. 

Laser light was focused onto the fiber end, and light was 

seen emerging on the other side of the coupon. Although the 

output intensity was not as high as could be expected (prob-

ably due to launch conditions), . .... 
). \., seemed clear that the 

portion of fiber in the composite was relatively unharmed. 

The second optical test was run on an ITT fiber in the 

extra sample resembling le. The jacket was easily stripped 

with a razor blade; the fiber ends were flat enough to allow 

for reasonable coupling without attempting to cleave them. 

The coupon was trimmed into a one inch strip and loaded in a 

cantilevered fashion, as shown in Figure 3 .16. When laser 
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light was injected into the fiber, a surprisingly intense 

pattern resulted. However, even when the sample was subject 

to considerable bending, no change in the output pattern was 

visible. 

3.4.3.3 Mechanical Testing 

The samples for mechanical testing did not require long 

lengths of useable optical fiber before and after the panel, 

so it appeared that load testing would be quick and easy. 

However, the Instrom load frame used (Engineering and Sci-

ence Mechanics Department, Virginia Tech) would accept only 

5 cm wide strips, in contrast to the 7. 5 cm wide samples. 

Accordingly, the panels were sectioned lengthwise , using a 

tool-mounted razor blade (with many replacement blades re-

quired). Also, the proper loading sequence had to be found 

by trial and error, since several panels were quite weak in 

one direction, depending on lay-up orientation. Care was 

required to insure that the sample broke due to tensile 

loading rather than due to some unwanted torsion or preload-

ing stress. 

The next problem occurred as a result of the load frame 

vise jaws. Sample la was mounted and loaded to 1650 kg be-

fore any change was visible. The load rate, constant 

throughout all the testing, was 0.127 I • cm,, min. At 506 MP a., 
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the sample splintered vertically because of the teeth in the 

vise jaws. All samples tested subsequently were padded with 

emery cloth in the grips. 

Although the padding did prevent the vise from crushing 

the samples, it did not prohibit the sample from slipping. 

For example, sample le was loaded as before until it reached 

2200 kg, when it split vertically, about 0. 5 cm from the 

center. The marks left on the sample, as seen in Figure 

3.17, indicate that the probable cause of breaking was due 

to unev en slippage. This in turn applied a high shearing 

moment against the epoxy matrix, resulting in an immediate 

split. Samples sections from le and lg split in a similar 

manner. 

Slipping was again the probable cause for failure with 

the samples which resembled le and le only using ITT fibers. 

However, in both these cases, the vertical split appeared 

along the optical fiber. It is important to note that the 

original diameter of the jacketed ITT fiber is twice as 

large as that of the Corning fiber (460 µm, compared to 230 

µm). Also, as discussed earlier, the Corning fiber melts 

considerably during curing, while the ITT fiber does not , 

meaning their effectiv e diameters are ev en more separated . 

It is therefore likely that more significant voids in the 

resin occur along the larger fiber. This would be the weak -
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est point in the matrix, and so would fail first when sub-

ject to shearing force. 

Another section from sample lg, containing 12 optical fi-

bers , was tested next. When the load reached 8.73 GPa., a 

perpendicular break occurred on one side, as shown in Figure 

3. 17. Al though some slip marks appeared on the splintered 

sections, these probably resulted from the transfer of the 

load to these pieces as the main break was taking place. 

Finally, sample lf, containing graphite fibers transv erse 

to the applied load, was mounted and strained. A perpendic-

ular break occurred at 34. 6 MP a, this time at the edge of 

the vice jaw. It is not clear whether this point is v alid, 

since the strain may have been concentrated right at the 

vice edge, causing the failure. Howev er , even so, the rela-

ti v ely small load required to break the sample is not sur-

prising, considering the only restoring forces resided in 

the optical fibers and the matrix material. 

In an effort to alleviate the slipping problem, ways to 

grasp the samples more securely, yet not damage them or ere-

ate stress "hot spots" were discussed. Bonding four rectan-

gles of aluminum shim stock to the composite, as shown in 

Figure 3 .18 seemed to be a reasonable solution. Both the 

optimum thickness of the aluminum shim and the appropriate 

adhesi v e, had yet to be determined, as well as any necessary 
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surface preparation, as has been suggested for similar 

Young's modulus tests [64]. Using some remaining composite 

strips, several samples were tried. 

In one test, four pieces of shim, 0. 2 mm thick, were 

bonded to a composite section using "S Minute" Epoxy. After 

curing for one hour, the sample was mounted in the load 

frame and strained. At a load of 2250 kg, the epoxy let go 

of the aluminum shim and the sample split lengthwise on one 

edge. 

In another test, Epoxy x - 8073 was used. This time it was 

the thin shim stock that failed, tearing at 2700 kg of ap -

plied load. 

length. 

Again the composite sample split down the 

In a third test, aluminum stock 1.6 mm thick was glued to 

a composite sample with Epoxy 907, and cured at room temper -

ature. When the sample was loaded to 12.7 GPa, a perpendic -

ular break occurred, partly along one joint between the com-

posite and the aluminum, and partly in the middle. No 

slipping occurred. When the v ice jaws of the Instrom were 

loosened , the two "halv es" of the sample were held together 

by a single thread, that is, the only optical f i ber in the 

sample. It is likely that the fiber was pulled through the 

sample, indicating rather poor adhesion between jacket and 

matrix. However, there is ample reason to believ e that the 

middle break occurred first. 
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Two further samples using the same epoxy and aluminum 

were made and tested, though the epoxy was fast cured at 

180°F. Neither sample contained optical fibers, and both 

broke in the middle without slipping. One sample failed at 

a load of 13.9 GPa, while the other failed at 11.6 GPa. 

3.4.3.4 Discussion 

With regard to the optical samples, several conclusions 

can be drawn and suggestions made for further work. First, 

it is worth noting that the pre-preg sheets do not actually 

need to be autoclaved to cure them; placing them on a cov-

ered hot plate has been shown to cure them quite adequately 

for initial testing (65]. This would present the immediate 

advantage of not significantly damaging any external fibers 

necessary for optical tests. Also, without a need for an 

autoclave, many different types of samples can be made 

quickly and easily, provided one has the pre-preg sheet on 

hand. 

Second, one can see that the fiber jacket plays an impor-

tant role in the overall considerations. Thus, while ..... 
in L.er-

ferometric information could well be gained from imbedding 

the single-mode ITT fiber, the thick, rugged coating seems 

to compromise the integrity of the composite sample. Clear-

ly, single-mode fiber having smaller dimensions is preferred 



89 

for such measurements. However, this may introduce more mi-

crobending which is generally unwanted in fiber interferome-

try. Obviously a maximum compromise needs to be struck be-

tween these effects. 

For microbending measurements, the oil-filled fiber ap-

peared to be a good ~hoice since the jacket seemed to melt 

so completely. Again, this would allow the fiber to have 

more intimate contact with the composite components. How-

ever, this jacket could only be used practically if the 

jacket external to the sample remains intact. Further, this 

fiber would probably require the application of a strain re-

lieving compound where the fiber enters and exits the sam-

ple. As well as protecting the fiber from breakage, the 

compound would reduce any excess microbending at these 

points. 

For any fiber imbedded, more understanding is required 

about how the jacket reacts to the curing heat and how well 

it adheres to the matrix, how the resin fills in around the 

fiber, and how the fiber interacts with the composite tows. 

Cross-sectioning the samples already obtained may provide 

some information in this regard. However, because of the 

nature of the material, sectioning across fibers is diffi-

cult. Care and patience are required to avoid splintering, 

and special tools may be necessary to section without sig-

nificantly altering the sample. 
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Except for gaining a little better understanding on how 

to imbed the fibers, very little was derived from the opti-

cal testings. It is suggested that several of the previous 

samples be remade, with the effort focusing on the mechani-

cal interaction of the fiber types. Thus, samples resem-

bling 2b and 2c should be remade to inv estigate the differ-

ence between parallel and perpendicular orientation of 

optical fibers with respect to composite fibers. In addi-

tion, a large sample such as 2f should be made, except that 

the two top and bottom plys should be parallel. Because the 

imbedded lengths are longer, and the large bends are outside 

the panel, the effect seen in the samples above should be 

amplified. 

In addition, while the idea of purposely introducing de-

forming fibers into the composite structure has some merit, 

undoubtedly these fibers effect the mechanical properties of 

the panel. At this point in the research, they would raise 

more questions than they would answer. It is suggested that 

samples such as 2d and 2e be put off until more is known 

about the bending mechanisms involved with fiber and compos-

ites under test. However, because of the immediate applica-

bility of dynamic break monitoring, another sample res em-

bling 2a should be made. Efforts to find suitable fibers 

with differing tensile strengths, are currently underway. 
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It is proposed that a laser in conjunction with a scanning 

mirror be used to excite the test fibers 11 simultaneously." 

This would allow the use of a single, high power source, and 

would prov ide continuous amplitude information throughout 

the test . 

Though some seemingly v alid mechanical break data was ob-

tained , further tests are definitely required. Sev eral sam-

ples such as la and lb needed to be tested to prov ide con-

trol values and standard deviation information. More 

samples like le - lh should then be tested to obtain quanti-

tative understanding of the effect of optical fibers on the 

composite tensile strengths . 

Finally, a set of samples, each one containing an optical 

fiber of a different kind, is proposed. Both the optical 

fibers and the composite fibers are to run perpendicular to 

the applied load. Noting where the sample breaks would pro-

v ide valuable insight into the questions concerning jacket, 

fiber, and matrix interaction, as well as the overall degra-

dation of composites containing imbedded optical fibers. 



92 

3.5 OTDR COMPUTER MODELS 

The reasons for often including computer models in funda-

mental research are now well established. A subtle, but im-

portant point in this light is that formulating an accurate 

model forces the researcher to clearly understand the inter-

nal mechanisms of the phenomenon under study. As well, the 

computational power available with a large computer usually 

brings within reach insights which were nearly impossible to 

gain with other means. Finally, as is the case here, com-

puters are now frequently interfaced directly with data-

gathering instrumentation in order to perform required sig-

nal processing. A program which simulates the data 

generating phenomenon often serv es as a useful means of 

testing the processing program. In this section, a computer 

model of the OTDR process, as well as some signal processing 

programs are presented. 

3.5.1 Modified Convolution 

The original version of the OTDR simulator was written by 

Jackson [ 49]. Since that time, the model has been reformu-

lated in order to reflect the current understanding of the 

OTDR process. Basically, 

tion and launch of an optical pulse into a fiber, 

the program simulates the genera- ) 

action between the pulse and the fiber, a~ ilie 

the inter-

collection 

of the backscattered pulse. 
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Originally the interaction between pulse and fiber was 

envisioned as a convolution-type process. However, it was 

later realized that while strict convolution deals with two 

wav eforms passing each other, OTDR inv olv es constant reflec-

tion of one wav eform off the other . The computational ap-

proach is somewhat similar between the straight c onvo lution 

and the OTDR simulation howev er, thus the OTDR program is 

gi v en the name MODCON (modified convolution). 

In the true OTDR situation, the total distance trav elled 

by any point in the reflected optical pulse, L..._, 
L. 

is giv en b y 

( 3 . 12) 

where Lf is the length of the fiber and LP is the length (in 

space) of the optical fiber, and where it is assumed that 

The 2L~ represents the distance for the pulse to go 
J.. 

down and back, while the L term signifies that the entire p 

pulse must go through the fiber. This is depicted in Figure 

3.19. 

For a pulse and a fiber consisting of LP and Lf discrete 

units, respecti v ely, the total distance (in units) travelled 

becomes 

( 3. 13) 

The subtraction of one comes about because t wo blocks inter-

face at their common boundary. The boundaries number one 

less than the blocks, in much the same way as there are four 

spaces between fi v e fingers. 
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A small discrete model is shown in Figure 3.20. A pulse 

four meters long (corresponding to 20 nsec in time) is bro-

ken into segments, one segment or unit per meter. The 

length of the pulse in segments, L is then 1 seg/ m * 4 m = p ' 
4 segments, where the ith se gment is giv en a v alue P . to 

l. 

contain the av erage optical intensity within that segment of 

the pulse. 

The pulse enters from the left a fi v e meter long fiber , 

al so di v ided into one s egment per meter, so that Lf = 5. 

Associated with the fiber at each point is the reflection 

and absorpti on coefficients. 

is neglected for the moment. 

Fo r simplicity, the absorpti on 

Thus, the jth segment of the 

fiber has a reflection coefficient of F .. The pulse mov es 
J 

through the fiber in steps, where the v alue k counts the 

number of steps at any giv en time. 

At each step in time , the i th segment of the optical 

pulse interacts with the jth segment of the fiber in a mul-

tiplicative fashion. At the next step, the product P . * F . 
l. J 

begins to trav el back towards the front end of the fiber. 

The forward trav elling optical pulse segment is then reduced 

to pi 'i/ I where P . 'i/ = P . - P. * F . . 
l. l. l. J 

Meanwhile, the (i+l)th 

segment has entered the fiber and is itself interac ting with 

the jth fiber segment. 
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As the stepping continues, the backscattered intensities 

eventually emerge from the front end of the fiber. These 

intensities are stored in an output array named 0, which is 

indexed by the number of the step, k. 

shown to the right in the figure. 

The v alues of Ok are 

The ideas presented in this modified convolution model 

provide the basis of the OTDR simulator program. In addi-

tion, the program allows for the inclusion of both the in-

trinsic absorption of the fiber, as well as high absorption 

regions, say due to fabrication defects. A listing of the 

program, and a more detailed discussion of the algorithm ap-

pear in Appendix 1. 

The modified convolution of a 2 meter long optical pulse 

(square) and a 90 meter fiber, neglecting scattering loss, 

absorption, and the large reflection from the far end, pro-

duces the output shown in Figure 3.21. The major difference 

between this and the output of a straight convolution of 

Figure 3.22 is the length of the output vector, well known 

to be simply Lf + LP in the latter case. When scattering, 

including the far end reflection, and intrinsic absorption 

are included, an output such as in Figure 3. 23 appears. In 

this and subsequent figures, the position for each discrete 

reflection along the fiber appears on ~he horizontal axis, 

rather than the total distance travelled by the optical 

pulse (the length of the output v ector). 
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In practice, curves such as Figure 3.23 are rarely 

observed. Because the backscattered signal of interest is 

generally a small one, a significant amount of noise is of-

ten introduced. Noise can be first simulated using a pseu-

do-random number generator, and then added to the M0DC0N 

output to giv e a plot such as shown in Figure 3. 24 . In 

this case, the noise factor is relativ ely low, corresponding 

to a strong output signal. This could be generated by using 

a high power laser and a fiber demonstrating a large back-

scattering coefficient. Figure 3. 25 exemplifies the high 

noise output expected when a low power source or low loss 

fiber is used. 

Consider now the presence of a single microbend sensor , 

l oc ated 40m along the length of the fiber and extending for 

ten meters. If a uniform pressure is exerted along the 

length of the sensor, an output such as seen in Figure 3.26 

may result. The change in slope between 40 and 50m is basi -

cally caused by the increased scattering coefficient along 

this length, due to local index changes and radiative loss-

es. It is this slope which provides information regarding 

the amplitude of the applied load. Analysis of this portion 

will be taken up in the next section. Finally , a _more real-

istic situation appears in Figure 3.27, where a modest 

amount of noise has been added. 
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As a next step, three bending sensors are included, each 

0.Sm in length. They are modeled at 30, 50, and 70 meters, 

and each have a different load applied uniformly across the 

sensor. This begins to approximate the situation described 

by Martin and Ives, as mentioned in Section 3.2. The output 

expected for one situation is depicted in Figure 3.28, while 

Figure 3.29 is the same situation with noise included. 

Finally, the continuous distribution of strain is mod-

elled. It is imagined that the fiber is imbedded in a large 

composite panel, and that a heavy load is applied 45m along 

its length. A maximum bending, therefore a maximum attenua-

tion and a maximum slope, is expected to occur at 45m. 

Moreover, less severe bending, attenuation, and slope values 

are expected in regions adjacent to the position of the ap-

plied load. The 0TDR output should then resemble Figure 

3.30. As before, Figure 3.31 results when the noise charac-

teristic is added. 

3.5.2 Data Analysis - The First Derivative -- - --

In the previous model, data is generated which simulates 

the operation of an 0TDR system. Although it may be consid-

ered imperfect due to the discrete nature of the model, in 

fact it is not too far from a real situation. The reason 

for this is that most research-grade 0TDR uni ts actually 
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convert incoming analog data to digital quantities for sig-

nal processing and storage. What is sought at this point is 

a program to aid in the analysis of the data. As alluded to 

many times earlier, sudden changes in the backscattered pro-

file are the primary indicators of perturbations along the 

fiber . Accordingly, a program which reads in the digital 

OTDR signature and yields its first derivative was formulat-

ed . The listing of SLOPE, as it is called, appears in Ap-

pendix 2, along with a discussion of its features. The mer-

it of using the program as a signal processing tool can be 

seen through the use of several examples. 

First, consider the reasonably large slope changes which 

appear in Figure 3.26. The five points of sudden difference 

are marked A - E. If the first derivative is computed, am-

plified ( for scale reasons mostly), and plotted on a scale 

which includes all the data, Figure 3 . 32 results. It can be 

seen from this plot that the sharp changes occurring at 

points A, D, and E of Figure 3.26 completely overwhelm the 

more subtle changes occurring at points Band C. 

Looking more closely, the beginning and ending disconti-

nuities occur only during the time that the optical pulse is 

entering and exiting the fiber. Thus, 

values of the slope array are zeroed. 

the first and last Lf 

This is directly ap-

plicable to a practical situation, because front end Ra y-
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leigh scattering and back end reflections tend to swamp the 

wanted signal and reduce the dynamic range in that case as 

well. With this qualification in place, the same input data 

yields Figure 3 .33. Note that the slope has a constant neg-

ative value in the regions before and after the microbend 

sensor, and a constant out significantly higher negative 

value within the sensor, corresponding to the earlier stipu-

lation that the pressure was applied uniformly over the 

range of the sensor. 

If the OTDR characteristic from the three sensors, seen 

in Figure 3.28, is sent to SLOPE, the expected result oc-

curs: three downward-directed spikes, one at 30m, one at 

50m, and one at 70m. To see the benefit of SLOPE, however, 

consider the case where the bending amplitude in the three 

sensors is very definite, but small. In this example, the 

attenuation of the unperturbed fiber is 4dB/ km, while at 30, 

50, and 70m, the attenuation is 20, 40, and 30 dB/ km, re -

spectively. The resulting output is shown in Figure 3 .3 4. 

Al though the attenuation at the sensors is significantly 

different than the norm, slope changes are nearly impossible 

to discern from the backscattered profile. However, when 

the first derivative is computed and amplified, the oending 

position and amplitude can be clearly identified, as seen in 

Figure 3.35. 
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Next, the continuously distributed sensor case is consid-

ered. Looking again at Figure 3.30, one may note that it is 

difficult to say precisely where the slope changes its di-

rection, and therefore where the pressure was applied. In 

Figure 3. 36 however, the first derivat i v e is seen to show 

this point quite clearly. 

Until this point, nothing has been said about the slopes 

of curves containing noise values. Because the derivative 

program compares adjacent points to find the slope between 

them (6.y/ 6.x), noise in the system can have a catastrophic 

effect on the calculation. As an example, Figure 3.37 shows 

the slope of Figure 3.31; obv iously any useful data in this 

plot is deeply buried in noise. It should be mentioned that 

though this is a computer simulation, the same problem would 

be encountered if the digitization of a normal OTDR signa-

ture were to be processed by computing the first deri v ati v e. 

The way to solve the noise problem on the computer is the 

same way as it is done in practical OTDR measurements. That 

is, several samples are generated and then av eraged together 

to giv e a synthesized waveform. How many samples must be 

added together to obtain a reasonably smooth curve (by what-

ever definition of "reasonably smooth" that applies), is 

partly dependent on how noisy the sample was to begin with 

and how truly random the noise source is. 
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As an example, the synthesis of 25 waveforms, each simi-

lar to that in Figure 3.31, can be seen in Figure 3.38, as 

well as the first derivative of the synthesis. While it is 

apparent that 25 samples is quite sufficient to obtain a 

smooth OTDR profile, the slope of the data barely shows the 

expected dip centered at 45m. The outputs from a similar 

computation for 150 and 250 averaged waveforms appear in 

Figure 3.39 and Figure 3.40, respectively. Again, the reso-

lution of the backscattered wave is insignificantly in-

creased, but the first derivative is noticeably enhanced. 

It should be noted however, that while this practice of di-

gital smoothing is frequently carried out in actual situ-

ations, the time necessary to perform the computations lim-

its the systems ability to gather and process dynamic data. 

3.6 CONCLUSIONS 

The imbedding of optical fibers in composite materials 

has been proposed as a method for nondestructive ev aluation 

of the host composite. Transmission or no transmission of 

light through an imbedded fiber can be used as a simple 

break monitor, while OTDR in the imbedded fiber potentially 

provides both position and amplitude information about a 

perturbing force. 
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Fundamental properties of the test method, such as the 

position resolution and the dynamic range, can be calculated 

directly for a given system. However, at this point, rela-

tively little is known about the complex optical/ mechanical 

interaction between the optical fiber, the fiber jacket, the 

epoxy matrix, and the composite fibers. In addition, few 

quantitative tests have been performed to determine how the 

introduction of an optical fiber would affect the mechanical 

integrity of the composite sample. 

The tests proposed and carried out to answer some of 

these questions were met with only limited success. The 

main reason for this is thought to be unfamiliarity with ap-

propriate test procedures. Thus, while not as much as hoped 

was learned from the tests, a basic knowledge was gained re-

garding sample fabrication and test procedures, as well as 

some mechanical properties of fibers in composites . Also, 

the computer simulation of the OTDR concept, and the associ-

ated slope program, both served to stimulate the understand-

ing of the proposed method, in addition to being potentially 

useful signal processing aids . Perhaps most importantly, 

the many issues inv olved in this effort were clearly isolat -

ed, prov iding direction for future efforts . 



Chapter IV 

SENSOR DESIGNS - CONCEPTS AND MEASUREMENTS 

Because optical fiber sensor technol ogy is still young, 

many relatively simple concepts remain 

h ost of applications hav e yet to be 

to be prov en, and a 

realized . This of 

course giv es the field an air of excitement and expectation: 

countless meaningful experiments and useful dev ices can be 

conceiv ed, bui 1 t, and tested with ease, relativ e to some 

other technologies. In this chapter , just a few of the many 

ideas and preliminary measurements which hav e arisen during 

the course of this research will be presented. 

In the first section, the effects of microbending are 

further discussed, and the data for some early experiments 

are reported. The second section presents the design for a 

fiber optic-based position encoder, while the third section 

reports a passive, wav elength di v ision multiplexing scheme 

for use with fiber optic sensor arrays. In the fourth sec-

tion, the design for an optica l chopper for both general and 

fiber optic applications is presented, and its merits con-

sidered . Most of the work discussed in this chapter was de-

v eloped in cooperation with the Inland Motor, Fiber Optic 

Systems Laboratory in Radford, Virginia. 
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4.1 MICROBENDING ANALYSIS 

Using microbending effects in fiber optic sensor design 

was mentioned in Chapter 2, and formed the foundation of the 

method discussed in Chapter 3. In this section, a slightly 

more thorough, al though by no means complete, treatment of 

microbending will be presented. After several paragraphs of 

background information, the results of two bending experi-

ments are reported. The use of concentric core optical 

ber in microbending sensors is discussed next, while the 

concluding section contains a first design of a microbending 

test assembly. 

4. 1.1 Background 

In the last thirteen years, a plethora of theoretical 

analysis has emerged regarding the effects of microbending 

in optical fibers, notably from several authors at Bell 

Telephone Laboratories [66 - 71]. However, empirical stud-

ies have been difficult to correlate to the theories, partly 

because the theories disagree from each other at points, and 

because certain assumptions were made at various points in 

their formulation for the sake of simplification. There-

fore, efforts at constructing practical microbend sensors 

usually do not rely heavily on theoretical results. 
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Most experimental data presented in the literature con-

centrates on the microbending characteristics in a particu-

lar case, aimed at a particular application. Despite the 

need, until recently, few quantitativ e results attempted to 

address microbending in general terms. An important e xcep-

tion was work done by Fields, who appears to have been the 

first to present data on loss as a function of the deforma-

tion period, A [72]. His results, reproduced in Figure 4.1, 

show a strong peak for parabolic index fiber, and step-like 

curve for step index fiber. This observation is attributed 

to the coherent mode-coupling process predicted by theory 

for a system hav ing uniform mode spacing and critical defor-

mation period of 

A 
C 

Here a is the fiber core radius and t:. is the maximum rela-

tive index difference between core (at the fiber axis) and 

cladding of the fiber. 

This result is now well known, and has been confirmed by 

sev eral researchers [11, 73, 74]. In one case, it is shown 

that for a nearly sine-shaped deformation such as seen in 

Figure 4.2a, having periodicity nA 
C 

optical loss peak occurs as with A. 
C 

( n=2 I 3 I • • • ) / a similar 

This is substantiated 

by the author's findings, shown in Figure 4.2b. 
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In addition to the deformation periodicity, it is rather 

obvious that the deformation amplitude contributes to the 

microbending loss. This forms the basis upon which most 

bending sensors rest. As will be shown, the loss response 

to amplitude is generally nonlinear, but for mul timode fi-

bers, it is at least monotonic. 

Another parameter which plays an important role in micro-

bend sensors is the radius of curv ature of the fiber. In 

most theoretical approaches, the fiber is assigned the shape 

of a sinusoid of known period and amplitude, which thus fix-

es the bending radius. In practical terms, howev er, this 

shape is difficult to achiev e, and now is rarely attempted. 

Rather, an approach such as prev iously shown in Figure 4.2a 

is usually taken. In this case , the shape can be described 

by 
4 4 EI(a y/ a x) = -Cy (4.2) 

where E is the Young's modulus and I is the moment of iner-

tia of the fiber, and C is a constant depending on the elas-

ticity of the surrounding medium [ 74]. 

4.1.2 A First Experiment 

In this secti on , an earl y demonstration of microbendi ng 

pressure sensitiv ity is reported. Though somewhat elementa-

ry, it was instructi v e in showing what trends in data to ex-
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pect, as well as what kind of problems might arise. The ex-

periment also generated several questions which would need 

to be answered before practical sensors could be reliably 

built. 

A quick demonstration of bending loss is often accom-

plished by pressing the fiber into a hole tapped in the op-

tical bench. An attempt to quantify this observation was 

made using the set-up of Figure 4.3a. A Corning graded in-

dex Fiber with a thin polymeric buffer was laid across a 

washer, and rigidly fixed about one inch on either side of 

it. A plunger loaded with known weights pressed the fiber 

into the washer, bending it at the inside corners of the 

washer and the bottom corners of the plunger. Laser light 

was injected into the fiber using a roughly NA-matching mi-

croscope objective lens. 

Only nominal control was gained as to exactly where the 

plunger touched down, rendering the actual fiber deformation 

uncertain. Configurations such as pictured in Figure 4. 3b 

were all observed. As many as nine measurements were taken 

and averaged to determine each point, applying first the 

plunger and then the weight. An attempt was made to center 

the plunger each .... 
<-lffie, especially if the 

sponse did not return to the set level. 

plunger-only re-
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Figure 4.4 shows the resulting transmitted signal versus 

applied load. The loss in decibels versus applied load ap-

pears in Figure 4.5. 

expected from theory. 

Clearly the response is nonlinear, as 

However, despite the relativ e crude-

ness of the experiment, and with little effort to optimize 

the effect, measurable sensitivity to a 5 gram bending 

weight was observ ed with tolerable SNR. 

It was concluded that while microbending is easily ob-

serv ed and even calibrated, optimization of the effect re-

quires a) more understanding of the stress-strain parameters 

of the fiber, b) more control of the mechanical aspects of 

the sensor, and c) the "proper" choice of optical fiber. 

This was later found to hav e been expressed by Giallorenzi, 

et al, in terms of a modulation index, 

Q = (dT/ dx) / (dx/ dp) (4.3) 

Here, Tis the fiber transmission and xis the amount of fi-

ber deformation, and pis the bending pressure applied [ 4 ] . 

The first term in (4.3) depends on the intrinsic sensi-

tiv ity of the optical fiber to microbending losses. Since 

this can change from fiber to fiber , depending on design, a 

knowledge of the opto-mechanical relationship for v arious 

fibers is crucial. The second term of (4.3) shows the modu-

lation index dependence on the degree of deformation result-

ing from a gi v en pressure. Clearly this is a function of 
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the mechanical design of the sensor. Lagakos, et~. formu-

lated this expression in terms of C, the mechanical compli-m 

ance of the sensors, generally itself a complex function of 

the Young's modulus of the fiber, the bending period, the 

number of deformations, the fiber diameter, etc. [ 11]. The 

suspected need to better understand these parameters in each 

system is thus demonstrated. 

4.1.3 Second Experiment 

In this section, an experiment initiated to examine con-

stant-curvature bends is reported. The effects due to both 

the curvature radius and the degree of bend were isolated by 

means of a cylindrical rod whose diameter v aried in steps, 

as shown in Figure 4 . 6. The same figure also shows the 

bending diameter when the fiber geometry is taken into ac -

count. The remainder of the set-up is only slightly more 

complex than in the previous experiment, as ev ident from 

Figure 4.7. 

As before, light was launched into a Corning fiber with 

an NA-matching lens. After sev eral meters of fiber , so that 

the modes were presumably scrambled enough to approximate 

equal mode power distribution , the fiber was firmly fixed on 

an elevated platform. From there the fiber was turned one , 

two, three , or four full turns around the rod at a gi v en di -
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ameter, and clamped to a micropositioner stage. This al-

lowed the tension on the fiber to be carefully increased un-

til it was taut, but not significantly strained. Finally, 

the light output was detected by a large-area photodiode and 

displayed without ' amplification by a digital voltmeter . 

The results of these measurements appear in the next two 

figures. In Figure 4.8, the transmitted intensity is plot-

ted against the bending radius. The four curves correspond 

to the four cases of one, two, three, or four turns around 

the rod. The alternate way of di splaying the data empha-

sizes the light output dependence on the number of turns. 

These curves, one for each bending radius, appear in Figure 

4.9. 

Some salient features of the experiment are as follows. 

First, no attempt was made to pursue the mode stripping op-

tions. This was partly done for conv enience, and also be-

cause past experiments show that often little is gained by 

stripping at either end of this fiber. Probably stripping 

at the bending rod would produce significant effect, though 

mechanical solidity is sacrificed. That is, when the fiber 

jacket was removed, bending radii below about O. 5 cm were 

unattainable; the unprotected fiber would break. Despite 

these difficulties, the measurements will need to be repeat-

ed with stripping included. 
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It is interesting to note that the minimum obtainable 

bending radius for the jacketed fiber was O. 197 cm. How-

e ver, this point of failure came after all the larger radii 

points, each with one to four turns, were measured. Also , 

in preliminary attempts, the fiber was seen to withstand ra-

dii of O. 127 cm with what appeared to be full recov ery. 

These facts together confirm earlier suspicions that size-

able fatigue is experienced by fibers when subject to re-

peated bending. The extent to which this has been observ ed 

and documented is unknown, but it is potentially of great 

importance, especially where long term, full range c yclic 

operation of a microbending sensor is expected. 

Second, the exact shape of the helical winding around the 

rod seemed to play a large part in the light output. In or-

der to be consistent, the coils of fiber were always wrapped 

tightly against one another, as seen in Figure 4 . 6c. Also, 

care was taken to ensure that no sharp bends were introduced 

along the path of the fiber. In this case, the transmitted 

signal was generally quite stable, after an unexplained 

period of sev eral seconds of settling down. 

Finally, although no theoretical analysis was formulated 

for this exact bending geometry, it seems that the trends 

displayed by this experimental data are both real and repea-

table. Furthermore , when time permits, theoretical treat-



144 

ment should not be tremendously difficult since the fiber 

totally conformed to a simple, known geometry. Thus it is 

suspected that the fiber parameters such as the Young's mod-

ulus would not take an important role in the analysis. 

4 . 1. 4 Sensing with Concentric Core Ootical Fiber 

Concentric core optical fiber is suggested for use in mi-

crobending sensors. It has been observ ed that interesting 

and predictable far-field patterns result when concentric 

core fiber undergoes both sharp bending and axial strain . 

However, the full analysis of the loss mechanisms has not 

yet been completed. 

A cross-section of the index profile for a typical con-

centric core fiber is pictured in Figure 4.10a. The inner 

core generally consists of a single index (step) raised 

above a depressed inner cladding. The index of the outer 

core generally lies slightly below that of the inner core, 

but above the cladding [75]. 

When laser light is lensed so as to inject it only into 

the outer core, a clearly identifiable output pattern re-

sults similar to the output of a normal mul timode fiber. 

If, however, the fiber experiences a sev ere bend along its 

length, light is both scattered and mode-conv erted , giving 

rise to a broader radiation pattern. This pattern . +-cons l. s .... s 
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of well-contained inner cladding modes, as well as the orig-

inal inner core modes with decreased intensity. If the fi-

ber length is short from the bend to the detector, the total 

power in the second case differs little from that of the 

first. Both these cases are sketched in Figure 4.10b. 

The use of concentric core fiber for sensor applications 

di splays two major advantages with respect to conv entional 

graded index fiber. First, instead of relying on light loss 

as the sensing mechanisms, these new sensors depend on the 

effects of light redistribution . A similar idea has been pur-

sued by Meltz, et al, whereby a fiber containing two cores, 

side by side in a single cladding, was made sensiti v e to 

temperature and pressure changes [ 76]. In their sensor, it 

was core cross-talk due to e v anescent wave coupling which 

inferred bulk fiber changes. In this case however, light 

redistribution is caused by conventional radiati v e effects 

due to bending or scattering effects due to local refractiv e 

index differences. 

The second main adv antage of concentric core sensors is 

that they are ideally suited for use with a self- referencing 

detection scheme. That is , suppose that a two segment de-

tector is fabricated in the form of a bull's eye pattern; 

the signal registered from the inner segment will be termed 

A, while that from the outer, ring-shaped segment is refer-
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red to as B. The geometry can be arranged so that in the 

unperturbed state, A is at a maximum, while Bis zero. As 

pressure-induced bending occurs, A drops, while B corre-

spondingly increases . 

The two signals are then processed electronically to 

yield (A-B) / (A+B) . By referencing the difference signal 

with the sum signal, the system can tolerate uniform power 

fluctuations, say due to fiber misalignments, laser v ari a-

tions or degradation due to dirt entering the system. Thus 

this scheme displays a relativ ely high SNR, while retaining 

reasonable sensitiv ity. 

An ideal representation of the signals, the sum, the dif-

ference, and their ratio is illustrated in the left column 

of Figure 4. 11. Here, the transmission from both channels 

is represented as linear functions of the microbending per-

turbation. That is, the outputs, YA and YB can be written 

as 

YA= mlx +bl and YB = m1x + bl (4.4) 

The difference term is then 

YA - YB = ( ml - m2)YA + (bl - b2) (4 . 5) 

while the sum term is 

YA + YB = ( ml + m2)YA + (bl + b2) (4.6) 

The final output is simply the quotient of these two expres-

sions. 
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Now suppose that both YA and YB suffer a 50% degradation, 

such as seen in the two upper right graphs of Figure 4.11. 

Then 

(4.7) 

and 

(4 . 8) 

Clearly the quotient of these expressions exactly matches 

that of the undegraded case. 

Of course neither detector response is actually expected 

to be linear, and the sum and difference quotient is only 

linear for special transmission function combinations. How-

ever, linearization of the final signal seems possible, giv-

en a judicious choice of superimposed gain functions. For 

example, if the output signal O is electronically modified 

to yield 

0 = (aA - bB) / (cA + dB) (4.9) 

where a, b, c, and dare variable gain terms which depend on 

A and B, nonlinearities might be overcome. 

An attempt to measure the bending loss of a jacketed con-

centric core fiber was made. The fiber was bent around a 

single pin of radius 1.5 mm and loaded with a constant ten-

sion throughout the experiment. Two discrete photodiodes 

were positioned side by side, and their outputs were sent to 

the sum and difference circuit seen Figure 4 .12. In this 

case the variable gains were all set to unity. 
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The results of the measurement were rather inconclusive. 

Little if any signal change was observed for bending angles 

up to 90 degrees. It was determined that the bending radius 

was still too large to cause marked radiation loss. In ad-

d i tion, the processing circuit suffered from relativ ely 

large noise fluctua t i ons, presumabl y due to the stacking of 

low performance amplifiers. Continuing efforts to analyze 

the theoretical properties of the fiber, as well as reformu-

late empirical studies, are underway. 

4.1. 5 Bending Testing Assembly 

From Equation ( 4. 2), it can be seen that in many situ-

ations it is necessary to first determine the mechanical 

constants of the system , and then solv e a differential equa-

tion to be able to describe the bending shape for a gi v en 

amplitude. The situation can be simplified considerably if 

instead, the fiber is caused to completely conform to a 

structure whose shape is easily analyzed. If the deformer 

is properly designed , it should be possible to decouple the 

effects on bending l o ss due to period, amplitude, and radius 

cur•,.r a ture . 

One of the first bending sensors to depart from the con-

ventional corrugated plate design is described by Marv in and 

I ves [ 12]. It consists of a fiber threaded through a roller 
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chain, which forces it into a series of arcs of constant 

curvature connected by straight line segments, as seen in 

Figure 4. 13. The main disadvantage of this scheme from a 

research point of view is its inflexibility; the radius of 

curv ature is fixed, and the amplitude and period can not be 

changed independently. 

The initial design of a more versatile bending test as-

sembly has been completed. An overview of the apparatus is 

pictured in Figure 4.14. A brief description of its opera-

tion follows. 

At the heart of the design are the bending pins. It was 

noticed early on that the sharper the bend in a fiber, the 

more loss it displayed. Thus it was decided to make a bend-

ing pin having four different curvature radii, as shown Fig-

ure 4.15, in order to test the loss dependence on curv ature. 

After the flats are mil led on the pin corners, a constant 

curvature can be approached by sanding the remaining edges 

with fine grit paper. The resulting corners are far sharper 

than could be obtained from practical cylindrical pins. 

The pins are each mounted in a holder , and each holder in 

the main yoke. The distance between holders can be v aried 

to alter the bending period, and the pins can be rotated in 

the holders to alter the radius curvature. The holders are 

clamped in place by turning screws against retaining shim 
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material. The amplitude of the bending can be altered by 

rotating holders with respect to e a ch other as shown in Fig-

ure 4.16. Further variation can be obtained by changing the 

thickness and placement of smaller pieces shim. It should 

be noted that 90 degree bends are the maximum p o ssible with 

the design. 

Finally, the fiber is strung between the pins, pulled 

taut, and clamped . The assembly shown can accommodate up to 

21 pins. Also, the clamping surfaces are to be prov ided 

with rubber padding to pro tect the fiber. 

of the components appear in Appendix 3. 

Detailed drawings 

Since the time it was drawn , the design has undergone re -

vision. For example, the far superior clamping fixture seen 

in Figure 4.7 has been decided upon. Also as in that set-

up , the clamp should be mounted on a t:::-anslation stage in 

order to be able to v ary the fiber tension. It is further 

suggested that the pins merely be mounted as desired in a 

plate drilled in pegboard fashion. Though having certain 

disadv antages compared to this initial design, this would be 

quick and easy to fabricate. 
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4.1 . 6 Conclusions 

Though microbending sensors h ave been carefully studied 

by many authors, by no means is the field incapable of 

yielding new treasures to the serious hunter. In particu-

lar, correlation of experimental results with theoretical 

h ypothesis has been onl y partially successful, and deserv es 

more inv estigation. As well, new fiber types hav ing more 

c omplicated index profiles are being fabricated . Many of 

these may prove most useful f o r sensor applications, though 

e v en preliminary tests and calcu l ations hav e not been at -

tempted in many cases. 

Of primary interest is the ability t o isolate microbend-

ing contributions due to the radius of curv ature, the degree 

of bend, and the bending periodicity. The sec ond experiment 

discussed abov e, as well as the bending test assembly pres-

ently being built, both represents attempts in that direc -

tion. This area of bending research will likely be the fo -

cus of f u t u re efforts . In addition, the use of concentric 

core fiber shows promise for use in sensitiv e and noise im -

mune sensors. 
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4.2 DUAL BEAM FIBER OPTIC ENCODER 

Position encoders which are insensitive to both EMI and 

mechanical noise sources are desired, especially for use in 

military environments. Also desired are encoders havi ng 

high resolution, but which are opto-mechanically simple and 

have low parts counts. This section describes a general p o -

sition encoder designed to meet these needs. The system is 

based on dual beam referencing through a continuous code 

plate. A computer simulation of the sensor prov ides the ex-

pected output waveshapes for v arious situations. 

4.2.l Background 

Absolute position encoders operate in either a continuous 

fashion or in discrete steps. Discrete step encoders have 

the advantage of yielding binary outputs which are compati -

ble with digital logic circuitry. An optical gray-coded 

wheel provides an example of such an encoder. Discrete en-

coders suffer the disadvantage of being limited in resolu-

tion, and requiring separate circuitry for each bit. The 

number of code bands directly determines both the number of 

positions that can be resolv ed and the complexity of the de-

v ice. 

Continuous encoders gi v e an analog signal, the amplitude 

of which is a function of position. In optical technology, 
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such encoders are based on neutral density fi 1 ters which 

vary their transmissions as a function of linear position or 

angle. Typically, an emitter-detector pair placed on either 

side of a continuous code plate or wheel can be used to mon-

itor the position or rotation. If only a single pair is 

used, the system is susceptible to various types of non-ran-

dom noise arising from misalignments or unwanted beam inter-

ruptions. Emitter-detector pairs are also prone to electro-

magnetic interference (EMI) when not fully shielded. Figure 

4.17 depicts the basic layout of both the linear and the ro-

tary encoder. 

4.2.2 Description 

For the sake of argument, consider a continuous code 

wheel used to measure rotational displacement. A thin film 

of opaque material is deposited on the surface of a glass 

wheel in such a way as to vary the transmission as a func-

tion of angle. The industry standard for film material is 

Inconel, an alloy of cobalt, indium, and iron, primarily 

chosen for its resilience and high reflectivity at typically 

employed wavelengths. 

The electronic components necessary for light generation 

and sensor moni taring are housed in a shielded box remote 

from the code wheel, while light is piped to and ::rom the 
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wheel via optical fibers. This alleviates the EMI suscepti-

bility of the transmission lines. At least two sending fi -

bers, and most likely two additional return fibers are re -

quired. 

Next, the fibers are lensed using graded index (GRIN) 

lenses which focus the light on the code disc. By placing 

similar lenses on the opposite side with their focal points 

at the wheel, the light can be fully collected and injected 

into the return fibers. Resolution of the wheel position is 

then theoretically limited to the beam waist diameter at the 

focal point. In one formulation, this is given by 

d ::: Til. 22df/ 2 \ 
0 (4.10) 

where d is the waist diameter, dis the lens diameter, f is 
0 

the focal length of the lens and\ is the radiation wavel-

ength. For the components used, this number is on the order 

of 0.06 µm, which is generally smaller than inclusions and 

other particle deformations in the film deposition. If this 

is the case, defocusing the beam or collimating can easily 

be accomplished to average over the beam area. 

Reduction of opto-mechanical noise sensitivity is accom-

plished by means of the dual beam, sum and difference tech-

nique introduced in the last section. Two beams, located 

180 degrees apart, traverse the wheel as described abov e. 

Each channel, again called A and B, is detected separately 
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and then signal processed to output (A-B) / (A+B). As before, 

this self-referencing format means that if transmission is 

degraded in either or both channels, the output signal suf-

fers less amplitude loss and distortion than the signal 

t h rough a single (unreferenced) , degraded channel. In some 

cases, a single line degradation translates to a de offset 

in the output signal rather than a signal distortion. If 

b oth lines are subject to the same attenuation, as is often 

the case, the output signal shows no change. This prov ides 

for a constant SNR ov er a wide operating range. 

outline of this approach appears in Figure 4.18. 

The basic 

It was originally concei v ed that the abov e discussion 

would apply in full to a reflecti v e scheme as well. Such a 

sensor would utilize a wheel whose reflectance v aried with 

angle, and would employ directional couplers or beamspli t-

ters to both send and receiv e the light on the same fiber . 

Upon closer examination howev er, it was determined that, due 

to the film deposition particulars, a surface whose reflec-

tance v aries predictabl y with position is difficult t o real-

ize [ 77]. This has been confirmed by experiment. 
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4.2.3 Analvsis 

The expected signal output shape depends on two factors: 

the angular position of the two beams with respect to one 

another, and the code wheel transmission, T, as a function 

of angle, 8. Figure 4.19 shows the expected signal output 

when Tis a linear function of 8 and the angular difference 

between lines A and B is 180 degrees. When the angle is 

changed to 90 degrees, the asymmetric plot of Figure 4. 20 

results. Figure 4.21 shows a two-piece, linear transmission 

function and its corresponding linear signal output, assum-

ing a 180 degree separation. 

Suppose for a moment that the transmission of the prev i-

ous figure is employed, and that the wheel has rotated 90 

degrees from zero (1 . 57 radians). From the figure, an out-

put of O. 50 uni ts is expected if a single, unreferenced 

channel is used, and zero units if the dual beam system is 

used. If the signals returned from both channels are de-

creased by the same amounts (as is likely for certain types 

of perturbations), the sum and difference processor yields 

an output which is completely unchanged. 

If only a single channel is degraded by a factor of 50%, 

say because of dirt or misalignment, the curves of Figure 

4.22 result. Obviously the signal in the single channel is 

now half of the expected v alue. Because of the slope of the 



166 

::, 
=,---.----,------r----:r--,----r----::7 ,· ' 

I , · 

\ 

l 
I 

..J 
I 

J 
I 
! 
I 

I I 

0.9::i l.80 i.' . ..19 
r, r , :.. : r:., 

(a) Normalized Transmission vs. Angle (in Radiar ~ ) 
c:, 
C 

l .80 2.89 
ANGLE 

(b ) Normalized Signal Output vs. Angle (in Radi a~s) 

:::'igure 4 .19: Linear Transmission and Corresponding Output 



,.., 
w 
0 

~-i1• 

10 . 00 

Fi gure 4.20: 

167 

I 
I 

S.28 

Asymmetric Signal Output for 90 Degree Beam 
Separation 



168 

0 

o~---r------r------.----,,,::-----,-------,----,--------, 

0 
CD 

0 

zo 
0~ 
-o 
(f) 
(f) 

L 
(f) o zsr a · 0::0 
I-

O t-------,f 
N 
0 

0 

o-lL----1-----t----t-----+----+-:-----::+::--:----::-::---:r::--:::::---:i 
9:i. oo 45 . oo 90.00 135R~~LE 180 . 00 225 . oo 270 .00 3t5 . oo 360 .00 

0 
0 

0 
lD 
0 

0 
N 

0 

0 
lD 

0 
I 

0 
0 

( a) Normalized Transmission vs. Angle (in Radians) 

~---..-----.---~---~---~---.---~---~ 

-----+---"-----1----+-----+-----+---~f-----+----'l 10 .00 45.00 90.00 1 35 . 00 180 . 00 225 . 00 270 . 00 3 1 5 . 00 360 . 00 
RNGLE 

( b ) Normalized Signal Output vs. Angle (in Radians) 
Fi;ure 4.21: Two-Piece Transmission and Correspondi ~g 

Output 



169 

calibration curve ( Figure 4. 2 la), the electronics indicate 

that the wheel position is half of what it really is, or 45 

degrees; that is, the system shows 50% error. 

In contrast, the dual beam curves yield an indicated an-

gle of 60 degrees, an error of 33%. A plot of indicated an-

gle error versus angle would be useful, though a plot of the 

difference between Figures 4.21b and 4.22b can give a gener-

al idea of the error trend, as seen in Figure 4. 23. The 

fact that the output difference is a function of wheel angle 

is expected because of the nonlinear relationship of Figure 

4.22b. The computer code used to generate these curves ap-

pear in Appendix 4. 

It should be noted that by manipulating the geometry of 

the fiber lines, as well as the angular transmission func-

tion, an infinite number of signal wa·veforms is possible. 

The choice of function would clearly depend upon the specif-

ic application. One disadvantage of this scheme with re-

spect to the single line system is the need for twice as 

many fibers, emitters, and detectors (or splitting optics). 

Another disadvantage can be understood by considering that 

if only the single line format were used, the wheel would be 

coded with a transmission curve such as Figure 4.19a. Being 

monotonic, one output infers one and only one angular posi-

+- . .... ion. On the other hand, with the dual beam system, the 
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slope, as well as the output must be known in order to de-

termine absolute position. 

In conclusion, a dual beam, sum and difference technique 

can be applied to a fiber optic absolute position encoder. 

Such a set-up is completely unaffected by uniform signal 

degradation, and is more tolerant of random perturbations 

than its single transmission line counterpart. The price 

necessary for such noise insensitivity is added system com-

plexity. 
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4.3 FIBER SENSORS AND WAVELENGTH DIVISION MULTIPLEXING 

As fiber optic sensing technology becomes more complex, it 

is natural that multiplexing of signal channels would be de-

sired. An obv ious example occurring in a single sensor is 

prov ided in the prev ious secti on. In the analog appro ach to 

position encoding already presented, t wo channels of data 

are required. If a digital scheme were to be adopted by 

Gray coding the wheel, a number of channels would be re-

quired, depending on the necessary position resolution. 

In addition to solitary sensor applications, a v iable 

multiplexing format could be used to interrogate a number of 

discrete sensors in series along a single fiber. This is 

considered highly desirable, and the attracti v eness increas-

es in direct proportion to the distance between the sensor 

and its control unit. Although the use of wav elength di v i-

sion multiplexing (wdm) was proposed many years ago, it 

seems that multiplexing schemes have largely been performed 

in the time domain. A few examples of time domain multi-

plexing (tdm) systems, and a description of their wdm count-

erparts follow. 
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4.3.1 1 Position Encoder 

A position ncoder meeting the earlier description was 

developed at S erry for use on military heliccpters [l]. A 

simplified version of their system appears in Figure 4.24. 

In their system, a single line was first split into thirteen 

lines, each of hich was brought up to the surface of a cod-

ed reflectance wheel. Al though the authors show a star 

coupler as the r power splitting device, the technology to 

produce it was not readily available at the time the system 

was developed. In fact, power splitting was accomplished by 

fiber [ 78]. 

Time divisi n multiplexing was performed by means of op -

tical delay lines, as shown. This required the use of- "de-

lay bobbins," a l ound which scores of meters of optical fiber 

were wound . B cause each bit arrivi ng to and from the code 

wheel experienced a different optical path length, a single 

pulse from the sending end generated a series of pulses (in 

time) in response. 

Despite the theoretical advantages of their system over 

wdm or other s~hemes, documentation shows that the tdm ap-

proach was bel aguered with problems [78] . The delay bob-

bins were and unwieldy, partially offsetting the 

small-size adv ntage of fiber optic sensors. Also, because 
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of varying attenuation and power splitting ratios, 

signal intensi ies differed drastically from channel to 

channel. This resented serious difficulties at the receiv-

ing end, becau j e a single detector was used to monitor all 

channels. Lin1 to line uniformity was achiev ed by detuning 

all higher sig , als to the level of the lowest channel. It 

goes without s II ying that this is at best an inelegant ap-

proach. 

The signal rocessing was not in itself a problem, but 

surely present a complex task. The use of tdm required an 

extra timing-b·t line, and the sampling rate was limited by 

the length of tjhe delay lines and the speed of the electron-

ics. 

An alternat, approach to the digital position encoder is 

being developed at Inland Motor . The system starts with a 

broadband sourde, as pictured in Figure 4. 25. Similar to 

before, the l + ht is .split into twelve lines (directional 

couplers are n , w readily avail able) , here of roughly equal 

lengths. Just prior to the wheel , each channel is filtered 

by a small, un que interference filter. Each wavelength is 

then modulated by the code pattern on the wheel and returned 

to the sending end. There, another star coupler splits the 

light again an a set of filters matching the first set de-

codes the out A single photodiode detects the light 

from each chan el. 
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This system exhibits several advantages over the tdm 

approach. One is the lack of a need for troublesome delay 

lines. Another is that channel to channel signal variations 

are easily tolerated. Since each line is detected singly, 

differences can be compensated for by selective amplifica-

tion rather than degradation. Also, the position sampling 

rate can be increased since detection is performed in paral-

lel rather than in series. Finally, though several more 

photodiodes are required, these are now rather inexpensive, 

especially relative to the high-powered electronics required 

by the earlier design. 

The system is not without disadvantages, however. The 

need for a second star coupler increases the system complex-

ity and cost. This is true of the interference filters as 

well, though probably not prohibitively so; filter sets are 

easily obtained at low cost, and do not require special care 

or precision handling in assembly. Another disadvantage is 

that the signal intensity is split twelve ways twice, as op-

posed to only once in the tdm case. Whether this presents a 

problem depends on the input source power, the wavelengths 

relative to the fiber attenuation curve, and the Q of the 

optical filters. Work is presently underway to fully char-

acterize the wdm system. 
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4.3 . 2 Sensor Arrays 

Around the same time as the tdm encoder was reported, the 

authors at Sperry described a similar tdm system for multi-

plexing several sensors on a single line [ 8]. Reasonable 

system performance was noted for different sensors having 

roughly equal signal intensity changes. It is anticipated 

that the system would be intractable for sensors yielding 

significantly different signal strengths, in much the same 

way as their encoder was. 

Another basically tdm approach has been described in de -

tail in this report, namely OTDR. As noted earlier, several 

authors hav e suggested interrogating d iscrete sensors locat-

ed along a single fiber using OTDR. Although calibration 

problems may require heavy computations such as deconvolu -

tion, this method does have promise. 

Another method for passive multiplexing ma y be realized 

using wdm. A parallel approach can be taken, as in the case 

of the encoder, for an array of general transmissive sen-

sors. Again a matched filter pair would be required for 

every sensor, as well as a detector. But, unlike with tdm, 

one s ignal may v ary only slightl y, while another may v ary 

drastically; adjusting amplifier gains is all that is re-

quired to maintain a high SNR . 
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For the special case of microbending sensors, an inter-

esting alternative arises. Equation (4.1) states and Figure 

4.2 confirms that microbending attenuation is dependent upon 

the deformation period A of the fiber bender. However, the 
C 

theory predicts that the attenuation also depends on the 

source wav elength A. This functional dependence is often 

buried in S, the propagation wave number. Since A is gener-

ally taken as a constant (single wavelength illumination as-

sumed), its role in determining A is not reported. 
C 

Suppose now that a deformer D1 is constructed having 

period A1 , yielding a maximum attenuation for light at A1 . 

This is depicted in Figure 4.26. Another deformer of period 

A2 , D2 , causes max imum attenuation at A2 . These two can be 

incorporated into a single fiber system such as seen in Fig-

ure 4. 26. When broad band light is injected into the fiber, 

the deformers essentially act as band reject filters. That 

is, most wavelengths pass through the deformers unaltered, 

because A1 and A2 were chosen to effect only specific wavel-

engths Al and A2 . 

At the outputs, single interference fi 1 ters F 1 and F 2 , 

corresponding to Al and A2 follow a directional coupler. 

When a perturbation occurs at D1 , Al is modulated indepen-

dently of A2 . Again the sensitivity of the detection can be 

tuned as needed. As many sensors as desired can be added to 

measure any effect which can be made to cause microbending. 
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The obvious advantage to this format is that it requires 

only one interference fi 1 ter and directional coupler. In 

addition, numerous configurations can be conceived which use 

interference filters in conjunction with tunable-period de-

formers. 

system. 

Increased flexibility of design characterizes this 

Moreover, stacking sensors in series on a single 

fiber becomes possible without the use of expensive and time 

intensive (noise averaging) OTDR. 

The discrete sensor concept can also be extended to en-

compass distributed sensing applications. A simplified ap-

proach to this appears in Figure 4.27. As in the previous 

cases, broadband light enters the fiber, but here the fiber 

encounters only one continuous deformer, as shown. Position 

discrimination results from the fact that the deformation 

period changes along the length of the deformer. Thus, 

light of one wavelength is affected by the amount of micro-

bending at one position, while another wavelength is affect-

ed by the microbending at another position. 

Following the deformer, the light could be split into 

several channels using a star coupler, and filtered as in 

the previous examples. An alternate approach would be to 

disperse the light using a grating or a prism, as shown. An 

array of detectors could be used to sense the changes occur-

ring at different wavelengths, which fall at different loca-

tions due to the dispersion. 
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The resolution of the over-all system would depend in 

part on the deformation period range used, the type of grat-

ing used, and the geometry of the detector chip array. Pre-

liminary results predict the resolution to be in the sub-

millimeter range, representing a significant resolution over 

current OTDR methods . However, necessary theoretical and 

experimental work is presently underway to confirm the use-

fulness of this technique. 

4.3.3 Conclusion 

With the increased availability of low cost, high per-

formance interference filters has come possibilities for 

wavelength sensing which were previously impractical. This 

can be used to advantage in both multiple-channel discrete 

sensors and in multiplexing an array of single sensors. Al-

though many types of sensors are suitable for such wavel-

ength division multiplexing, amplitude sensors seem to be 

most readily applicable. In particular, microbend sensors 

may show many advantages in wdm arrays, due to their intrin-

sic dependence on illumination wavelength. 
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4.4 HIGH FREQUENCY CHOPPER/REFLECTOR 

Modulation of gas laser light is typically desired for 

use in conjunction with a lock-in amplifier, and is often 

achieved by means of a light chopper. Generally, laser 

light interacts with some object or phenomenon to create a 

low amplitude optical signal. Because gas lasers are diffi-

cult to switch on and off at high frequencies, they are mod-

ulated with a light chopper. A noise-suppressed output re-

sults when both the chopping frequency and the detected 

signal are sent to the lock-in for processing. 

4.4.1 Present and Ideal Designs 

At present, choppers generally take one of two forms. 

One form, the resonant chopper, is basically a tuning fork 

which electromagnetically opens and closes an aperture at a 

fixed frequency. The other form is of rotating electro-me-

chanical design, consisting of an opaque wheel having a num-

ber of evenly spaced holes or slits tooled or etched in it. 

The wheel is directly coupled to a motor shaft; as the motor 

turns, light either passes through the openings in the wheel 

or is blocked. Both choppers yield square pulses of output 

light. A sketch of a rotating chopper wheel and motor as-

sembly, made by Boston Electronics, appears in Figure 4.28a. 
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An "ideal" light chopper would include several features. 

Probably the most important of these would be a high operat-

ing frequency range, variable from tens of Hertz to hundreds 

of ki loHertz or higher. This would allow for traditional 

low frequency operations, as described above (usually "" 1 

kHz). It would also allow for simulation of high frequency 

data transmission, especially suited for use with optical 

fibers. 

Another highly desirable feature is small physical size. 

Besides the normal space/ weight saving reasons, the small 

size is often necessary for certain focussed-beam experi-

ments. The need for a chopper which permits close proximity 

of optics becomes even more apparent when dealing with such 

components as optical fibers and GRIN or other small lenses. 

In addition to the features above, a chopper yielding 

variable waveshape outputs would be valuable. It could en-

hance the data signal simulation, as well as be a fruitful 

research tool for investigating the effects of different 

pulse shapes in different systems. Furthermore, a chopper 

which could also be used in a reflective mode would be use-

ful in many types of experiments. In most cases the device 

could combine the operation of a chopper and a mirror in one 

package. Finally, a truly versatile chopper would include 

options to mount other optical components to it, thereby re-

ducing optical set-up space and complexity. 
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The present light chopper market seems to suffer in all 

of the aforementioned areas. Typical frequency ranges are 

from a few hundred to a few thousand Hertz. At least one 

company offers a chopper which, for a sizeable cost, can be 

e xtended to reach 20 kHz [ 79]. This is still far short of 

the prev iously stated ideal. 

The two ways of increasing the chopping frequency of a 

direct drive system are to either increase the motor speed, 

or increase the number of openings on the wheel. The desire 

f o r high motor speed is generally balanced by the size and 

weight criteria, and by the frequency stability considera-

tions. Increasing the line (or hole) count also has certain 

bounds. If a wheel is not tooled with high precision and 

balance, it will become mechanically unstable at high rota-

tion rates. Of course this wi 11 limit the upper frequency 

attainable. Aerodynamic instability also becomes more prom-

inent at higher turn rates, further limiting frequency. 

Another shortcoming in choppers available today is in the 

realm of physical size. Choppers rarely act as part of the 

signal-generating optical system; they merely function to 

modulate the signal of interest for use with a lock-in. As 

such, they are usually bulky, and therefore not particularly 

compatible with fiber optic sensor work. In this field, not 

only are the working dimensions usually small, but also the 
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chopper may actually play a role in generating the signal of 

interest. 

Recently, a chopper compatible with optical fiber tech-

nology has been developed, as seen in Figure 4.28b (80). It 

consists of of a small resonant chopper encl?sed in a hous -

ing to which several small fibers are joined with SMA-type 

fiber connectors. Despite its compactness, this design has 

the clear disadvantages that it requires connectorized fi-

bers for optical fiber work, is useable for more traditional 

chopping applications, and is operable at a single frequency 

only. 

As far as the other ideal features are concerned, present 

technology seems to run totally dry. Apparently no attempts 

have been made to manufacture choppers yielding various 

types of intensity wave shapes. For a metal wheel having 

holes, balancing the wheel would probably require prohib-

itively expensive and frequency limiting optics mounted in 

the hol e s. Using choppers as reflectors is clearly possible 

with metal wheels by applying highly reflective paint. Of 

course the wheel geometry would play a role in the useful-

ness of this approach. These features, as well as including 

versatile mounting options, could surely be custom ordered, 

but no device today encompasses all or even many of the de -

sired features. 
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4.4.2 Proposed Design 

This section presents a chopper design intended to pro-

vide all the desirable features discussed abov e. The cen-

tral component of the design is an opaque glass wheel with 

transparent areas etched away by a photoli thographic pro-

cess. The dri v ing motor is housed in a small enclosure 

which also acts as mount for the wheel and the control ele-

ments. Several different options could be pursued, depend-

ing on the performance of prototype models. After discuss-

ing the initial design features, their merits and potential 

drawbacks will be raised, as well as suggestions for initial 

testing. 

4.4.3 The Wheel 

The adv antages of an etched glass wheel are numerous. 

Because holes are not tooled or etched into the wheel, a 

quality glass wheel would be inherently balanced. Imbalanc-

es due to the layers of opaque film are considered negligi-

ble. This allows for stable high frequency rotations. 

Also, the absence of holes in the wheel allow it to be aero-

d ynamically stable, again allowing for faster turning. 

Another adv antage of this wheel design follows from the 

fact that etching into a thin film is capable of producing a 

far higher line count than possible by machining or metal 
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etching the main structural member. This causes the availa-

ble frequency range to soar and gives sharper on-off tran-

sitions as well. The higher line count also permits a 

smaller wheel to be used, thereby reducing the physical size 

of the housing and the driving motor, and therefore the 

cost. 

As an example of the frequencies attainable, imagine a 

wheel with 1000 lines. This high line count requires a fo-

cussed beam of easily obtainable waist diameter. Directly 

coupling to the shaft of a motor turning at 6000 rpm (the 

standard maximum rate for presently used chopper motors), a 

frequency of l00kHz is possible. 

These same high speeds are also attainable when large di-

ameter beams are employed, if a Moire fringe approach is 

taken, as diagrammed in Figure 4. 29. In this case, one 

wheel or piece of wheel is stationary, while a matched wheel 

rotates as before. This scheme requires the beam to be 

fairly well collimated. A special mount for holding a piece 

of a matched wheel very close to the rotating wheel is pro-

vided for in the design. 

A further advantage of the etched glass wheel is that the 

opaque regions on the wheel are easily designed to be highly 

reflective. Thus the chopper can be used as a high speed 

reflector. This has particular application to retroreflec -
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ti ve sensor design experiments. Also, this type of wheel 

easily allows for the possibility of various optical wavesh-

apes by simply varying the photographic mask used to make 

the wheel. Several interchangeable wheels could accompany 

each chopper: a high frequency wheel (high line count), a 

low frequency wheel (low line count), and several waveshapes 

such as a sinusoid, triangle, sawtooth, low duty cycle 

pulse, or even a custom designed shape for special wave 

matching applications. 

4.4.4 The Motor Coupling 

In conventional choppers, the optical wheel is directly 

coupled to the drive shaft of the motor, necessarily requir-

ing a relatively large lateral space for the assembly. In 

contrast, the present design calls for coupling the wheel 

and shaft by means of a beveled gear train. Figure 4. 30 

shows the wheel supported on a shaft between two bearings, 

and the motor mounted vertically. This allows for the use 

of a large, very high speed motor, without requiring a great 

deal of space, as well as introducing the possibility for 

speed increases due to adv antageous gear ratioing. 

An alternate design calls for a belt drive system. This 

would allow the motor to be displaced from the wheel, and 

thus again provides chopping in a small lateral space. This 
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is also illustrated in Figure 4.30. However, both methods 

require more study to determine the practical speed limits 

and motor power needs . 

4.4.5 Additional Features 

As with most chopper designs, an emitter-detector pair is 

used to monitor the operating frequency. Because of poten-

tially high line counts, the emitter, an LED driven by a 

simple bias circuit, should be focussed at the wheel. This 

can be accomplished by shaping a plastic lens into the LED 

cap itself , or else with a GRIN lens. The pair is probably 

best mounted al ong a side wall of the enclosure. 

In order to be able to replace the wheel, an upper panel 

is remov able. If desired, a cap having two holes on oppo-

site sides of the wheel could be fit ov er the top. As well 

as protecting the system from dust and damage, the cap could 

easily prov ide mounts for v arious types of optics. These 

might include lenses, neutral density or wav elength- selec-

tiv e filters, or beamsplitters . 

In addition, a multi-terminal plug is provided for send-

ing power to the motor and emitter-detector bias circuitry, 

as wel 1 as for receiv ing the detector output for feedback 

control. Of course a precision motor controller is re-

quired, as with a conventional chopper. A composite sketch 

of the preliminary design may be seen in Figure 4.32. 
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4 . 4.6 Discussion 

The main advantage of the proposed system is it s versa-

tility. The operating frequency is variable by changing the 

motor speed, or e v en the gear ratio in the drive assembly. 

Further frequenc y control, as well as wav eshape control is 

provided by using different wheels. By properly choosing 

the opaque material (probably Inconel), variable-speed re-

flectance measurements can be performed. 

Also, because of the small size and possibility for 

mounting v arious bulk optics to the assembly, the chopper 

could be employed for many different applications, ranging 

from conventional use to fiber sensor design . Finally, it 

should be noted that many of the features can be changed to 

account for prohibitiv e cost or performance without compro-

mising on all other areas. For example, most mechanical de-

sign changes would not affect the adv antages gained through 

using a photo-etched glass wheel. 

A highly flexible design is generally a complex one as 

well. This is perhaps the greatest disadvantage of the sys-

tem, in that it would driv e the manufacturing cost rather 

high. In particular, each wheel c ould be e xpected to cost 

upwards of $50, if obtained in small quantities. Another 

area of concern regards the ability of the mechanical gears 

to maintain high speeds reliably. If not, the wheel could 
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be mounted directly to the motor shaft without seriously 

jeopardizing the space savings if the motor is custom de-

signed to provide as short a length as possible while re-

taining the necessary power. 

In conclusion, the light chopper proposed herein possess-

es several novel features designed to fill gaps in the pres-

ent sensor market. Though some questions remain as to the 

final cost and reliability of the system, it is expected 

that most problems can be overcome with minimal opto-mechan-

ical testing. The drawing of final plans for the prototype 

model is presently underway. 
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4.5 CONCLUSIONS 

It is recognized that the ideas presented in this chapter 

are but the tip of an immense iceberg, one which is in fact 

rapidly expanding. New fiber optic sensor applications 

range from using the fiber as . a light guide only, to taking 

advantage of intrinsic opto-mechanical interactions. Effec-

tive realization of these novel techniques requires a clear-

er understanding of the propagation characteristics of light 

in both conv entional and new fiber types , and for both the 

unperturbed ·and the perturbed cases. 

Of particular interest are the effects of microbending an 

optical fiber. Despite the much erudition awarded this sub-

ject, a number of questions remain unanswered, especially 

with regard to correlating theory with practice. Also , with 

new fiber designs and application-oriented bending configu-

rations, a great deal of the theoretical predictions need 

reformulation. In that light, the concentric core fiber 

mentioned in the first section both deserves and is receiv-

ing further attention. 

Finally, work is required to render fiber sensors as 

practical alternativ es to conv entional sensors. Because of 

the unique adv antage offered by EMP immunity, and because of 

the high cost of developing a new technology, fiber optic 

sensing is being dri v en primarily by the military market. 
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In order to retain the military interest, howev er, sensor 

packaging and related electronic subsystems need to be fur-

ther developed, as well as the overall performance. 



Appendix A 

LISTING FOR OTDR SIMULATION PROGRAM 

C$JOB 

C 

REAL F(1500), P(1500), 0(4000), A(1500), R(4000 ) 
REAL ANS , ATPKM1, ATPKM2, ATTEN1, ATTEN 2 , CCOUNr 
REAL FI BLEN , LENGTH , PULLEN, RFAC, TI ME 
REAL*8 DSEED 
INTEGER AVG, COUNT, LF, LP, LO, Pl, Fl, 01 
INTEGER LPADD , KN, KEVOD , LPEVOD, SEG PM 

C FILED EF 1 - TERMINAL, FOR DIRECT VIEWING ON TH E SCR EEN. 
C FILEDEF 3 - OUTPUT FILE <MODCON PLOTL> FOR DI REC T PLOTTING 
C OF MODCON RESULT WITH RE SPECT TO LENGTH. 
C FILEDEF 4 - OUTPUT FILE <MODCON PLOTT> FOR DIR EC T PLOTTING 
C OF MODCON RESULT WITH RESPECT TO TIME. 
C FILEDEF 6 - OUTPUT FILE <MODCON LI STING> FOR DI RECT ANALYSIS 
C MODCON RE SULT . 
C FILEDEF 7 - OUTPUT FILE <MODCON READY> , WITH NE CESSARY 
C PARAMETERS AND OUTPUT FOR SLOPE PROGRAM . 
C 
C SET UP FIBER PARAMETE RS : 

C 

FIBLEN = 90 . 0 
PULLEN = 2 . 0 
SEGPM = 10 
RFAC = 0. 00000 
DSEED = 1234567. 
LF FIBLEN*SEGPM + 0 .5 
LP = PULLEN*SEGPM + 0 . 5 
LO = 2*LF + LP 

C GENERATE FIBER ARRAYS 
CALL GENFIB (F,A,LF,SEGPM) 

C 
C GENERATE PULSE PROFILE: 

CALL GPULSE(P,LP) 
C 
C PERFORM MODIFIED CONVOLUTION: 

CALL CONVLV(F,P,A,0,LF , LP,LO) 
C 
C USER DECIDES WHETHER OR NOT TO GENERATE A 
C NOISE ARRAY AND THE FACTOR: 

WR I TE ( 1 , 50 ) 
50 FORMAT ( 'TO GENERATE NOISE ARRAY , TYPE 1, ELSE TYPE O') 

READ (1 , *) ANS 
IF (ANS.NE.1.) GOTO 140 

WRITE (1,60) 
60 FORMAT ( 'ENTER THE NOISE FACTOR') 

READ ( 1 , * ) RF AC 
WRITE (1,65) 

65 FORMAT ( 'ENTER THE NUMBER OF CURVES TO AVG') 
READ (1,*) AVG 

C 
C 
C 

120 
130 
C 

GENERATE NOISE ARRAY, ADD NOISE TO OUTPUT, 
AVG TERMS TOGETHER: 

DO 130 J = 1,AVG 
CALL GGUBS (DSE ED, LO, R) 
DO 120 NTEMP = 1, LO 

O(NTEMP) = O(NTEMP) + (R(NTEMP)*RFAC) / AVG 
CONTINUE 

CONTINUE 

C SEND THE NUMBER OF POINTS GENERATED TO SLOPE PROG RAM 
C SO IT WILL KNOW HOW MANY POINTS TO READ: 
140 WRITE (7,145) LO 
145 FORMAT ( 15) 

201 
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C 
C SEND SEGPM AND PULLEN TO SLOPE PROGRAM SO IT WIL L 
C KNOW HOW MANY POINTS TO SUBTRACT OFF OF EITHER END 
C DUE TO INITIAL AND FAR END REFLECTIONS: 

WRlfE (7,1L1 6} SEGPM, PULLEN 
146 FORMAT ( 15,6X, F4. 1} 
C 

DO 160 COUNT = 1,LO 
C THE UNITS FOR COUNT IS - SEGMENTS - , SO CCOUNT HAS UNITS 
C OF - METERS- ; CCOUNT IS THE LENGTH TRAVELED BY PULSE IN 
C METERS FOR A GIVEN OUTPUT: 

CCOUNT = FLOAT(COUNT}/SEGPM 
TIME= CCOUNT/2.0E8 
LENGTH = CCOUNT/2.0 
WRITE (3,156} LENGTH, O(COUNT) 
WRITE (4,155) TIME, O(COUNT) 
WRITE (7,156) LENGTH, O(COUNT} 

155 FORMAT (F15.12,6X,F12.9} 
156 FORMAT (F8.2,6X,F 12.9) 
160 CONTINUE 
C 

WRITE (6,165} 
165 FORMAT(///) 
C 

C 
C 
C 
CF 

C 

C 

STOP 
END 

SUBROUTINE GENFIB( F,A,LF, SEGPM) 

REAL A(LF), F(LF) 
REAL ATPKM1, ATPKM2, ATTEN1, ATTEN2, SCATDB, SCATT 
INTEGER SEGPM 

C COMPUTE ATTENUATION AND SCATTERING COEFFICIENTS PER SEGMENT: 
ATPKM1 = 4.0 
ATTEN1 = 1.0 - 10. 0**( - ATPKMl/( 10000.0*SEGPM)) 

C THE NEXT TWO WILL CREATE VERY HIGH ATTENUATION ( 300 DB/KM) : 
C ATPKM2 = 300.0 
C ATTEN2 = 1.0 - 10. 0**(-ATPKM2/(10000.0*SEGPM)) 

SCATDB = 4.0 
SCATT = 10.0**(SCATDB/(10000.0*SEGPM)) - 1.0 

C 
C ASSIGN REFLECTION AND SCATTERING COEFICIENTS : 
C 

DO 1000 NTEMP = 1,LF 
F(NTEMP} = SCATT 

1000 CONTINUE 
C ADDITIONAL COEFFICIENT FOR END REFLECTION: 

F(LF) = . 0005 
C 
C ASSIGN ATTENUATION COEFFICENTS: 
C 

DO 3000 NTEMP = 1,LF 
A(NTEMP) = ATTEN1 

3000 CONTINUE 
C ADDITIONAL ASSIGNMENTS FOR ABSORPING REGIONS: 
C DO 4000 NTEMP = 400 ,500 
C TEMP= FLOAT(NTEMP) 
C ATP KM2 = 104.0 - 0.04*(TEMP - 450.0)**2 
C ATTEN2 = 1.0 - 10.0**( - ATPKM2/(10000 . 0*SEGPM)) 
C A(NTEMP) = ATTEN2 
C4000 CONTINUE 
C 

RETURN 
END 



C 
CCC 

C 

C 

203 

SUBROUTINE GPULSE(P,LP) 

REAL P(LP) 

C ZERO PULSE PROFILE ARRAY: 
C 

1000 
C 

DO 1000 NTEMP 1,LP 
P( NTEMP) = 0. 

CONTINUE 

C 
C 

SET UP DESIRED PULSE PROFILE (VARIABLE), HERE, A RECTANGLE: 

2000 
C 

DO 2000 NTEMP = 1,LP 
P(NTEMP) = 1. 

CONTINUE 

C 
C 
C 

IF PULSE SHAPE IS DEFINED WITH P(l) AS BEING THE 
LEFT-MOST POINT, FIRST INOICIES MUST BE REVERSED 
SO P( 1) IS FIRST TO ENTER FIBER: 

DO 3000 NTEMP = 1,LP 
P(NTEMP) P(LP + 1 - NTEMP) 

3000 CONTINUE 
C 

C 
cccc 

RETURN 
ENO 

SUBROUTINE CONVLV (F, P, A, 0, LF, LP, LO) 
C 
C 
C 
C 

INPUT VARIABLES: 
A FIBER ATTENUATION PROFILE 
F FIBER REFLECTION PROFILE 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

LF = LENGTH OF FIBER IN TERMS OF SEGMENTS 
LO LENGTH OF OUTPUT IN TERMS OF SEGMENTS 
LP LENGHT OF PULSE IN TERMS OF SEGMENTS 
P = PULSE PROFILE 

OUTPUT VARIABLE: 
0 OUTPUT ARRAY OF MODIFIED CONVOLUTION 

VARIABLES 
Fl 
K 
KN 
ML 
MU 
NTEMP 
01 
Pl 
TEMP 

USED WITHIN THIS SUBROUTINE: 
= FI BER INDEX 

STEP NUMBER 
NUMBER OF ITERATIONS REQUIRED FOR 

= MULTIPLICATION LOOP LOWER LIMIT 
MULTIPLICATION LOOP UPPER LIMIT 
TEMPORARY INTEGER VARIABLE 
OUTPUT- INDEX 
PULSE INDEX 
TEMPORARY REAL VARABLE 

REAL F(LF), P(LP), O(LO), A(LF) 

CONVOLUTION 

INTEGER Pl, Fl, 01, KN, LPADD, COUNT, KEVOD, LPEVOD 
C 
C WRITE (6,5010) LO 
C5010 FORMAT (//,' THERE WILL BE L0-2 ITERATIONS; LO= ', 14,/) 
C 

C 

KN = LO - 1 
LPADD = LP + 1 
DIFF=LO-LP 
LOLESS = LO - 1 

C ZERO THE OUTPUT ARRAY: 
C 

DO 5000 COUNT= 1,LO 
O(COUNT) = 0.0 

5000 CONTINUE 
C 



C 
00 1000 K = 2 , KN 

ML 1 
MU= LF 
PI = K - 1 
01 = K 
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C LPEVOO ISO OR 1, DEPENDING ON WHETHER LP IS 
C FVEN OR ODO, RESPECTIVELY: 

LP EVOD = MOD(LP,2) 
IF (LPEVOO . EQ. 1) GOTO 5100 

C KEVOO ISO OR 1, DEPENDING ON WHETHER K IS 
C EVEN OR 000, RESPECTIVELY: 

KEVOD = MOO(K.2) 
IF (KEVOO.£Q. 1) GOTO 4200 

C IF YOU ARE HERE, LP IS EVEN ANO K IS EVEN: 
IF (K.GT.LPAOO) ML= (K - LP+ 2)/2 
Ir (K.GT.l.PAOll) Pl = LI' - 1 
IF (K.LT.OIFF) MU = K/2 

GO ro 5300 

C IF YOU ARE HERE, LP IS EVEN ANO K IS ODO: 
4200 IF (K . GT.LPADD) ML = (K - LP+ 1)/2 

IF (K.GT.LPAOO) Pl = LP 

C 

IF (K.LT.DIFF) MU= (K - 1)/2 
GOTO 5300 

5 HJ!> KEVOO = MOD( K, 2) 
IF (KEVOO . EQ. 1) GOTO 5200 

C IF YOU ARE HERE, LP IS ODD AND K IS EVEN: 
IF (K.GT.LPAOO) ML= (K - LP+ 1)/2 
IF (K.LT.DIFF) MU= K/2 
IF (K.GT.LPAOD) Pl LP 

·GOTO 5300 
C IF YOU ARE HERE, LP IS ODO ANO K IS ODD: 
5200 IF (K.GT.LPAOO) ML= (K - LP+ 2)/2 

IF ( K. LT. 0 I FF) MU = ( K - 1 ) /2 
IF (K.GT.LPAOO) Pl = LP - 1 

5300 CONTINUE 
C 
C THE MAIN MULTIPLICATION LOOP: 
C 

DO 5400 COUNT= ML,MU 
Fl = COUNT 

C MULTIPLY PULSE VALUE ANO FIBER VALUE AT EACH POSITION: 

C 
C 

C 

TEMP = F( Fl )*P( Pl) 

ADD REFLECTED ENERGY TO BACKSCATTERED WAVE (OUTPUT): 
0(01) = 0(01) + TEMP 

SUBTRACT REFLECTED ENERGY FROM FORWARD TRAVELING PULSE: 
P( PI ) = P( PI ) - TEMP - A( FI ) 
Pl = Pl - 2 

5400 
1000 
C 

CONTINUE 
CONTINUE 

C 
C 

CORRECT FOR ALIASING. 0(1) ANO O(LO) ARE BOTH 
LEFT WITH ZERO VALUE: 

DO 6000 NTEMP = 2,LOLESS 
O(NTEMP) = (O(NTEMP) + O(NTEMP+l))/2 

6000 CONTINUE 
C 

RETURN 
ENO 

CSENTRY 
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LISTING FOR SLOPE PROGRAM 
C$JOB 

REAL 0(2000), SLPX(1999), SLPY( 1999), SKIP 
INTEGER I, J, K, LO, SEGPM, SKIPLO, SKIPHI, SLEN 

C 
C FILEDEF 2 - INPUT FI LE <MODCON READY> CONTAINING 
C ALL INPUT DATA. 
C FILED EF 3 - OUTPUT FILE <SLOPE ENDS> CONTAINING 
C SLOPE OVER THE 
C ENT I RE LENGTH, INCLUDING THE ENDS. 
C FILEDEF 4 - OUTPUT FILE, <DERIVl PLOT> AVAILABLE 
C FOR PLOTING THE FIRST DERIVATIVE OF 
C THE INPUT DATA . 
C FILEDEF 7 - OUTPUT FILE <G01 READY> AVAILABLE FOR 
C READING BACK INTO <S LOPE WATFIV> FOR 
C COMPUTING THE SECOND DERIVATIVE. 
C 

READ (2,100) LO 
1 00 FORMAT ( I 5) 
C 
C THE X VALUES OF THE SLOPE ARE HALF WAY BETWEEN 
C THE X COORDINATES OF THE 0( I) VECTOR, NAMELY .5, 
C 1 .5, 2.5, ETC. THIS MEANS THE LENGTH OF THE SLOPE 
C VECTOR IS ONE SHORTER TH AN THEO VECTOR: 

SLE N = LO - 1 
C 

READ (2,150) SEGPM, PULLEN 
150 FORMAT ( 15,6X, F4.1) 
C 
C INITI/\LIZE SKIPLO AND SKIPHI. THE INT( ) COMMAND 
C TRUNCATES SKIP IF IT'S A FRACTION (THE " SAFE" CASE): 

SK IP = SEGPM*PULLEN 
SKI PLO= INT(SKIP) 
SKIPHI = SLEN - INT(SKIP) - 2 

C 
C READ IN THE DATA FROM ANOTHER FILE: 

DO 300 I = 1, LO 
READ (2,200) SLPX( I), 0( I) 

200 FORMAT (F8 . 2,6X,F12.9) 
300 CONTINUE 
C 
C WRITE SLEN, SEGPM, AND PULLEN TO AN FILE FOR 
C RERUNNING THE SLOPE PROGRAM: 

WRITE (7,600) SLEN 
600 FORMAT ( 15) 

WR I TE (7,150) SEGPM, PULLEN 
C 
C CALCULATE THE SLOPE AS THE DIFFERENCE BETWEEN 
C ADJACENT POINTS , STARTING BETWEEN THE FIRST AND 
C SECOND (FIRST POINT IS ALWAYS 0.00), 
C ALSO MAGNIFY BY A FACTOR OF 100,000: 
C 

C 
C 

DO 500 K = 1,SLEN 
SLPY(K) = 100000.*(0( K+l) - O(K)) 

WRITE (3,700) SLPX(K), SLPY(K) 
IF (ABS(SLPY(K)).GT.O . 10) SLPY(K) 
I F ( K.LE.SKIPLO ) SL PY (K) = 0 . 0 
IF (K.GE.SKIPHI) SLPY(K) = 0.0 
WRITE (4,700) SLPX(K), SLPY(K) 
WRITE (7,700) SLPX(K) , SLPY(K) 

700 FORMAT (F8.2,6X,F12.9) 
500 CONTINUE 
C 

STOP 
END 

C$ENTRY 
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Appendix C 

MICROBENDING TEST ASSEMBLY COMPONENTS 

rl/s 
..---+---, _j_ 

~2. 

t 

j"'3z. 00 RE., 
,¼-DEEP 

PIN MOUNT 

,--------,__±__ 
I ,..___ ____ __. t 
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0 

2..-¼ TAPPE.D 

YOK[ SHIM - FOUR NELDE.D 
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8-32 THRU HOLt., COUNTERSINK (THRE.E) 

1-
l~b 1-----______:..~-----:---t 

-i-
lY, 1--....+,,.---,,-!,,--....+,,---,rlh,---irh,---,rln,--.,,,,...--, 

I{, 
i_ L-...J:,1-!1.---11-j-.l--~--"-l-"---"+'----',l-"---"t"--' 

1:,-32. TAPPE_D (.S~VEN) 

MAIN YOKE - ONE. NE.E.DED 

(,-,32. TAPPED 
HOLES ( fOUR) 

,L.l<--o=IL-_:==o =o==o=:;:o :::::o~.:=;&J 

8-32. TAPPED 
HQE5 (THREE) 

BASE. PLP.TE ONE. N[[DE.D 



Appendix D 

LISTING FOR ENCODER SIMULATION PROGRAM 

C$JOB 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

THI S PROGH/\M C/\LCUL/\TES HIE DIFFERENCE/SUM ouorIENT FOR 
A DU/\L l3E/\M FI13rn OPTIC ENCODER, DESCRIBED IN fllE TE XT. 
711 [ SIIAP E OF TII E 'r/HEEL m/\MSMISSION AS A FUNCTION OF 
,t,,N(;t.E CAN VAHY ACCOR[) I NG TO DES I HE. TIIE CODE LI STEil 
'rl/\S USED TO c;[NrH/\TE THE TWO-PIECE LINEAR TH/\NSMISSION 
CIJRVE SEEN IN FIGURE 4. ? 1, AS WELL AS THE CORRESPONOING 
CURVES OF FIGURES 4 .22, AND 4. 23. 

REAL /\NGLE, PI, TWOP I, TIIETA/\, TIIETAB, DEL TIii\ 
HE/\L TA 1, IR 1, rn,wn 
DIMENSION /\NGSIG(360,2), ESIG(360) 
I NT EGER ANG, ANS 

C /\ S rHE WIIE EL lURN S, ANGLE CHANGES. TIIEIAA IS THE 
C ANGLE OF rtlE "A" 13EAM, IN l~AD I /\NS. THE T/\B IS DI SP LACED 
C FROM TIIETA/\ l3Y D[LTII/\. USU/\LLY , /\S HERE , DELTII/\ 180 
C IJEGHEES (Pl). rtl E S INGLF.-Lltff rH/\NSMISSION (B E/\M A) 
C IS REPRESENT[[) BY T/\1, 'r/lllLE TBl I S TH E TH/\N SMI SS ION 
C OF l3E/\M B. rnROH HOLDS rtlE DIFF l:R ENCE 13ETHEEN IIIE 
C II l'HESUMED" /\NSWLH /\ND r IIE RF.CE I V[D l~ESUL T IN rllE EVEN r 
C OF A DEGH/\ll[[) CII/\NNEL. TIIE DI Ff FHENCE/SUM OU IPlrI IS 
C sroRED, ALONG Willi FACII COOHESPONDING ANGLE, IN HIE TWO 
C DI MENS I ON/\L ARHAY /\NG S I G. TII [ S/\HE QU/\NT I r I ES FOR THE 
C CASE OF A DEGRADED CHANNEL ARE IIELD IN A S IMILAR AHRAY 
C TERMED ES I G. TIIE u s rn DEC I DES /\BOUT THE DEGRADATION TO 
C RllN; ALL /\NSWrnS FIW M Tiff USF.H /\HE STOHED IN /\N S. 
C FIRST, INITI/\LIZ[ TIIE CONSTANTS: 

C 

Pl = .3. 1415926535 
rwo P 1 = 2 . o * P , 
DEUHA = Pl 

C THE MAIN LOOP. 
DO 600 ANG = 10, 360, 10 

ANGLE = FL-0/\T(ANG) 
THETA/\ = /\NG*Pl/180.0 
THETAB = DELTII/\ + TIIET/\/\ 
IF ("IIIETAB.GT.TWOPI) TIIETAB = THETAS - TWOPI 
IF (TIIETAA.LE.PI) TA1 (THETAA/PI) 
IF ( HIET/\A . Gf. Pl) TAI ( 2 - TllEr/\A/PI) 
IF (TIIETAB.LE.PI) TBl = (rtlETAB/PI) 
IF (TIIETAB.GT.PI) Tl31 = (2 - THETAB / PI) 
ANG S IG(ANG,1) = ANGLE 
ANGSIG(ANG,2) = (TA1 - TB1)/(TA1 + TB1) 

C 
WRITE (2,200) /\NGLE, ANGSIG(ANG,2) 

200 FORMAT (F5.1,6X,F8.3 ) 
C 

WHITE (3,300) ANGLE, TA1 
300 FOHMAT (F5. l,6X ,F8. 3 ) 
C 

WRITE (1,550) ANGSIG(ANG,1 ), THETAA, ANGSIG(/\NG,2) 
550 FORMAT (F5. 1,6X ,F5.3,6X ,F8.3) 
C 
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(iOO CONT I NUE 
C 

WHITE (1,650) 
650 FORMA f ( 'HIJN A DEGRADED CHI\NtffL? ( 1 = YES)' ) 

HEAD ( 1,*) ANS 
IF (ANS.NE. 1.0) GOTO 8 2 5 

C 

C 

DO 800 ANG = 10, 360, 10 
ANGLE= FLOAT(I\NG ) 
TIIE"IAA = I\NG*Pl '/°180.0 
THE1Afl = DFUIII\ + rtlETI\A 
IF ( lllU/\13. GI. fl.·/OPI) TIIETl\[l = rllE1 1\B - TWOPI 
IF (IIIETAA . L E. PI) f/\1 U . 50*(TH[fl\A/PI) 
IF (TIIUAA.GT.PI) TAJ = 0 .50*( 2 - THETAA/PI) 
IF (TIIUAB.LE.PI) TBl = (111E1AB/PI) 
IF (fllffl\B.GT.PI) TB1 "' ( 2 - TltET/\13/PI) 
ESIG(ANG) =- (T/\1 - fBl )/( 11\1 + fRl) 

WHI fE (1,555) ANGLE, TII ElAA, ES IG(I\NG) 
5 5 5 FOHMAT ( F5. l ,6X , f"5. 3,6X , f"8. 3) 
C 

WHIIE ( 12 , 7110) I\NGLF:, ES IG(ANG) 
700 FOHMA r ( F5. 1, GX , F8. 3) 
C 

WHI I E (13,750) MGL[, T/\1 
750 FORMAT (F5.1,6X J8.3) 
C 
800 CONTINUE 
C 
8 2 5 HR I TE ( 1,850 ) 
8 5 0 fORMAT ( 'FI Nil TIIE DF:TEC1 I ON ERHORS ? ( 1 = YES )' ) 

HEAD ( 1, tt) AN S 
IF (ANS.NF:. 1 .0) GOTO 9999 

C 
DO 1000 ANG 7 lU, 36 0, 10 

ANGLE = fL0/\1(1\NG) 
EHHOR = ANGSIG(ANG, 2 ) - ES IG(ANG) 
WH I IE (7,9 50) ANGLE, EHROH 
FOHMAT ( F5 . l,6X ,F8.3) 

CONTINUE 
950 
1000 
C 
9999 STOP 

END 
C$ENTRY 
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