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Loss phenomena in perturbed single-mode optical fibers: 

Investigation and applications 

by 

Manish H. Nasta 

Kent A. Murphy, Chairman 

Electrical Engineering 

(ABSTRACT) 

Losses induced in a single-mode fiber due to periodic spatial deformations along the fiber 

axis have been investigated spectrally. Deformation losses in several single-mode fibers 

were found to be strongly wavelength dependent. This wavelength dependence was 

characterized by narrow attenuation bands in the transmission spectra of periodically 

deformed fibers. The attenuation bands were shown to shift as the spatial deformation 

period was varied. The amplitude and location of the attenuation bands were recorded as 

the number and amplitude of spatial deformations on the fiber were varied. The 

backreflected spectra of deformed fibers were also studied. 

Applications of wavelength dependent losses in periodically perturbed single-mode fibers 

are proposed. In particular, a self-referenced, intensity-based, fiber sensor is suggested. 

A distributed sensor is proposed using several sets of deformations with different periods 

induced on the same fiber to measure the same physical measurand at multiple locations 

along the length of the fiber. Based on this scheme, a multiplexed fiber sensor is 

envisioned, capable of measuring different physical variables on the same fiber. Optical 

notch filters can be made by using the notch-like characteristic of each attenuation band. 

Methods to induce permanent, periodic, axial deformations on an optical fiber are 

discussed. Spectral investigation of two-mode fibers with photo-induced refractive index 

changes is suggested. The proposed investigations would eliminate the need for external 

deformers to perturb the fiber and yield an intrinsic fiber sensor for sensing different 

physical variables.
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1.0 Introduction 

1.1 Optical fiber sensing and communications technology 

The advent of fiber optic communication systems has revolutionized the 

telecommunications industry in the last two decades. Fiber optics technology has 

witnessed a continuing improvement in performance and quality coupled with a reduction 

in costs. Telecommunications channels with transmission rates up to 10 Gigabits/sec and 

beyond are now being implemented. This has led to the conception and planning of a new 

information superhighway capable of carrying video, audio and data signals on the same 

transmission channel, namely, optical fiber. 

Complementing the improvement of fiber optics technology has been the improvement in 

optoelectronic components such as laser diodes, photodetectors, modulators, etc. These 

two robust technologies have led to the emergence of optical fiber sensing and 

instrumentation. Optical fibers are used to sense measurands by transducing the external 

perturbation into a change in the properties of the light propagating in the fiber. Optical 

fiber sensors offer a host of advantages over conventional sensors including, 

¢ Dielectric construction, 

¢ Immunity to electromagnetic interference and electromagnetic pulse effects, 

¢ Small size and low weight, 

¢ Electrical isolation: no ground loops, low fiber to fiber crosstalk, usefulness in 

electrically hazardous environments, 

¢ High sensitivity, and 

¢ Inherent electrical/optical multiplexing. 

Fiber optic sensors can be classified into extrinsic and intrinsic sensors [1]. In extrinsic 

sensors, the optical fiber serves merely as a transmission channel for the light which is 

modulated by the measurand outside the fiber. In intrinsic sensors, sensing takes place 

within the fiber itself. The transduction principle in intrinsic fiber optic sensors usually 

involves the modulation of either the intensity or the phase of the light propagating in the 

fiber. The primary type of phase modulated sensors are interferometric sensors which 
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offer the highest sensitivity of any fiber optic sensor. Interferometric fiber sensors are of 

the Michelson, Mach-Zender, Fabry-Perot or Sagnac type. Each type of interferometric 

sensor is analogous to its bulk optic version, hence the same terminology. All 

interferometric sensors require complex demodulation schemes to obtain an estimate of the 

external perturbation which causes modulation of the interference pattern. In comparison, 

the intensity-modulated sensors require very simple signal processing schemes which may 

include just a photodetector at the output to measure the change in output light intensity 

with variation in the measurand. 
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1.2 Microbending losses in multi-mode fibers 

Inducing periodic spatial deformations or microbends along the axis of an optical fiber is 

the primary type of intensity modulation used for optical fiber sensing. Microbends in an 

optical fiber can be defined as axial, periodic, spatial variations on the fiber with a spatial 

period small enough to cause mode coupling in the fiber. Microbends are typically induced 

in a fiber by placing it between two grooved plates which have a periodic spatial structure. 

The measurand to be sensed moves one of the grooved plates relative to the other thus 

spatially deforming the fiber placed between the two plates. Light is lost from the 

deformed fiber approximately in proportion to the amplitude of the microbending. The 

measurand can be directly related to the amount of optical power lost from the fiber thus 

providing an estimate of the measurand. 

In multi-mode fibers, guided modes are coupled to each other and to the radiation modes 

due to microbending. The power coupled to the radiation modes is typically lost since it is 

rapidly dissipated in the lossy plastic jacket surrounding most fibers. In multi-mode 

parabolic index fibers, adjacent guided modes are separated by a constant difference 

between their propagation constants, k,. Thus a single spatial period A, can couple all 

neighboring mode groups. A strong resonance effect is thus seen for microbending losses 

in multi-mode parabolic index profile fibers at A, = 2n/k,. Thus microbend sensors can be 

designed to yield significantly higher power loss at certain spatial periods corresponding to 

the resonance effect. This dependence of microbend losses in multi-mode fibers on the 

Spatial period has been investigated by various researchers [2, 3, 4, 6]. 

Multi-mode fiber optic sensors using microbending induced losses have been proposed and 

implemented to measure pressure, strain, displacement and acceleration [2, 3, 4, 5]. A 

transducer, such as a pressure diaphragm, is used to convert the measurand into a 

displacement. This displacement is applied to a microbend inducing structure such as a pair 

of mating V grooved plates. These types of sensors have gone into production and are 

being marketed by several companies. 
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1.3 Microbending losses in single-mode fibers 

One of the primary problems associated with multi-mode microbend fiber optic sensors is 

their susceptibility to intensity variations of the transmitted light. These variations arise 

from temperature changes in sources and fibers and from other environmental factors acting 

on the different elements that make up a fiber optic sensor system. Thus it is very difficult 

to differentiate between the microbending loss and the intrinsic power fluctuations of the 

light source. As noted in §1.2, microbending loss in multi-mode fibers is dependent on the 

spatial period of the induced deformation but is relatively independent of the optical 

wavelength of operation [7]. 

Losses in single-mode fibers were initially investigated and explained by Marcuse, using a 

coupled mode theory formalism [8]. The analysis presented by Marcuse [8] concludes that 

single-mode fibers are more susceptible to microbending losses than the parabolic index, 

multi-mode fibers but does not predict an overt wavelength dependence. Another 

investigation by Marcuse [9] involves a more rigorous analysis and predicts a wavelength 

dependence for microdeformation losses. Marcuse assumes that the presence of the core 

has no effect when calculating microbending losses and that the guided mode field can be 

approximated by a gaussian function. Bjarklev has adopted Marcuse's approach [9] and 

developed microbending loss coefficients by taking the presence of the core into account 

and without approximating the guided mode field by a gaussian function [10]. 

An experimental study of microbending losses in single-mode fibers was conducted by 

Probst et al. [11]. Probst showed that loss due to microbends in single-mode fibers can be 

explained as follows. Power is coupled from the guided mode of a single-mode fiber, 

subject to periodic spatial deformations, to the cladding modes. Power coupled into the 

cladding modes is rapidly dissipated due to the high losses in these modes and the lossy 

plastic jacket surrounding the fiber. Power from the guided mode can couple only to 

discrete cladding modes. This specificity of power coupling causes certain wavelengths to 

lose power more than the others. The wavelengths that lose power correspond to the 

cladding modes to which power has been coupled from the guided modes. 
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1.4 Outline 

Loss of optical power from a periodically deformed single-mode fiber has been a subject of 

investigations for several years. The focus of these investigations has been analytical 

modeling of the loss phenomenon with relatively less emphasis on experimental 

characterization of different single-mode fibers. The main focus of this thesis will be on 

the experimental characterization of periodic deformation losses in single-mode fibers and 

application of the observed loss phenomena in sensing and communication systems. 

We will attempt to spectrally characterize losses in different single-mode fibers due to 

periodic deformations along the fiber axis. Fibers with single-mode cutoffs at 365 nm, 550 

nm, 770 nm and 1220 nm will be subjected to a series of periodic deformations. Theory 

predicts that loss due to periodic deformations in single-mode fibers is wavelength 

dependent and this dependence will manifest itself as attenuation bands or peaks in the 

transmission spectrum of a deformed fiber. The location of attenuation bands will be 

shown to shift as the spatial deformation period is varied for each fiber under investigation. 

Attenuation band parameters such as spectral width and amplitude will be studied as 

functions of the number and amplitude of spatial deformations. Backreflections from a 

periodically deformed fiber will be studied spectrally for evidence of backreflections caused 

by the spatial deformations. Sensor applications utilizing the presence of attenuation bands 

in transmission spectra of deformed fibers, will be suggested and demonstrated if possible. 

A single-mode fiber with permanent spatial deformations will show a wavelength 

dependence in its loss spectrum. A method for inducing permanent periodic deformations 

along the fiber will be proposed in addition to a method for spectral investigation of 

elliptical core and circular core two-mode fibers. 

In §2.1, we discuss the theoretical description of light propagation in single-mode fibers 

based on the weakly guiding approximation. The mechanics of periodic spatial 

deformations in optical fibers is formulated in §2.2. We discuss the coupling of power 

from the LP), guided mode to the cladding modes as derived by Bjarklev [10] in §2.3. 

Next we develop a mathematical formulation in §2.4 that simplifies the analysis of power 

coupling from the core mode to the cladding modes. This formulation is based on the 

resonant coupling to cladding modes and is able to predict the location of attenuation bands 

in the wavelength spectrum of a single-mode fiber subject to periodic deformations. 
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In Chapter 3 we present results obtained from several experiments. In §3.2 transmission 

spectra of several spatially deformed single-mode fibers are shown. These transmission 

spectra clearly indicate the presence of attenuation bands due to coupling of guided mode 

power to cladding modes. For each single-mode fiber the period of the spatial deformation 

was changed incrementally and transmission spectra were recorded. In §3.3 the attenuation 

bands in the transmission spectra are shown to shift position with a change in the 

deformation period. The amplitude and number of spatial deformations have a significant 

effect on the losses observed in the deformed singlemode fibers. This dependence of the 

microbending loss on the deformation parameters manifests itself as a change in the 

characteristics of the attenuation bands in the loss spectra. Change in the spectral width and 

peak amplitude of the attenuation bands as a function of varying deformation parameters is 

shown in §3.4. To verify the scattered nature of the microbending losses, backreflected 

spectra of a single-mode fiber subjected to microbends were recorded. The experimental 

details and the backreflected spectra are given in §3.5. 

Based on the wavelength dependence of the microbending losses we propose a few 

applications in Chapter 4. A self-referenced, intensity-based, fiber optic sensor insensitive 

to light source variations is proposed in §4.1. A multiplexing scheme for using several 

microbend modulated sensors in tandem, is proposed in §4.2. The multiplexing scheme is 

verified by inducing two sets of deformations with different spatial periods on the same 

fiber. The variation of amplitude of attenuation bands is plotted as a function of 

deformation amplitude for a multiplexed system. In §4.3 use of the notch-like 

characteristic of deformation losses, for optical filter applications is proposed. 

We propose a couple of ideas in Chapter 5, which follow through from the work done in 

this thesis and which we believe, warrant further investigation. In §5.1 we propose 

methods to induce permanent axial deformations in an optical fiber. A single-mode fiber 

with permanent, periodic deformations along its axis would have attenuation bands in its 

transmission spectrum. Such an optical fiber can be used as a very sensitive, fluctuation 

free strain sensor by utilizing the scheme suggested in §4.1. In §5.2 we propose the 

spectral investigation of elliptical core and single-mode fibers with photoinduced refractive 

index two-mode gratings. It is hoped that the two mode gratings formed in an optical fiber, 

due to prolonged exposure to high powered laser radiation, will introduce wavelength 

selectivity similar to that observed in spatially deformed single-mode fibers. 
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2.0 Theoretical background 

2.1 Weakly guiding fibers: Single-mode operation 

Electromagnetic analysis for even the simplest of circular waveguides is complex and 

cumbersome since it involves solution of the homogenous vector wave equation. A 

considerable simplification in the analysis results if the weak guidance approximation is 

used [12]. The following analysis is based on Gloge's paper [12]. The weak guidance 

approximation is given by A<<1 where, 

2 2 
A = Deore — Dotad = Deore Dad <<] (2.1) 

2n?. Nore 

In equation (2.1), no = refractive index of the core, and n,,4 = refractive index of the 

cladding. The propagation constant B of any guided mode within an optical fiber should lie 

in the interval k,n,,, <P <k,n,,,. where k, = 2n/A is the free space wavenumber. 
o 

Defining parameters u and w for the core and cladding, respectively, we get 

u=a(k’n2,, —B?)?, (2.2) 
Oo core 

w= a(B? —k2n?,,)- (2.3) 

The quadratic summation v” = u? + w” leads to a parameter called the normalized frequency 

V given by, 

v = ak, (Tre ~ ad ) . (2.4) 

The transverse field components can be given by [12], 

E,=H,{Z, / tore} = E,{I,(ur/a)/J,(u)}cosi@ for -a<r<a (2.5) 

or 

E, = H,{Z, | tiga } = E,{k,(wr /a)/k,(w)}coslp for r>aandr<-a 
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We have the freedom of choosing sin /@ or cos / in equation (2.5) and two orthogonal 

states of polarization, thus we can construct a set of four degenerate modes for every / as 

long as? >Q. For! = 0, we have a set of two orthogonally polarized modes. By using 

the weakly guiding approximation 7,,,, = Meg, at the core-cladding interface and using 
ore 

boundary conditions we get the characteristic equation for LP modes [12], 

uLJ,_,(u)/ J,(u)] = —wik,_, (w)/ k,w)]. (2.6) 

Thus a relatively simple eigenvalue equation is obtained which can be used to plot 6 versus 

V curves for different modes. The cutoff values are given by/,,(u4)=0 . Ford = 0, 

J,(0)=0 is the first root for the LP), mode thus indicating a cutoff value for the 

normalized frequency of V = 2.405 for only the LP), mode to propagate in the waveguide. 
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2.2 Mechanics of periodic spatial deformations in optical fibers 

An optical fiber placed between a set of mating, V-grooved plates undergoes periodic 

spatial deformations as force is applied to one of the plates. The microbend inducing plates 

are shown in Figure 1. The deformation inducing plates have V grooves machined on them 

with a spatial period A. The diameter of the circular plates is represented by L, which is 

also the total deformation length. is the angle between the deformed fiber axis and its 

straight (unperturbed) trajectory. 

    

  

  

    
Figure 1. Geometry of fiber perturbed by V-grooved plates. 

The following analysis of the mechanics of periodic spatial deformations on an optical fiber 

is based on a paper by Taylor [13]. The periodic deformations that the perturbed fiber 

undergoes can be described by a distortion function x (z) where, 

x(z)= })A,cos(cjz/A), j=0,1,2,... (2.7) 
j 
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with A = the spectral period of the microbends, and c,; = (4j+2)x and A;= amplitude 

coefficient of the sinusoidal distortion function. The total displacement 6 in the x-direction 

is given in terms of these coefficients by, 

5=2),4,. (2.8) 
j 

The angle between the deformed fiber axis and its undeformed trajectory can be written as, 

¢= -—Yie,A, sin(c,z/ A). (2.9) 

Differentiating this angle ¢ (2.9) gives us, 

“ = SLA, cos(c,z / A). (2.10) 

For the geometry of Figure 1, the dominant stress component is 6, given by 

o,=6,,+Ex®, (2.11) 
dz 

where 6, is the stress on the fiber axis, E is Young's modulus. The strain energy per unit 

volume is given by V, = 07 /2E. Substituting (2.10) into (2.11) and integrating the strain 

energy per unit volume over a cross section of the fiber yields, 

V.= Be. Eb? (@) / «| (2.12) 
2,E dz 

where V, is the strain energy per unit length and b is the fiber radius. We assume that the 

fiber is free to move along the z-direction to minimize the strain energy, then 

E,) = 0,,/E=0. Now from (2.10) we know that, 

tdo.,  L (Ge) ee a A: (2.13) 
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Substituting this integral (2.13) into the expression for strain energy per unit volume (2.12) 

we get an expression for strain energy, 

nb* EL 2.14 
Vase LAr l 2.14) 

From (2.7) the first coefficient Ay can be eliminated from the strain energy (2.14) by 

substituting, 

Oo eo 

Ay ~ 3 y A,. 

j=l 

(2.15) 

The values for the coefficients are then chosen to minimize the strain energy, V, by 

setting, 2 =O, j=1,2,3.... OA, 

Performing the differentiation on (2.14) and considering the limiting case 5 << b, we get 

the coefficients, 

= (£0)4 4 = Ao __ (2.16) 
AA (2j+1)*" 

Jj 

Since }’ _,(2/+1)~ = 2*/96 then it follows from the equation describing the distortion 

function (2.7) that A, =486/2* =0.4936. The trajectory of the deformed fiber is close to 

that of a pure sinusoid of period A. This is the case in most practical applications of 

periodic microbends where 6 << b, and also when the fiber is free to move in the z- 

direction. Using the aforementioned equation for Ay and using c,) = 27, the strain energy in 

(2.14) becomes, 

4 2 

y=74.32 = . (2.17)   

and the force for a given displacement F;, equal to OV / 00, is given by, 
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4 
F, = 148.60" ELO (2.18) 

A 

Thus for a given force or weight on the fiber we can calculate the displacement that the fiber 

will undergo, if we know the Young's modulus E of the fiber, the fiber radius b, the 

deformation period A and the deformation length L. 
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2.3 Coupling of power from the LP,, mode to the cladding modes 

The refractive index distribution of a perfectly straight and unperturbed fiber is 

given by n,(r) where r is the radial coordinate of a cylindrical coordinate system. The index 

distribution of the fiber with microbends can be represented as n(r,,z), where is the 

angular coordinate and z is the axial coordinate. For a fiber subjected to microbends, 

deformed index distributions can be expressed as a first order Taylor evaluation [10] as, 

on, f(z)cos¢. (2.19) 
or 
  nr,o,z)=n,(r)+ 

Coupling of guided mode power to cladding modes is determined by coupling coefficients 

which are evaluated as integrals in the r, @ plane over products of the kind [n(@, 9, z) - 

No(r)] Eo, E,, [10]. Here Eo, denotes the electric field of the LP), mode and E,, denotes the 

electric field of the LP, mode. Since the guided mode is independent of 6, the coupling 

coefficients have a nonvanishing value only for the cladding modes LP,, which have the 

same dependence as the index perturbation, [n(r, 0, z) - no(r)]. The spatial power 

spectrum can also be expressed as, 

DG), — By) = Vao°L, exp(-[5 (Bo, ~ B, )L.Y }. (2.20) 

Considering only microbending losses, only LP,, modes have a @ dependence that agrees 

with the refractive index distribution (2.19), so no other cladding modes contribute to the 

loss for this situation. The microbending loss coefficient takes the following form [10] 

2a, =F C2O(AB,,), (2.21) 
p=l 

where C,,is the z-dependent coupling coefficient describing coupling between the 

fundamental LP), mode and the LP,, cladding mode. We note that the loss coefficient 

depends on the value of the deformation spectrum $(AB) at the spatial frequency AB,,, 

which is the difference between the propagation constants of the LPo, and the LP,, cladding 

mode. If the deformation spectrum 6(AB) has peak values at known spatial periods, 
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attenuation peaks will be observed at optical wavelengths where the peaks of the 

deformation spectrum coincide with the position of the coupling coefficients [13]. Thus we 

see that if the deformation spectrum (AB) has peak values at particular spatial periods, 

peaks are observed in the optical loss spectrum. The spatial power spectrum o({) is 

obtained by using the deformation f(z) of the fiber axis as [14], 

(2) = Lf Forexp(-janae (2.22) 
2LW-£ 

where 2L is the total length of the deformations. Thus knowing the deformation function 

f(z) or x(Z) as given in §2.2, the coupling loss coefficient can be calculated. The approach 

outlined above can be used to determine the coupling of power to specific cladding modes 

and corresponding peaks in the attenuation spectrum can be predicted. The approach can 

also predict the spectral width and amplitude of the peaks in the attenuation spectrum if the 

periodicity of the deformation function can be precisely controlled. 
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2.4 Predictive mathematical relation 

The analytical procedure outlined in §2.3 is cumbersome and requires a great deal of 

computational effort. It has been attempted in this section to describe the coupling of 

power from the guided mode to cladding modes, under the influence of a spatial 

deformation of the fiber axis, in a simplified and easily calculable manner. It is assumed 

that power coupling from the core to the cladding occurs only when the difference between 

the propagation constants of the fundamental mode and a particular cladding mode satisfy a 

resonance condition. Consider the linear portion of the B/k versus V plot for a single-mode 

fiber and express it as a linear function. This linear expression can be used to calculate the 

propagation constants of the cladding modes which satisfy the resonance condition. We do 

not take into account the shape or period of the spatial deformation. 

The guided mode with propagation constant By in a single-mode fiber, can be approximated 

by a gaussian function y, =u(r)exp(—if,z) [9]. The cladding mode function can be 

expressed as y,, = A,J,(j., >) cos(vg)exp(—iB,.z), where B,, is the propagation constant 

which is given by B,, =[njk* —(j,, /b’)]'” [9]. As we have seen in §2.3 the refractive 

index distribution of a deformed fiber (2.7) contains the function cos o. Also, as discussed 

in §2.3 since the guided mode is independent of 0, the coupling coefficient has a nonzero 

value only for cladding modes which also have a cos @ dependence. Thus power will be 

coupled to only LP,, cladding modes. Resonant coupling occurs between the fundamental 

LP,; mode and the LP,, cladding modes when, 

  

21 
=A. (2.23) 

Bo —B,, 

From the linear portion of the plot of B/k versus V we can express Bo/k as, 

f = n, —2.3012(n, —n,)+3.1025(n, —n,)V. (2.24) 

Using Equation (2.23), equation (2.24) and the core and cladding field expressions we get 

an equation for the propagation constant k in terms of fiber parameters where n, = core 
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index, n, = cladding index, 'a' = core radius, b = cladding radius, j,, = roots of the Bessel 

function J,, A=n,-m,, NA = Jn? —ny andk = 2n/d. 

* 2 

[3.1025Aan,NA]k? +[—2.3012An, ]k? + (== n, jk + +() =0, (2.25) 

Equation (2.25) is a cubic equation in terms of k which was solved using standard 

solutions for cubic equations of the type axe+bx? +cx+d. Solving equation (2.25) for 

k, we can get values of A where peak loss occurs due to power coupling from guided mode 

to discrete cladding modes characterized by j,, for a particular spatial deformation period. 

For a single-mode fiber with cutoff at 770 nm, with n, = 1.4574, n, = 1.4529 and a = 3.5 

Him, equation (2.25) was solved for a spatial deformation period of A = 0.8314 mm. For 

coupling from the LP), core mode to the LP,, and LP,, cladding modes, the attenuation 

bands were calculated to occur at 938 nm and 959 nm, respectively. The measured 

attenuation spectrum of the fiber showed four attenuation bands at 1225 nm, 1257 nm, 

1312 nm and 1424 nm as shown in Figures 15 and 16. Here the measured values of the 

location of attenuation bands corresponded to within 25 percent of the predicted values. 

Since a large number of variables were involved in the calculation of the location of the 

attenuation bands and a few values were approximated, the agreement between predicted 

and measured values is not as good as expected. It is believed that although the 

mathematical formulation itself is sound, a more rigorous and precise calculation procedure 

will yield better correspondence between theory and experiment. This procedure would 

allow accurate prediction of the location of attenuation bands in the spectra of periodically 

deformed fibers. 
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3.0 Experimental Study: Periodic deformations in single-mode 

optical fibers 

3.1 Experimental setup to induce periodic spatial deformations in an 

optical fiber 

The experimental investigation involved inducing periodic spatial deformations on a single- 

mode fiber and recording the wavelength spectrum of the deformed fiber. As shown in 

Figure 2, a single-mode fiber was injected with white light from a broadband SPEX light 

source and then placed between a pair of aluminum plates on which periodic V grooves 

were machined to create a microbend/spatial deformation inducing structure. Light from 

the output end of the deformed fiber was injected into an ANDO 6310 optical spectrum 

analyzer which was used to record and compare the transmission spectra of the unperturbed 

and perturbed fibers. Two sets of circular microbend-inducing plates were used for the 

experimental study. Each aluminum plate is 126.9 mm in diameter and weighs 1.36 

kilograms (3 Ibs). The two sets of plates have V-groove/deformation periods of 0.72 mm 

and 1.11 mm, respectively. The set of plates with a deformation period of 0.72 mm was 

designated plate No. 1 and the set of plates with a deformation period of 1.11 mm was 

designated plate No. 2. 

  

Chapter 3 : Experiments 17



Microbend inducing 
  

  

  

  

      

    

  

  

            

plates 
Boon oe 
Roongo 

Oopao 
Reo o 

Oa oof 

White = LS AAAAyyyWVWIVJPJ _)_ A] $8555 
light source noe 

bh Optical 
Single mode fiber| A Spectrum 

Analyser 

L | 
  

l
o
 

      C “ 

Figure 2. Setup for investigation of spectral behavior of microbending losses in single- 

mode fibers. 
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A deformation plate was affixed to a benchtop rotational stage that allowed the plate to be 

rotated through a minimum of 2 degrees. The position of the fiber placed on the plate was 

maintained constant as the plate was rotated. As the plate was rotated, the angle between 

the fiber and the longitudinal direction of the V grooves changed, thus effectively changing 

the period of the deformations on the fiber. Thus by rotating the deformation plate 

incrementally a series of increasing deformation periods was obtained. Table 3.1 shows 

the change in deformation period for plate No. 1 and plate No. 2 as the plates were rotated 

incrementally with respect to the stationary fiber. 

  

  

  

  

  

  

  

  

  

  

  

    

Table 3.1 

Plate No. 1 Plate No. 2 

Angle between fiber} Deformation period | Angle between fiber | Deformation period 

and V grooves (deg) | (mm) and V grooves (deg) {| (mm) 

90 0.7200 90 1.1100 

80 0.7311 80 1.1271 

70 0.7662 70 1.1812 

60 0.8314 60 1.2817 

50 0.9399 50 1.4490 

40 1.1201 40 1.7269 

30 1.4400 30 2.2200 

20 2.1051 20 3.2454 

10 4.1463 10 6.3922           
The transmission spectrum of the unperturbed fiber was recorded. The fiber was then 

subject to periodic spatial deformations and its spectrum was recorded again and compared 

to the spectrum of the unperturbed fiber. The difference between the two spectra gives the 

attenuation spectrum of the fiber at that particular spatial deformation period. This 

experimental procedure was used to characterize the spectral dependence of microbending 

losses of fibers with singlemode cutoff wavelengths at 1250 nm, 710 nm, 550 nm and 365 

nm. 
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3.2 Spectral behavior of several periodically deformed single-mode 

fibers 

The process of coupling fundamental guided mode power of a spatially deformed single- 

mode fiber, to discrete cladding modes was discussed in §2.3. This selective power 

coupling causes a few cladding modes to be excited in the deformed fiber. The fiber is 

injected with broadband light having a flat wavelength spectrum in the single-mode domain 

of the fiber. The excited cladding modes correspond to narrow bands in the wavelength 

domain. Due to the lossy nature of the cladding modes, the corresponding bands of 

wavelengths in the spectral domain lose more power than the other wavelengths. The 

transmission spectrum of the deformed fiber thus shows bands of attenuation. Comparison 

of the transmission spectra of the unperturbed and deformed fibers yields the attenuation 

spectrum of the fiber. The transmission and attenuation spectra of several fibers for 

different deformation periods are presented in this section. 

3.2.1 Effect of periodic deformations on a fiber with single-mode cutoff at 365 nm 

The effect of periodic deformations on an optical fiber with single-mode cutoff wavelength 

at 365 nm was investigated. The parameters of this fiber are given in Table 3.2. 

Table 3.2 
  

  

  

  

  

    

Decutoft 365 nm 

Numerical Aperture (NA) 0.12 

A 0.0033 

Core diameter 2.92 um 

Cladding diameter 65 +/- 3 um 

Manufactured by 3M Corporation     
  

Plate No. 1 was used to induce spatial deformations on the fiber. The transmission 

spectrum of the unperturbed fiber is shown in Figure 3. The transmission spectrum of the 

fiber subjected to a spatial deformation of period A = 0.72 mm is also shown in Figure 3. 

The attenuation spectrum of this fiber, obtained from the difference between its unperturbed 

and perturbed spectra, is shown in Figure 4. Two attenuation bands with central 

wavelengths at 600 nm and 635 nm are observed in Figure 3 and 4. 
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Figure 3. Transmission spectra of unperturbed and deformed fiber. A.uiog = 365 nm, A = 

0.72 mm. Fiber made by 3M Corporation. 
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Figure 4. Attenuation spectrum of a periodically deformed fiber. A ure = 365 nm, A = 

0.72 mm. Fiber made by 3M Corporation. 

  

Chapter 3 : Experiments 21



The period of the spatial deformations was then changed by rotating plate No. 1 by 30° and 

the transmission spectrum of the fiber was recorded. The transmission spectrum of the 

fiber subjected to a spatial deformation of period A = 0.8314 mm is shown in Figure 5. 

The attenuation spectrum of this fiber is shown in Figure 6. Two attenuation bands with 

central wavelengths at 625 nm and 665 nm are observed in Figures 5 and 6. 
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Figure 5. Transmission spectra of unperturbed and deformed fibers. A.uor = 365 nm, A = 

0.8314 mm. Fiber made by 3M Corporation. 
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Figure 6. Attenuation spectrum of a periodically deformed fiber. Autor: = 365 nm, A = 

0.8314 mm. Fiber made by 3M Corporation. 
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3.2.2 Effect of periodic deformations on a fiber with single-mode cutoff at 550 nm 

Next the effect of periodic deformations on an optical fiber with single-mode cutoff 

wavelength at 550 nm was investigated. The parameters of this single-mode fiber are given 

in Table 3.3. 

  

  

  

  

  

  

  

        

Table 3.3 

Acatott 550 nm 
Numerical Aperture (NA) 0.11 

A 0.003073 

| Deore 1.4541 

| Detad 1.4496 

Core diameter 3.8 um 

Cladding diameter 125 +/- 3 um 

Manufactured by Ensign-Bickford 
  

Plate No. 2 was used to induce microbends on the fiber. The transmission spectrum of the 

unperturbed fiber is shown in Figure 7. The transmission spectrum of the fiber subjected 

to a spatial deformation of period A = 1.1271 mm is also shown in Figure 7. The 

attenuation spectrum of this fiber, obtained from the difference between its unperturbed and 

perturbed spectra, is shown in Figure 8. Three attenuation bands with central wavelengths 

approximately at 1105 nm, 1125 nm and 1195 nm are observed in Figures 7 and 8. 
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Figure 7. Transmission spectra of unperturbed and deformed fibers. Avutop = 550 nm, A = 

1.1271 mm. Fiber made by Ensign-Bickford. 
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Figure 8. Attenuation spectrum of a periodically deformed fiber. Autor = 550 nm, A = 

1.1271 mm. Fiber made by Ensign-Bickford. 
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The period of the spatial deformations was then changed by rotating plate No. 2 by 30° and 

the transmission spectrum of the fiber was recorded. The transmission spectrum of the 

fiber subjected to a spatial deformation of period A = 1.2817 mm is shown in Figure 9. 

The attenuation spectrum of this fiber is shown in Figure 10. Three attenuation bands with 

central wavelengths at 1145 nm, 1180 and 1255 nm are observed in Figures 9 and 10. 
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Figure 9. Transmission spectra of unperturbed and deformed fibers. Acuor = 550 nm, A = 

1.2817 mm. Fiber made by Ensign-Bickford. 
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Figure 10. Attenuation spectrum of a periodically deformed fiber. Duo = 550 nm, A = 

1.2817 mm. Fiber made by Ensign-Bickford. 
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Next, the effect of periodic deformations on an optical fiber with single-mode cutoff 

wavelength at 550 nm manufactured by a different company and possessing slightly 

different characteristics than the one considered above was investigated. The parameters of 

this single-mode fiber are given in Table 3.4. 

  

  

  

  

  

  

  

      

Table 3.4 

Arcutott 550 nm 
Numerical Aperture (NA) 0.11 

A 0.003073 

| Moore 1.4619 

| Deja 1.4574 

Core diameter 3.8 [um 

Cladding diameter 125 +/- 3 um 

Manufactured by Lightwave Technology     
Plate No. 2 was used to induce microbends on the fiber. The plate was rotated such that 

the fiber axis made an angle of 30° with the direction of the V grooves. The transmission 

spectrum of the unperturbed fiber is shown in Figure 11. The transmission spectrum of the 

fiber subjected to a spatial deformation of period A = 1.2817 mm is also shown in Figure 

11. The attenuation spectrum of this fiber, obtained from the difference between its 

unperturbed and perturbed spectra, is shown in Figure 12. Three attenuation bands with 

central wavelengths approximately at 1075 nm, 1110 nm and 1170 nm are observed in 

Figures 11 and 12. 
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Figure 11. Transmission spectra of unperturbed and deformed fibers. Agog = 550 nm, A 

= 1.2817 mm. Fiber made by Lightwave Technology. 
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Figure 12. Attenuation spectrum of a periodically deformed fiber. Aug = 550 nm, A = 

1.2817 mm. Fiber made by Lightwave Technology. 
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The period of the spatial deformations was then changed by rotating plate No. 2 so that the 

fiber axis was perpendicular to the direction of the V grooves, and the transmission 

spectrum of the fiber was recorded. The transmission spectrum of the fiber subjected to a 

spatial deformation of period A = 1.11 mm is shown in Figure 13. The attenuation 

spectrum of this fiber is shown in Figure 14. Four attenuation bands with central 

wavelengths at 1025 nm, 1050 nm, 1095 and 1185 nm are observed in Figures 13 and 14. 
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Figure 13. Transmission spectra of unperturbed and deformed fibers. Aco = 550 nm, A 

= 1.11 mm. Fiber made by Lightwave Technology. 

  

    

  

Figure 14. Attenuation spectrum of a periodically deformed fiber. Agar = 550 nm, A = 

1.11 mm. Fiber made by Lightwave Technology. 
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3.2.3 Effect of periodic deformations on a fiber with single-mode cutoff at 770 nm 

Next the effect of periodic deformations on an optical fiber with single-mode cutoff 

wavelength at 770 nm was investigated. The parameters of this single-mode fiber are given 

in Table 3.5. 

  

  

  

  

  

  

  

      

Table 3.5 

Acutoft 770 nm 
Numerical Aperture (NA) 0.11 

A 0.003073 

| Deore _ 1.4574 

Dela 1.4529 

Core diameter 7 um 

Cladding diameter 125 um 

Manufactured by Ensign-Bickford   
  

Plate No. 1 was used to induce microbends on the fiber. The transmission spectrum of the 

unperturbed fiber is shown in Figure 15. The transmission spectrum of the fiber subjected 

to a spatial deformation of period A = 0.8314 mm is also shown in Figure 15. The 

attenuation spectrum of this fiber obtained, from the difference between its unperturbed and 

perturbed spectra, is shown in Figure 16. Four attenuation bands with central wavelengths 

approximately at 1225 nm, 1257 nm, 1312 nm and 1424 nm are observed in Figure 15 

and 16. 
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Figure 15. Transmission spectra of unperturbed and deformed fibers. Auoe = 770 nm, A 

= 0.8314 mm. Fiber made by Ensign-Bickford. 
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Figure 16. Attenuation spectrum of a periodically deformed fiber. Auog = 770 nm, A = 

0.8314 mm. Fiber made by Ensign-Bickford. 
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The period of the spatial deformations was then changed by rotating plate No. 1 such that 

the fiber axis made an angle of 50° with the direction of the V grooves, and the 

transmission spectrum of the fiber was recorded. The transmission spectrum of the fiber 

subjected to a spatial deformation of period A = 1.12 mm is shown in Figure 17. The 

attenuation spectrum of this fiber is shown in Figure 18. Three attenuation bands with 

central wavelengths at 1328 nm, 1376 nm and 1470 nm are observed in Figures 17 and 18. 
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Figure 17. Transmission spectra of unperturbed and deformed fibers. A,otor = 770 nm, A 

= 1,12 mm. Fiber made by Ensign-Bickford. 
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Figure 18. Attenuation spectrum of a periodically deformed fiber. Aj oor = 770 nm, A = 

1.12 mm. Fiber made by Ensign-Bickford. 
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Next plate No. 2 was used to induce microbends on the fiber. The plate was rotated such 

that the fiber made an angle of 20° with the V grooves. The transmission spectrum of the 

unperturbed fiber is shown in Figure 19. The transmission spectrum of the fiber subjected 

to a spatial deformation of period A = 1.18 mm is also shown in Figure 19. The 

attenuation spectrum of this fiber obtained, from the difference between its unperturbed and 

perturbed spectra, is shown in Figure 20. Three attenuation bands with central 

wavelengths approximately at 1315 nm, 1360 nm and 1450 nm are observed in Figures 19 

and 20. 
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Figure 19. Transmission spectra of unperturbed and deformed fibers. Autor = 770 nm, A 

= 1.18 mm. Fiber made by Ensign-Bickford. 
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Figure 20. Attenuation spectrum of a periodically deformed fiber. Aug = 770 nm, A = 

1.18 mm. Fiber made by Ensign-Bickford. 
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The period of the spatial deformations was then changed by rotating plate No. 2 such that 

the fiber axis made an angle of 30° with the direction of the V grooves, and the 

transmission spectrum of the fiber was recorded. The transmission spectrum of the fiber 

subjected to a spatial deformation of period A = 1.2817 mm is shown in Figure 21. The 

attenuation spectrum of this fiber is shown in Figure 22. Three attenuation bands with 

central wavelengths at 1338 nm, 1387 nm and 1488 nm are observed in Figures 21 and 22. 
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Figure 21. Transmission spectra of unperturbed and deformed fibers. A,,,.¢ = 770 nm, A 

= 1.2817 mm. Fiber made by Ensign-Bickford. 
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Figure 22. Attenuation spectrum of a periodically deformed fiber. A,uio¢ = 770 nm, A = 

1.2817 mm. Fiber made by Ensign-Bickford. 
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3.2.4 Effect of periodic deformations on a fiber with single-mode cutoff at 1220 

nm 

Next, the effect of periodic deformations on an optical fiber with single-mode cutoff 

wavelength at 1220 nm was investigated. The parameters of this single-mode fiber are 

  

  

  

  

  

      

given in Table 3.6. 

Table 3.6 

Acatott 1220 nm 
Numerical Aperture (NA) 0.11 

Core diameter 9 um 

Cladding diameter 125 um 

Attenuation 0.361 dB/Km @ 1300 nm 

Manufactured by Corning Inc.   
  

Plate No. 1 was used to induce microbends on the fiber. The transmission spectrum of the 

unperturbed fiber is shown in Figure 23. The transmission spectrum of the fiber subjected 

to a spatial deformation of period A = 0.72 mm is also shown in Figure 23. The 

attenuation spectrum of this fiber obtained, from the difference between its unperturbed and 

perturbed spectra, is shown in Figure 24. Two attenuation bands with central wavelengths 

at 1580 nm and 1641 nm are observed in Figures 23 and 24. 
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Figure 23. Transmission spectra of unperturbed and deformed fibers. Actor = 1220 nm, A 

= 0.72 mm. Fiber made by Corning Inc.. 
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Figure 24. Attenuation spectrum of a periodically deformed fiber. Acutor = 1220 nm, A = 

0.72 mm. Fiber made by Corning Inc.. 
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The period of the spatial deformations was then changed by rotating plate No. 1 by 10° and 

the transmission spectrum of the fiber was recorded. The transmission spectrum of the 

fiber subjected to a spatial deformation of period A = 0.7311 mm is shown in Figure 25. 

The attenuation spectrum of this fiber is shown in Figure 26. Two attenuation bands with 

central wavelengths at 1592 nm and 1657 nm are observed in Figures 25 and 26. 
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Figure 25. Transmission spectra of unperturbed and deformed fibers. Agutop = 1220 nm, A 

= 0.7311 mm. Fiber made by Corning Inc.. 
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Figure 26. Attenuation spectrum of a periodically deformed fiber. Acuop = 1220 nm, A = 

0.7311 mm. Fiber made by Corning Inc.. 
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The period of the spatial deformations was changed again by rotating plate No. 1 such that 

the fiber makes an angle of 20° with the direction of the V grooves, and the transmission 

spectra of the deformed and unperturbed fiber were recorded. The attenuation spectrum of 

the fiber subjected to a spatial deformation of period A = 0.7662 mm is shown in Figure 

27. Two attenuation bands with central wavelengths at 1635 nm and 1704 nm are 

observed in Figure 27. 
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Figure 27. Attenuation spectrum of a periodically deformed fiber. Actor = 1220 nm, A = 

0.7662 mm. Fiber made by Corning Inc.. 
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3.3 Shift of attenuation bands in spectra of deformed fibers with 

change in deformation period 

It was observed in §3.2 that the spectra of periodically deformed single-mode fibers show 

attenuation bands. Here it is shown that the location of the central wavelength of these 

attenuation bands is a function of the period of the spatial deformation. In the experiment 

plates No. 1 and 2 were used consecutively to induce microbends on the fiber under 

consideration. Each plate was rotated to obtain a series of deformation periods. The 

location of the central wavelength of the attenuation bands was recorded for each 

deformation period. This experiment was performed for four different single-mode fibers. 

Two fibers had a cutoff wavelength at 550 nm, one fiber had a cutoff wavelength at 770 

nm and the other fiber had a cutoff wavelength at 1220 nm. For each plate, the 

deformation period was plotted versus the location of the central wavelength of several 

attenuation bands. These graphs show that the location of the attenuation bands changes 

almost linearly with increasing deformation period. Also the relative distances between the 

location of the various attenuation bands in the wavelength domain, remain essentially 

constant as the deformation period changes. 

3.3.1 Location of attenuation bands versus deformation period for fiber with cutoff 

at 550 nm ( Fiber manufactured by Ensign-Bickford ) 

A fiber with cutoff at 550 nm was subjected to a series of deformations by rotating plate 

No. 1. The shift in location of the central wavelength of the four attenuation bands as a 

function of the deformation period is shown in Figure 28. As seen in Figure 28 the 

location of the attenuation bands change almost linearly with change in deformation period. 

Next plate No. 2 was used to induce a series of spatial deformations in the same fiber. The 

shift in location of the central wavelength of the four attenuation bands as a function of the 

deformation period is shown in Figure 29. As seen in Figure 29 the location of the 

attenuation bands varies linearly with change in deformation period. 
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Figure 28. Shift in location of attenuation bands with change in deformation period for 

fiber with single-mode cutoff at 550 nm. 

  

Chapter 3 : Experiments 47



  

    

  

  

E 
& 1300 
BA 

= 
& ——t— Ist attenuation band 

g —e— 2nd attenuation band 

3 ——i— 3rd attenuation band 
= 1250 = 

S 

g 
= 

3“ 

Com 

° 

= 

ba 
§ 1200 7 

® 
> 
~ 
= 

ir) 

= 
2 1150 - 

Smt 

° 

= 

& 
a 

oS 
oO 
} 
ml 1100 : : 

1.10 1.15 1.20 1.25 1.30 

Deformation period (mm) 

Figure 29. Shift in location of attenuation bands with change in deformation period for 

fiber with single-mode cutoff at 550 nm. 
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3.3.2 Location of attenuation bands versus deformation period for fiber with cutoff 

at 550 nm ( Fiber manufactured by Lightwave Technology ) 

A fiber with cutoff at 550 nm was subjected to a series of deformations by rotating plate 

No. 2. The shift in location of the central wavelength of the four attenuation bands as a 

function of the deformation period is shown in Figure 30. As seen in Figure 30 the 

location of the attenuation bands change almost linearly with change in deformation period. 
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Figure 30. Shift in location of attenuation bands with change in deformation period for 

fiber with single-mode cutoff at 550 nm. 
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3.3.3 Location of attenuation bands versus deformation period for fiber with cutoff 

at 770 nm ( Fiber manufactured by Ensign-Bickford ) 

A single-mode fiber with cutoff at 770 nm was subjected to a series of deformations by 

rotating plate No. 1. The shift in location of the central wavelength of the three attenuation 

bands as a function of the deformation period is shown in Figure 31. As seen in Figure 31 

the location of the attenuation bands varies linearly with change in deformation period. 

Next plate No. 2 was used to induce a series of spatial deformations in the same fiber. The 

shift in location of the central wavelength of the three attenuation bands as a function of the 

deformation period is shown in Figure 32. As seen in Figure 32 the location of the 

attenuation bands varies almost linearly with change in deformation period. 
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Figure 31. Shift in location of attenuation bands with change in deformation period for 

fiber with single-mode cutoff at 770 nm. 
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Figure 32. Shift in location of attenuation bands with change in deformation period for 

fiber with single-mode cutoff at 770 nm. 
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3.3.4 Location of attenuation bands versus deformation period for fiber with cutoff 

at 1220 nm ( Fiber manufactured by Corning Inc. ) 

A fiber with cutoff at 1220 nm was subjected to a series of deformations induced by 

placing it between a set of V-grooved plates (Plate No. 1). The period of deformations was 

varies by rotating the plates. The shift in location of the central wavelength of the four 

attenuation bands as a function of the deformation period is shown in Figure 33. 
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Figure 33. Shift in location of attenuation bands with change in deformation period for 

fiber with single-mode cutoff at 1220 nm. 
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3.4 Change in loss spectra of deformed fibers with change in 

amplitude and number of periodic deformations 

The characteristics of the attenuation bands in the spectra of periodically deformed single- 

mode fibers are shown in this section to be a function of the number and amplitude of 

periodic deformations. Plate No. 1 has a total of 168 V-grooves and plate No. 2 has a total 

of 125 V-grooves. The number of deformations that a fiber undergoes can be changed by 

moving the fiber with reference to the plate as shown in Figure 34. The amplitude of the 

periodic deformations or the displacement that the fiber undergoes can be changed by 

adding weights onto the microbend plate placed on the fiber. The weight of each plate in a 

set is 3 Ibs (1.36 kilograms ). Additional weight was placed on the plate in increments of 

3 lbs up to a maximum weight of 12 lbs on a given fiber. The experimental setup for 

increasing the amplitude of the microbends is shown in Figure 40. 

3.4.1 Effect of varying number of deformations on spectra of deformed fibers 

For a fiber with single-mode cutoff at 1220 nm, plate No. 1 was used to induce 

deformations with period A = 0.72 mm on the fiber. The number of deformation periods 

was changed from 160 to 49 as shown in Figure 34 and transmission spectra were 

recorded. The transmission spectra showed an attenuation band centered at 1606 nm as 

shown in Figure 35. Figure 35 shows a composite of eight transmission spectra, recorded, 

as the number of deformation periods experienced by the fiber was decreased. The half 

spectral width of the attenuation band was recorded for each of the eight transmission 

spectra and plotted versus the number of periods of deformations. The peak level of the 

attenuation band was also recorded for decreasing number of deformations. The half 

spectral width and the amplitude of the attenuation band are plotted in Figure 36 as 

functions of the number of deformations. The amplitude of the attenuation band increases 

almost linearly with the number of periods and the half spectral width correspondingly 

increases as the number of deformations is decreased. This indicates that as the number of 

periodic deformations on the fiber is increased the attenuation bands become narrower and 

increase in amplitude. 
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Figure 34. Changing the number of spatial deformations applied to a fiber by moving the 

fiber relative to the deformation inducing plate as shown. 
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Figure 35. Eight transmission spectra of fiber with cutoff at 1220 nm. Transmission 

spectra were recorded for decreasing number of periodic deformations on the fiber. 
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the number of spatial deformation periods, for a fiber with single-mode cutoff at 1220 nm. 
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Plate No. 2 was used to induce spatial deformations on the fiber with single-mode cutoff at 

550 nm. The number of deformations experienced by the fiber was changed from 125 to 

46. The characteristics of the attenuation band with central wavelength located at 1092 nm, 

were recorded as the number of deformations experienced by the single-mode fiber was 

varied. Figure 37 shows the transmission spectra of the unperturbed fiber and the 

deformed fiber subjected to 125 spatial deformations. Figure 38 shows the attenuation 

spectrum of this fiber. The peak amplitude of the attenuation band is 17.82 dB and the half 

spectral width is 1.81 nm as seen in Figure 38. The variation of the amplitude and half 

spectral width of the attenuation band is plotted as a function of the number of deformations 

in Figure 39. The amplitude and the spectral width of the attenuation band are seen to be 

mirror images of each other, exhibiting an oscillatory behavior for varying number of 

deformation periods. Although the amplitude and spectral width of the attenuation band are 

not linear functions of the number of deformations for this fiber, as seen in Figure 39, 

when the amplitude of the attenuation band decreases, its half spectral width increases as a 

function of the number of deformation periods. 
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Figure 37. Transmission spectra of unperturbed and deformed fibers. Agu = 550 nm, A = 

1.11 mm, number of deformations = 125. 
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Figure 38. Attenuation spectrum of a periodically deformed fiber. Asoc = 550 nm, A = 

1.11 mm, number of deformations = 125. 
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Figure 39. Half spectral width and amplitude of attenuation band plotted as a function of 

the number of spatial deformation periods, for a fiber with single-mode cutoff at 550 nm. 
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3.4.2 Effect of varying the spatial deformation amplitude on spectra of deformed 
fibers 

As the amplitude of periodic deformations on a single-mode fiber is increased, the 

characteristics of the attenuation bands observed in the transmission spectrum of the fiber 

change. Here these changes are characterized for increasing deformation amplitude for a 

fiber with single-mode cutoff at 720 nm. The amplitude of the spatial deformations or the 

fiber displacement was increased by placing additional weight on the deformer plates. This 

arrangement is shown in Figure 40. 

0.455 kgs 

0.455 kgs 

0.455 kgs 

Fiber 0.455 kgs 

YX 1.365 

  

  

L 
Figure 40. Method to increase amplitude of spatial deformations experienced by the fiber 

by incrementally increasing weight of the deformation plate. 

For a fiber with single-mode cutoff at 720 nm, plate No. 1 was used to induce periodic 

deformations on the fiber. The deformation amplitude was increased incrementally by 

placing known weights on the deformation disk as shown in Figure 40. Three attenuation 

bands were observed in the transmission spectrum for a deformation period of 0.72 mm. 

The central wavelengths of the three attenuation bands are located at 1126 nm, 1170 nm 

and 1257 nm. Transmission spectra were recorded for increasing weight on the deformer 

disk or correspondingly increasing fiber displacement. Figure 41 shows a composite of 

seven transmission spectra recorded for increasing deformer weight. In Figure 41, the flat 

curve represents the transmission spectrum of the unperturbed fiber. All the other curves in 

Figure 41 are spectra of deformed fibers, with increasing deformer weight. 
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Figure 41. Seven transmission spectra of a fiber with single-mode cutoff at 720 nm, 

recorded as the fiber was subjected to increasing deformation amplitude. Spectra of 

deformed fiber show three attenuation bands. 

The half spectral width and the amplitude of each of the three attenuation bands were 

recorded as weight on the deformer plate was increased. The half spectral widths of the 

three attenuation bands are plotted in Figure 42 as a function of increasing weight on the 

deformation inducing disk. The spectral width of each attenuation band increases linearly 

as the deformation amplitude on the fiber is increased. 
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Figure 42. FWHM of three attenuation bands plotted as a function of the deformation 

amplitude, fiber with single-mode cutoff at 720 nm, deformation period = 0.72 mm. 

Next, the amplitude of each attenuation band for different weights on the deformer, was 

recorded. Figure 43 shows the variation of the amplitude of each attenuation band with 

increasing deformer weight. It is observed in Figure 43 that as the deformer weight 

increases, the amplitude of each of the three attenuation bands increases. Also, the rate of 

increase of loss of optical power for each attenuation band is different since the differential 
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propagation constant (By, - B,,.) increases at a different rate for each cladding mode thus 

causing differential rates of power coupling from the core mode to the cladding modes. 
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Figure 43. Amplitude of three attenuation bands plotted as a function of the weight of the 

deformation inducing disk, fiber with single-mode cutoff at 720 nm, deformation period = 

0.72 mm. 

Thus in §3.4 it has been shown that the characteristics of the attenuation bands observed in 

the transmission spectra of periodically deformed single-mode fibers are dependent on the 

number of periodic deformations and the amplitude of these periodic deformations. 
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3.5 Investigation of backreflected spectra of a periodically deformed 

single-mode fiber 

The power lost from a single-mode fiber subjected to periodic deformations is assumed to 

be scattered, since the means of power loss is by coupling of power from the fundamental 

LPo; mode to discrete LP,, cladding modes which are lossy in nature. Thus, little or no 

power is reflected back into the fiber due to the presence of the periodic spatial 

deformations on the fiber. To verify this predicted scattered nature of microbending losses 

in a single-mode fiber, the backreflected spectra of a periodically deformed single-mode 

fiber were investigated. 

The experimental setup as seen in Figure 44 shows a Ti-sapphire laser injecting light into a 

single-mode 3 dB FBT coupler which was spliced to a single-mode fiber with a cutoff 

wavelength of 550 nm. This fiber was placed between the microbend plates and periodic 

deformations with A = 0.72 mm were induced on the fiber axis. The transmission 

spectrum of the deformed fiber was recorded using the broad band light source before the 

Ti-sapphire laser was used. An attenuation band was observed in the transmission 

spectrum at 984.4 nm. Hence the Ti-sapphire laser was tuned to emit radiation at 984.4 

nm. Light at 984.4 nm was injected into a fiber with a single-mode cutoff at 550 nm as 

shown in Figure 44(a). The transmitted spectra of the unperturbed and deformed fibers 

were recorded. A set of three transmission spectra are shown in Figure 45. Two of the 

curves in Figure 45 are the transmission spectra (labeled 'A’) of the unperturbed fiber. 

The curve labeled ‘B' is the transmission spectrum of the fiber subjected to periodic 

deformations. It is observed that the periodic deformations cause a power loss of 7 dB in 

the transmission spectrum at 984.4 nm. The power loss at 980.4 nm due to the same 

periodic deformations was measured to be 2 dB and that at 974.4 nm was measured to be 

negligible. 

Next the backreflected spectrum of the deformed fiber was recorded as shown in Figure 

44(b). Light reflected from the output endface of the deformed fiber has to propagate 

through the deformed section of the fiber twice. Thus the deformation induced loss in the 

backreflected power spectrum would be doubled. The doubling of power loss in the 

backreflected spectrum of a deformed fiber was verified and is shown in Figure 46 where 

the curve labeled ‘a' is the backreflected spectrum of an unperturbed fiber and the curve 
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labeled 'b' is the backreflected spectrum of the deformed fiber. The power difference 

between ‘a’ and 'b' is 10 dB. 
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Figure 44 (a). Experimental setup to investigate the transmitted spectrum of a deformed 

single-mode fiber. 
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Figure 44 (b). Experimental to investigate backreflected spectra of a deformed single- 

mode-fiber, backreflected power due to Fresnel reflection from cleaved endface. 
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Figure 45. A = Transmission spectra of unperturbed fiber. B = Transmission spectrum of 

deformed fiber. 
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Figure 46. a= Backreflected spectrum of unperturbed fiber. b = Backreflected spectrum 
of deformed fiber. 
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Next the scattered nature of the microbending losses in a single-mode fiber was verified. 

The experimental setup is shown in Figure 47. Light from leg 2 of the coupler was injected 

into the optical spectrum analyzer to measure the backreflected spectrum. The output end 

of the single-mode fiber with cutoff wavelength of 550 nm, and leg 4 of the coupler, were 

shattered and dipped into an index matching liquid with refractive index closely matched to 

the core index of the single-mode fiber with cutoff wavelength of 550 nm. The matching 

of the core index and the index of the liquid eliminated a refractive index difference between 

the fiber with the shattered endface and the liquid it was dipped into. This prevented 

Fresnel reflections from propagating back into the fiber. If the microbends caused any 

power to be reflected into the fiber, then the amount of power reflected would change with 

a variation of the microbending amplitude as was seen in the backreflected spectrum in 

Figure 46. The backreflected spectra shown in Figure 48 were recorded for 1) the 

unperturbed fiber, 2) fiber with periodic deformations, and 3) fiber with increased 

deformation amplitude. It is observed that the presence of deformations causes no change 

in the backreflected spectrum thus verifying that the power lost due to microbends is 

scattered. 
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Figure 47. Experimental setup used to verify the scattered nature of losses due to periodic 

deformations in a single-mode fiber. 
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Figure 48. Backreflected spectra recorded for unperturbed and deformed fibers using the 

experimental setup shown in Figure 47. 
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4.0 Applications of wavelength dependent losses in periodically 

deformed fibers 

4.1 Multiple wavelength, self-referenced fiber optic sensor 

Recalling §1.3, we know that one of the biggest problems with multi-mode microbend 

fiber optic sensors is their susceptibility to variations in the intensity of propagating light. 

The variations arise mainly from light source fluctuations and also due to temperature and 

other environmental effects on the elements of the optical link such as the source, the fiber 

and the interconnections. The most effective way of compensating for intensity variations 

and temperature dependent fiber and coupler variations, has been found to be wavelength 

referencing. Wavelength referencing is achieved by comparing the optical powers in two 

wavelength bands, of which one is a reference wavelength and the other is the sensing 

wavelength. A broadband LED source can be used to excite the sensor. 

The proposed experimental arrangement is shown in Figure 49. It consists of an LED with 

a spectral width of about 50 nm injecting light into a 3 dB FBT coupler. One leg of the 

coupler is spliced to a single-mode fiber which is subjected to periodic spatial 

deformations. The period of the deformations is chosen such that an attenuation band is 

observed in the bandwidth of the LED. The central wavelength of this attenuation band 

serves as the sensing or signal wavelength. A wavelength is chosen within the bandwidth 

of the LED at which almost no attenuation is observed due to the periodic spatial 

deformations. This wavelength serves as the reference wavelength. The output signal is 

passed through a beam splitter and the two wavelengths are separated by using narrow 

band interferometric filters. The intensities of the two wavelengths are detected by two 

photo-diodes and their electrical outputs are connected to a ratio-log amplifier. The 

amplifier is then connected to a computer which computes the value of the measurand. The 

sensor output can be given as, 

S= In¢ P ssenat ! Preference ) = O(N sienat ) ~ O(N ference) ° (4. 1) 

For maximum sensitivity to microbend induced attenuation, the deformation loss at the 

reference wavelength should ideally be equal to zero. Thus we obtain a self-referenced, 
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intensity-based, fiber optic microbend sensor immune to intensity fluctuations. This sensor 

can be used to measure physical variables such as displacement, strain, pressure, 

temperature, vibration and acceleration by transducing the measurand into a displacement of 

the deformation inducing mechanism. 
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Figure 49. Proposed setup for a self-referenced, intensity-based, microbend, single-mode 

fiber optic sensor. 
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4.2 Distributed, multiplexed sensor using several microbending 

structures 

A single fiber can be used for distributed sensing of a single variable, say temperature, or 

for multiplexed sensing of several different variables by inducing periodic deformations of 

different periods along the fiber axis. As discussed in §3.3, we know that the central 

wavelength of an attenuation band shifts as the spatial period of the deformations induced 

on the fiber is changed. Several microbend periods can be selected to give attenuation 

bands within the bandwidth of a broadband light source such as an LED. 
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Figure 50. Proposed setup for distributed/multiplexed, self-referenced, microbend sensor 

using three microbending structures of different spatial periods, A,, A, and A3. 

  

A proposed experimental setup is shown in Figure 50, wherein a single fiber is subjected to 

spatial deformations of different periods induced by three different microbending 

Structures. The microbending structures can have any physical form provided, the fiber 

undergoes periodic spatial deformations. In our experiments, the microbending structures 

used were circular aluminum plates, with V-grooves machined on them. As seen in Figure 

50, a broadband light source injects light into a single-mode fiber. This fiber undergoes 

periodic deformations of periods A,, A, and A; consecutively. Attenuation bands are 

observed in the wavelength domain at A,, A, and A;. These wavelengths serve as sensing 

wavelengths and three other wavelengths close to 2,, A, and A, are chosen to serve as 

reference wavelengths. The light from the fiber can be split using a 1 by 3 FBT coupler. 
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The demodulation scheme described in §4.1 can be used to separate and compare each set 

of reference and sensing wavelengths. The sensor outputs given by equation (4.1) give the 

value of the measurands causing the deformation inducing mechanisms to move. Each 

microbending structure can be part of a transducer which converts a physical variable into a 

displacement of the microbending structure, for example, periodically spaced steel tubes 

can be attached to a pressure diaphragm to transduce pressure into wavelength dependent 

modulation of the light propagating in the fiber deformed by the steel tubes. Similarly 

variables such as strain, temperature, acceleration and vibration can be measured 

simultaneously on the same fiber by extending the aforementioned multiplexing scheme. 

To verify the multiplexing system described above a fiber with single-mode cutoff at 1250 

nm was subjected to deformations of two different periods by using two different deformer 

plates. Figure 51 shows the transmission spectrum of the fiber subject to two consecutive 

sets of spatial deformations. The attenuation bands at 1600 nm and 1665 nm on the 

wavelength axis correspond to the set of deformations with period A= 0.75 mm and the 

attenuation bands at 1620 nm and 1690 nm are due to the set of deformations with period 

A= 0.84 mm. Thus attenuation bands can be obtained at several wavelengths in the single- 

mode regime of a fiber by using different spatial periods on the same fiber. 

Next the deformation amplitude was varied for both sets of deformations and transmission 

spectra of the deformed fiber were recorded. Two attenuation bands due to two different 

spatial periods were observed at 1604.86 nm and 1615.86 nm. As the deformation 

amplitude was increased by varying the weight on the fiber, the amplitude of the attenuation 

bands increased proportionately. Figure 52 shows transmission spectra recorded for 

increasing deformation amplitude on the fiber. Amplitude of the attenuation bands as a 

function of increasing deformer weight is plotted in Figure 53. Attenuation band amplitude 

increases nearly linearly with deformer weight. This suggests that a multiplexed sensor 

based on this scheme would have a linear transfer function. 
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Figure 51. Transmission spectrum of a fiber with single-mode cutoff at 1250 nm, 

perturbed by two separate spatial deformation inducing structures. 
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Figure 52. Transmission spectra of a fiber perturbed by two sets of deformations with 

different spatial periods. Spectra were recorded for increasing deformation amplitude. 
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Figure 53. Amplitude of attenuation bands as a function of increasing deformer weight. A 

multiplexed sensor utilizing the two attenuation bands as signal wavelengths would have a 

linear transfer function. 
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4.3 Optical filters 

Given the strong wavelength dependence of losses in a single-mode fiber subjected to 

periodic deformations, an optical notch filter or band pass filter can be designed to filter out 

or pass a very narrow band of wavelengths, say ina WDM system. The notch-like spectral 

dependence of the losses in the deformed fiber arise from the coupling of the fundamental 

guided mode (LP),) power to discrete cladding modes. 

By choosing the appropriate spatial deformation period and single-mode fiber, an optical 

filter can be designed by periodically deforming the fiber, for any wavelength in the visible 

(600 nm) to far infrared (1700 nm) range. The extinction ratio and spectral width of the 

filter would be directly related to the amplitude of the deformations/fiber displacement and 

thus could be easily modulated. Figure 54 shows an attenuation band in the transmission 

spectrum of a deformed fiber with cutoff at 550 nm subjected to deformations of a period 

equal to 1.11 mm. The 3 dB spectral width of this attenuation band is 14.36 nm and it has 

an extinction ratio of 17.82 dB. 
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Figure 54. Transmission spectrum of a periodically deformed single-mode fiber showing 

an attenuation band with a notch filter like characteristic. Half spectral width of filter = 

14.36 nm, extinction ratio of filter = 17.82 dB, single-mode cutoff = 550 nm. 
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A band pass filter can be made by utilizing the central wavelengths of two closely spaced 

attenuation bands as the corner wavelengths of the filter pass band. Attenuation bands in 

the transmission spectrum of a deformed single-mode fiber can be spaced closely by 

inducing spatial deformations of different periods on the same fiber as discussed in §4.2. 

Inducing spatial deformations, with slightly different periods, on the fiber will ensure that 

the attenuation bands are closely spaced in the wavelength domain. The transmission 

spectrum of a fiber with single-mode cutoff at 1250 nm, subjected to two sets of spatial 

deformations (A, = 0.75 mm, A,= 0.84 mm), is shown in Figure 55. The attenuation 

spectrum of this fiber is shown in Figure 56. The pass band of the filter as seen in Figure 

56 is about 22 nm and the corner wavelengths are 1600 nm and 1622 nm. The extinction 

ratio is 4.5 dB. 
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Figure 55. Transmission spectrum of a single-mode fiber subjected to two sets of spatial 

deformations, indicating a bandpass filter characteristic. 
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Figure 56. Attenuation spectrum of a single-mode fiber subjected to two sets of spatial 

deformations, indicating a bandpass filter characteristic with a passband width of 22 nm. 
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5.0 Future work 

5.1 Permanent spatial deformations in optical fibers 

One of the major obstacles in the practical implementation of a microbend fiber optic sensor 

based on the wavelength dependence of deformation losses would be a coming up with a 

reliable means of inducing repeatable periodic spatial deformations on the fiber. A sensor 

implemented using the scheme outlined in §4.1 would have fixed sensing and reference 

wavelengths. It was observed in §3.3 that the central wavelength of an attenuation band in 

the transmission spectrum of a deformed single-mode fiber shifts with a very slight change 

in the deformation period. If the central wavelength of an attenuation band, chosen as the 

sensing wavelength, were to shift in the wavelength domain, the sensor performance 

would be significantly degraded. Thus deformations induced on the fiber would have to be 

of exactly the same period through the lifetime of the sensor. Also the sensor would need 

to be calibrated by relating predetermined values of the measurand to deformation 

amplitude/fiber displacement. 

An appropriate method to overcome the aforementioned difficulties in the implementation of 

a self-referenced microbend sensor would be to dispense with the deformation inducing 

structure altogether. A deformation inducing structure would not be necessary if the 

sensing fiber had permanent spatial deformations along its axis. Due to the presence of 

permanent spatial deformations of the appropriate period and amplitude on the fiber, 

attenuation bands would be observed in the transmission spectrum of the fiber. The sensor 

architecture outlined in §4.1 can be used to demodulate the sensor output. To illustrate the 

working of the deformed fiber as a strain sensor consider Figure 57. In Figure 57, a 

single-mode fiber with permanent, periodic deformations is attached at two ends to a 

surface with epoxy. Since the deformed region of the fiber is not attached to the surface 

undergoing strain, maximum longitudinal strain sensitivity is achieved, and since no strains 

transverse to the fiber axis can be coupled into the deformed section, the fiber has no 

transverse strain sensitivity. As the surface undergoes strain, the fiber is stretched and the 

amplitude of the permanent deformations decreases. This decrease in deformation 

amplitude causes the deformed fiber to lose less power at the sensing wavelength (central 
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wavelength of an attenuation band). Thus as strain increases the attenuation at the sensing 

wavelength decreases. The sensor output can be demodulated to give strain values. 

To demodulation optics 
Light from broad Section of fiber with permanent (See §4.1 for details) 
band source spatial deformations A 

  
  
  
  

Me 
< —> 

As the surface undergoes strain the amplitude of the permanent deformations decreases. 

Figure 57. Fiber optic strain gage with permanent microbends. Sensor output increases as 

strain is increased, which decreases the amplitude of the microbends. 

The formation of permanent spatial deformations on a fiber would involve placing the fiber 

in a deformation inducing fixture and heating the setup to the softening point of the glass 

fiber (800°C to 1400°C). The glass fiber will soften and assume the shape that it has been 

deformed into by the deformation inducing structure. As the fiber is cooled the fiber 

becomes permanently deformed into a periodic shape. Several types of deformation 

structures can be used to induce permanent deformations on a fiber. One implementation 

would have a series of ceramic or steel rods attached to two surfaces at periodic intervals as 

shown in Figure 58. A single-mode fiber is placed between the two surfaces and the fiber 

is heated upto the softening point of glass. 
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Figure 58. Method of inducing permanent microbends on an optical fiber. 
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5.2 Investigation of spectral properties of elliptical and single-mode 

fibers with photo-induced refractive index changes 

Permanent photo-induced refractive index changes in two-mode, elliptical core fibers have 

been used in sensing applications [15] as vibration mode filters and as weighted sensitivity 

sensors by Vengsarkar et al. These type of sensors operate on the principle of differential 

phase modulation between the LP), and LP modes in an elliptical core, two mode fiber. 

Due to an interaction between the two modes, a spatial two-lobe pattern is formed in the far 

field. The two lobes exchange power if the fiber is strained due to an external perturbation. 

The process of forming a grating within the fiber involves the injection of high intensity 

light from an argon ion laser source at 514.5 nm into the fiber. Due to the photo-sensitivity 

of the germanium-doped core a permanent refractive index change is induced in the fiber, 

with the same profile and periodicity as the two lobe pattern. 

The beat length Lg in a strain sensor is defined as the elongation required to induce a 

complete oscillation in one of the lobes at the output. When a fiber with a permanent 

refractive index grating written in its core is strained, the grating period A will increase with 

increasing strain. The beat length of the sensor will also vary as a function of increasing 

strain. This effect has been utilized to fabricate fiber sensors with weighted sensitivity to 

particular vibration modes of a structure. It is hoped that the permanent refractive index 

change in the core of a two-mode fiber induced by high intensity laser radiation, will cause 

wavelength dependent losses in the transmission spectrum of the fiber due to resonant 

coupling between the LP), and the LP;/™ modes. It is also hoped that this wavelength 

dependence of losses will be similar to the attenuation bands observed in the spectra of 

physically deformed single-mode fibers as discussed in § 3.2. Given that attenuation in the 

fiber is found to be wavelength sensitive, the attenuation spectrum would undergo changes 

as the fiber is strained. It may be possible to identify two wavelengths in the spectrum of 

the fiber, one insensitive to strain and the other relatively sensitive to strain. These 

wavelengths could serve as the reference and sensing wavelengths respectively in a strain 

sensor similar to the one proposed in §4.1. 

A single-mode fiber operated just below its cutoff wavelength supports two modes. Index 

gratings burned in this fiber would cause resonant coupling between the LP», and LP,, 

mode if the grating period A is equal to the beat length of the fiber or A = Lz = 20 / AB 
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where, AB = Bo: — B,1; is the difference in propagation constants for the two modes. A 

complete transfer of energy from the LP), to the LP,, mode will occur if the resonance 

condition is met. Since the differential propagation constant is wavelength dependent, the 

coupling between the two modes will also be wavelength dependent. The dependence of 

the propagation constant in terms of the normalized frequency of the fiber, V [16] is, 

AB(V) = 2m/L, = (AT2 U1 —Uo) (5.1) 
aV 

where A = Nae - Deore / Nags 2 is the core radius and U,,, are the characteristic functions for 

the modes as given by Gloge [12]. Given that only the LP), mode is excited at the input, at 

the wavelength of resonant coupling, A), most of the fundamental mode power will be 

transferred to the LP,, mode. The full-width half-maximum spectral width of the 

resonance is given as [16], 

_ 0.802%, (5.2) 

WHIM cAB'L,’ 

where, AB’ is the modal dispersion given by the frequency derivative of (5.1), c is the 

speed of light and Lx is the coupling length. An optical notch filter can be designed with its 

central wavelength at the resonant coupling wavelength and with LP,, mode strippers at the 

input and output to insure that only the LP,, mode enters and exits the fiber filter. Since the 

coupling between the two modes will be a function of the index grating period, a change in 

the grating period will result in a change in the wavelength dependence of the coupling. As 

the grating period is changed from the resonant value, by straining the fiber, transfer of 

power from the LP, to the LP,,; mode decreases and subsequently the amplitude of the 

attenuation band/notch filter characteristic decreases. The resonant wavelength can be 

chosen as a sensing wavelength. A second wavelength, close to the resonance but 

exhibiting no coupling between the two modes and hence no loss due to the index grating, 

can be chosen as the reference wavelength. Thus the sensor scheme outlined in §4.1 can 

be used for building a sensor using a two-mode fiber with an index grating written in its 

core. 
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A thorough spectral investigation of elliptical and circular, single-mode fibers with two- 

mode index gratings, should show the presence of wavelength dependent loss phenomena 

similar to the ones observed in periodically deformed single-mode fibers. The presence of 

refractive index perturbations in a fiber with two-mode gratings obviates the need for an 

external mechanism to perturb the fiber and cause wavelength dependent losses in the fiber. 

The lack of an external mechanism to periodically perturb the fiber would make the use, of 

such fibers for sensing and communications applications, very feasible and convenient. 

Hence the aforementioned investigation would be an important step towards exploiting the 

wavelength dependence of losses in fibers for applications in sensing and communications. 
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6.0 Conclusion 

In accordance with the thesis statement given in §1.4, single-mode fibers subjected to 

periodic spatial deformations were spectrally investigated for characterizing the wavelength 

dependence of deformation losses. Transmission and attenuation spectra were recorded for 

several single-mode fibers perturbed by deformations of different spatial periods. These 

transmission spectra clearly indicated the presence of attenuation bands due to coupling of 

guided mode power to cladding modes. A simplified mathematical description of power 

coupling from the core mode to the cladding modes has been developed. The location of 

bands/peaks in the attenuation spectra of deformed fibers has been shown to shift with 

change in the deformation period. Changes in attenuation band parameters were recorded 

for several fibers as the number and amplitude of the spatial deformations were changed. It 

was verified that in periodically deformed single-mode fibers, optical power is coupled to 

the cladding and scattered. The power lost due to deformations does not propagate back 

into the fiber. 

On the basis of experimental data, a self-referenced, intensity-based, stable, fiber optic 

sensor is proposed. The concept of multiplexing sensors by inducing sets of deformations 

with different spatial periods on the same fiber has been verified. A potential application of 

the observed peak-like behavior of deformation losses in single-mode fibers would be the 

realization of optical notch filters with narrow half spectral widths and large extinction 

ratios. 

A single-mode fiber with permanent, periodic deformations along its axis would show 

attenuation bands in its transmission spectrum. Future work should focus on inducing 

permanent deformations on a fiber. Fibers with permanent, periodic, quasi-sinusoidal 

deformations would greatly enhance and expedite practical implementation of the sensor 

concepts discussed in this thesis. Of equal significance is the spectral investigation of 

elliptical core and single-mode fibers with photoinduced refractive index two-mode 

gratings. Two-mode gratings would cause wavelength dependent coupling between the 

LP», and the LP,,; modes. By stripping off the LP,, mode at the output of a fiber with two- 

mode gratings, a notch-like attenuation band would appear in the transmission spectrum of 

the fiber. 
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Wavelength selective losses in perturbed optical fibers have myriad applications in fiber 

based sensing and communications systems and further research should be actively 

pursued. 
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