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ABSTRACT  

Sensing in harsh environments, such as in high magnetic fields like those found within MRI machines or in high-voltage 
conditions like those found within power transformers lends itself well for the use of fiber optic sensors. Where 
conventional electronic sensors fail for obvious reasons, specially designed fiber optic sensors can fill in these gaps. The 
aim of this research was to investigate the feasibility and technical parameters necessary to design a flexure sensor based 
on evanescent coupling between the modes of a two- (or more) core fiber. The design parameters are discussed and the 
sensitivity of the sensor is shown to be tunable by modifying variables which the coupling constant is sensitive to. 

The physical model used to simulate this system is derived from an effective index change due to a combination of strain 
and an effective path difference which is induced by bending the fiber. The result of this model is a coupled-mode 
equation that can be systematically solved using an eigenvector approach to mode coupling. With proper fiber drawing 
techniques, this model predicts measurement sensitivities of curvature down to km-1. Furthermore, this technique can be 
extended based on simulated long-wavelength measurements to make predictions about where along the length of the 
fiber the flexing took place. This system has the potential to be used as a competing system for Rayleigh backscattering 
based flexure measurements. 
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1. INTRODUCTION  
Electronic sensors are always limited to certain environments because of some of their properties interact strongly with 
external conditions at minimum perturbing the result and at most destroying the sensor. Being susceptible to high 
voltages and to high magnetic fields, electric flexure sensors require a replacement in such extreme environments. This 
paper deals with the search for alternatives using optical fiber due to its inertness to high electric and magnetic fields. An 
evanescently coupled waveguide was selected to construct such a replacement sensor [1]. This was chosen because of its 
sensitivity to perturbations [2]. This paper is a theoretical investigation into the mechanisms that govern the coupling 
between the two cores, including the interaction of the cores with both construction parameters and under the influence 
of strain [3,4]. 

Rayleigh backscattering is the gold standard used at the moment to detect strain in fibers [5]. It provides information 
such as microstrains and how far down a fiber these mircostrains occur [6]. However, most of the implementations 
require highly sensitive detectors and a tunable laser source. This makes the sensor both expensive and complex. In this 
paper, we will present ways based on an evanescently coupled multicore fiber which could provide an alternative sensor 
to Rayleigh backscattering sensors. 
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2. MATHEMATICAL DESCRIPTION OF THE SENSOR 
2.1 Hilbert space solutions to the wave equation 

In this section, a short discussion will be given on transforming the wave equation into a form easily described in Hilbert 
space. With the basic assumption of time independence and translational invariance along the propagation direction, or 
z-direction of the fiber, the wave equation is very easily cast into the common form ∇Tଶܧ௭ + ሺሺ݊݇௢ሻଶ − ௭ܧଶሻߚ = 0. (1) 

Here the subscript T represents the transverse direction to the direction of propagation, n is the cross-sectional index of 
refraction profile and ko is the free-space wavevector and β is the propagation constant. For a single-core step index fiber 
similar to the ones we are considering in this paper, the general form of the eigenvalue solutions is calculated in 
cylindrical coordinates and is of the form [7]  E௭௟,௠ = ቀܬ௠൫݇௟,௠ݎ൯൫1 − Θሺݎ − ܽሻ൯ + ݎ൯Θሺݎ௟,௠ߛ௠൫ܭ௟,௠ܣ − ܽሻቁ ݁௜௠ఝ, (2) 

with l and m being the radial and angular quantum numbers respectively, with ܬ௠and ܭ௠being the Bessel function of the 
first kind and modified Bessel function of the second kind respectively, ݇௟,௠ and ߛ௟,௠ are the transverse components of 
the wavevector both inside and outside the fiber,	ܣ௟,௠ is a constant for continuity across the core-cladding boundary and Θሺݎ − ܽሻ is the Heaviside step function which defines the core-cladding boundary. It is possible to generate the 
transverse components of the electric field using Maxwell equations, but a full vector analysis is not needed for the 
scope of this paper and is therefore ignored. The elegant fact about Eq. (1) is that it lends itself well for expanding the 
notation into a Hilbert space calculation for the purpose of calculating both small and large tangential perturbations to 
the index of refraction, i.e. ܪ෡ห߰௭௟,௠ൿ = ௟,௠ଶߚ ห߰௭௟,௠ൿ (3) 

with ܪ෡ = ൫ܭ෡ + ෠ܲ൯ = ሺ∇Tଶ + ሺ݊݇௢ሻଶሻ. (4) 

This notation was used because the equation closely resembles that of the quantum-mechanical Hamiltonian with 
2ˆ
TK ∇= and =P̂ ( )2onk and ml

z
,ψ  being the properly normalized electric field in abstract vector space. Projected 

back into Cartesian space the ‘wavefunction’ looks like: ൻݔԦTห߰௭௟,௠ൿ = E௭௟,௠ = ቀܬ௠൫݇௟,௠ݎ൯൫1 − Θሺݎ − ܽሻ൯ + ݎ൯Θሺݎ௟,௠ߛ௠൫ܭ௟,௠ܣ − ܽሻቁ ݁௜௠ఝ. (5) 

Here, Txr is the transverse spatial coordinate system representation in Hilbert space. These modes are, however, 
orthogonal and follow the relationship ൻ߰௭௟ᇱ,௠ᇱห߰௭௟,௠ൿ =  ௠,௠ᇱ (6)ߜ௟,௟ᇱߜ

with ',llδ being the Kronecker delta. It is worth noting that these modes of the fiber do not form a complete basis 
because we were only searching for bound states. 
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4. CONCLUSIONS 
The search for a fiber-based sensor to detect flexure in harsh environments led this research in the direction of 
evanescently coupled wave guides. The equation governing evanescent coupling was written down in a Hilbert space 
construction. This made it relatively easy to add in a mathematical analysis based on the flexing the sensor. The flexure 
calculation took the variables of both strain and path changes into account when modeling this system. Based on the 
underlying physics taken away from this analysis, a fiber design was proposed that should enable the measurement of 
both the amount of flexure and the position that flexure took place. A more rigorous analysis of the full design is still 
called for based on the mathematical model derived within this paper. 
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