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Abstract

Interferometric optical fiber sensors have proved many orders of magnitude more sensitive
than their electrical counterparts, but they suffer from limitations in signal demodulation
caused by phase ambiguity and complex fringe counting when the output phase difference
exceeds one fringe period. Various signal demodulation methods have been devel oped to
overcome some of the these drawbacks with limited success.

This thesis proposes a new measurement system for the extrinsic Fabry-Perot
interferometer (EFPI) sensor. Using a wavelength modulated source and anovel extended-
gap EFPI, some of the limitations of interferometric signal demodulation are overcome. By
scanning the output wavelength of amultilongitudinal mode laser diode through current
modulation, the EFPI sensor signal is scanned through multiple fringes. Gap movement is
then unambiguously determined by monitoring the phase of the multiple fringe pattern.
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Chapter 1 - Introduction

Monitoring environmental parameters isan important aspect of many electrical and
mechanical systems. Manufacturing systems, aerospace vehicles, civil structure monitoring
systems, and medical devices depend on accurate and reliable sensors. Information from
sensors are used for active control, calibration, and failure prevention in these systems.
Therefore, the system design must include a cost-effective sensor network to monitor
environmental parameters.

1.1 Optical Fiber Sensors

Optical fiber sensors are excellent candidates for monitoring environmental parameters
because of their numerous advantages over conventional sensors. Some of the advantages
include light weight, small size, high senditivity, immunity to electromagnetic interference,
and potential for large-scale multiplexing. The widespread use of optical fiber
communication devices by the telecommunication industry has resulted in mass production
of associated optical and electrical components that are also used in optical fiber sensor
systems. Therefore, economies of scale have produced substantial reductions in optical
fiber sensor cost [1].

Many optical fiber sensors have found numerous applications in industry, some of which
include fiber optic gyroscopes for automotive navigation systems|[2], strain sensors for
smart structures [3,4], and avariety of fiber optic sensors for manufacturing and process
control [1]. Fiber optic sensors have aso been used to monitor alarge number of
environmental parameters such as position, vibration, temperature, acoustic waves, chemicals,
current, and electric field.

1.2 Classification of Optical Fiber Sensors

Optical fiber sensors can be broadly classified as either intrinsic or extrinsic, and more
specifically classified by their operating principles. Information in each type sensor can be
conveyed by polarization, phase, frequency, wavelength, and intensity modulation, or a

combination of the above.
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If all sensing mechanisms take place within the fiber itself, the sensor is classified as
intrinsic. In thistype sensor, the fiber functions as both a transmission medium and

sensing element. An external parameter induces a change in the light guiding properties of
the fiber which is detected and demodulated to produce measurand information. In extrinsic
sensors, the fiber plays no role in the sensing mechanism and only servesto bring the light
to and from an external medium whereit ismodulated. The external medium can range
from special optical crystalsto air.

1.2.1 Classification by Operating Principle

Optical fiber sensors can be further classified by their operating principle. If the sensor is
based on the interference between light waves, it isreferred to as interferometric.
Interferometric sensors are classified by their geometry; Fabry-Perot, Mach-Zehnder,
Michelson, and Sagnac. Other sensors are based on the loss of light from the fiber or
coupled to the fiber and are referred to as intensity based sensors. The following sections
describe some common fiber optic sensors and their sensing mechanisms.

1.2.1.1 Microbending Sensors

One of the earliest optical fiber sensors developed were microbend sensors[6]. This
intrinsic, intensity based sensor utilizes mode coupling in multimode fiber. A fiber modeis
aparticular light path in the optical waveguide and is uniquely described by its propagation
congtant, b, and its electric field distribution. Multimode fibers typically contain thousands
of possible modes. When amultimode fiber is subjected to periodic small deformations or
microbends, energy may transfer from one mode to another. This mechanism isillustrated
using ray diagramsin Figure 1.1. Figure 1.1a shows a higher order mode that is traveling
closeto the critical angle of the fiber which is defined as

0. =sintre? (1.1)

en o

When abend isinduced in the fiber, this ray may exceed the critical angle and is no longer
guided (Figure 1.1b).
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Figure 1.1. Microbending in Multimode Fiber.(a) Ray traveling close to the critical angle,
(b) small deformation causing ray to exceed the critical angle

This mode coupling is achieved by placing the fiber between two deformer plates with

periodic grooves (Figure 1.2). The period of the grooves (L ) is determined by the

difference between the propagation constants for adjacent modes (dp ) and is given by [6]
21

dB = T . (1.2)
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Applied Force

i

Light In To Detector

— L

Figure 1.2. Microbend Sensor

For fibers with agraded index of refraction from core to cladding, this mode coupling
sharply peaks at groove spacing given by
L =228 (1.3)
(2D)
where aisthe fiber radius and D is the normalized index difference between the core and the
cladding. For fiberswith a step index, the loss has a threshold defined by

ma
LEom. (1.4)

Microbend sensors have been successfully employed as displacement, pressure,
acceleration, and temperature transducers. Figure 1.3 shows the amplified optical output of
amicrobend sensor designed for vehicular axle detection [7]. The microbend sensor was
installed in asmall groove cut into the road surface and backfilled with magnetic induction
detector loop sealant. The two intensity drops are from the front and rear wheels of a car
traveling at 16 miles per hour. The decrease in intensity is proportional to the axle weight of
the front wheel drive car.
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Properly designed, amicrobend sensor lifetime can exceed 10™ cycles[6]. Becauseitisan
intensity based sensor, the optical source and supporting electronics are typicaly
inexpensive compared to other optical fiber sensors. The magjor drawbacksin thistype
sensor areits sensitivity to fluctuations in source power and lead-in/lead-out fiber losses.
Also, its resolution is moderate compared to more sensitive interferometric sensors.

+
Voltage +
(0.5 V/division) e aa asareiin Sp—
i- IO | B S S S Rear Axle} ___._
T 1480 |bs
! - !
Front Axle I i
1729 Ibs T l |
Time (100 mg/division)

Figure 1.3. Axle Detection Microbending Sensor Output

1.2.1.2 Mach-Zehnder I nterferometer

The Mach-Zehnder configuration (Figure 1.4) isan intrinsic sensor based on the
interference between a sensing and areference wave. The two beam interferometer usesa
laser diode as the source of coherent light which is coupled into asingle mode fiber. The
light is then split equally into two fibers by a3 dB coupler. One leg of the Mach-Zehnder
interferometer isthe sensing leg while the other isthe reference. The reference fiber is kept
protected from the desired perturbation to be measured and light passes through this leg

Chapter 1 - Introduction 5



normally. The sensing fiber is used to monitor the perturbation. Two complementary
outputs are available for signal processing.

Perturbation
Laser Diode Sensing Arm i i i i Detector
3dB 3dB Detector
Coupler Coupler — [
Reference Arm

Figure 1.4. Mach-Zehnder Interferometer

The electric fields of the two light waves can be expressed as

E =E,g€™ (1.5)
and
E, = E ™", (1.6)

where E, isthe reference wave, E; isthe sensing wave, and Df is the phase difference
induced by the sensing fiber. At the photodetector, the intensity isgiven by [1]

(E)+{El} +XEE), (L7
where { ) represents the time integration performed by the photodetector. This Equation
reduces to

| = 1,(1+cosDg), (1.8)
where |, a E,?> and we have assumed the ideal conditions of equal splitting ratios, no
coherence or polarization effects, and no losses.

The information is contained in the phase difference between the two waves. The phase

corresponding to alength of fiber L is
¢ =knel, (2.9
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where k=2p/l isthe propogation constant in air, | isthe laser diode emitting wavelength,
and n, isthefiber's effective refractive index. If the desired measurand is X, then the
changein f may be represented by [5]

dL

dn,
D¢ = kL—= DX + kn,— DX . 1.10
o=k Lo, (1.10)

If the coefficients :—;1 and 3—)'2 for the sensing fiber are known, DX can be found from the

output signal, expressed by Equation (1.8).

In this configuration, quantities such as strain, force, pressure, and temperature can be
measured directly. Other quantities such as magnetic field, acoustic pressure, electric field,
and current can be measured indirectly by attaching the sensing fiber to materials that
respond to these parameters.

The output of the sensor, Equation (1.8), issinusoidal and isshown in Figure 1.5. The
signal goes through one period for every 2p shiftsin Df . Thisperiod isreferred to as one
fringe. The sensor has maximum sensitivity at the quadrature (Q) point.

Intensity Q point

™

/2 t

O p2 p 3p/2 2p 5p2 3p 7Tpl2 4p

Df

Figure 1.5. Mach-Zehnder Output
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Figure 1.5 illustrates a number of difficulties for this sensing scheme:

1. Thesignal must be maintained around the Q point in order to avoid loss of
sengtivity.

2. If thesign of Df changes at a maximum or minimum of the fringe, thereisno
way of knowing this occurred. Therefore, the sensor also experiences phase
ambiguity under these conditions.

3. Becausethe signal is composed of the phase difference between the sensing and
reference arms, no absolute information is available. Upon powering up the
system, the initial condition of X, the measurand, cannot be deduced from the
signal. The system can only track DX.

4. Any wavelength instability in the source will cause a changein the phase
because of the k term in Equation (1.10).

These difficulties are characteristics of all interferometric type sensing schemes. Various
signal demodulation methods have been developed to overcome some of the these
drawbacks of the sensor including active and passive homodyne, differentiate cross
multiplication, synthetic heterodyne, and true heterodyne [1].

1.2.1.3 Extrinsic Fabry-Perot | nterferometer

The extrinsc Fabry-Perot interferometer (EFPI) is an optical fiber sensor based on the
combination of two light waves, smilar to the Mach-Zehnder configuration described
previoudly. Asseenin Figure 1.6, the EFPI consists of an input/output fiber, and a reflector
fiber aligned by ahollow core silicatube[9].

The EFPI can be approximated as atwo beam interferometer. The laser diode light arrives
at the sensor head and a portion is reflected off the fiber/air interface (R1). The remaining
light propagates through the air gap (L) and a second reflection occurs at the air/fiber
interface (R2). Rl isthe reference reflection while R2 isthe sensing reflection. These two
light wavesinterfere constructively or destructively based on the path length traversed by the
sensing reflection, and travel back through the coupler to the detector. The second output of
the coupler is shattered to prevent reflections from interfering with the EFPI signal. Small
movementsin the hollow core cause a change in the gap distance, which changes the phase

Chapter 1 - Introduction 8



difference between the sensing and reflecting waves. If the hollow core tube is attached to a
material, and the gauge length of the sensor is known, strain in the material can be accurately
measured.

Sensor

Detector Shattered end to
prevent reflection

Hollow Core Fiber
Fiber serving as reflector

Single-Mode Epoxy

Input/Output Fiber

Gauge Length —————»

Figure 1.6. The Extrinsic Fabry-Perot Interferometer

If A, and A, are the amplitudes of the two waves and Df is the phase difference between
them, the intensity at the detector is given by

| =|A+A] = AZ+ A7 +2AA cOSDY (1.12)

A typical output of the EFPI sensor isshown in Figure 1.7. A phase change of 360
degrees in the sensing reflection corresponds to one fringe period. At awavelength of 1.3
um, the change in gap for one fringe period is 0.65 um. The drop in detector intensity is
due to the decrease in coupled power from the sensing reflection asit travels farther away
from the single-mode input/output fiber.
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Intensity | | :
(arbitrary units) z AL}l

DL

Figure 1.7. EFPI output for 25 mm change in gap

The EFPI, becauseit is an interferometric sensor, suffers from the same limitations as
mentioned for the Mach-Zehnder configuration. Becauseit is an extrinsic sensor, the
methods used to overcome these limitations are different. The current methods employed
are quadrature phase shifted operation, dual wavelength method, and white light
interferometry.

1.3 Thesis Objective and Overview

The goal of thisthesisisto propose, design, and implement a new measurement system for
the EFPI sensor. Using awavel ength modulated source and a novel extended-gap extrinsic
Fabry-Perot interferometer (EG-EFPI), some of the limitations of interferometric signa
demodulation are overcome.

Chapter 2 coversthe non-ideal considerations of the EFPI and the current demodulation
schemes. Chapter 3 presents the theoretical background of the wavelength modulation
technique. The extended-gap configuration is also presented with the signal demodulation
approach. Chapter 4 describes the experimental set-up, some of the limitations encountered,
and coversthe results and characteristics of the wavelength modulated EG-EFPI system.

Chapter 1 - Introduction 10



Chapter 2 - The EFPI and Improved Signal M easurement Schemes

The EFPI sensor can be configured to measure a number of different parameters including
strain, temperature, surface acoustic waves, and pressure. In each configuration, the
measurand imparts a change in the gap spacing between the reference and reflection fibers.

The output signal of the EFPI isin the form of fringes and contains directional ambiguity,
non-linearities, and no absolute gap distance information. 1f the signal is not maintained
around the Q point, the sensitivity and accuracy of the sensor degrades. The decreasein
coupled power from the sensing reflection asit travels farther away from the single-mode
input/output fiber, further degrades sensitivity and accuracy. If the direction of gap
movement changes at the maximum or minimum of a fringe, thereisno way of knowing
this occurred. Because the signal consists of the change in phase between the sensing and
reference waves, it isdifferential and contains no absolute gap information. Upon system
power-up, there is no way of knowing theinitial conditions of the gap from the sensor
signal.

Asaresult of the signal demodulation difficulties above, several improved systems have
been devel oped that provide absolute gap distance information and/or unambiguous
information about the direction of gap movement. Each method has trade-offs in resolution,
system complexity, dynamic range, and dynamic response. The improved sensing schemes
covered are quadrature phase-shifted EFPI, two wavelength method, and white-light
interferometry. Particular attention is paid to their accuracy, resolution, dynamic response,
and system complexity. The non-ideal considerations of the EFPI signal are covered first
followed by the improved signa demodulation schemes.

2.1 Non-ideal considerations of the EFPI

Ideally, the EFPI is atwo beam interferometer whose output is given by Equation (1.11). In
reality, anumber of non-ideal factors must be taken into account when demodulating the
EFPI signal. Thetwo primary considerations are the two beam interferometer
approximation and decreased coupled power from the sensing reflection.

Chapter 2 - The EFPI and Improved Signal Measurement Schemes 11



2.1.1 Two beam approximation

The normalized received intensity of a Fabry-Perot cavity in reflection is[8]
| = 1- cosD¢
" 1+R*- 2RcosD¢

where R isthe power reflectivity of the interfaces between glassand air. In the two beam
approximation, the denominator is taken to be one since R is small (~0.035) for alow
finesse cavity, and the output becomes

|, »1- cosD¢. (2.2)
This approximation introduces error in the determination of phase which is used to
determine the change in gap by

(2.1)

Dy = 2k 23)
A
Equations (2.1) and (2.2) are plotted for different values of Df in Figure 2.1. The
maximum error induced in phase determination occurs when Df = 2(m+1/2)p, m being an
integer. The maximum error is6.5% for R = 0.035 [8]. The minimum error occurs at

intervals of p/2 which isaso the Q point.

two beam
I . approximation
ntensity
low finesse Fabry-
Perot output

0 p/l2 p 3p/2 2p 5p/2 3p Tp/2 4p

Df

Figure 2.1. Low finesse Fabry-Perot output and two beam approximation

2.1.2 Decreasein sensing reflection coupled optical power

Chapter 2 - The EFPI and Improved Signal Measurement Schemes 12



The EFPI also deviates from the ideal two beam approximation because of the decrease in
coupled power from the sensing reflection. The decrease in coupled power can be
approximated in Equation (1.11) by redefining A, using asimplified loss relation as[9]

_ b ta v
A A ol sn (NAY 24

where aisthe fiber coreradius, L isthe gap, t isthe transmission coefficient of the air glass
interface, and NA isthe numerical aperture given by

1/2

NA=(n?- n?)"", (2.5)
and n,, n, are the core and cladding refractive indexes respectively. Substituting Equation
(2.4) into Equation (1.11) yields

2

& BN . -

! ta y 2ta 0
l, = A%¢l+ + D). (26
A s A, s 2ltansn (ng X (20

Equation (2.6) is plotted in Figure 2.2. From this plot we can see that as the gap increases,
the sensitivity and signal to noiseratio also decrease. A measure of the available signal is
the fringe visibility which is defined as

V= I (27)

Imax-i_lmin

Asthe gap increases, the fringe visibility decreases.

Chapter 2 - The EFPI and Improved Signal Measurement Schemes 13
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Intensity, |

0 10 20 30 40 ad a]H]
EFPI gap, L (mm)

Figure 2.2. EFPI output with sensing reflection coupling loss

In summary, the EFPI signal must be maintained around the Q point in order to obtain
accurate information about the gap. If the particular sensing application demands alarge
dynamic range of operation, then the EFPI output will scan through multiple fringes and
complex fringe counting methods must be employed. Sensorstested with the fringe
counting method have shown 0.01mnrstrain resolution with a 19.03 mm gauge length,
corresponding to an absolute measurement resolution of 0.19 nm and a strain sensitivity of
91.3 x 10° radians/me - cm [10].

2.2 Improved Signal Demodulation Schemes

The following methods have been implemented to improve signal demodulation of the
EFPI.

2.2.1 Quadrature Phase Shifted EFPI

The quadrature phase shifted EFPI [9] allows unambiguous information about the direction
of gap movement, but complex fringe counting must still be employed. In this method, a

Chapter 2 - The EFPI and Improved Signal Measurement Schemes 14



special sensor head is designed to give two signals p/2 out of phase or in quadrature with
each other. The arrangement of this sensor is shown in Figure 2.3.

L1

Coupler 1 B —=|’
> Scheme A
Bonded l J l
Coupler 2 once 2 T 1
Scheme B

Figure 2.3. Arrangement for quadrature phase shifted EFPI

The system consists of two input/output fibers with two separate sources. The two
input/output fibers are bonded close together via scheme A or B such that adifferencein
each sensors gap length causes their signalsto be in quadrature. In thisway, one sensor is
always at the quadrature point when the other is at apoint of minimum sensitivity (Figure
2.4). By monitoring the phase lead-lag of the two signals, unambiguous directional
information can be obtained.

Intensity

p/2 p 3p/2 2p 5p/2 3p 7p/2 4p
Df

Figure 2.4. Two signasin quadrature
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To obtain DL, complex fringe counting methods still must be employed. In addition, sensor
fabrication is difficult because the difference in gap separation issmall. For thesignalsto
bein quadrature [11]

L-L,=2n+ 1)% : (2.8)

which isdifficult to achieve and maintain. The signals could come out of quadrature under
cyclic strain conditions.

2.2.2 Dual Wavelength Method

Another method for unambiguously detecting gap movement direction is the dual
wavelength approach. This method, unlike the quadrature phase shifted EFPI, utilizes only
one sensor head, but compromises the dynamic range of the measurement system.

If the EFPI isilluminated with two sources of wavelengths| | and | ,, the output phase
signal generated by each wavelength is[12]

Dq)l = T’ (29)
and,
D, = 2= (2.10)
A
The relative phase difference between the two signalsis then
DF = 4nl O : (2.11)
}\'1}\‘2
whereDl isl , -1 ,. Thedynamic rangeislimited to O<DF <p radians. In terms of
maximum gap displacement,
A
D =12 2.12

A typical dynamic range for this system is 40 nm.
For a given dynamic range, monitoring the phase lead-lag of the two signalsyields

unambiguous directional information. Figure 2.5 shows the phase lead-lag relationship of
an EFPI interrogated with two source wavelengths. Attimet,, thedirection of gap
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movement changes. Fringe counting methods must still be employed to get accurate DL
information.

;"l )\.2
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Figure 2.5. Output of dual wavelength system [12]
2.2.3 White-light I nterferometry Technique

The white-light interferometry technique allows absolute gap length detection. The EFPI is
illuminated with a broadband source, such as alight emitting diode, and the output isfed
into an optical spectrum analyzer (Figure 2.6). Wavelengths for which the phase difference
between the sensing and reference reflections are 2np will interfere constructively and be
maximum. The gap length is then determined from [11]
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Figure 2.6. Setup for white light interferometry [11]

This method has many advantages including illumination of fringe counting and absolute
gap length detection. Using an optica spectrum analyzer for signal demodulation causes
the system to have a dow frequency response of 5 Hz and limits measurements to quasi-
static gap length changes. In addition, to obtain accurate absolute gap information, the
system must be operated in transmissive mode with a high finesse EFPI cavity. This

complicates fabrication and the advantages of a single ended sensor arelost. In the system
described, the minimum detectable gap length change was 1nmm and dynamic range from O

to 500 mm [11].
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Chapter 3 - Wavelength Modulated EFPI Sensor Addressing

The goal of thisthesisis the implementation and testing of a new measurement system for
the EFPI sensor that will overcome some of the limitations of the current demodulation
schemes. Idedlly, the new sensing scheme should:

1) Eliminate the need for complex fringe counting.

2) Eliminate the effect of intensity fluctuations on measurement.
3) Have sufficient dynamic response.

4) Have sufficient resolution.

5) Maintain asimple cost effective design.

6) Eliminate directiona ambiguity

7) Provide absolute gap length information

To achieve this we employ amethod utilizing wavelength modulation of the source. Laser
diodes are excellent sources for usein this sensor demodul ation scheme because of their
cost effectiveness, efficiency, small size, and wavel ength modulation capabilities. Itiswell
known that the center wavelength of alaser diode varies with injection current and junction
temperature. By applying a current modulation to the laser diode DC bias current, the
output wavelength can by modulated. Gap information can be obtained by continuously
sweeping the wavel ength through multiple fringe periodg20,21,22,23]. Thismethod is
referred to as the frequency modulated continuous wave (FMCW) technique[1]. Theterm
“frequency” may be mideading as the source wavelength is being modulated, but the two
areinterrelated as

DA = , (3.1)

with c asthe speed of light and | , asthe center wavelength. To avoid confusion, hereafter
the method will be referred to as wavel ength modulation or wavel ength sweeping.

3.1 Wavelength Modulation Scheme
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The wavelength modul ation approach is explained by describing the characteristics of an
ideal source that would satisfy all the goals of the work, and then discussing the realistically
achievable system.

3.1.1 Ideal Wavelength Modulated Scheme

Theideal source would be capable of shifting the output wavelength by alarge amount
without any intensity fluctuations. The shift in wavelength must be linear with respect to
time and capable of occurring at afast rate to maximize the frequency response of the
system.

To determine wavel ength modul ation requirements, we investigate the number of fringe
periods generated for a particular gap and change in source output wavelength. We derive
the wavelength modul ation that will scan the output through one fringe period. If | , is
some wavelength in which the output is at the minumum of afringe then
mh, = OPD, (3.2

where m is an integer and OPD isthe optical path difference between the sensing and
reflecting waves of the EFPI caused by the distance traveled by the sensing wave. The next
fringe peak occurs at some wavelength | , such that

(m+21)r, =OPD. (3.3
Assuming the OPD remains the same during the wavel ength scan time, we can combine
(3.2) and (3.3) and solve for myielding

)\‘2
m=—=, 34
= (34)
whereDl =1 ,-1,. Substituting (3.4) into (3.2) resultsin
Ay
DA = , (3.5)
OPD

where the difference in the two wavelengthsis assumed small, thus| .| ,»l 2, and | , isthe
central wavelength.

If thetotal change in wavelength or wavelength deviationisDl ., then the number of fringe
periodsN is

Chapter 3 - Wavelength Modulated EFPI Sensor Addressing 20



DA

N = —D”)‘:’d : (3.6)
and combining Equations (3.5) and (3.6) we have
2
oPD= o (3.7)
DA g

Thusfor an ideal absolute system, | ;and DI, are known, and the gap length is
determined by monitoring the number of fringe periods appearing for each sweepin
wavelength.

3.1.2 Realistic Wavelength Modulation Scheme

To determine the feasibility of this absolute system, we must calculate the minimum
wavelength sweep required for at least one fringe period in atypical EFPI. The EFPI is
usually made with agap length L » 50 - 100 mm to maximize fringe visibility and still have
adequate dynamic range. Using L = 100 mm and | ,=1300 nm, DI ., must be at least 8.5
nm to generate one fringe. There are two problemswith this approach. A laser diode
source with awavelength sweep of 8.5 nmisnot available, and only generating one fringe
period does not allow absolute gap measurements since the change in fringe period is small
over the operating range of the EFPI.

Although we cannot realistically achieve an absolute system with this approach, it is possible
to achieve thefirst six goals of thiswork. If one full fringe period can be achieved, the
phase of the fringe can be tracked to determine the change in the gap.

A _,l |‘ Modulation
Laser Diode | Period
Output I
Wavelength I

»

Time

Figure 3.1. Output wavelength versus time for wavelength modul ated source.
Figure 3.1 represents the modul ation parameters of the laser diode. The central output
wavelengthis| ,,and Dl .=l ,-1 ;. Theinverseof the modulation period is defined as

Chapter 3 - Wavelength Modulated EFPI Sensor Addressing 21



f..q- During each modulation period, there are N fringes appearing at the output. The
output of this approach can be represented by
| = Acos(2nNf, t+ Dp). (3.8)
The variable A isthe amplitude of the signal, and Df is the phase change caused a changein
L which can be represented by
D¢ = ;ﬂ DL. (3.9)

0

The sign of Df is determined by the direction of DL. Using a phase tracking scheme [17],
the change in gap length can be accurately determined without directional ambiguity.

Itisimmediately apparent that gods 1), 2), and 6) are satisfied using awavelength
modulated EFPI addressing scheme. Since the phase contains the gap information, fringe
counting isnot used. Intensity modulationsin the signal input/output fiber will not effect
the system provided their frequency is much lessthanf .. Likewise, the amplitude of the
signal does not effect the accuracy of the system provided the signal to noiseratiois
sufficient for the phase tracking method. Therefore, coherence and coupling effects are
minimized. Directional ambiguity has been eliminated because the sign of the phase
changes with the direction of gap movement.

In order to redize this scheme, we must determine the wavel ength sweeping capabilities
available in acost effective source and redesign the EFPI geometry to extend the gap and
hence the OPD to obtain at least one full fringe period.

The next sections will discuss wavelength modulation with alaser diode source and present
the characteristics of the laser diode used for these experiments. We then discuss the
method used to extend the gap of the EFPI. Lastly, important interference considerations
are presented.

3.2 Laser Diode Wavelength Modulation Non-Ideal Characteristics
The output wavelength of alaser diode is shifted by two primary effects, current induced

changesin the junction temperature, and charge carrier induced refractive index changes.
The thermally induced changes are aresult of thermal expansion of the Fabry-Perot |aser
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cavity and thermally induced changes in the refractive index, which combine to increase the
output wavelength with increasing injection current. Figure 3.2 showstheincreasein laser
diode output wavelength for three forward currents of 50, 60, and 70 mA. Since the forward
current is modulated, the cavity gain also changes and results in an output intensity
modulation in addition to the wavelength modulation.
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Figure 3.2. Output wavelength of one laser diode mode for three forward currents of 50,60,
and 70 mA.

Thermal effects are dominant at modulation frequencies (f,. ;) below 100 KHz, and are
strongly dependent on the laser diode heat sinking and the device structure. The changein
wavelength versus forward current is generally non-linear. The frequency deviation is
approximately 3 GHz per mA of forward current at 830nm, which is 6.89 pm/mA [13].

Often a peltier element is used in conjunction with a heat sink for the temperature control of
the laser diode. Asaresult, there are 3 different time constants associated with the transfer
of heat from the laser diode junction. The chip, submount, and heat sink have time constants
range from 0.3 s to 2.3 ms[14][15], and contribute to the non-linear change in wavelength
with injection current.
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The laser diode wavel ength sweep can be improved by extending the frequency response
and linearizing the output. An input equalization network derived from accurate modeling
of the thermal constants can extend the frequency response of the thermal effect to 300
KHz[14]. In addition, the wavelength sweep can be linearized through a feedback network
that controls the modulation current waveform [16].

Asf_, increases above 1 MHz, the thermal effects are negligible and the charge carrier
induced refractive index change dominates. The output frequency deviation is much less
than the thermal effect. For an 830 nm laser diode, the frequency deviation isafew tenths
of gigahertz per mA of forward current [13].

For this sensing scheme, we modul ate the laser diode below 100 KHz to maximize the
change in output wavelength.

3.3 ML7881A Source Characteristics

The source chosen for these experiments is a Mitsubishi ML7781A multilongitudinal mode
laser diode with a central wavelength of 1303 nm. Compared to other available laser diodes,
this device had the largest wavel ength deviation with the minimum output intensity
fluctuation. Figure 3.3 shows the wavelength deviation for the ML7781A laser diode for a
dowly increased forward current and shows its non-linear sweep.
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Figure 3.3. ML7781A central wavelength vs. forward current

The maximum available wavelength deviation is 0.25 nm for aforward current modulation
of 37 mA (6.7 pm/mA).

The ML7781A isamultilongitudina mode device and hence has multiple peaksin the
output spectrum shown in Figure 3.4.
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Figure 3.4. ML7781A at 60 mA T=25c

3.4 Extended-gap EFPI

Although it is possible to obtain alarger wavelength deviation using an externa-cavity laser
diode or adye laser, these devices at present are not cost effective and their maximum
modulation frequency islimited. Therefore, we must increase the OPD of the EFPI to
create one fringe.

Assuming we can achieve areasonably linear wavelength deviation of 0.125 nm with the
ML7781A source, the gap required for one full fringeis 1.35 cm. At this gap, coupling loss
and coherence effects cause the fringe contrast to decrease substantially, and hence the
signal to noiseratio to be poor. Figure 3.5 shows the decrease in the peak-to-peak fringe
output of the EFPI asthe gap is scanned from 0 to 500nm.
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Figure 3.5 Fringe output of EFPI asthe gap isincreased from 0 to 500nm.

To increase the signal to noiseratio, anovel extended-gap EFPI sensor geometry is
employed (Figure 3.6). Theinput light from the single mode fiber is reflected at the first air-
to-glassinterface to form the reference reflection, R1. The remaining light travels through
the small air gap and isreflected off the reflector fiber with a surface which is polished at an
angle. R2isnot coupled back into the input/output fiber because it now exceeds the
acceptance angle of that fiber, and it therefore does not interfere with R1. The remaining
light is coupled into the single mode reflector fiber. R3, at the reflector fiber glass-to-air
interface, forms the sensing reflection for this geometry, and R4 is reflected out of the fiber
like R2.

The requirement for the polished angle at the reflector fiber is such that it exceeds the

acceptance angle of the single mode input/output fiber. Thisistypically 6°-8°. A polished
angle of 10° is sufficient to render the effects of R2 and R4 negligible [18,24].
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By keeping the air gap small, the coupled power to the reflector fiber islarge, and the signal
to noiseratio improved. Sincethe index of refraction for the reflector fiber is 1.46, an OPD
of 1.35cm correspondsto areflector fiber length of 0.925 cm.

Hollow Core Fiber ! .
R Single mode fiber

serving as reflector

Single-Mode Epoxy
Input/Output Fiber

.- ~1lCMm—————
Figure 3.6 Extended-gap EFPI geometry.

Although the extended-gap EFPI allows a wavelength modul ated addressing scheme to be
employed, it doesintroduce unwanted cross-sensitivity effects. Since the refractive index of
fiber changes with temperature, the OPD in the reflector fiber will aso change and cause
errorsin the output. Equation (3.8), the output of the EFPI with awavelength modulated
source, can be modified to include the temperature dependence as

| = Acos(2nNf, t+ Dp + D), (3.10)
where
Do, A yrdn (3.11)
Ay dT

and Sisthe length of the reflector fiber, DT is the change in temperature. Using dn/dT =
10°/°C, DT=10° C, and S= 1cm, Df . = 9.7 radians. Therefore, this geometry is limited to
constant temperature applications, or must be temperature compensated.

3.5 Interference zones caused by multilongitudinal mode laser diode
In order to understand the effect a multilongitudinal mode laser diode has on the operation

of the EFPI, we must first look more closely at source temporal coherence and
autocorrelation.
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Instead of viewing the operation of the EFPI as a function of phase, we can redefine
everything in terms of time. If we view the source as perfectly monochromatic we can
represent its electric field as

f (t) = Asin(2rf t). (3.12)
The output of the EFPI is then the autocorrelation function R(t) defined as[13]
R(t) =< f (1) f(t +t) >, (3.13)

where the roundtrip delay time of the sensing reflection R2 definest, and the <> isthetime
average operation performed by the detector. Substituting Equation (3.12) into (3.13) and
evaluating yields

2
R(t) = % cos(2nf ) , (3.19)
where we have assumed equal intensitiesin R1 and R2. Thisfringe output would have
constant amplitude and period of 1/f,. In redlity, the source has afinite linewidth with afull
width half maximum (FWHM) defined by df in Figure 3.7 and is assumed to be L orentzian
distributed. The output can be modified to include the effect of finite linewidth as[17]

2 ae_‘g
R(t)= %cos(anor)e ?reo (3.15)
wheret  isthe source coherence time defined as
1
2t =—. 3.16
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Figure 3.7 Typica spectrum of single longitudina mode laser.

The output of the EFPI with this source is an interference pattern whose fringe periods are
spaced 1/f, apart in time and whose envelope decreases exponentially according to the
source coherence time (Figure 3.8).
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Figure 3.8 Typica fringe output of source asin Figure 3.7.
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Looking again at Equation (3.13), the Wiener-Khinchin theorem states that the Fourier
transform of the autocorrelation function for f(t) is the power spectral density of f(t). In
other words, Figure 3.7 and Figure 3.8 are Fourier transform pairs. Infact, thisisa
powerful tool for determining the spectrum of a source and isreferred to as Fourier
transform spectroscopy [18]. With this information, we can now determine the effect a
multilongitudinal mode laser will have on the EFPI outpui.

A typical spectrum of amultilongitudinal mode laser is as shown in Figure 3.9, where df is
the mode FWHM, Df is the power spectrum FWHM, and df is the mode spacing. Using
the inverse relation between Fourier transform pairs, an interference pattern can be derived
and isshown in Figure 3.10 [19]. The output pattern consists of a series of equally spaced
interference zones with widths 1/DF, spaced at 1/df, and with an overal decreasing envelope
out to the mode coherence time (1/df). Within each interference zone are fringe oscillations
with aperiod of 1/f,. Assuming Lorenztian profile modes, the envelope of the interference
zonesis €™, Theprofileof Df isdue mainly to spontaneous emission and is Gaussian
distributed so the envelope of each interference zone is described by [17]

J'Esz
-5 (t0)

(3.17)
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Figure 3.9 Typical spectrum of amultilongitudinal laser diode.
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Figure 3.10. Envelope of fringe output with a multilongitudinal mode laser source.
With thisin mind, the EFPI sensor must be designed so that the gap changes inside one of

the interference zones, and preferably centered around the a peak to maximize the signal to
noise ratio.
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Chapter 4 - Experimental Results

In this chapter, we describe the experimental setup for the testing of the EFPI with a

wavel ength modulated source. Some of the limitations caused by the set-up are also
discussed. Experiments are then performed to predict and verify the output interference
zones of the multilongitudinal mode laser diode and the maximum modulation frequency of
the laser diode. The performance of the EFPI with awavelength modulated source isthen
analyzed and compared to other sensing schemes.

4.1 Experimental Setup

To test the operation of the EFPI with awavelength modul ated source, the following
experiments were performed using the set-up described.

For all experiments, the ML7781A multilongitudinal mode laser diode was mounted to a
temperature controlled heat sink (Figure 4.1). The thermoelectric controller maintained the
temperature with 0.01° C. The source was driven with alow noise current driver that was
modulated using afunction generator. The current driver was used to set the DC bias point
of the laser diode (l,,..), and the function generator voltage output was adjusted in amplitude
and frequency for the various experiments (Figure 4.2). |, and |, establish the peak to peak
current deviation, defining

liog =157 1y (4.2
The laser diode current was modulated at 0.1 mA/mV of input voltage to the current driver.
The output was either a sawtooth modulation waveform or atriangular waveform.
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Figure 4.1 Overall experimental set-up for testing EFPI with a wavelength modul ated

source.
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Figure 4.2. Current driver output modulation waveforms, (@) triangular modulation, and (b)
sawtooth modulation.
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When the forward current of alaser diode is modulated, the cavity gain aso changes and
resultsin an output intensity modulation in addition to the wavelength modulation. Figure
4.3 showsthe output at PD2. A referencing circuit was employed to remove the unwanted
intensity modulation and retrieve the fringe output in real time (Figure 4.4)[20]. By
monitoring the intensity modulation with PD1, we can remove the intensity modulation by
dividing the PD2 signal by the PD1 signal, also shown in Figure 4.3.
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Figure4.4. Amplification and referencing circuit
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4.2 EFPI configurations

Three types of EFPI configurations were used in these experiments (Figure 4.5). Thefirst
configuration, described earlier as the extended-gap EFPI was compared to the traditional
EFPI with alarge gap and an extended-gap EFPI with agold coating on the end of the
reflector fiber. The gold coating provides a high reflectance end to increase the intensity of
the sensing reflection.
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Figure 4.5. Three EFPI configurations used in these experiments

4.3 Limitations of experimental setup
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The testing of the EFPI with awavelength modulated source was limited by the trandation
stages and the amplifying and referencing circuits. Two different trandation stages were
used. For large gap change measurements, atrandation stage with 10 nm resolution was
used, for small gap change measurements a trandation stage with 0.5 mm resolution was
used. The frequency response of the amplifying and referencing circuits was also limited.
At frequencies approaching 100 kHz, the gain of the circuit began to fall off.

4.4 Interference zonesin EFPI output

Asdescribed in Section 3.5, the parameters of the laser diode were determined by using an
optical spectrum analyzer (OSA). The OSA converts the input source into intensity versus
wavelength, and therefore all values were converted to frequency using Equation (3.1). The
measured parameters for the ML7781A laser diode at |, =70 mA and no current
modulation are

bias

d\ =0.11nm df =1.94x10"°Hz
3\ = 0.75nm df =1.32x10"Hz . (5.1)
DA =5.0nm Df = 8.82x10" Hz

The output pattern consists of a series of equally spaced interference zones with FWHM of
0.664/Df, spaced at 1/df, and with an overall decreasing envel ope according to the mode
coherencetime (1/df). If we convert the time values to distance by multiplying by the speed
of light, the predicted output pattern will appear as shown in Figure 4.6.

A
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Figure 4.6. Predicted output of interference fringe zones using measured laser diode
parameters
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Although these calculations are useful for providing ageneral picture of the interference
output pattern, they may not be accurate enough. The assumption of Gaussian and
Lorenztian distribution of the modes does not hold and may cause large errorsin the
predicted output. From Figure 4. 7, the output spectrum is not evenly distributed.

To more accurately predict the fringe output, the OSA was used to obtain a scan of the
source spectral components from 1249 nm to 1359 nm, which consisted of 11 scans at the
maximum resolution of 0.1 nm. The result was downloaded to afile of 6380 points of data
that contained the intensities of light across the 110 nm bandwidth (Figure 4. 8). To obtain
the interference pattern, a program was written to perform the fast Fourier transform (FFT)
of the spectrum datafile. The result isan envelope of the interference pattern from 0 to 4.93
cm OPD with aresolution of 15.4 nm (Figure 4. 9).
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Figure4. 7. Spectrum of ML7781A with I =70 mA.

bias

Chapter 4 - Experimental Results 39



Intensity -40
(dB)

=70k h .
1249 1266 1283 1300 1318 1335 1352

wavelength | (nm)

Figure 4. 8. Plot of 6380 data points used for performing FFT to determine interference
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Figure4. 9. Calculated interference zonesfor ML7781A at |,,.. = 70 mA
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Figure 4. 10 and Figure 4. 11 compare the cal culated and measured interference zones.
Figure 4. 11 was acquired using the setup shown in Figure 4.5 (). The endface was
manually scanned and the locations of the interference zone peaks noted. A close
correlation between the cal culated and measured location of the zones is achieved. Knowing
the interference zones and their position allows the proper design of the EFPI to maximize
the signal to noiseratio.
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Figure 4. 10. Calculated interference zones for ML7781A from OPD of 0to 9.5 mm at I
=70 mA
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Figure 4. 11. Measured interference zones by manually scanning the OPD from 0 to 9.5
mm

4.5 Minimum gap and maximum frequency characteristics

Before testing the EFPI with a wavelength modul ated source, the minimum usable gap and
maximum current modulation had to be determined. Using areflector fiber with a10°
polished endface and a shattered end, the fringe output was monitored while scanning the
gap from 0 to 430 nm. At agap length of 220 mm, the fringe output was negligible. This
establishes the minimum usable gap distance to prevent interference with the reflections at
the polished fiber endface.

To determine the maximum modulation frequency, the number of output fringes were
monitored for afixed peak to pesk |, as the current modulation frequency f,.., was
increased. Asf, , increases, the wavelength deviation caused by thermal effects begin to
subside and the charge carrier induced refractive index change beginsto dominate. Asa
result, the number of fringesfor the samel , decreases. This effect is shown in Figure 4.
12. A gold coated reflector fiber of 1.5cm length was used for thistest and |, was 40 mA
atanl,, of 55mA. Asf_, increases, the number of fringes decreases because the thermal
effect isreduced. In addition, at frequencies above 10 kHz, the gain of the amplification and

mod
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dividing circuits decreases. Asaresult, the current systemislimited to f
than 10 kHz.
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Figure 4. 12. Output at PD2 for three different f_, frequencies: 100 Hz, 1 kHz, 10 kHz.
l.0q 1S40 MA. The middle graph is the triangular wave input to the current driver.
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4.6 System Operational Characteristics

Using an extended gap EFPI geometry, the system was tested for arange of gap lengths. A
1.5 cmlong gold coated reflector fiber was positioned at the beginning of an interference
zone and the gap was dowly increased. The position of the peak of one fringe was
monitored using the oscilloscope. Thisisillustrated in Figure 4. 13. Asthe peak moved,
every 2p phase change was recorded versus the change in the gap. The resultsfor a small
change in gap are shown in Figure 4. 14. The straight lineis the theoretically predicted
output from Equation (3.9).

Results for the same configuration taken over alarger change in gap are shown in Figure 4.
15 along with the theoretically predicted output.
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Figure 4. 13 Output showing the phase movement as the gap changes
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Figure 4. 14. Phase change vs. gap for extended-gap EFPI with wavelength modul ated

source.
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Figure 4. 15. Phase change vs. gap for extended-gap EFPI with wavel ength modul ated
source.

4.7 Specificationsand limitations of system

The results show a close correlation between the predicted and measured phase change.
What is not clear from the datais the errors caused by phase drift. The signal contained a
dow drift in phase of approximately + p/4 radians. For a static measurements, this causes
error and determines the minimum detectable change in gap.

The extended-gap EFPI employed as a strain sensor would have a gauge length of
approximately 1.75 cm. Assuming a maximum strain before failure in the hollow core of
1.5%, this corresponds to a required dynamic range for the system of 263 nm. As shown
in Figure 4. 15, thisrange is achievable with this system. With agap resolution of p/2
radians and 1.75 cm gauge length, the minimum detectable change in gap is 0.1625 nm and
minimum detectable strain is 9.28 nrstrain. This resolution would be significantly reduced
in the presence of temperature fluctuations, and therefore a temperature compensation
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schemeisrequired. An aternativeisusing the configuration shown in Figure 4.5 (c), which
is much less susceptible to temperature fluctuations, but requires alarger gauge length. The
disadvantage of this configuration isits sengitivity to reflector fiber endface lateral
movement.

The present system’ s dynamic responseis limited by the maximum capablef, , of 10 kHz.
Using the present set-up, the dynamic response could not be measured. Aslong asthe
then the gap change should be
measurable if a continuous real time phase tracking scheme were employed. Schemesto

phase movement is an order of magnitude less than f

mod’

increase the wavelength deviation at higher ., could improve the dynamic response [ 14].

Chapter 4 - Experimental Results 46



Chapter 5 - Conclusions and Future Work
5.1 Conclusions

A new type of signal demodulation system was developed for the EFPI. Using a
wavel ength modulated source and an extended-gap configuration, the following goals have
been met:

1) Eliminated the need for complex fringe counting.

2) Reduced the effect of intensity modulations on the signal.

3) Moderate dynamic response.

4) Maintained asimple cost effective design.

5) Eliminated directional ambiguity.
Although these goals have been met, some system limitations will prevent it from becoming
apractical design. The limitations are primarily reduced accuracy caused by temperature
fluctuations and phase noise from the source. A temperature compensation scheme must be
utilized in order to make this aviable signal demodulation scheme.

5.2 Future Work

To solve the problems discovered in this work, a different approach can be implemented
using a broadband high-power source such as a super luminescent diode (SLD). The
output of this device can be fed into a scanning bandpass filter (Figure 5.1). Given the
FWHM of the SLD of 25 nm, the bandpass filter can scan a narrow portion of the
broadband light at the input to the coupler. The combination of the two devices functions as
asingle mode device with a 25 nm scanning range.
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Figure5.1. EFPI sensor system using broadband source and scanning bandpass filter
Using Equation (3.7), for one fringe period to appear at the output, the OPD required is

67.6 nm. Therefore, the gauge length has been reduced and an extended-gap configuration
does not have to be implemented.
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