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(ABSTRACT) 

The objective of this work is to investigate new signal processing techniques for optical 

fiber sensors that utilize the phase information of the electromagnetic field. Research 

concentrated on Fourier transform spectroscopy as a means for capturing wavelength 

encoded information from the fiber sensor. Classical spectral analysis utilizing the 

Fourier transform as a mathematical foundation for relating a time or space signal to its 

frequency-domain representation was shown to be inadequate for mitigating the bias 

errors caused by harmonic distortions. A modified spectral estimation algorithm is 

presented to overcome some of the practical issues while maintaining the high spectral 

resolution characteristic of the classical technique. This research also showed that unlike 

in free-space propagation, an optical signal propagating through a fiber waveguide, even 

over short distances, can experience significant phase modulation noise. A number of 

chromatic distortion mechanisms including modal interference, mode coupling due to 

periodic perturbations such as microdeformation and macrobends, and mode field 

diameter variations are addressed. We treated these issues by employing both theoretical 

simulation and experimental data. Coupled-mode formalism based upon approximated 

field solutions is used in the theoretical analysis. An extensive error analysis was also 

performed to determine how waveguide and noise distortion affect the performance of the 

spectral estimation algorithm. 
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1. Introduction 

An interferometer is an optical instrument that splits an optical wave into two waves 

using a beamsplitter, delays them by unequal optical path lengths, redirects them using 

mirrors, recombines them using another (or the same) beamsplitter, and detects the 

intensity of their superposition. The four important examples are the Mach-Zehnder, the 

Michelson, the Sagnac and the Fabry-Perot interferometers [1,2]. Interferometers have 

been used for many diverse applications in research science and commercial systems. For 

example, Fabry-Perot interferometers are used as optical resonators in most gas and 

semiconductor lasers [3]. Conventional interferometers are also employed in optical 

spectrum analyzers, sensors and measurement instrumentation [4,5,6]. Since 

interferometers employ high frequency optical signals, they are capable of resolving 

wavelength changes on the order of picometers. 

The concept of interferometry was first developed in the 18th century. Yet, the 

widespread use of interferometers as high precision measurement devices was not 

practical until optical lasers were introduced in the late 1960's. Today most of the 

development of optical fiber based sensor systems is based on these basic interferometric 

configurations [3,4]. 

While phase modulated optical fiber sensors are among the most sensitive, their 

implementation requires complex stabilization and signal processing methods. Calibration 

is also a major issue, particularly after an electrical interruption since the initial phase of 

the interferometer is usually lost. Another fundamental problem associated with 

conventional interferometric sensors is the ambiguous output signals due to a phase shift 
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in the sinusoidal transfer function. In recent years, optical fiber-based white light 

interferometry has been developed as a viable technique to overcome the ambiguity 

problem aside having the capability for self-calibration [7,8]. The basic white light 

interferometer system consists of a low coherence light source, a sensing (encoder) 

interferometer that transfers the measurand into optical path difference information, and a 

receiving (decoder) interferometer or a optical spectrum analyzer to recover the signal [7]. 

Because of the low coherence property of the light source, the interference signals can 

only be detected when the optical path length difference (OPD) in the unbalanced 

receiving interferometer can match the OPD generated by the sensing interferometer [9]. 

1.1 Prior Optical Signal Processing Research 

Although a number of novel white light interferometric demodulation techniques have 

been discussed in literature, practical implementation of these techniques has resulted in 

limited success. Demodulation systems employing a Michelson interferometric cross- 

correlator have been demonstrated by Lee and Zuliani [8,10]. A similar approach using a 

Fizeau interferometer was recently demonstrated by Belleville [11]. The simplest 

technique for recovering the spectrally encoded information is to employ a spectrometer 

using either a diffraction grating or scanning Fabry-Perot etalon [7]. While numerous 

optical fiber sensing and demodulation methods have been developed in the past twenty 

years, the actual signal processing algorithms used to characterize the measurement fields 

have not been thoroughly investigated. Practical fiber sensor systems must have the 

following characteristics: 1) real-time measurement capability, 2) fast response, 3) high 

resolution, 4) high accuracy, and 5) self-referencing. Current research, however, does not 

adequately address these issues. Even though tremendous progress has been made in the 
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optical communication field, the development of signal processing techniques for optical 

fiber sensing systems has been lagging. 

1.2 Scope of Research 

The motivation for this research is to investigate spectral analysis and digital signal 

processing techniques to decode phase modulated optical fiber sensors and ultimately to 

design a robust, effective and reliable algorithm capable of real-time acquisition and 

processing. -For the dissertation research, fiber optic Fabry-Perot sensors, and 

spectrometer-based demodulation systems will be evaluated and implemented in the field 

for applications in materials characterization and analysis, process and health monitoring 

systems, and manufacturing quality control. Specifically, the issues listed below are 

considered in this research effort. 

e Investigate an optical phase demodulation system employing Fourier 

spectroscopy, 

e Develop digital spectral analysis techniques specifically tailored for the 

nonuniform wavelength sampling of a continuous optical signal, 

e Investigate the impact of chromatic and waveguide distortions on the signal 

processing algorithms, and 

e Assess the system performance of the demodulation system and the means to 

improve its performance. 
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1.3 Research Outline 

In Chapter 2, we review the operation of interferometers and investigate how the source 

spectra influence the resolution and dynamic range of the fiber sensor. Specifically, we 

will study the relationship between the temporal coherence of the source and its effect on 

the detected fringe visibility. We will later show in Chapter 4 how the fringe visibility 

relates to the output resolution of the CCD-based gratings demodulation system. Here, 

we will mainly develop models to aid in our study of the tradeoffs between the 

measurement resolution and the dynamic range of the fiber sensor. 

In Chapter 3 we examine the various demodulation schemes for decoding the Fabry-Perot 

interferometric signal. Although a number of optical fiber-based cross-correlators are 

discussed, the main emphasis of this research makes use of the spectrometer. 

Chapter 4 emphasizes the fundamentals of digital signal processing and discusses 

algorithms tailored specifically for grating-based spectrometers. The spectral analysis 

approach of signal processing is initiated by digitally sampling and transforming the 

interferogram into the frequency domain using the fast Fourier transform (FFT). From 

this basic transformation, a variety of adaptive filtering and interpolation procedures 

(parabolic, Gaussian, Sinc, and centroid fits) will be investigated to optimize the 

frequency estimation accuracy. To resolve the effect caused by the nonuniform sampling, 

a novel chromatic power spectrum algorithm is presented. 

In Chapter 5 we first summarize the background for the analysis of optical fiber 

waveguides and discuss the methods used to obtain elementary, monochromatic plane- 

wave type solutions. We briefly review linearly polarized (LP) modes in optical fibers 

and use the approximations to simplify the perturbation analysis. We will also 
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summarize the coupled-mode formalism to describe mode propagation in uniform and 

slightly non-uniform cylindrical optical fiber systems. This approach is useful for 

treating waveguide problems involving energy exchange between modes causing 

wavelength dependent losses. 

In Chapter 6, we provide an extensive theoretical and experimental analysis of the errors 

that arise when the optical fiber is used as a waveguiding medium. Specifically, we 

investigate how chromatic distortions caused by a) modal interference (two-mode) b) 

mode-field diameter, and c) wavelength dependent losses affect system performance. 

Finally, the conclusions and future directions are presented in Chapter 7. 
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2. Background of Interferometers 

When two monochromatic waves of complex amplitude, E,(z) and E,(z), in an 

interferometer are superimposed, the result is a monochromatic wave of the same 

frequency and complex amplitude described by 

E(z) = E,(z) + E,(2). (2.0-1) 

; we . 2 2 ; ; 
The intensities of the constituent waves are I,=|E,(z)| and L=|E,(z)| and the intensity of 

the total wave is [1,2] 

1=|B] = |E1+E2| = [Ei +|E2l + E,*E, + E,*E,, (2.0-2) 

I=1, +1, +211, coso, (2.0-3) 

where 6 is the phase difference between the interfering waves. Assuming that one wave 

is delayed by a distance d with respect to the other so that E, = I, exp (-jkz) and E, = 

1,” exp [-jk(z-d)], where k=27/X. The intensity I of the sum of these two waves can be 
0 

determined by substituting I,=1,=I, and ¢=2nd/A into (2.0-3), [1,2] 

I=2I, f + cof =) . (2.0-4) 
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Since the intensity I is dependent on the phase 6 = 2nd/A = 2nvd/A (= 2mvvd/c, where v 

is the optical frequency, the interferometer can be used to accurately measure small 

variations of the distance d, the refractive index n, or wavelength A. The output of the 

interferometer may be monitored with a photodiode which converts the optical intensity 

into an electric current. In order to use the interferometer to quantify measurements like 

strain, temperature, or pressure, the source wavelength is typically held constant during 

the measurement process while either the path length difference or the refractive index of 

the medium, traveled by the optical waves, is allowed to change. 

Fiber optic phase sensors typically utilize one of the classical interferometric 

configurations for extracting information regarding the applied perturbation. 

Interferometry-based sensors comprise two signals, the sensing and the reference signal, 

which constructively and destructively interfere with each other resulting in an intensity 

modulation at the output. The sensing signal undergoes a phase change due to the 

perturbation, while the reference signal is kept isolated from the perturbation. The phase 

difference that results between the two signals manifests itself as an intensity change at 

the photodetector. 

2.1 Fabry-Perot Interferometric Sensors 

Fiber optic Fabry-Perot interferometers are used in two basic configurations termed 

intrinsic and extrinsic. The intrinsic Fabry-Perot interferometer (IFPI) consists of a 

monochromatic source such as a laser diode that injects light into one of the input arms of 

a 2x2 bidirectional single-mode coupler. The Fabry-Perot cavity is formed by placing a 

segment of a single mode fiber that has both endfaces coated with a semi-transparent 

reflective coating to one of the output arms of the coupler. The signals that form the 

interference pattern are reflected from the two ends of this fused fiber segment. The 
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balanced sensor proposed by Lee and Taylor and the high-temperature sapphire sensor 

proposed by Wang are examples of intrinsic Fabry-Perot interferometers [12,13,14]. In 

an extrinsic Fabry-Perot interferometer, the resonant cavity is formed by placing two 

optical fibers in an alignment tube separated by an air-gap [15,16]. 

The intrinsic Fabry-Perot interferometers suffer from several inherent drawbacks. 

Because the sensing fiber must be fused to one of the arms of the coupler, it is difficult to 

prevent the metal oxide, which has a lower melting temperature than silica, from 

deteriorating. The IFPI sensors are highly sensitive to thermal effects and are susceptible 

to six states of strain. In order to overcome the construction difficulties and avoid the 

thermal and cross-sensitivity effects inherent with IFPI, the extrinsic Fabry-Perot 

inteferometer (EFPI) was developed by Murphy [15,16]. The Fabry-Perot cavity is 

formed between an input/output optical fiber and another reflecting surface. To simplify 

the construction of the EFPI sensor, for the opposing reflecting surface one may use 

either a singlemode or multimode fiber. 

2.2 Finesse of Fabry-Perot Cavity 

In the simplified analysis of the Fabry-Perot cavity discussed above, we have assumed 

that the multiple reflections from the glass/air interfaces did not contribute to the 

intensity modulation at the output. This assumption is justified because the Fresnel 

reflection coefficient [1], 

r= tend (2.2-1) 
n,+n, 

for normal incidence at the glass/air interface is just 4% (for nj=1.48 and n.=1.00), where 

n, and np, are the refractive indices of the two media forming the interface. Due to the low 
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reflectivity of the Fabry-Perot cavity, the effect of the second and higher order reflections 

are negligible. If n, can be made higher by coating the ends of the input and reflecting fiber 

with multilayer dielectric films or with partially transparent films of metals, the reflection 

coefficient can be increased and the amplitude of the second and higher order reflections 

would become high enough to cause a change in the intensity distribution at the 

photodetector. In modeling the output response of the Fabry-Perot inteferometer, we 

need to account for the reflection properties of the resonant cavity. 

2.2.1 Lossless Fabry-Perot Cavity 

Consider an ideal Fabry-Perot cavity assembled from two singlemode fibers which have 

thin metal or dielectric coatings, let the input light of amplitude A be incident on the i® 

interface (i=1,2 for the two interfaces). If we assume that the mirrors are deposited with 

metal coating having no absorption, then there will be a 7/2 phase shift between the 

transmitted and the reflected waves at both interfaces [17]. Furthermore, we also assume 

that the radiation source has an infinite coherence length. If we let r; and t; be the mirror 

reflectance and transmittance, the reflected and transmitted amplitudes are given by 

jAjr, and jAJt, , respectively. Since both mirrors are assumed to be lossless, the sum 

of the reflectance and transmission equals one [2]. 

The amplitude of the resulting transmitted wave is the sum of the waves that are 

transmitted through the second interface. The ratio of the transmitted power to the 

incident power is 

—
 

! nt -— “ew ) any 
I, 4nnd 4mnd 

l—nr, —2./n1, cos x I—nr — 211, co x     
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Similarly, the ratio of the reflected power to the incident power and is given by 

2 2 
L_ont+h + 2./rr, cos (2.2.1-2) 

I; 1-rr,-2 nr, cos 

where 6=41d/A is the round trip phase shift in the cavity. Assuming that r,;=r, (hence 

t;=t,) and defining the transmittance as t,t, and the reflectance R=r)rp, leads to [1,2] 

  

_ 2 

+ = C R) = , (2.2.1-3) 
, 1-R‘-2Rcoso 1+ sin2() 

(i-R) 

It is convenient to write Equation (2.2.1-4) in the form of 

I = —_, (2.2.1-4) 
I; 1+Fsin‘() 

where the quantity 

4R F= _, 2.2.1-5 (- Ry? ( ) 

is referred to as the finesse [2]. Similarly, the reflectance can also be written in terms of 

the finesse, 

I, __Fsin*(o) (2.2.1-6) 
I 14+Fsin?(o) 
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The transmittance and reflectance are periodic functions of » with period 271 as shown in 

Figure 2.2.1-1. An interesting feature of the Airy function is the passband of the 

transmittance signal, defined by the full width at half-maximum (FWHM), decreases 

when the finesse F is large (the factor r is close to 1) but increases for the reflectance 

signal. Several demodulation systems discussed in subsequent chapters will rely on the 

precise locations of these spectral peaks for signal processing. Therefore, steps taken to 

understand and enhance the performance of the sensor will provide improvements to the 

performance of the signal processing system as well. Another interesting feature 

describing the Airy function is the contrast C=1+F=Imax/Imin Where Imax and Imin are the 

maximum and the minimum values of either Equation (2.2.1-1) or (2.2.1-2). 

In a practical Fabry-Perot interferometer, many defects such as misalignment of the 

optical components or the poor quality of the surfaces of the fiber will degrade the 

constrast of the output signal. To account for these deviations, surface-defect models 

have been developed to calculate how a specific defect degrades the Airy function. 

Hernandez investigated the variation in the linewidth due to surface defects [18] and Palik 

concentrated on the effects that degrade the contrast [19]. The complicated intensity 

function that account for these defects becomes [18,19] 

  i(v) = ) (i + 2m R* ex ) on 2558 | x 

a ae of nt) ; 

(2k / mg] (2k /m, } 

(2.2.1-8) 

  

where m., Mg, Mc and my are parameters that characterize the Lorentzian lineshape, 

Gaussian surface roughness, curvature and tilt defects described by Hernandez and Palik. 

Chapter 2 Background of Interferometers Il



  

S 
S 

N
 

oo
 

I 
i 

S > 

& 

No
rm

al
iz

ed
 

In
te

ns
it

y 

              
  

  
  

    
          

  

0.2 Lb - 

0 

854 855 856 857 858 859 860 

Wavelength (nm) 

1 0 i LI lL 

| R=0.8 

0.8 fF ~ 

> R=0.6 

a 

5 06 ~ 
a} 
2 b) & 

xs 

E 0.4 Pp ~~ 

° 
a 

R= 0.4 

0.2 -F J 

0 A | | 

854 855 856 857 858 859 860 

Wavelength (nm) 

Figure 2.2-1. Plot of the a) transmittance and b) reflectance signals as a 

function of wavelength and reflection coefficients. 
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2.3 Random Phase Fluctuation 

The basic interferometer concepts introduced in Section 2.1-2.2 have not taken into 

account the spectral width nor the coherence properties of the source but have assumed 

that a purely monochromatic light source with infinite coherence length is used. Random 

phase fluctuations of the optical source leads to spectral broadening, in turn shortening 

the temporal coherence of the source [2] and degrades the contrast of the interferometer. 

A measure of the degree of coherence of the optical source is traditionally obtained from 

the fringe visibility or normalized contrast, which is defined as [3], 

V= Tmax7lmin/ImaxtImin (2.3 -1) 

where Imax and Imin are the maximum and minimum radiance of the interferogram produced 

by the interferometer, respectively. 

In optical fiber communication systems, knowledge of the coherence function is required 

for the signal-to-noise ratio evaluation of modal noise [20]. For an interferometric fiber 

sensing system, the coherence behavior of the optical source affect the signal-to-noise 

ratio of the demodulation system. In this dissertation, we define the signal-to-noise ratio 

(SNR) as 

SNR =10 oe] tonne (2.3-2) 
max Nain 

where Nmax and Nmin are the noise power. In a practical fiber interferometer, surface 

defects can be controlled during assembly and do not vary over time. An optical source, 

however, will vary its operating characteristices during normal use due to thermal, back 
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reflections and aging effects. Since the fringe visibility of the Fabry-Perot interferometer 

affects the resolution and dynamic range of the sensor [21], we would like to examine how 

the spectral width and the temporal coherence of the source are related to the random 

phase fluctuation. If we assume that the electric field is stabilized in amplitude but 

subject to random phase modulations, then the electric field may be expressed in the 

form[2] 

E(t)=E, expj- 2nvot + o(t)]}, (2.3-3) 

where Ep is the stabilized amplitude, Vo is the center frequency, and o(t) is the phase 

assumed to be a stationary random process. As a means for quantifying the temporal 

behavior of the source, we can perform a time average of the random fluctuation using the 

autocorrelation function [22,23] 

1 T 

G(t) = (E* (t)E(t + )) = lim — | E* (t)E(t + t)dt. 2.3-4 (t) =(E* (t)E( ))= tim se] (t)E(t + 7) (2.3-4) 

In the language of optical coherence theory, the autocorrelation function G(t) is known as 

the temporal coherence function [2]. A measure of the degree of coherence that is 

insensitive to intensity is provided by the normalized autocorrelation function of the 

spectrum 

ge(t) =(E(1)E'(t + 1))/(E(NE' (8) 
(2.3-5) 

= ([exp(—jo(t))] [exp(joct + 2) [expG2avo)], 

which is called the complex degree of temporal coherence [1,23]. The bracket ( ) notation 

denotes the time average, and the asterisk denotes the complex conjugate. In the analysis 
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of the statistical properties of random light, one requires that the correlation function 

given in Equation (2.3-5) takes a two sided exponential form 

  
g.(t) =[exp(j2mv,t)| exp(—2nAv|t)), (2.3-6) 

where 27mAv represents a decaying function. A two side exponential function is 

necessary because if we take the Fourier transform of the autocorrelation g,(t) using the 

Wiener-Khinchin theorem, we see that the power spectral density must have a Lorentzian 

profile [1] 

Av/2% 
= : ; (2.3-7) 
(v—v,) +(Av/2) 
  S(V) 

to be consistent with the lifetime broadening of stimulated emission source. Equating 

Equation (2.3-5) and (2.3-6) [1] 

([exp(—Jo(t))] [exp(jo(t + 2))]) = exp(-2nAvt) for t>0, (2.3-8) 

we obtain an indirect expression which relates the random phase fluctuation with the 

spectral width. Equation (2.3-7) is used in Section 2.4 to relate the temporal coherence 

and spectral width of the source to the fringe visibility and output response of the Fabry- 

Perot interferometer. 

2.4 Temporal Coherence Effects on a Fabry-Perot Interferometer 

In this section we consider how the fringe visibility and output response of the Fabry- 

Perot interferometer is dependent on the coherence length of the radiation source while 

ignoring the effect due to absorption. Note that for gold sputtered films operating in the 
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wavelength region between 700-1100 nanometers, the absorption of the reflecting surfaces 

is minimal and may be neglected. However, if the optical source operates below 700 

nanometer, significant absorption will occur. Note that absorption tends to lower the 

transmittance and reflectance but not the finesse nor fringe visibility [19]. Figure 2.4-1 

illustrates the spectral reflectances for a number of sputtered metal films under ideal 

conditions. Although silver appears to provide a broad operating range, oxidation would 

prevent its long-term use. Aluminum thin-films would be more suitable but the 

absorption is not uniform as function of wavelength. 

«- Frequency, v (Hz)     
  

500 700 1100 

Wavelength, 4 (nm) > 

Figure 2.4-1. Reflectance versus wavelength for metallic thin-films [1]. 
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Our treatment of temporal coherence follows in part that given by Wolf [1], Saleh [2] and 

Mandrel [24]. Previous works mainly considered the interference of two fields E(t) and 

E,(t) in a double-beam type interferometer. Here, we adopt the approaches illustrated by 

Wolf, Saleh and Mandrel to consider the effect of multiple reflections and interference. 

This will allow us to obtain an expression relating the temporal coherence to the 

transmission output of the extrinsic Fabry-Perot interferometer as shown by 

Ohtsuka[25]. 

To simplify our analysis, we specify that the fiber endfaces have the same optical 

quality. As defined in Section 2.2.1, the amplitudes of the transmittances and reflectances 

are denoted as r, and t; (=1,2 for the two interfaces), and the power transmittance and 

reflectance are given by T=t,t2 and R=r);r., respectively. If the mirrored endfaces are 

separated by d, the round-trip travel time for the confined optical wave is t=2nd/c. As a 

result of multiple repetitive reflections inside the interferometer due to the high reflecting 

endfaces, the total optical wave field E(t), transmitted through the interferometer, may be 

expressed in a series formula. Referring to Equation (2.0-3) for the expression of the 

electric field, the optical wave field emerging from the Fabry-Perot cavity may be 

expressed as [1,2] 

E(t) = Ejt,t, exp j[27vot + o(t)]+ E,t,t,n7, exp [2mv,(t—t,) + O(t—t,)]+..+ 

(2.4-1) 

E,titsum exp j[2mv,(t -(m—1)t,) + o(t-(m—)t,)] +... 

where m is an integer. We can express the optical wave field of Equation (2.4-1) as a 

series representation using the power transmittance and reflectance as [22,23 ,26] 
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E(t) = E,Texp| (2mv,t)]R° exp|-2njv,(m—- 1}t, Jexp| jo[t -(m- 1}t, |. (2.4-2) 

The resulting irradiance measured over some finite time interval is obtained by taking the 

time-average of Equation (2.4-2) [22,23] 

I(t) = (IE) = TELS YROOR exp|2njvot,(n - m)| 
m=l n=l 

(2.4-3) 

; exp jolt - (m _ 1}t, Jexp{—jat - (n - 1)t, |} , 

which may be divided into three summations and each considered separately, 

I(t) = mi y+ Vey } (2.4-4) 
m=n=| m>n m<n 

where Ip = E,| . Knowing that the reflectance 0 < R < 1, the first summation term simply 

converges to [26] 

= = l = JV R2e-) = _ 2.4-5) a ar? : 

The second summation is calculated as [22,23] 

oo oo x _ y R (mtat2) exp|—2njvot,(m~ n)| 

m>n m=2 n=l 

(2.4-6a) 

exp jd|t _ (m _ 1)t, Jexp{—jo[ - (n - 1)t,]} ; 
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Making the substitution m-n=p (p=1, 2, ...), Equation (2.4-6a) is converted to [1,2,22,23] 

oo 

R°-YRP exp|-2njvot, P| 
=I 

> = 
ow 

m>n p=l no 

exp jolt ~ (n - I)t, - t p}texp{-ia[t - (n - 1)t, | . 

(2.4-6b) 

Recalling that the optical wave field has been assumed to be stationary in time for the 

present situation, we can shift the origin of the time scale so that a replacement of [t-(n- 

1)t,] with t gives [22-24] 

x _ R20-Dpep exp[—2njvot,p| (exp oft - t,p]exp(- jo(t))). (2.4-6c) 
m>n p=l n 

Following the procedures outlined above, the third summation becomes 

x = Y ROR exp[2njv,t,P| (exp]- jo(t - pt, | exp| jo(t))). (2.4-7) 
m<n p=! m=! 

We see that the time-averaged components of Eqns. (2.4-6b) and (2.4-6c) resemble the 

autocorrelated signals where the term ‘pt,’ corresponds to tT in Equation (2.3-2). Under 

the condition that the optical wave field is stationary as shown by Equation (2.3-4), the 

time-averaged part of Equation (2.4-6c) reduces to [22,23] 

(exp| jo(t - pt,)] exp[- jo(t)]) = exp(—2nAvpt. ). (2.4-8) 

The use of the autocorrelation function [22,23] in Equation (2.4-8) enables us to simplify 

Equation (2.4-6c) so that 
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Pp 

Y, =Y RP YR exp(-2njvot, - 2nAvt, )] (2.4-9) 
n=l p= mon 

Again knowing that 0<R<1, the geometric series in (2.4-9) also converges to a finite 

sum[26] 

  

  

> _[ 1. ] Rexp(-2njv,t, - 2nAvt, (2.4-10) a “17-R? 17-R exp(—27jvot, — 2nAvt, ) . . 

Similarly, Equation (2.5-7) converges to [26] 

> _[ 1] Rexp(2njv,t, — 2nAvt, } (2.4-11) a “l1-R?1-R exp(27jVot, — 2nAvt, ) . . 

Substitution of Eqns. (2.4-5), (2.4-10) and (2.4-11) into Equation (2.4-4) finally yields 

the transmitted [25] 

I T’|1-R? exp(-4nAvt,}] 04-12) 

I, 1 ~R? Ko —R exp(—27nAvt, yy +4R sin?(1Vv,t, ) exp(—27Avt, | 

  

Since the coherence length of a radiation source is L, = c/Av = A,’ / AA, we have 

Avt, =d/L, [3]. In view of the relation T? = (1-R)*, Equation (2.5-12) may be rearranged 

into the following convenient form [1,2] 

tl A (2.4-13) 
I, 1+Bsin’@’ 

where 
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A (| ee (2.4-14) 

1+R | 1—R exp(-2ndL, } 

  

B= 4R exp(—2ndL,) 

- [1-R exp(-2ndL,)] | (2.415) 

O=nvt. =kd, (2.4-16) 

and k = 21d/X is the optical wavenumber in the interferometer. In the limit for which the 

coherence length 1s infinitely large ( lim A =1 and im B=4R/(1—R)’), Equation (2.4- 

12) reduces to the conventional formula for the interferometer without absorption as 

shown before in Equation (2.2.2-4) [1,2]. The expression shown in Equation (2.2.2-4) 

does not properly take into account the coherence effect of the optical source. By 

expanding the reflectance function of Equation (2.4-12) to incorporate the spectral width 

of the input source, we observe in Figure 2.4-2 that the actual signal-to-noise ratio is 

dependent on the fringe visibility in addition to the input optical power. The graphs 

correspond to a variation in visibility associated with changes in the spectral width of the 

source. In Chapter 4 we will use this result to analyze how the fringe visibility or the 

signal-to-noise ratio affect the performance of the signal processing algorithm. 

2.5 Limitations of the Monochromatic Interferometric Sensors 

The extrinsic Fabry-Perot interferometric (EFPI) sensor measures the various external 

environmental parameters that result in air-gap displacement changes by relating the effect 

of these parameters to the gap between the two fibers aligned in the alignment tube. The 

parameter of interest, such as strain, is converted by the sensor into a displacement 

between the two fibers which is determined by the signal processing system. The EFPI 
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sensor output intensity as shown by Equation (2.1.2-3) is sinusoidal as a function of 

displacement when probed with a continuous wave, monochromatic light source [15,16]. 

To find the magnitude of the perturbation, either the EFPI sensor has to be maintained at 

the quiescent point (Q-point) or if the perturbation is large, a fringe counting technique 

has to be employed [27]. The EFPI sensor is extremely sensitive if it is operated at the 

Q-point but the sensitivity reduces dramatically if the sensor drifts a quarter wavelength 

away. Stabilizing the sensor at the Q-point using either wavelength tuning or thermal 

compensation is extremely difficult, and hence not typically done [27]. 

The periodicity of the output also causes two related problems when interpreting the 

sensor information. First, a sinusoidal transfer function for mapping the desired 

measurement signal is identical for increasing and decreasing measurands. That is, for an 

increasing strain, the output of the sensor would be exactly the same as the output when 

the strain is decreasing, from the same starting point. A mistaken calculation of the 

change in direction can lead to gross strain measurement errors [28]. Second, if the 

electrical power is interrupted in the phase demodulation system, the initial phase of the 

interferometer used by an electronic fringe counter to establish a reference signal is lost 

[7,8,28]. The directional problem associated with the EFPI can be solved using of 

quadrature-phase shifted (QPS) sensor [15]. A QPS sensor has two _ signals 

approximately 90° out-of-phase with one another. By monitoring the phase change 

between the quadrature shifted signal, one can determine when a change in the direction of 

the applied perturbation has occurred. Although this modified sensor configuration gives 

directional information, in practice, it is difficult to construct two adjacent Fabry-Perot 

cavities that are precisely phase shifted by 90°. Moreover, it is difficult to isolate a phase 

change resulting from transverse, torsional strain or bends from an actual change in 

direction. In order to resolve these difficulties, new demodulation and signal processing 

techniques have been developed for this dissertation. 
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Figure 2.4-2. Optical fiber Fabry-Perot interference patterns produced by partially 

coherent light of varying spectral width. The spectral width is modified by changing the 

current supplied to the source. 
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3. Optical Demodulation Techniques 

The main focus of this chapter is to discuss techniques that may be used to recover the 

optical signal encoded by a remote interferometric sensor. Demodulation systems based 

on novel optical cross-correlation techniques and classical Fourier transform 

spectroscopy are investigated. Before an effective signal processing algorithm can be 

developed, individual demodulation systems must be accurately characterized to assess 

the limitations and the practical issues involved in implementing the instrumentation for 

field applications. These assessment tasks were conducted so that we can develop a 

demodulation system having the optimal frequency response, resolution, and dynamic 

range yet is practical to implement. Figure 3.0-1 briefly summarizes the classification of 

some of the optical cross-correlators that are discussed in this chapter. 

  

  
Optical Demodulation Techniques. 

_————___ 

    

    

        
  

  

        

Spatial Cross-Correlation Fourier Spectroscopy 

WLIPM Pohl Fizeau Grating 
                    

Figure 3.0-1. Summary of optical cross-correlation demodulation techniques. 
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3.1 White Light Optical Cross-Correlator 

The technique of white-light interferometric path matching (WLIPM) is based on the 

principle that if the path difference of a single interferometer is larger than the coherence 

length of the source, then the two beams of light generated in the interferometer will be 

unable to generate interference fringes. However, if a second interferometer is included in 

the configuration so that its path difference matches that of the first interferometer, the 

overall path between the two beams of light will have a difference less than the coherence 

of the source, and the beams will interfere [7,8,9,10]. The second interferometer is used 

to extract information encoded by the sensing interferometer. A detailed description of 

several different WLIPM configurations are provided in the following sections. 

3.1.1 Spatial Correlation 

The WLIPM sensor demodulation system can be operated in either the reflective or 

transmissive mode. The reflective and transmissive configurations are shown in Figure 

3.1-1(a) and (b). The objective of the WLIPM approach is to utilize an output 

interferometer such as Michelson or low-finesse Fabry-Perot scanning interferometer to 

correlate the cavity lengths of remotely located EFPI sensors as shown in Figure 3.1-1. 

When the coherence matching condition occurs (the optical path difference of the sensing 

interferometer matches the decoding interferometer) [7,8], an interference pattern 

(interferogram) is generated as shown in Figure 3.1-2. The peak of the envelop shown in 

Figure 3.1-2 indicates the position where the complementary interferometers are in 

complete coherence. The interferogram is obtained by synchronizing the oscilloscope to 

the start of the scan. Synchronization allows us to correlate the time axis with the 

displacement of the scanning Fabry-Perot cross-correlator [29]. 
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Although we have demonstrated the WLIPM demodulation technique, the main drawback 

in using a mechanically scanned device is its slow response. Thus, it may be inadequate 

for applications that require a high frequency response such as vibration monitoring, or 

acoustic transducers. In spite of the slow frequency response, white light interferometry 

allows optical fiber sensors to be easily multiplexed. Figure 3.1-1 shows two 

multiplexing schemes. In either case, each sensor in the array must be set at a different 

initial gap to prevent cross-interference between individual sensors. Decoding a 

multiplexed sensor array is accomplished by a single scanning output cross-correlating 

interferometer. As the scanning cross-correlator approaches the optical path length 

difference of each sensor, an interferogram is generated. 

In addition to its demultiplexing capability, another advantage of the WLIPM decoder is 

its extremely high resolving capability, limited by the sampling rate of the detection 

electronics. Figure 3.1-2 shows that the time resolution on the x-axis can be improved by 

capturing the interferogram at a higher sampling rate. We can improve the displacement 

resolution by increasing the sampling rate of the detection electronics. The displacement 

resolution of the spatial cross-correlator is obtained from the following relation 

éd = At d,..,. (3.1-1) 

where At is the sampling rate and d,ca, is the maximum scanning distance of the cross- 

correlator. Since we are correlating the displacement of the resonant cavity to a timing 

interval, the accuracy of this type of demodulation system is highly dependent on how 

well one can maintain the constant scanning rate of the output interferometer. The 

displacement estimation also depends on the proper synchronization of the detection 

electronics with the cross-correlator. 
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Figure 3.1-1. White light interferometry path matching topologies a) reflective and b) 

transmissive configurations [29]. 
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Figure 3.1-2. Output of white light path-matched interferometer [29]. 
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3.2 Fizeau Cross-Correlator 

One innovative approach that can be used to improve the frequency response of the 

cross-correlator is depicted in Figure 3.2-1(b). The Fizeau cross-correlating technique 

proposed by Belleville and Duplain employs a low-finesse wedge interferometric 

demodulator and a linear charge coupled device (CCD) array to capture the returned 

spectrum [11]. The frequency response of this type of demodulation system depends on 

the electronic scanning speed of the CCD array as opposed to a mechanical scanning 

device. The length of the Fabry-Perot cavity is determined by measuring the light 

spectrum X(A) transmitted or reflected by the sensor, and is accomplished by cross- 

correlating the measured spectrum with the simplified transmittance function T(A,d) of a 

Fabry-Perot. The cross-correlation coefficient at a given distance d is evaluated with the 

following relation [11], 

M-1 1 
eee + nAd)   C(d) = (3.2-1) 

2nd - 2 
1+ Fsin iv + nADL 

The Fizeau interferometer acts as an optical cross-correlator whose cavity length varies 

spatially along the length of the wedge. Therefore, the interferometric pattern resulting 

from gap correlation has a spatial dependence as opposed to the temporal dependence of 

the scanning EFPI. Spatially monitoring the location of the fringe pattern indicates the 

gap length corresponding to the sensing EFPI. In other words, the light intensity 

transmitted through a Fabry-Perot sensor with a cavity length of d will be maximally 

transmitted by the Fizeau interferometer exactly at the position where the distance 
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between the flat glass slides equals d. The interferogram captured on the CCD array is 

shown in Figure 3.2-2. 

The highest peak of the interferogram corresponds to the location where the Fizeau and 

Fabry-Perot cavity lengths are matched. As one moves away from this central position, 

the path-matched condition between the sensor and the cross correlator gradually fades, 

thereby reducing the observed fringe visibility, or fringe contrast. This phenomenon thus 

enables the signal processing hardware to determine the precise location on the CCD array 

having the highest intensity peak [11]. A simple vector sorting routine may be 

implemented to perform this calculation. The theoretical displacement resolution of this 

demodulation system is simply 

a 

nsin Y ) 
where a is the width of the Fizeau wedge, n is the number of elements in the CCD array, 

Sd = (3.2-1) 

and y is the angle of the wedge. It is apparent from Figure 3.2-1 that the dynamic range is 

preset by the angle of the Fizeau wedge and the length of the CCD array (Lccp) 

d= Abc (3.2-2) 
sin Y 5) 

Equating Equation (3.2-1) with (3.2-2), we see that the resolution is inversely related to 

the dynamic range. The inverse relationship between resolution and dynamic range is the 

major disadvantage of the Fizeau cross-correlator since it is not possible to 

simultaneously obtain high resolution and wide dynamic range. 
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Fabry-Perot interferometer and b) Fizeau interferometric cross-correlator. 
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Figure 3.2-2. Output of CCD array illustrating typical path matching fringes resulting 

from using Fizeau cross correlation techniques. 
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3.3 Pohl Interferometric Demodulator 

The principle of the Pohl interferometer is based on the optical path difference (OPD) 

that results from reflections off the front and back surface of the plate. Light incident at 

an angle on the parallel plate will reflect off both the front and back surface of the plate 

and have a phase difference which is dependent upon the incident angle of the light and 

the material and thickness of the plate. The phase difference is given by [30] 

_ 4ntcos(a) 
x ; (3.3-1) Ao 

where Ad = phase difference, t = plate thickness, and & is the reflection angle from the 

back surface and is simply given by Snell's law as [30] 

o= sin EEO, (3.3-2) 

where 9 is the angle of incident on the plate and n is the refractive index of the plate. 

If the light incident upon the plate is collimated or if the angle of incident is normal to the 

parallel plate, the phase difference between front and back reflections does not vary 

spatially over the length of the plate. If, however, the light incident upon the plate is 

diverging as it is upon exiting an optical fiber, there will be different angles of incidence at 

different locations along the plate and hence spatial fringes will be observed. This 

concept is illustrated in Figure 3.3-1 [30]. 
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If the plate is illuminated with a long coherence source such as a laser, the fringes 

described above should be visible in the far-field pattern reflected from the parallel plate. 

These fringes were observed upon illumination from a laser, and are shown schematically 

in Figure 3.3-2. Note that the periodicity of the interferogram varies due to the 

dependence of the OPD on the incident angle. 

An experimentally measured section of the interferogram illuminated by a laser is shown 

in Figure 3.3-3. A small portion of the reflected signal was transmitted through a 

cylindrical lens and focused onto a CCD array. Since only a small portion of the entire 

interferogram was monitored, the fringes appear to be evenly spaced. The interferogram 

shown in Figure 3.3-3 represents the transfer function for a Helium Neon (HeNe) laser. 

The twelve fringes represent an overall OPD dynamic range of 7.5 micrometers over the 

length of the CCD array. Using a typical CCD array that has 1024 pixel elements would 

result in a spectral resolution of 7 nanometers. If the wavelength was to change, then the 

periodicity of the fringes would change. Therefore, by taking a fast Fourier transform 

(FFT) of the signal incident upon the CCD detector, the wavelength can be correlated to 

the spectral peak. Changes in wavelength and modulation frequency can also be detected 

by using an electronic phase-locked loop to determine the phase shift occurring between a 

carrier signal and the input optical signal [31]. 

Since the Pohl interferometer converts wavelength encoded information into a frequency 

modulated optical signal, the interrogation system is highly immune to source intensity 

drifts and other intensity based errors. We should note that the spatial frequency 

modulation only occurs when the coherence length of the optical source is greater than the 

optical path length difference produced by the parallel plate. 
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Figure 3.3-1. Schematic illustrating path differences resulting from a diverging light beam 

incident upon an angled parallel plate. 
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Figure 3.3-2. Interferogram of a Fizeau parallel plate interferometer illuminated by a 

diverging beam. 
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Figure 3.3-3. Interferogram from a Fizeau parallel plate demodulator for a HeNe laser 

Chapter 3 

operating at 632.8 nm. 
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3.4 Pohl Cross-Correlator 

The Pohl interferometer discussed above can be effectively used as a cross-correlator for 

the Fabry-Perot fiber sensor. Here a broadband, short coherence source is used to obtain 

fringes when the total optical path difference in the system is within the source coherence 

length. This situation arises when the EFPI air gap matches the OPD generated by a 

specific divergence angle incident on the parallel plate. Therefore, as the gap changes, the 

corresponding angle must change and the fringe envelope resulting from correlation will 

shift back and forth across the CCD array. By tracking the position of the intensity peak 

incident on the CCD array, the EFPI displacement gap can be accurately monitored. The 

experimental setup for this technique is shown in Figure 3.4-1. For m number of pixel 

elements, the displacement resolution for the Pohl decoder is related to the thickness of 

the parallel plate and transmission angle to the CCD array [30] 

_t cos(a) 
5d = . (3.4-1) 

n 

  

The resolution obtained from Equation (3.4-1) can be further improved by using more 

advanced central fringe identification schemes such as the centroid interpolation technique 

described in Section 4.2.3. The advantage of the Pohl interferometer is its simplicity in 

construction and operation. As a cross-correlator, the Pohl interferometer used in this 

configuration does not produce spatially varying frequency modulated signal, thus 

spectral analysis using the Fourier transform is not suitable for this application. The 

most direct signal processing method is simply to record the pixel position of the fringe 

having the highest amplitude. 
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Figure 3.4-1. Path matching configuration using a Pohl parallel plate cross-correlator. 
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3.5 Dispersive Grating Spectroscopy 

Because the Fabry-Perot cavity is uniquely specified by the transmittance function, an 

optical spectrum analyzer or any equivalent instrument such as grating, Fabry-Perot or 

Michelson spectrometer can also be used to determine the phase difference between the 

various wavelength components. The more common spectrometer scans the spectrum by 

diffracting the incoming optical signal onto a photodetector by means of a mechanically 

rotated diffraction grating. This method produces a digitized signal that is uniformly 

sampled in wavelength [32]. Another approach taken in designing a spectrometer is to 

diffract the entire spectrum onto a stationary CCD array via a grating [33]. In this 

scheme the incoming spectrum is not uniformly sampled since the diffracted beam 

incident on the CCD array is not normal to the imaging surface. The nonuniform 

sampling behavior is an important issue that will be addressed in Chapter 4. 

In a demodulation system that utilizes a grating-based spectrometer, the resolution is 

governed by the periodicity of the diffraction grating, its diffraction characteristics, and 

the separation distance between the CCD, the geometry and pixel size of the CCD 

element. The spectrometer resolution is also dependent on the quality of the grating, the 

blazed angle, and pitch. Assuming that we have uniform wavelength sampling, the 

resolution of the spectrometer may be estimated from [34] 

Si =—, (3.5-1) 
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where n is the number of pixels in the CCD array and Ad is the passband of the 

spectrometer. The actual displacement resolution depends on the type of signal 

processing used to estimate the cavity length from the spectral encoded information. 

In summary, we have demonstrated in this chapter several viable approaches for 

demodulating optical fiber-based interferometric sensors. However, due to practical 

implementation constraints, we will mainly use the spectrometer for the demodulation 

system. Utilizing any of the demodulation schemes described in Sections 3.1 through 3.4 

would require a considerable hardware development effort in order to obtain a calibrated 

measurement system. In this dissertation, we have elected to use a calibrated spectrum 

analyzer so that we could allocate some of the research efforts to developing a viable 

signal processing algorithm and investigate the distortion effects that impose significant 

impact on the performance of the processing algorithm. A summary of the theoretical 

displacement/spectral resolution for each respective demodulation system discussed in 

this chapter is given in Table 3.5-1. 

Table 3.5-1. Demodulation techniques and theoretical displacement/spectral resolution. 
  

  

  

  

  

  

Demodulation Technique Displacement/Spectral Resolution 

WLIPM : dd = Atd,.., 

i Sd = a/'n sin ¥] Fizeau Cross-Correlator a/n sin 5 
4) 

t cos (a) 
Pohl Cross-Correlator $d = 

n 

; Ar 
Fourier Spectroscopy oA = —_       
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4. Digital Signal Processing Techniques 

Digital signal processing is becoming a ubiquitous tool for many disciplines of engineering. 

It is currently undergoing a period of rapid growth caused by recent advances in VLSI 

technology, especially in the areas of optimal signal processing, namely, real-time 

adaptive signal processing, eigenvector methods of spectrum estimation, and parallel 

processor implementations of optimum filtering and prediction algorithms [35]. This 

chapter describes two digital signal processing techniques tailored specifically to process 

the wavelength encoded optical signals from the interferometer. The first technique 

employs a simple peak wavelength tracking approach to estimate the displacement of the 

Fabry-Perot interferometer. The second signal processing approach is an adaptive 

spectral estimation technique that makes extensive use of the Fourier transforms. For 

both techniques a spectrum analyzer was used to decode the optical sigrul. In the 

spectrum analyzer, the different optical power at each wavelength comprising the LED 

spectrum are resolved using a diffraction grating and continuously measured using a self- 

scanning CCD array interfaced with a personal computer. 

4.1 Peak Wavelength Tracking 

The use of a broadband source in the spectrometer-based demodulation system can be 

viewed as equivalent to a large number of laser diodes placed successively in the 

wavelength domain. Since the phase difference @ for a given Fabry-Perot gap separation 

described in Equation (3.1-2) is a function of the wavelength, the outputs due to each 

laser diode differ in phase, and hence, the output intensity varies as a function of 
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wavelength. For a broadband source, the phase difference Ad between two fixed 

wavelengths 4, and A, of the return signal from the interferometer has the following 

relationship [28, 36, 37] 

4innd _ 47nd 
Ao = 

PA 
(4.1-1)     

Rearranging the above equation, the dimension of the Fabry-Perot cavity can be found if 

the phase difference Ad between two wavelengths is known, using [28, 36, 37] 

AAs 

A convenient approach toward evaiuating Equation (4.1-2) is to set Ad to 27, which 

corresponds to the constant phase difference occurring exactly between two consecutive 

wavelength peaks. Decoding of the remote fiber sensor output is most easily 

accomplished with a spectrometer, and ii requires only simple computation. 

4.1.1 Hardware Configuration 

The basic experimental setup of the spectrometer-based EFPI sensing system is 

illustrated in Figure 4.1-1. The experimental decoder consists of an 830 nanometer 

superluminescent light emitting diode (SLED) injecting a broadband optical signal having a 

full width half-maximum (FHWM) of 25 nanometers into the Fabry-Perot sensing cavity. 

The SLED, pigtailed onto a singlemode fiber, is rated for 1.4 milliwatt at a drive current of 

120 milliamp. The output signal from the EFPI sensor is fed directly into a grating-based 

spectrometer where a CCD array is used for spectral imaging and analysis. The 

spectrometer made by Ocean Optics consists of an 1800 lines/mm holographic ruled 
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diffraction grating which spreads out the incoming light spatially across a linear CCD 

array. The internal arrangement of the diffraction grating and the imaging array of the 

spectrometer only passes wavelengths ranging from 780 to 860 nanometers (AA = 80 

nm). Since the CCD array has 1024 pixel elements, the wavelength resolution calculated 

from Equation (3.5-1) for the experimental spectrometer is approximately 0.07 

nanometer. Thus, each output frame from the CCD array consists of 1024 pulse 

amplitude modulated (PAM) signals [31,33]. Based on this minimum detectable 

wavelength, the displacement that is calculated from Equation (4.1-2) can at the most 

have a resolution of 0.5 micrometers. 

Since each pixel element in the CCD array is excited by a different wavelength, the 

incident light charges the CCD element to a voltage level proportional to the intensity and 

the efficiency at that particular wavelength. The individual pixel element behaves like a 

capacitor requiring a prescribed amount of time for charging and discharging. Therefore, 

the efficiency of the diffraction grating and the incident optical power dictates the 

integration time of the CCD array and thereby affects the overall frequency response of 

the spectrometer. The analog voltage signals from the CCD array are then sequentially 

sampled using a 12-bit analog-to-digital converter (ADC) board. Here, a ComputerBoard 

DAS-330 ADC allows the signal to be sampled at a rate of 500 kHz. At this maximum 

500 kHz sampling rate, the acquired frame rate for the 1024 pixel element CCD array is 

480 frames/second. Note that the frequency response of the demodulation system is 

specified by the slower frame rate since the signal processing is operated on the entire 

frame of data not on the individual pixel element. If we choose to process individual pixel 

element, the output from each pixel of the spectrometer is interleaved between successive 

scan thus the effective frequency response remains the frame rate. Finally, the digitized 

signal is processed with software using a personal computer. 
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Figure 4.1-1. Experimental setup of the spectrometer-based EFPI sensing system. 
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The software that implemented the constant phase algorithm was written in Borland 

C++. The computer program is coded to perform a number of functions, specifically 

e synchronize the timing between the ADC and the CCD array, 

e calibrate the spectrometer so that each pixel of the CCD array corresponds to 

a particular wavelength, 

e average the acquired data using a preset number of data frames, 

e determine the wavelength peaks in the interferogram by calculating the slope 

of the voltage level between two adjacent pixels, 

e obtain the Fabry-Perot cavity displacement from Equation (3.3.4-2), and 

e display the calculated displacement as a measurement of the applied 

perturbation which may include strain, temperature, or pressure. 

4.1.2 Experimental Results 

Experiments conducted using the above basic wavelength tracking approach were initially 

unsatisfactory because the demodulation system utilized a sensor design that was 

impractical to use, and the unsophisticated signal processing algorithm performed poorly. 

For example, preliminary experiments required high finesse Fabry-Perot sensing cavities 

that operated only in transmission. The high finesse cavities were necessary to increase 

the sharpness of the transmittance peaks, thus allowing the software to better 

discriminate between the two wavelength peaks that are 27 out of phase. By increasing 

the reflectivities of the fiber endfaces, we effectively improve the fringe visibility and 

signal-to-noise ratio of the transmitted signal without having to increase the input optical 

power. 
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The preliminary experiments also indicated that the EFPI sensors cannot be used in 

reflection because the spectral peaks are dispersed over a broad range of wavelengths, as 

illustrated in Figure 4.1-2. The dispersion prevented the demodulation system from 

accurately locating the spectral peak. Finally, being located near the noise floor of the 

system, the poorly defined spectral minima did not provide the information needed to 

calculate the displacement of the Fabry-Perot cavity. 

As a first step towards overcoming the impractical sensor design and the poor resolution, 

digital filters were utilized. As shown in Figure 4.1-3(a), a third-order Butterworth filter, 

implemented in software, can be used to selectively remove the high frequency noise 

interference from the interferogram of Figure 4.1-3(b). Besides removing the random 

noise, digital filters can be used to reshape the interferogram and enhance the spectra for 

application in the peak tracking algorithm. By making use of digital filters, the initial 

requirement that the sensor must be operated only in transmission and must use only high 

finesse cavities, the demodulation system can now work with a broad range of sensor 

configurations. Moreover, the actual optical fiber sensing probes can now be fabricated 

from EFPI sensors that operate in reflection. Further resolution improvement may be 

obtained through modification of the spectrometer. As is obvious, a CCD array having 

more than 1024 pixels can be used to improve the wavelength resolution, but this will 

increase the integration time of the array or decrease the frequency response. Similarly, at 

the expense of improving the resolution by using a grating with more diffraction lines 

(3600 lines/mm versus 1800 lines/mm), the efficiency of the spectrometer is significantly 

reduced [33]. Asa solution to this problem, one would need to use a source that outputs 

higher intensity to achieve an equivalent SNR. Alternately, we can improve the 

performance of the spectrometer-based EFPI system by employing more advanced digital 

signal processing techniques, as discussed in Section 4.2. 
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Figure 4.1-2. Reflected spectrum from the EFPI sensor showing the wavelength minima 

residing within the noise floor. R=70%, gap=50 Um. 
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Figure 4.1-3. a) Interferogram corrupted with random thermal noise in CCD array. A 

low-pass Butterworth digital filter can be used to b) remove high-frequency noise 

component, or c) reshape the interferogram so that wavelength minima can be used in 

constant phase algorithm. Specifications of sensor: R=80%, gap=50 um. 
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4.2 Fourier Transform Spectroscopy 

Spectral estimation and fringe analysis using the Fourier transform offer a significantly 

higher measurement resolution. The fast Fourier transform (FFT) algorithm has been 

effectively applied for the past 25 years to general signal processing in data 

communications, seismology, radar, sonar, speech compression, imaging systems, and 

many other applications [38, 39, 40]. Processing of the interferogram in the frequency 

domain is appealing because of the availability of dedicated microprocessors designed for 

high-speed real-time processing. 

The use of the FFT method for fringe analysis was first proposed by Takeda for 

measuring two-dimensional phase distributions over the interfering plane, and has since 

found applications in tomography and electron wave interferometry [6,41]. In these 

applications, the algorithm was restricted to straight, parallel and equi-distant fringes. In 

contrast, the fringe patterns of the fiber Fabry-Perot interferometer are typically distorted 

by various types of imperfections such as mirror surface irregularities and defects [42,43], 

angular misalignment of the mirrors [44-46] and the imaging behavior of the grating 

spectrometer [47,48]. The broadband source in combination with a nonlinear 

spectrometer, also produce interferograms comprised of many frequency harmonics. The 

FFT-based algorithm developed during this research is designed to overcome some of 

these problems. The FFT calculates as many harmonically related sets of sinusoidal 

components as there are data points in the data set. It is used primarily to compute the 

power spectral density (PSD). In the frequency domain, the desired signal can be easily 

isolated from the noise. Since discrete harmonic components are available from the FFT, 

the frequency resolution can be further improved by interpolation schemes. 
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Assuming then that the intensity distribution of the Fabry-Perot fringes forming the 

interferogram across the face of the CCD array is linear and uniformly spaced apart, and 

can be written as [41,48,49] 

I(x) = A(x)[1 + ¥(x)cos(2nfx + )], (4.2-1) 

where A(x) is the average intensity, (x) is the contrast, fis the spatial frequency, o is the 

initial phase of the fringes in the interferogram, and the argument x is the spacing across 

the surface of the CCD array. The Fourier transform of Equation (4.2-1) is expressed by 

[22,23,26] | 

I(v) = [1ocexp(-2nive)dx = A(v)+C(v—f)exp(io) + C(v +f) exp(—-io), (4.2-2) 

where 

A(v)= [ A@xyexp(—2nivx)dx, (4.2-3) 

C(v) = > [ AGoCexp(-2nivx)dx . (4.2-4) 

Accounting for distortions caused by the imperfection of the interfering wave, the fringe 

intensity is described by [22,23,26] 

I(x) = A(x)[1 + ¥(x) cos(2nfx + @(x) + 9], (4.2-5) 

and 
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C(v) = , [AG Y(x)exp(-i@(x))exp(—2nivx)dx. (4.2-6) 

For discretely sampled signals, the above calculation can be done with the use of a 

discrete Fourier transform (DFT). We considered using the discrete Fourier transform 

pair [40,41] 

—), (4.2-7)   H()= Yniprex xp( 

and 

—2nipn 
H(p)=— y he exp( N ), (4.2-8)   

where N denotes the number of sampling points, T is the sampling spacing, and n and k 

are integers. For simplicity we set T=1. The discrete representation of Equation (4.2-1) 

is 

I(p) = A(p)[1 + y(p) cos(2nfp + )], 
4.2-9 

(p= 0,1,...,N—D). ( ) 

The discrete Fourier transform of Equation (4.2-9) is 

*MN. o-mMn. an ; an ; i) = A) + CE — fexplio) + CE + fexp(-id) (4.2-10) 
(n = 0,1,...,N—1), 

where 
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2Tipn 
  AC) = ¥ A(p)exp(-), (4.2-11) 

and 

2nipn 

N 
  

. N-1 
Ce) = =D Ap vp)exp ). (4.2-12) 

p=0 

4.2.1 Issues of Windows for Fourier Transform 

The Fourier transform series shown above treats a block of data as though it were one 

period of a periodic sequence. If the underlying waveform is not periodic, then harmonic 

distortion may occur because the periodic waveform created by the Fourier transform 

may have sharp discontinuities at the boundaries of the blocks. This effect is minimized 

by removing the mean of the data and by windowing the data so the ends of the block are 

smoothly tapered to zero. A good rule of thumb is to taper 10% of the data on each end 

of the block using either a cosine taper or one of the following common windows [39,40], 

e Rectangular 

0.54-0.46cos(2mn/N),  O<n<N-1 
w(n) = (4.2.1-1) 

, otherwise 

e Hamming 

0.54-0.46cos(2mn/N), OSn<N-1 
w(n) = (4.2.1-2) 

, otherwise 
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e Hanning 

0.5-0.5cos(2mn/N), O<n<N-1 
w(n) = (4.2.1-3) 

; otherwise 

e Blackman 

0.42 — 0.5cos(2mn/N) + 0.08 cos(4mn/N), 0<n<N-1 
w(n) = (4.2.1-4) 

; otherwise 

An alternate interpretation of this phenomenon is that finite-length observation has 

already windowed the true waveform with a rectangular window that has large spectral 

sidelobes. Hence, applying an additional window results in a more desirable window that 

minimizes frequency domain distortion. 

4.2.2 Resolution of Fourier Transform Spectroscopy 

The calculation of the Fourier transform is not usually accomplished with the discrete 

Fourier transform (DFT) shown above. The Fourier transform is evaluated using the FFT 

algorithm, since this numerical technique is several orders of magnitude faster than the 

DFT algorithm. The resolution that is obtainable by means of the Fourier analysis is 

inversely proportional to the total sample period; N/2 independent spectral lines 

spanning the frequency from 0 to 0.5 of the sampling frequency are obtained for N input 

data points. 

To improve the estimation resolution, the input signal can be zero-padded to increase the 

record length [39]. Zero-padding provides the additional spectral lines in the FFT which 
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will approach the continuous Fourier transform based on the original sample record 

length. Zero-padding can also resolve ambiguities and reduce the quantization error in the 

spectral lines of the FFT. It must be understood that the finite observation interval 

results in a fundamental limit on the spectral resolution, even before the signals are 

sampled. The continuous time rectangular window has a sin(x) / Xx spectrum, which is 

convolved with the true spectrum of the analog signal. Therefore, the frequency 

resolution is limited by the width of the mainlobe in the sin(x) / xX spectrum, which is 

inversely proportional to the length of the observation interval. 

Sampling causes a certain degree of aliasing, although this effect can be minimized by 

sampling at a high rate. Therefore, lengthening the observation interval increases the 

fundamental resolution limit, while taking more samples within the observation minimizes 

aliasing distortion and provides a better definition of the underlying spectrum [22,40]. 

4.2.3 Spectral Estimation Errors 

To further enhance the resolution already improved with zero-padding, information in 

adjacent spectral lines can be utilized in an interpolation technique. In general, a 

mathematical function is interpolated between the spectral peak of the FFT and the two 

adjacent spectral lines. The frequency estimate derived from this interpolation can be 

several orders of magnitude more accurate than a straight FFT calculation. Typical 

functions employed for curve fitting are parabolas, Gaussians, Sinc, or centroids of the 

energy of the spectral lines. The parabolic fit applied to the FFT of an interferogram uses 

the following equation [50] 
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P 
1... (v) = I(v) + ta | (4.2.3-1) 

2(P,_, + Pia ~ 2P., 

where I..(v) is the interferogram frequency estimate, I(v) is the frequency of the peak 
est 

spectral line derived from the FFT, Pj;.,; and Pj,, are the magnitudes of the adjacent 

spectral lines, and AI = I/N At is the spectral line spacing of the FFT. The Gaussian 

curve fit is applied in the same manner and is given by [51] 

P_ P 
io Bt) ao Be 

i /_ JAT, (4.2.3-2) 

lee) 
The centroid method is another method for interpolating the FFT. The centroid 

Le (V) = I(v) + 

interpolation is given by [52] 

L,(v)= iv yo SRB EP (4.2.3-3) 
i-l i — i+] 

4.2.4 Experimental Results of Fourier Transform Spectroscopy 

Using the FFT algorithm, the gap of an EFPI sensor was determined by identifying the 

frequency of the sinusoidal period in the wavelength domain. Here, we have assumed that 

the spacing over a small spectral distance for EFPI fringes is approximately uniform. 

This periodicity corresponds uniquely to a specific gap based on the constructive and 

destructive superpositioning of individual wavelengths. Applying an FFT results in a 

spectral peak corresponding to a specific value in the frequency domain. This peak falls 

within a single FFT bin which correlates to a gap [29]. Calibration curves can be 
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determined for the displacement by determining the frequency bin of the spectral output 

sinusoid for a range of gaps. These values can be integrated into a look-up table for fast 

processing of the signal. In addition to interpolation methods for increasing the 

resolution, phase detection can also be employed. Figures 4.2-1 through 4.2-3 show the 

theoretical results expected when the FFT algorithm is used. The plots show both the 

error and the resolution expected for the FFT technique, both with and without phase 

corrections. The data also considers the size of the FFT necessary to achieve a desired 

resolution. 

With ordinary spectral analysis, the resolution is directly related to the record length as 

we have explained earlier and illustrated in Figure 4.2-1. It would seem logical that we 

would want to calculate the FFT with as large of a record length as possible by increasing 

the zero-pad. With a long record length of 524288, we can theoretically achieve an 

estimate resolution of 1 nm. However, the computation time and hardware memory 

requirements would not be practical. For example, it takes 4.2 seconds to compute a 

complex FFT of 2!” (131072) elements using a 133 MHz Pentium® processor. The 

computation alone would also require 2 MB of memory to store and execute the 

transform. Clearly from a practical standpoint of speed, increasing the record length of 

the data via zero-padding to improve the resolution of the spectral estimation is not a 

viable option assuming that we can easily expand the memory capacity. Since the bias 

errors associated with the FFT algorithm do not significantly decrease with an increase in 

the record length as illustrated in Figures 4.2-1 and 4.2-2, the optimum record length for 

simultaneously minimizing the resolution and error is an FFT that is evaluated with 4096 

elements. Even with a limited record length, the actual frequency response of the 

demodulation system employing digital filters, Fourier analysis and interpolation is still 

degraded to less than 10 Hz from a frame sampling rate of 480 Hz. 
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4.3 Irregular Sampling Problem 

In developing the algorithm for analyzing the interferometric signal, we have assumed that 

the Fizeau fringes or interferogram, produced by the interference of plane waves are 

uniformly spaced apart (equispaced) and that the sampling interval are uniformly spaced 

at p = nh points, where h = A,,,,/2, and n is an integer. When the digitized signal I(A) is 

evaluated using the FFT algorithm, we expect to obtain an undistorted spectral peak, I(v), 

in the frequéncy domain. In practice, however, the intensity distributions that are 

captured by the CCD array do not produce equispaced interferograms. The main reason 

is that the incident wavefront is not normal to the surface of the imaging detector. Even 

though the incoming optical signal is sampled at a uniform rate, the angle at which the 

optical signal impinges on the detector face causes the actual recorded signal to chirp in 

frequency as illustrated in Figure 4.3-1. In fact, the instantaneous frequency of the 

chirped signal depends on where the light falls on the CCD array, the center wavelength, 

and the spectral width of the optical source. 

For a given air-gap, the resulting spectral estimation errors are directly related to these 

distortion effects. Ordinary Fourier analysis hides the fact that a chirp signal has a well- 

defined instantaneous frequency by integrating over the entire time interval, thus arriving 

at a very broad frequency spectrum. The spectral peak from the periodogram is an 

average value indicating the dominant frequency of the interferogram. The use of such 

multiresolution approach as the short time (windowed) Fourier transform is similarly not 

effective for this application. We therefore need to extend the classical spectral 

estimation technique to specifically mitigate the distortion effects associated with our use 

of a CCD-based spectrum analyzer. 
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Figure 4.3-1. Signal distortion produced by a diffraction-based spectrometer. 
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We can regard the harmonic distortion discussed above as a problem of irregular sampling. 

Since a signal I(x) cannot be recorded in its entirety, it is sampled at sequence { A,,n€ 

Z}. Then the question arises how I(A) can be reconstructed or at least approximated from 

the samples I(x). In practice, only a finite number of samples can be measured and stored. 

In the case of irregular sampling, the problem becomes a finite dimensional problem and 

can be approached with methods of linear algebra. Since the sampling points are 

nonuniform, the spatial frequency can be expressed by 

f=(n,+ An)/N , (4.3-1) 

where n, and An are the constant and the fluctuation components of the fringes 

respectively. When An in Equation (4.3-1) is not zero, we then have [48] 

iD = AQ) + CF ~f(n + An))exp(io) + CF +f(n+An))exp(—io), 

(n = 0,1,...,N—1) 
(4.3-2) 

where 

CS) =F APyv(p)exP(-2nip). (4.3-3) 
p=0 

To find the interpolated value at the point n,+An, we can use the shifting property of the 

discrete Fourier transform to obtain [48], 
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(4.3-4) 
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= VI p) ex -2nip lng Dip | 

p=0 

From the spectral estimation, we can calibrate the demodulation system to determine the 

displacement of the resonant cavity using a polynomial interpolation curve fit. The 

coefficients of the polynomial, relating the spatial frequency of the CCD array to the 

displacement of the resonant cavity, are determined by the diffraction characteristics of 

the spectrometer. We can also use Equations (4.2.3-1) through (4.2.3-3) to interpolate 

the spectral peak or parts thereof to further improve the measurement resolution. 

Although the frequency estimation approach demonstrated above achieves a high 

displacement resolution, the algorithm still does not account for bias errors. As Figure 

4.3-2 clearly shows, bias errors result if the source spectrum shifts in wavelength or 

changes its spectral width [35]. Figure 4.3-2(a) illustrates how a +0.5% shift in the 

wavelength of the optical source can result in a +2% bias estimation error. While not as 

severe, the spectral width of the optical source also contribute to the bias error. 

The main cause of the bias errors illustrated in Figure 4.3-2 is attributed to the 

spectrometer. A spectrometer is normally calibrated so that each pixel element of the 

CCD array is associated with a particular wavelength. If the recorded waveform is 

plotted as a function of wavelength instead of pixel, Figure 4.3-3 shows that the fringe 

pattern is associated with a single sinusoidal frequency as opposed to a chirped 

frequency. Ordinary Fourier analysis cannot account for these nonlinear wavelength 

effects because the computation assumes a linear and uniform sampling interval. 
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Let us now define a chromatic Fourier transform integral which is also an orthonormal 

basis function 

I(d) = fiayexp(- “yan (4.3-6) 

where the usual fundamental frequency  ( in cycles per unit time) is replaced with d, 

representing the displacement of the resonant cavity. Since the integration in Equation 

(4.3-6) is cakculated with respect to wavelength, we are thus able to account for 

wavelength changes occurring in the fringe pattern. The spectral peak that is obtained by 

evaluation of Equation (4.3-6) is the actual dimension of the resonant cavity as opposed 

to a frequency spectral peak that is typically associated with the calculation of the 

ordinary Fourier transform. In a discrete representation, the chromatic power spectrum is 

expressed as 

i(d) = Siajerp “4 an. (4.3-7) 
A rin 

The evaluation of Equation (4.3-7) requires a priori knowledge of the displacement. Since 

the correct displacement is not known, either an iterative method or the band-limited 

discrete Fourier transform (DFT) interpolation method is necessary. In the iterative 

method, one first calculate the FFT given by Equation (4.3-4) or use the wavelength peak 

tracking scheme of Equation (4.1-2) to determine a rough estimate of the displacement. 

From this estimate, the DFT is iteratively calculated using Equation (4.3-7) to obtain the 

maximum power spectra. By mathematically maximizing Equation (4.3-7), we can obtain 

a very precise estimate of the displacement of the resonant air-gap. 
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4.4 DFT Spectral Estimation Algorithm 

Due to the fact that the behavior of the interferometer and the associated phase noise 

contribution from the optical source were known, several programs were written in both 

Matlab and C environments to numerically simulate the spectrum produced by a Fabry- 

Perot interferometer and support system and to evaluate the performance of the DFT 

implementation of the chromatic power spectral estimation algorithm. A summary of the 

chromatic spectral estimation algorithm is illustrated in the flowchart of Figure 4.4-1. 

Figure 4.4-2(a) plots the interferogram produced by simulation and actual recorded data. 

The simulated waveform was generated by applying Equation (4.3-5). The Fourier 

transform of the simulated and experimentally derived signals in Figure 4.4-2(b) show that 

the spectral peaks are well matched except for the noise floor being greater in magnitude 

for the actual interferogram. These results are important because they indicate that the 

experimental interferogram can be represented by simulations with a high degree of 

accuracy. The simulation will now facilitate our study of other distortion effects in the 

optical waveguide. 

The resolution of the chromatic DFT algorithm as a function of the gap displacement is 

illustrated in Figure 4.4-3. In the operating range of interest between 50 micrometers and 

150 micrometers, the displacement resolution of the demodulation is better than 20 

nanometers or 5 microstrain for a 4 millimeter gage length strain sensor. In comparison to 

the FFT algorithm, a record length of 34,768 elements is needed to achieve a resolution of 

20 nanometers. To obtain the same resolution using interpolation, the required record 

length is shortened to 4,096 elements but the algorithm remains sensitive to random 

fluctuation. Using the chromatic DFT algorithm, the demodulation system achieves the 
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desired spectral resolution and is also highly robust against random noise. The main 

drawback of using the DFT approach is its slow speed caused by an _ inefficient 

computational algorithm. 

Because the chromatic power spectrum is calculated from wavelength values produced in 

the calibration of the spectrometer, the dominant cause of errors is attributed to the 

inaccuracy of the calibration. Figure 4.4-4 plots the bias errors as a function of the pixel 

calibration error. As pixel jitters increase uniformly in magnitude, the displacement 

estimation error also increases. However, if the calibration error associated with each pixel 

is random, the bias estimation oscillates and monotonically increases in amplitude, as 

illustrated in Figure 4.4-5. 

Finally, in Figure 4.4-6 we plot the theoretical spectral resolution as a function of the SNR 

of the demodulation system. As expected, the resolution plotted in terms of the random 

error degrades when the SNR decreases. Using an Ocean Optics spectrometer (Model SIE- 

77), a 1 milliwatt LED (830 nm) source and uncoated Fabry-Perot cavity sensors, a 20 dB 

SNR was measured for the demodulation system. Note that the SIE-77 spectrometer uses 

a 1800 lines/inch ruled grating centered at 850 nanometer and having a passband of 100 

nanometers. Experimentally, a 20 dB SNR provided an estimation resolution of 10 

nanometers. In comparison to theoretical simulations, the resolution for a 20 dB SNR is 

on the order of 5 nanometers. 
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5. Overview of Optical Waveguide Theory 

In the previous chapters, the discussion of the interferometer and the associated signal 

processing algorithms has assumed that the optical waveguide does not affect the 

performance of the spectral estimation. Simulation of an ideal optical fiber interferometer 

using the FFT processing scheme provides a displacement resolution on the order of 0.1 

nanometer. In practice, however, noise arising from thermal effects, jitters in the 

detection electronics, bending losses, chromatic distortion, and other pulse distortion 

mechanisms have limited the practical displacement resolution to more than 10 

nanometers. In order to attain a more detailed understanding of how these effects degraie 

the performance of the spectral estimation, we need to review the fundamental optical 

fiber waveguide theory. The optical waveguide theory will allow us to study the mode 

structure of the optical signal and determine how changes to the guided mode structure 

will affect the spectral estimation. Since mode theory for circular waveguides has been 

carried out in extensive detail in a number of works [53-59], a general outline of the 

analysis will be provided in this chapter. 

5.1 Monochromatic Plane-Wave Solutions 

To analyze the optical waveguide, we typically consider Maxwell’s equations that give 

the relationship between the electric and magnetic fields. To expedite the analysis, we 

assume that the medium is a linear and isotropic dielectric material having no currents and 

free charges. For monochromatic waves in an ideal optical fiber made of a nondispersive 

and nonabsorptive material, we consider the Helmholtz equation 
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(V? +k?n? 32)G, =0, (5.1-1) 

where the subscript i=1 is the core, i=2 is the cladding, V’ is the 3-dimensional Laplacian, 

nis the refractive index (nj>n2; nj, n2 assumed to be constant), and k, =W/c. The 

refractive index n is related to the dielectric constant €(r) by n2(r)=e(r)/€p [1,2,17]. In 

analyzing the optical waveguide, we consider solutions to the Helmholtz equation 

represented by 

G(r, 6, z,t) = v(r,4) exp| jot + Bz)|, (5.1-2) 

where § is the propagation constant and, is the angular frequency. Limiting ourselves 

to waves with phase fronts normal to the waveguide axis z, w(r,d) assumes the form 

y(t, 0) = {n. (Gr) ie ( < i (5.1-3) 
DK, (q,r) sin(vo) r>a 

where A and D are amplitude constants, 

qi = kin; — B’, and (5.1-4a) 

q; =P’ —k¢n; , (5.1-4b) 

and J,, K, are ordinary and modified Bessel functions of order v. In Chapter 6, we will 

use the modal field expressions obtained here to model the propagation of a phase 

modulated signal in an optical fiber, and analyze how changes occurring in the waveguide 

medium, which alter the mode field distribution, will interfere with the performance of the 

spectral estimation algorithm. 
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5.2 Weakly Guiding Optical Fibers 

In solving the wave equation, there are few known refractive index profiles for which 

Maxwell’s equations lead to exact solutions for the modal fields. Even for the practical 

and relatively simple step-index profile, the derivation of the vector modal fields in a fiber 

has been shown to be cumbersome. A considerable simplication in the analysis results if 

the weak guidance approximation described by Gloge is used. The weak guidance 

approximation is given by A <<1 where [54] 

2_ 2 _ 

Aa 2 BT ce], (5.2-1) 
2n? n 

1 1 

    

If we define parameters U and W for the core and cladding, respectively, viz., 

U =a,/k?nj —B’, and (5.2-2a) 

W =a,/B? —k?n}, (5.2-2b) 

the quadratic summation V* = U* + W’ leads to the normalized frequency 

V =ak,/nj — 15 = [ni =n} ; (5.2-3) 

where a is the radius of the fiber and A is the wavelength of the source. In performing the 

error analysis of Chapter 6, the radial frequency U is needed to approximate the 

propagation constant of the core, and W is needed to derive the mode field diameter of the 

fiber for a particular normalized frequency V. 
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5.3 Linearly Polarized Modes 

Using the weakly guiding condition, the exact solutions of Maxwell's equations can be 

simplified to give an insight into the properties of certain combinations of modes, termed 

linearly polarized (LP) modes. The weakly guided modes have the same propagation 

constants and are linearly polarized along the x-axis and the y-axis, respectively. In 

addition to the simplication in the analysis and the ease in understanding the mode 

phenomena, Gloge has shown that it is possible to calculate the fields in the fiber and the 

characteristic equations of LP modes directly from Maxwell's equations [54]. 

The properties of the LP modes imply that the solution y(r,o) in Equation (5.1-2) can be 

considered as a representation of the LPjm (the first subscript denotes the Bessel function 

of the first kind of order v, the second represents the zeros of the Bessel function). Table 

5.3-1 shows the correspondence between the exact modes of a circularly symmetric fiber 

and the approximated LP modes [58]. Continuity of the fields and the derivatives dy/dr 

at the interface then lead us to the following solutions for the wave equation 

    

u() 
_\ 4 / 

J{U cos| jo 
W(t, >) = 4 ”) {; ( 1 {r<h (5.3-1) Rapa (a 

—_ 4) 
K,(W) | 

as well as the characteristic equation 

UJ_,(U WK_¥,(W 1 Jo am ) (5.3-2) 
  

3,(U) K,(W) 
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Upon solving (5.3-2) for B it will be found that only discrete values restricted to the range 

konz < B < kon, will be allowed to exist in the fiber. Equation (5.3-2) is a complicated 

expression that is typically solved using numerical methods and the solutions for any 

particular mode will provide all the information of that mode. The number of modes that 

can exist in a waveguide as a function of the normalized frequency V may be conveniently 

represented in terms of a normalized propagation constant b defined by [54,59] 

(B/k) — n3 | 5.3-3 b= 

Figure 5.3-1 is a plot of the dispersion curves derived from the characteristic equation for 

a few of the low-order modes. A mode is defined to be in cut off when B/k = n, or b=0. 

In Chapter 6 we will investigate the behavior of the spectral estimation algorithm as a 

function of these characteristic fiber parameters. 

Table 5.3-1. Linearly polarized mode structures. 
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5.4 Coupling Between Waveguide Modes 

In analyzing the optical waveguide we have assumed that the cladded-core fiber was 

perfectly straight, and had a circularly symmetric geometry with homogeneous material of 

constant refractive index in the core, cladding and jacket region. Any deviations from the 

constant average refractive index values were assumed to consist of random fluctuations 

correlated over short distances compared to the wavelength of the light. Such microscopic 

index fluctuations causing Rayleigh scattering of the guided mode to the radiation mode is 

usually considered as a bulk loss by a contribution to the imaginary component of the 

propagation constant. Actual fibers, however, are never quite perfect. Aside from the 

microscopic fluctuations due the random molecular structure of the material, the index 

also deviates macroscopically from its nominally symmetric circular symmetry. 

Furthermore, the fiber will never be straight as it is subjected to both microbends and 

macrobends particularly when it is embedded into another material [56-58]. 

All these deviations of the fiber from the ideal geometry and refractive index distribution 

lead to coupling of power among the modes. If the fiber guides only the fundamental 

mode, perturbations cause power coupling from the guided mode to leaky and radiation 

modes. In an ideal optical fiber, the evanescent fields are made to decay by using 

infinitely thick cladding region. Conventional optical fiber uses the lossy jacketing 

material surrounding the cladding to suppress the radiation modes. Because of the finite 

cladding thickness imposed by a practical fiber system, the cladding region also guides 

electromagnetic radiation but supports discrete cladding modes [58-61]. Thus, power in 

the fundamental guided mode is coupled to these discrete cladding modes. Since mode 

coupling is a wavelength dependent mechanism, our analysis of the fiber-based Fabry- 

Perot interferometric sensor must therefore account for these wavelength selective losses. 

Chapter 5 Overview of Optical Waveguide Theory 82



We can treat the situations of guided wave fiber optics involving the exchange of power 

between modes by means of the coupled-mode approach [62]. The formalism describes 

the total propagation disturbances in a structure as a sum of unperturbed modes of the 

system whose amplitude vary with distance z due to some coupling between them. In the 

following sections we will reproduce some of the main features of this theory but develop 

the coupled mode equations by proving that the modal fields in the optical fiber are 

orthogonal to one another. 

5.4.1 Coupled-Mode Equations 

We began by supposing that the following vector fields exist in an optical waveguide 

E,, H, n, (1,0, Z) (5.4.1-1) 

E,, HJ [n,(,6,z)J - 

and satisfy Maxwell’s curl equations 

Vx H=jocE (5.4.1-2) 

VxE=-javH (5.4.1-3) 

We apply (5.4.1-2) to mode v and take the dot product of the complex conjugate of this 

equation with E, 

tI
 -Vx H' =-jae,E, -E,. (5.4.1-4a) 

u 

Similary we apply (5.4.1-3) to mode u and take the dot product of the complex conjugate 

of this equation with H, 

-H,:V x E’ =—jop,H) -H,. (5.4.1.-4b) 
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Applying (5.4.1-2) to mode u and taking the dot product with E’, leads to 

E'-VxH =joe,E,-E’, (5.4.1-4c) 

and similarly applying (5.4.1-3) to mode u and taking the dot product with H’, produces 

-H)-VxE = jop,H,-H. (5.4.1-4d) 

Integrating the sum of Eqns. (5.4.1-4a) to (5.4.1-4d) yields 

V = [(jo(e, -,)E, -E’) dv, (5.4.1-5) 

<
t
 S
 

where we define F = E’ x H_ +E, x H’. Invoking the divergence theorem to a volume of 

infinitesimal thickness in z on the left side of (5.4.1-5) leads to a useful vector identity of 

the form [17] 

(F- 2) dS+ $F -AadL, (5.4.1-6) 
Ls <

-
e
,
 

s
 

v= fan| 
where S indicates an area integration in the r, plane, and Lg is a line integral extended 

over an infinitely large circle around this area. z is a unit vector in the z-direction and fi is 

an outward normal unit vector from the contour Ls. If one or both of the modes are 

guided modes of the waveguide, their field strength at infinity vanishes and the line 

integral goes to zero. The line integral also vanishes when both modes are radiation modes 

of the structure [56,61]. Changing the right hand side of (5.4.1-5) into a surface integral 

we obtain 

J ZF XH, +E, x H') dS = jo Ile, -e,JE,-E'dS, — (5.4.1-6a) 
z=cons tant z=cons tan t 
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or 

(8, -B,) {(E" x H, +E, x H') dS= joe,{(n? -n?JE,-E'dS. (6.4.1-6b) 
S S 

Being more specific in defining the modal fields of the optical waveguide, the forward 

propagating electromagnetic fields of a lossless cylindrical uniform system characterized 

by €, are of the form 

E,(1,0,2) = ao(Z)|6.,(2) + é.,(r,9) Jexp(-iB,2), (5.4.1-7a) 

and 

Hi, (r,,z) = a,(z)[h,,(z) +h, (r.4)]exp(- jB,z), (5.4.1-7b) 

where B, is the modal propagation constant, h,,(r,) and é..(r,0) represent transverse 

fields independent of the z-axis found from the solutions of the transverse wave equation. 

A similar representation applies to the modal fields v. Substituting (5.4.1-7a) and (5.4.1- 

7b) into (5.4.1-6b) and assuming that there is no perturbation applied to the optical fiber 

(n* =n’), the right hand side of (5.4.1-6b) vanishes. In order to prove power 

orthogonality, we allow the backward traveling fields to propagate in the optical fiber, 

and thus obtain from (5.4.1-6b) 

(B, ~ B, )f(-8. x hy + ex x h’ dS=0, (5.4.1-8a) 
tl 

5 

and 

(B, -B,)f(8, xhy +8, xh") dS=0, (5.4.1-8b) 
S 
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for the backward and forward propagating modes, respectively. Taking the sum of (5.4.1- 

8a) and (5.4.1-8b), we can now show that nondegenerate modes are orthogonal via the 

following relations [53,58] 

(é. x h,,) dS=0 , 

wn
” 

(5.4.1-9) 
(2. xh’ )dS=0. 

Y)
 
C
y
,
 

Any arbitrary field distribution of the optical waveguide can be expressed in terms of the 

orthogonal modes of the guide. It is thus possible to write 

H,(r,,z) = }a,,(z)hy(1,0)exp(-JB,, 2), (5.4.1-10a) 

and 

E,(r,9,z) = Ya, (2)84(1)exp(- iB, 2), (5.4.1-10b) 

where the subscript f¢ represents a transverse vector in the r,d plane, label m denotes a 

particular orthogonal mode in the waveguide, and a,(z) is the modal coefficient. 

Substituting Equation (5.4.1-10) into (5.4.1-5) leads to a general differential equation for 

mode propagation in a perturbed waveguide from which the modal coefficients a,,(z) can 

be determined [56,57,60,61 ] 

da, (z)_< , ie 7 ata 2)eXP(IAB wy, 2) Co (5.4.1-11) 

where 
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AB, =B, -By,. (5.4.1-12) 

and the coupling coefficient C,, independent of z is defined as [58] 

  
= OF __s . (5.4.1-13) 

Equations (5.4.1-11) through (5.4.1-13) represent an extremely complicated systems of 

coupled amplitude equations since u and v extend over all modes (discrete and 

continuous). Due to the complexity of these coupled mode fields, the calculations of the 

differential propagation constant in (5.4.1-12) and the coupling coefficients in (5.4.1-13) 

are generally evaluated using numerical techniques. 

In deriving (5.4.1-11) through (5.4.1-13), we took an alternate approach by proving that 

the modes in the optical waveguide are orthogonal to each other in order to arrive at these 

equations. Nevertheless, the resulting expressions obtained by this approach are 

equivalent to that obtained by Marcuse [56] using perturbation theory, and Snyder [61] 

and Yariv [13,60] using coupled mode theory. 

Finally, the value of AB called the phase matching condition is equal to the difference 

between the propagation constants of the two coupled modes. Careful examination of 

Equation (5.4.1-8) shows that in order to sustain a cumulative exchange of power between 

two modes, the phase matching condition must vanish. Otherwise, the values of 

da,,(z)/dz from different parts of the propagation path interfere destructively. In a mode 

coupling situation, traveling mode u interacts with the perturbation to yield a traveling 

polarization wave. The polarization wave in turn excites mode v. Simultaneously, mode 

v interacts with the perturbation to drive mode u. When AB = 0 power exchange between 

mode u and vy is sustained [60]. 
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6. Error Analysis of Distortion Effects 

The transmission performance of an optical fiber is characterized by three global 

parameters: 1) the cutoff wavelength of the second order mode, A,, defining the spectral 

region of singlemode operation, 2) the mode field diameter (MFD), measuring the width 

of the modal intensity pattern, and 3) the chromatic dispersion which is expected to have 

minimal impact on the performance of the interferometer because of the short lead length 

used in typical fiber sensing applications. The objective of this chapter is to discuss how 

these parameters affect the spectral estimation algorithm. This chapter also discusses 

how wavelength selective attenuation induced by microbends and macrobends can impair 

the operation of the fiber-based Fourier transform spectroscopy. We will use coupled- 

mode theory and the approximated LP mode solutions derived in Chapter 5 to develop 

the modeling simulations. An extensive error analysis of chromatic distortion caused by 

modal interference, mode field diameter changes, microbends is also presented. 

6.1 Modal Interference 

The cutoff wavelength of the LP,, mode is a very important parameter because it 

indicates the wavelength region where the optical fiber can be used in singlemode 

applications. The theoretical cutoff wavelength can be deduced from the corresponding 

cutoff normalized frequency as 
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(6.1-1)   

where Vj, is the first solution of the characteristic Equation (5.3-2), and A is defined in 

Equation (5.2-1)._ The normalized frequency depends on the particular refractive index 

profile of the fiber. For a singlemode step-index fiber, the normalized cutoff frequency 

Vi. is equal to 2.405. If the LP;; mode is allowed to propagate in the optical fiber, modal 

interference may occur. Interactions or interference of the fundamental mode and the LP; 

mode can occur if the optical path length difference between the modes is less than the 

coherence length of the source or if the light emitting diode operates with wavelengths 

that fall below the cutoff wavelength of the optical fiber [21]. The interference signal that 

occurs is due to the superposition of two lower order modal fields, 

1/2 

I(r,0,z)=(Ep, +E) (6.1-2a) 

where 

E,,(r,9, z) =E,J o(dot}exp(aot - iBo.z), (6.1-2b) 

is the electric field of the fundamental mode obtained from Equation (5.1-3) and 

E,, (1,9, z) =EJ, (qr) cos(o) exp(at - jB,,z) (6.1-2c) 

is the electric field describing the LP,; mode. The argument q,, is defined by Equation 

(5.1-4). It should be noted that for all modes, degeneracies can exist in terms of 

polarization states. For the LPo,; mode, two polarization states may exist (x and y 

polarization) depending upon the launch and environmental conditions [56-58]. 
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Polarization birefringence may also exist if the index in the fiber is anisotropic. For most 

practical applications, the polarization birefringence is minimal, and thus typically 

ignored. For the LP,,; mode, there are four-fold degeneracy resulting from a combination 

of polarization effects and the periodic dependency on the azimuthal direction 6, termed 

odd or even. Asa simplification to our analysis we will assume that only the even LP, 

mode is excited. 

Expansion of Equation (6.1-1) using Equations (6.1-2b) and (6.1-2c) leads to an 

interference pattern [63] 

I(r,,z) = Jo(do.t) + Fi(qur)cos’(o) + 

(6.1-3) 
23o(doit)J (quit) cos()cos{ABz) , 

where AB=8,,-B,, is the differential propagation constant. The first two terms 

contribute to a bias that remains constant across the imaging surface of the CCD array. 

The third term has a cosine term that varies as a result of the difference in the propagation 

constants between the two modes. Measurement of the overall intensity output will 

remain constant, but the intensity distribution oscillates between the two lobes of the 

LP, 1 mode. 

Chapter 6 Error Analysis of Distortion Effects 90



  
Figure 6.1.1-1. Intensity profile of several lower order LP modes. 
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Dual Mode Effect of Fourier Spectroscopy 

  

  
      

Il — —T — T T 

0.8 + 

2 

5 = 0.6 + 

~~ 
oO 
>) 

as O4F+ 
E 
°o 

Zz 
0.2 r )     
  

O _ Le ! ! L L L 

810 820 830 840 850 860 870 

Wavelength (nm) 

Figure 6.1.1-2. Chromatic distortion of Fourier transform spectroscopy caused by 

modal interference. 
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6.1.1 Effects of Modal Interference on Fourier Spectroscopy 

Interrogation of a dual mode interferometer by the spectrometer produces a combination 

of chromatic distortion and spurious signal harmonics. Chromatic distortion is easy to 

understand since the profile of the fundamental guided mode differs from the LP, guided 

mode as illustrated in Figure 6.1.1-1. The intensity profiles illustrated in Figure 6.1.1-1 

for two guided modes are based on Equation (5.3-1). Figure 6.1.1-2 graphically illustrates 

the effect of’ modal interference on a Fabry-Perot interferometer fabricated with a 9 

micrometer core diameter optical fiber (singlemode at 1300 nm) and operated with a 830 

nanometer source. Figure 6.1.1-2 clearly shows the chromatic distortion effect. 

Depending on the input condition, the power spectral density of the harmonic component 

may exceed the fundamental frequency, thus causing spectral estimation error. 

If we now combine the modal interference from Equation (6.1-3) with the simple 

interference model of the Fabry-Perot in Equation (3.0-4), the output intensity arriving at 

the imaging array takes the following form 

I(r,,z) = 2Iy|1 + COS{ yap + ap) (6.1.1-1) 

where 

sap = +o, and (6.1.1-2a) 

4, = T'cos(ABz), (6.1.1-2b) 

is the phase shift due to modal interference with 
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[= 2Jo(dot)J,(quir)cos(o), (6.1.1-3) 

being the amplitude of the phase shift. Equation (6.1.1-1) accounts for most phase 

modulation mechanisms that occur when the optical fiber is used as the waveguiding 

medium in a Fabry-Perot interferometer. The expression shown in Equation (6.1.1-1) 

does not, however, show the cause of signal harmonics when a dual-mode optical fiber is 

used. A more meaningful interpretation of the intensity equation can be obtained if we 

perform a series expansion of the cosine dependence in terms of the Bessel function to 

produce 

14 [ o(F) +23 (") cos) Shales ' ‘ n=! 

I(r,9,z) = 21, +, = (6.1.1-4) 

{25 taal) ofa) (ans +0.)   4   
where we have used the identities [26] 

cos(A cos) = a.) +2. (-1)"Sy, (A eosno (6.1.1-5a) 

and 

sin(A sin) = 255-1) .u(A) sin +1)6]. (6.1.1-5b) 

Equation (6.1.1-4) now clearly illustrates that in addition to the fundamental frequency 

component, modal interference in the optical fiber also induces an infinite number of 

harmonic distortion components. Equations (6.1.1-1) through (6.1.1-5) also illustrate the 
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difficulty in predicting and removing the distortion due to its dependence on a multitude 

of waveguide parameters. 

Several methods have been employed to minimize harmonic distortion. One simple 

approach is to use a mandrel wrap to strip-off the LP,;; mode. However, mode stripping 

is only a temporary solution. When the sensor is disconnected and reconnected from the 

demodulation system, a change in the injection condition may re-excite the LP); mode. 

Thus, mandrel wrapping is effective only when the sensor is permanently affixed to the 

demodulation system. The second approach of minimizing the errors is handled by the 

signal processing electronics. Digital filters can be used to remove the distortion if the 

fundamental frequency component is sufficiently well separated from the harmonic 

signals. A disadvantage for using digital filters is that additional computation is needed to 

implement the filtering algorithm, and this may degrade the frequency response of the 

demodulation system. 

6.2 Mode-Field Diameter 

The mode-field diameter is another characteristic of the optical fiber that has a strong 

influence on the resolution of the spectral estimation since it determines the spread of the 

pattern incident on the diffraction grating. The output from the diffraction grating 

depends on the spread angle at the input and thus each wavelength component may excite 

a certain number of pixels on the CCD array. We have shown in Chapter 4 that the 

wavelength spacing across the CCD array is nonlinear. When the same output signal 

illuminates a different part of the CCD array, the digitized signal changes its frequency 

and introduces error in the spectral estimation. 
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6.2.1 Derivation of Mode-Field Distribution 

The width of the electromagnetic field can be defined in several different ways. 

Depending on the choice from which the measurement of the guided field intensity 

distribution is performed, two distinct definitions of practical significance can be given for 

the spot size d and the MFD w. The spot size and MFD are related simply by the 

relation d =2V2w[58]. Experiments have shown that shifts in the source wavelength 

and bends in the optical fiber will change the MFD. Consequently, the MFD affects the 

spectral estimation. The mode-field diameter can be defined in two regions, the near-field 

and the far-field. In the near-field definition the fundamental mode intensity pattern is 

detected from a point very close to the fiber end-face. In the near-field, the intensity 

pattern is proportional! to the radial distribution of power into the fiber 

I(r) x y?(r), (6.2.1-1) 

where w(r) is the field distribution of the LP, mode from Equation (5.1-2). A standard 

approach used for defining the near-field spot size w, is to use the root mean square 

(RMS) width of the near-field intensity distribution I(r) [56] 

co 2 

[Peyvor dr 

—J0 Ww, (6.2.1-2) 
[yor dr 

In the grating demodulation system, the imaging plane of the CCD array is far from the 

output face of the fiber, that is, in the far-field region. Here, the effect due to free space 

propagation must be taken into account. Assuming that the imaging distance R from the 

fiber endface is large such that R>>w,7/A, the effect of free-space propagation must be 
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considered by means of the theory of diffraction via Fraunhofer conditions [1]. Choosing 

a coordinate system (R,9) as in Figure 6.2.1-1, the diffracted field takes the form [65] 

W(R,p) = “2 exp(ik,R)cos0 F(p), (6.2.1-3) 

where k, = 27/A is the vacuum wavenumber and p=k,sin(@) is the angular propagation 

constant. The function F(p) above is dependent on the distribution of the modal field. 

Usually in calculations of interest, the term cos(@) can be taken to be unity, since at large 

angles the radiation pattern is faint. Under this assumption, F(p) is related to the near- 

field y(r) by the cylindrical Fourier transform [58] 

F(p) = uo) J,(pr)dr. (6.2.1-4) 

The far-field intensity F?(p) represents the angular distribution of the output power of 

the singlemode fiber. Therefore, considering that the light beam radiated by the fiber is 

diffraction limited, that is, its angular width is approximately given by the reciprocal of its 

radial width, the far-field spot size wy is defined as [55,63] 

1/2 

{F%pyp dp 
Wp = (6.2.1-5) 

[p°F?(p)p dp 
Oo 

which is inversely proportional to the RMS width of the angular intensity distribution 

F*(p). Making use of well-known Fourier transforms properties, the far-field MFD can 

be derived directly from the field distribution of the propagation mode, viz. [58,66,67] 
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Figure 6.2.1-1. Coordinate system of the radiation pattern of the fiber in the Fraunhofer 

region (far-field). 

6.2.2 Approximated Width of Guided Mode 

The weak-guidance approximation described in Section 5.2 greatly simplifies the 

determination of the modal fields of optical waveguides, because it depends on solutions 

of the scalar wave equation rather than on vector solutions of Maxwell’s equations. For 

circular optical fibers, with an arbitrary profile, the scalar wave equation must normally 

be solved using numerical methods. These solutions, including those for profiles of 

practical interest such as the step and clad power-law profiles, are given in terms of 

special functions or by series expansions, which usually necessitate tables or numerical 

evaluation to reveal the physical attributes of the modes. Because the fundamental mode 

intensity pattern is approximately Gaussian, we can take advantage of the simplicity of 

the Gaussian description and readily elucidate the physical attributes of a general profile 
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by assuming that the fundamental mode field distribution of an arbitrary profile can be 

approximated by some Gaussian function. For the guided mode near the core region of a 

step-index singlemode optical fiber, the field distribution is approximated very well with a 

Gaussian function having a spot size d [56] 

y(r) = ex | (6.2.2-1) 

Note that in this notation, d describes the width of the electric field distribution but not 

the width of the energy distribution or mode field diameter which is narrower (by a factor 

of 2/2 ). Note also that far away from the core, the Gaussian function is a poor 

approximation for the guided mode, since it is known that its field tail deep inside the 

cladding decays exponentially and not according to a Gaussian distribution. Therefore, 

the Gaussian approximation is only suitable for problems involving the field at or near the 

fiber core but not far from the core. 

In Figure 6.2.2-1 the far-field spot size is plotted as function of the wavelength for a 

conventional singlemode step-index fiber. We have experimentally demonstrated in 

Section 4.3 how changes in the mode-field diameter introduces errors to the spectral 

estimation algorithm. In this section we have derived the exact and approximate 

mathematical expressions relating the mode-field diameter to the parameters characterizing 

the optical fiber. 
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Figure 6.2.2-1. Far-field spot size ws versus wavelength for a step index singlemode 

fiber (Spectran 830 nm singlemode - Pyrocoat SMC-A0820B). 
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6.3 Periodic Microbends 

Of all the waveguide distortion mechanisms, optical losses due to microbends are the 

most difficult to mitigate because the attenuation is wavelength selective. Microbend- 

induced optical losses occur when optical power from the fundamental mode is coupled 

to the discrete cladding modes. Experimental and theoretical analysis by Marcuse [68], 

Probst [69], Peterman [70] and Bjarklev [71] have shown that when an optical fiber is 

exposed to the action of periodically repeated microbends, significant wavelength- 

dependent losses will occur due to the wavelength selective nature of mode coupling. 

There are two conditions that must be satisfied by the fiber before mode coupling occurs. 

If the microbends satisfy the phase matching condition, and the mode field overlap 

integral is nonzero, then strong spectral attenuation will occur at discrete 

wavelengths[56,57,60,61,64]. The purpose of this section is to investigate how these 

wavelength dependent losses affect the spectral estimation algorithm. 

6.3.1 Microbend Loss Formulas 

The derivation of the microbend loss formula is based on perturbation theory which 

describes the coupling between the guided mode and the cladding modes of a distorted 

singlemode fiber. The coupling strength between modes of an arbitrary waveguide (guided 

or radiation modes) as derived in Chapter 5 is generally described by the coupling 

coefficient having the form 

_ WE) f/ > 2) ae ; w= Gp se n,| E,E, dS, (6.3.1-1) 
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where P is the total guided power, and n? - no” is the differential refractive index between 

the two modes. The capital letters E, and E, represent the electric field vectors of the 

coupled modes without their time and z variation, and the subscript and v label the 

guided and radiation modes. The radiation loss associated with the coupling of the 

fundamental guided mode to the radiation mode for a circularly symmetric optical 

waveguide caused by a perturbation of the refractive index profile may be obtained from 

  

  

the expression [57,68] 

20,, = Cc, (A) B(AB,,, ), (6.3.1-2) 
p=! 

where 

LP te vg Ade dr dp 
Com (%) = > 9) or (6.3.1-3) 

oo 21 oo 2k 1/2 

( [Jva@drdrdo ff yi.) dr do 

is the normalized z-independent coupling coefficient derived from (6.3.1-1) which 

describes the coupling strength between the LPo, guided mode and the LP,,, discrete 

cladding mode. The attenuation formula of Equation (6.3.1-2) also includes the spatial 

power spectrum caused by the microbends and is given by Unger [57] as 

(AB,,) = = | f(z) exp(-iAB,,,z)dz. (6.3.1-4) 

The function f(z) in Equation (6.3.1-4) describes the random deformation of the fiber axis 

and is directly related to the perturbed refractive index through the following first order 

Taylor expansion [56,64] 
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n(r,,Z) = nt) + See(2) cos(). (6.3.1-5) 
r 

For a broad class of fibers, Gloge [72] showed that the unperturbed refractive index 

profile n,(r) can be described by the power-law 

aq , O<r<a 
n,(r)= a (6.3.1-6) 

n, r>a 

with core diameter a, and the relative refractive-index A described by Equation (5.2-1). 

For a step index optical fiber, g 3. 

Microbend-induced radiation loss caused by mode coupling must also satisfy the phase 

matching condition between the fundamental guided LP9; mode and the circularly 

symmetric LP,,, cladding mode, specifically [14,60,61] 

AB a 2) = Boy (2) ~ Ba (A) =— (631-7) 

where A is the microbend period, B,,(A) and Bym(A) are the wavelength dependent 

propagation constants of the LP; guided mode and the LP,, cladding mode respectively. 

In the derivation of the microbend loss formula, the calculation of the values for B,,(A) 

and B,,(4) forms the basis of the theoretical analysis for they are used in the initial 

computation of the spatial power spectrum. Once the differential propagation constant 

ABym(A) is known to be a function of the wavelength, the phase matching condition of 

Equation (6.3-7) can be used to determine how the periodicity, A, induces mode coupling 
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at a particularly wavelength. High losses will occur at wavelengths where the spatial 

power spectrum peaks coincide with the positions of the coupling coefficients [57]. 

In order to find ®(AB,,) for the special case where the refractive index profile is 

deterministic such as perturbation due to a sinusoidal wall boundary, the deformation 

function f(z) can be defined as [60] 

= y. sin( 222 f(2)= Yin nN } (6.3.1-8) 

where Y, gives the deformation amplitude. Substituting Equation (6.3.1-8) into (6.3.1-4), 

the spatial spectrum simplifies to 

2 

, cog (2% + AB wn } cos (2 — AB vn } 

Yob it (6.3.1-9) 
em 2h LAB IL ° 2m _ ap IL 

Av Ae 

For random deformation period, we can express the spectral attenuation in terms of the 

autocorrelation function of the fiber and its Fourier transform. However, in practice 

neither the form of the autocorrelation function nor the values of the root-mean-square 

deviation and correlation length are known for actual fibers. Assuming a Gaussian 

correlation function, the spatial power spectrum is derived from the Wiener-Khinchin 

theorem, viz., [23,68] 

@(AB,_) = [.R(u)cos{6u)du, (6.3.1-10) 

where R(u) is the autocorrelation function 
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R(u) = 07(f(z)f(z + u)). (6.3.1-11) 

With the assumption that the deformation is a Gaussian random process, the 

autocorrelation function is then [23,68] 

2 

R(u) =o oa-(¢) | (6.3.1-12) 
c 

where o” is the rms deviation of the distortion function f(z), and L, is the correlation 

length. The spatial power spectrum of the random fiber distortion function then 

becomes[57,60] 

@(AB,,,) =Vn OL, o-[30 - Bele } (6.3.1-13) 

6.3.2 Approximations for the Microbend Loss Formulas 

To simplify the computation of the microbend loss formula, particularly in the calculation 

of the propagation constants B,,(A) and Bym(A), approximations from the weakly-guiding 

method proposed by Gloge can be employed [44]. The propagation constant of the 

fundamental guided mode, B,,(), for a step-index fiber is obtained from Equation (5.2- 

| 2 

Bo (A) = Kay-(S2) > (6.3.2-1) 

2a) by the expression 
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where k/(A) =k,n, = en, The parameter U is a wavelength dependent function that 

can be approximated by [57] 

(2.405)V 
U(A) = | 

(anv 
(6.3.2-2) 

Using Equation (6.3-2-1), B,,(A) may be estimated for any wavelength if the parameters 

of the fiber are known. This is followed by the computation of the propagation constant 

for the circularly symmetric cladding modes B,,(A) and may be approximated using 

B,.(A) = .}k3(A) - (222) ; (6.3.2-3) 

with kj(A)=k,n, =2nn,/2, and b is the cladding radius. It should be noted that since 

the fundamental guided mode is independent of 6, the coupling coefficients have 

nonvanishing values only for the LP,,, cladding modes which have the same $-dependence 

as the index perturbation. This property thus excludes the coupling of the guided mode 

to the circularly symmetric LP,, cladding mode. Furthermore, only the first order Bessel 

functions need to be considered since the coupling coefficients defined by Equation 

(6.3.1-2) vanish for the higher order cladding modes. 

From the weakly guidance analysis approach, we may assume that the presence of the 

core has a negligible effect on the cladding modes and that the refractive-index 

discontinuity at the outer cladding boundary (r = b) is sufficiently large. With these 

assumptions, we can express the cladding modes as [55,56,57] 
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E,, (1,52) = E,,,J,(q,r)cos()exp(ct ~ jB,,,2), (6.3.2-4) 

and the guided mode being given by Equation (6.1-2b) or approximated by a Gaussian 

profile using (6.2.2-1). 

Finally, in order for us to investigate the performance degradation caused by the 

wavelength selective attenuation, we can either incorporate the microbend radiation loss 

formula to the spectral estimation algorithm in the time domain or in the frequency 

domain. Since the optical attenuation presented here is readily recognized as a 

multiplicative effect, 

P,=aP,, (6.3.2-5) 

where P, and P, are the radiated and guided optical power respectively. The complex 

field in the image plane of the CCD array is found by directly multiply the attenuation 

coefficient of Equation (6.3.1-2) with the intensity function of Equation (2.4-12) 

0,171 —R? exp(—4nAvt,)] 
  I() = (6.3.2-6) 
[1- R*}{fh —R exp(-2nAvt,)] +4R sin?(nvot,) exp(-2nAvt,)} 

The spectral estimation algorithm requires that the optical signal is converted to the 

frequency domain prior to being processed. For a linear system, we can calculate the 

Fourier transform of the wavelength selective attenuation separately from the amplitude 

modulated intensity interference pattern. In the frequency domain, we can express the 

impulse response of Equation (6.3.2-6) as a convolution operation 

F{I(A)} = Ffotm(A)} @ FAIA}, (6.3.2-7) 
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where F denotes the Fourier transform operation, and @ denotes the convolution 

operation given as 

02 

F{o.,,(4)}@ F{I(A)} = fa,,(A) I(f-A}da. (6.3.2-8) 

Equation (6.3.2-8) is a mathematical expression that allows us to gain insights into how 

periodic microbend induced losses affect the spectral estimation algorithm. In an actual 

experimental setup, we would not be able to separate out the spectral attenuation from 

the interference pattern and perform the convolution of the two expressions in the 

frequency domain. We would only have access to the composite expression illustrated in 

Equation (6.3.2-6) from which we would calculate the Fourier transform. 

6.3.3 Sensitivity of Interferometers to Microbends 

Using the above approximations, we can now predict the wavelengths at which mode 

coupling will occur for a particular microbend spacing period. We first calculate the 

propagation constants of the guided and the various cladding modes of a fiber at a specific 

wavelength. We then obtain the periodicities A‘ that are required to meet the phase 

matching condition given by Equation (6.3.1-6). The procedures are then iterated for 

different wavelengths. 

Figure 6.3.3-1 plots the wavelengths where coupling from the fundamental mode to the 

cladding modes occur as a function of the perturbation period. The current simulation 

uses a Spectran 830 nanometer singlemode bend-insensitive fiber (cutoff wavelength 750 

+ 50 nm, core diameter = 2.5 um, cladding diameter = 62.5 um, n, = 1.4574, np = 1.4529). 
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Because the cladding mode propagation constants were approximated by ignoring the 

effect of the core, the curves in Figure 6.3.3-1 are not accurate indicators of the exact 

wavelengths at which coupling occur and should be used merely as a guideline. The 

curves are highly sensitive to small variations in the effective indices of the different 

modes and the radius of the core and cladding. The curves summarize the behavior of 

wavelength dependent losses, the wavelength separation of the different cladding modes 

and their dependence on different periodicities. For example, for a deformation period of 

300 micrometers, the simulation shows the first spectral attenuation peak occurring at 

720 nanometer for the LP,,; cladding mode and the last detectable attenuation peak 

occurring at approximately 920 nanometer. 

The graph can also be used as a guide to determine the deformation period that induces 

spectral losses in the operating range of the spectrometer. Because the spectrometer has a 

wavelength passband ranging from 750 to 950 nanometers, only deformation periods 

ranging from 330 to 520 micrometers will have spectral attenuation components that fall 

within the passband of the spectrometer. 

The model developed above can also be used to study the behavior of the wavelength 

selective attenuation. For example, we can predict the spectral width of the attenuation 

coefficient peaks as a function of the length of the deformation period. The transmission 

spectrums shown in Figure 6.3.3-2(a) and 6.3.3-2(b) indicate that the spectral width of 

the attenuation peak is inversely related to the interaction length of the deformation. 

However, the amplitude of the attenuation peak is directly related to the interaction 

length of the microbends. Experimental results have also confirmed this behavior [73]. 
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Figure 6.3.3-1. Theoretical determination of the relationship between microdeformation 

period and wavelength where guided-to-cladding mode coupling takes place for a Spectran 

830 nm singlemode bend-insensitive fiber. 

Chapter 6 Error Analysis of Distortion Effects 110



The behavior associated with the spectral width versus the number of deformation 

periods is an extremely important result because such wavelength selective losses will 

have a dramatic influence on the operation of Fourier transform spectroscopy. In Figure 

6.3.3-3, we plot the power spectral densities of the distortion-free Fabry-Perot 

interferometer and the spectrum for a sensor induced with microbends. Without the 

influence of microbends, the simulation shows that a sinusoidal interferogram produces 

one dominant spectral peak and a number of low amplitude harmonic components. With 

wavelength selective losses, the magnitude of the harmonic distortion components may be 

equal to that of the fundamental component. We clearly see this behavior in Figure 6.3.3- 

3 where a microbend interaction length of 0.03 meter produces broadband spectral losses. 

Wideband spectral attenuation is shown to produce frequency oscillation. The opposite 

occurs when the interaction length increases to 0.12 meter as depicted in Figure 6.3.3-4 

where the wavelength attenuation peaks are sharp but the magnitudes of the Fourier 

components are smaller. 

In processing the signal shown in Figure 6.3.3-3, the discrete Fourier transform algorithm 

often fails to accurately estimate the gap of the interferometer due to the absence of a 

dominant spectral peak. The spectral estimation algorithm fails because in trying to 

locate a particular peak, the output oscillates between these peaks. Figure 6.3.3-5 shows 

the actual measured spectral losses for a 1300 nanometer singlemode optical fiber 

subjected to a microdeformation period of 0.97 millimeter over a length of 0.12 meter. 
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To compare the performance of the classical and chromatic spectral estimation algorithms 

in an actual experimental setup where the optical fiber is subjected microbends, two 830 

nanometer singlemode EFPI sensors were embedded into a 11.5 x 11.5 cm cross-ply 

composite panel ([0/90/0/90/0],). The optical fiber sensors were fabricated with 

singlemode fiber to prevent modal interference and were then placed on the neutral axis of 

the composite laminate parallel to the reinforcement graphite fibers. Although laying the 

optical fiber along the axis of the graphite fiber reduces the effect of microbends, this 

arrangement prevents the embedded sensors from breaking when the composite is cured 

with a hot press. To compute the sensitivity of the optical fiber sensors to microbends, 

we monitored the strain produced by the composite laminate as it is being heated. 

The experiment was designed so that as the composite laminate expands with 

temperature, the variation in the spatial period of the microbends will modulate the 

output signal. As predicted by the theoretical simulation, the Fourier spectral estimation 

approach causes large sinusoidal output variations compared to the chromatic spectral 

estimation approach. Figure 6.3.3-6 shows the relative variations associated with each 

algorithm. We see from Figure 6.3.3-6 that a 1 microstrain variation associated with the 

chromatic spectral estimation algorithm is two-order of magnitude less severe compared 

to the 100 microstrain variation associated with classical spectral estimation approach. 

To illustrate that the microbends do indeed affect the classical spectral estimation and not 

the chromatic spectral estimation, we calculated the power spectral density of the output 

strain estimation. The resulting frequency responses are plotted in Figure 6.3.3-7(a) and 

6.3.3-7(b). Clearly, the frequency response of the chromatic spectral estimation 

algorithm is unaffected by microbends since the spectrum shows only a dominant spectral 

component at the lower frequency with high frequency white Gaussian noise. In 
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contrast, the frequency response of classical spectral estimation algorithm produces a 

number of distinct spectral peaks due to the oscillation of the strain output signal shown 

in Figure 6.3.3-6. 
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Figure 6.3.3-6. Illustration of the sensitivity of the classical spectral estimation to 

microbend induced optical losses. 
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Figure 6.3.3-7. Frequency response showing the sensitivity of the classical spectral 

estimation algorithm to microbends. Top figure is the PSD of the classical spectral 

estimation algorithm, and bottom figure is the PSD of the chromatic spectral estimation 

algorithm. 

Chapter 6 Error Analysis of Distortion Effects 118



6.4 Macrobends 

It is also well known that dielectric waveguides lose power by radiation when their axes 

are curved [74-79]. Similar to losses caused by random microdeformation, macrobending 

losses are also wavelength dependent. However, the major difference is that the guided 

mode couples energy to a continuum of radiation modes as opposed to discrete cladding 

modes. Therefore, the losses caused by macrobends are primarily associated with the 

envelope of the source spectrum and not with the phase of the signal, and thus cause 

spectral modulation. While macrobending losses will affect the spectral estimation 

associated with the signal processing employed by the discrete Fourier transform, the 

resulting errors are less severe compared with microbending losses. However, large errors 

will result if bends less than 1cm are applied to a singlemode fiber due to a poor signal-to- 

noise ratio. 

6.4.1 Coupling of Guided Modes to Radiation Modes 

The calculation of the radiation losses for a dielectric optical waveguide whose axis is bent 

into a circle represents a challenging problem. Marcatili have approached this problem by 

regarding the bent waveguide as a ring resonator possessing eigenfrequencies and deriving 

an eigenvalue equation for the vector modes [74]. This exact approach of solving the 

problem is very complicated since it requires the evaluation of the Bessel functions in the 

regime where their large order numbers are comparable to the magnitude of their complex 

arguments. Even when a scalar approximation is applied to the vector problem, it still 

does not even lead to a simple computational problem. 
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Due to the reasons mentioned above, solutions to the bend loss problem have been 

approached with different approximation techniques. Snyder [78] has proposed solving 

the curvature loss problem by using the field of the straight fiber as a first approximation 

in the Kirchoff-Huygens diffraction integral in its vector form. Lewin solved the problem 

by constructing an appropriate solution for the electromagnetic field [79]. Marcuse 

approached the problem utilizing the fact that the structure of the field solution outside of 

the bent waveguide core is known so that an approximate solution of the radiation far 

field can be obtained by matching the approximate radiation field to the guided mode field 

near the waveguide core [75]. Recently, Marcuse demonstrated that the bend loss 

formula may be computed using diffraction theory [76]. In this section, we will 

summarize the important results from these earlier theoretical developments and use the 

results to investigate how bending loss affects the performance of the interferometer. 

6.4.2 Curvature Loss Formula 

The loss formula for curved step-index fibers can be derived by expressing the field 

outside of the fiber core as an integral expansion in terms of Hankel functions and 

determining the expansion coefficients by matching the field expansion to the guided mode 

field along a surface that is positioned tangential to the fiber core. The loss of the fiber 

may be obtained by calculating the amount of power coupled to radiation modes at 

infinity. Following this approach leads to the following general formula for curvature 

loss[77] 

4th] a= —— ~~ > (6.4.2-1) 
nk R”*LJHO (8) 
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where R is the bend radius and the Hankel argument € = n,k(R+a). The bending loss 

formula involves two integrals, 

I= fy(zrae (6.4.2-2) 

L, = feoflyt dr. (6.4.2-3) 
0 0 

The function H’(&) stems from the expression for the field expansion in terms of the 

Hankel function. If the field of the LP modes of the straight fiber is substituted into 

Equation (6.4.2-1), the conventional curvature loss formula derived by Marcatili, Lewin, 

Marcuse and Snyder is [74,77-79] 

2x*e 28 
aL = (6.4.2-4) - 

en y*R? VINE) Ky (ya) Kya) 
  

2 forv=0, 

1 forv21. 
where e,= (6.4.2-5) 

Figure 6.5.2-1 shows plots of the loss coefficient of the LPg,; mode for different bend radii 

as a function of the wavelength for a Spectran 830 nm singlemode optical fiber. The 

graphs show that a bend radius on the order of 1 centimeter leads to significant losses 

over a broad range of wavelengths. Therefore, the performance of the interferometer 

degrades gradually as the curvature on the optical fiber becomes more severe. However, 

the losses associated with curvatures are not wavelength selective compared to effects 

associated with microbends. Since macrobends do not cause abrupt wavelength 

attenuation of the output mode field, spectral estimation algorithms based upon the 
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present frequency processing technique show minor sensitivity to large macrobends. The 

power spectral density of the attenuation function of Equation (6.2.2-4) is dominant at 

the lower frequency and may be straight forward to filter from the main spectral peak. 
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Figure 6.4.2-1. Loss coefficient of LP); mode at various bend radii. 
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7. Conclusion 

New signal demodulation and processing techniques were developed specifically to 

decode phase modulation information in optical fiber interferometers. The demodulation 

system uses an electronically scanned CCD array and a diffraction grating for the 

spectrometer. For signal processing the classical digital spectral analysis approach was 

extended to accommodate nonlinear effects associated with the sampling of a diffracted 

optical wavefront. Fourier domain analysis of the modulated spectrum exhibited 

extremely high spectral estimation resolution capability but the classical approach was 

shown to be unstable against chromatic distortion. To overcome the intensity fluctuation 

and source spectra variances, we presented a novel chromatic power spectral estimation 

technique. For these cases, we anticipated the problem and developed practical methods 

to resolve these effects. 

Unlike amplitude fluctuation, chromatic distortions introduced by the optical waveguide 

are much more difficult to mitigate. Examples shown in research are wavelength 

dependent losses that originate by the coupling of guided mode to cladding modes. This 

waveguide phenomenon occurs when the optical fiber is subjected to periodic 

microdeformations such that the spatial power spectrum and the phase matching 

condition are simultaneously satisfied. Mode coupling in the optical fiber causing 

chromatic distortion produces harmonic distortion in the frequency domain. Therefore, 

isolating and correlating the spectra associated with the actual sensing signal may become 

unreliable using the classical spectral estimation approach. The use of this technique in 
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our spectrometer-based demodulation system has led to erroneous measurement 

estimations. Practical implementaion of Fourier transform spectroscopy must therefore 

determine if the microdeformation will cause wavelength selective losses that fall within 

the operating range of the source spectra. 

Modal interference in the optical waveguide is an equivalent effect that was shown to be 

equally difficult to process. Here, the optical power losses do not occur as an abruptly 

interrupted signal, but as a slowly decaying function of wavelength. In the frequency 

domain, the power spectral density of modal interference is concentrated in the lower 

frequency band and may be easily removed with digital filters. 

Our investigation of macrobend induced losses indicated that the attenuation becomes 

significant as the signal to noise ratio falls below a threshold. To aid in our understanding 

of the mode coupling that occurs when a waveguide is subjected to perturbations, we 

employed coupled-mode theory and used the approximated LP mode solutions to derive 

the modeling simulations. 

In summary, a thorough understanding of how errors are introduced in the signal 

processing algorithm is paramount in designing any demodulation system for optical 

fiber-based sensors. This research has focused primarily on spectrometer-based systems, 

but has presented a number of viable decoding systems, including optical cross- 

correlators. We have attempted to probe issues that affect not only Fabry-Perot based 

interferometric sensors but other phase-modulated fiber sensor configurations as well. 

Newly developed fiber sensing configurations such as the Bragg grating and long-period 

grating sensors, which are susceptible to the same distortion mechanisms, will be prone to 

similar processing errors if the classical spectral estimation approach is used. 
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Although this research mainly addressed the fundamental limitations of the chromatic 

spectral estimation algorithm, future research in this area would need to determine how 

the algorithm can be optimized to improve its frequency response. A proposed technique 

would include implementing the algorithm in dedicated hardware designed specifically for 

digital signal processing applications. Another approach would be to develop a fast 

chromatic spectral estimation algorithm similar to the fast Fourier transform algorithm. 

Finally, future research efforts may also include the development of the cross-correlating 

demodulators briefly discussed in Chapter 3. For example, the Fizeau wedge cross- 

correlator may be made with a gradient refractive index lens which acts as both a 

correlating device by introducing a path length difference via the refractive index while 

focusing the optical signal onto the imaging detector array. 
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7.1 Summary of Original Contributions in Dissertation 

1. Developed and experimentally demonstrated the principles of CCD-based scanning 

spectrometer for demodulating phase modulated optical fiber sensors. 

2. Described several demodulation and signal processing methods that may be used to 

obtain a self-calibrating sensor demodulation system designed to quantify absolute 

displacement which can be correlated to the measurement of temperature, strain, and 

pressure measurements. 

3. Extended the classical spectral estimation technique to improve the robustness of the 

signal processing algorithm against the nonlinear effects associated with an electronically 

scanned diffraction grating-based spectrometer system. 

4. Demonstrated a highly adaptive signal processing algorithm designed to reduce the bias 

errors associated with source intensity fluctuations and wavelength variances. 

5. Investigated how the use of the spectral estimation algorithm in a practical 

interferometric sensing system is affected by external perturbations applied on the optical 

fiber including effects such as modal interference, microbends, macrobends, and mode- 

field distribution. 

6. Demonstrated a completely assembled optical fiber sensing, demodulation and signal 

processing system for strain and pressure measurements. 
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