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Abstract We study the phenomenon of deliberate inter-

modal interactions in a specially designed index guided

Microstructured Optical Fiber (MOF) by exploiting mul-

tipole expansion method (White et al. 2002). The MOF is

designed in such a way that the first layer of holes is

judiciously filled with a material having refractive index

slightly greater than the background material or core and

remaining holes are filled with air. Accordingly, we find an

interesting phenomenon of mode crossing between the

fundamental mode and a targeted defect mode while tuning

the wavelength. Exploring this transition wavelength of the

mode crossing, we propose a design of a fiber optic sensor

for refractive index measurement (Silva et al. 2014) with

enhanced sensitivity.

1 Introduction

The discovery of photonic crystal fiber or microstructured

optical fiber (Russell et al. 1996) opens up tremendous

opportunity for the researchers to overcome many con-

straints of conventional optical fibers, owing to their unique

properties such as endlessly single mode operation with

large core area (Birks et al. 1997; Knight et al. 1998), low

bend-loss sensitivity (Wheeler et al. 2014), polarization

maintaining capabilities (Kaczmarek 2014), and many

more. The MOF consists of a periodic arrangement of air

holes with triangular or hexagonal symmetry running along

their entire length, together with a missing air hole or a low

refractive index material at the center acting as the core.

Due to the special geometry of MOFs, they host a range of

unique capabilities which would be exploited especially for

enhanced sensing applications such as refractive index

sensor, pressure sensor, high-temperature sensor, etc.

Lately, refractive index sensors based on MOFs have been

explored widely in the field of chemical and biological

detection industry; for example, fuel quality measurement

(Osorio et al. 2013), measurement of salinity of water

(Pereira et al. 2004; Adhikari et al. 2015), etc. Moreover,

this technology has also been effectively applied in

detection of drugs/DNA interaction, and cell growth (Zibaii

et al. 2010a, b). Many of these MOF based sensors rely on

photonic bandgap (PBG) properties or generic resonant

coupling phenomena in dual core MOF where the concept

of dual core was achieved by selectively filling the clad-

ding air holes (Darran et al. 2009; Luan et al. 2016; Town

et al. 2010).

In 2004, Kim et al. through their numerical investiga-

tions established that presence of a thin silica ring sur-

rounding the air core of a photonic bandgap fiber

introduces surface modes (Kim et al. 2004), unlike in a

conventional optical fiber counterpart. In this context, M.

J. F. Digonnet verified the existence of surface modes in a

circular air-core photonic bandgap fiber with triangular

symmetry in the surrounding cladding (Digonnet et al.

2004). These surface modes or defect modes are present at

the boundary between the core and the holey cladding.

Judicious choice of structural parameters creates a condi-

tion where the effective index difference between the

supported fundamental mode and deliberate defect mode
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would be negligibly small, which essentially leads to an

interaction among the chosen modes. The wavelength

dependence of this modal interaction dynamics and para-

metric dependence of this feature would be promising in

device level applications, particularly for label-free sensing

based on frequency splitting.

In this paper, we design a specialtyMOFwith customized

index profile by suitably tailoring the index value of the first

cladding ring, unlike the background system. The proposed

advanced cladding layer consists of a material having

slightly higher refractive index than the core index in the first

layer of holes, thereby breaking the radial symmetry of the

over-all cladding. Previously, this W-type index profile was

used in some interesting applications including dispersion

compensation both in conventional fibers and MOF’s

(Thyagarajan et al. 1996; Varshney et al. 2005). In this work,

we have done the modal analysis and investigated their

interactions in the proposed MOF. The optimized MOF

geometry supports the defect mode with a slightly higher

effective index than the fundamental mode; hence they

interact with each other as the operating condition is tuned.

Judicious tailoring and control of the modal interaction lead

to significant power switching between the modes and hence

in the output. Detecting the sensitivity of this power splitting

at the output and investigating its parametric control, we

propose a new MOF based refractive index sensor

(Efendioglu 2017).

2 Theory and proposed scheme

In the MOF, the light wave is guided through manipulation

of the waveguide geometry rather than the index of

refraction itself. Depending on the index of the core

material, the MOF can be classified into two categories

either as photonic bandgap fiber, or index guided fiber. In

the photonic bandgap fiber, the core region consists of air

or of a material having a refractive index lower than the

effective refractive index of the cladding region and in

general the diameter of the core is greater than that of the

cladding air holes. An index guided MOF accommodates a

missing air hole at the center acting as the core of the MOF

that is surrounded by a silica matrix with hexagonal/cir-

cular periodic array of air-hole inclusions forming the

effective cladding layer. The effective index of the clad-

ding is given by bFSM=k, where bFSM is the propagation

constant of the fundamental space filling mode (FSM) and

k (= 2p=k) is the free space propagation constant with k
being the wavelength. Here FSM is the fundamental space

filling mode of the infinite photonic crystal cladding. As

the cladding layers consist of both air and silica material,

therefore the average index of the cladding becomes lower

than the core, which is entirely silica based. This condition

satisfies the working principle for the conventional optical

fibers. Here light is guided through modified total internal

reflection akin total internal reflection in conventional step

index fiber. It is well understood that in a conventional

optical fiber if the core index (n1) is very close to cladding

index (n2) then weakly guiding approximation or scalar

wave approximation can be implemented. In this approxi-

mation, the propagation constant of transverse electric (TE)

and transverse magnetic (TM) modes are nearly equal and

thus they are usually referred to as linearly polarized or LP

modes. Under weakly guiding approximation, the trans-

verse component of electric field satisfies the scalar wave

equation, and from the solution to this equation it is found

that for a mode having effective index in between the

indices of the core and cladding will remain oscillatory or

sustain in the core region known as the guided mode; and

those modes having effective index lower than the cladding

index will remain oscillatory in the cladding region.

Introducing a deliberate defect may excite a defect mode in

an otherwise periodic cladding.

In the present work, we specially design a MOF to

achieve the condition of weakly guiding approximation by

introducing a material with a slightly higher refractive

index than silica in the first layer of air holes in the clad-

ding of the MOF. The effective refractive index profile of

the index-guided MOF is obtained by using effective index

method, which is essentially the average value of refractive

index of the background material and the material of the

hole taking into account their respective area. Under this

condition, since the refractive index difference between the

core and cladding is very small, the effective indices of the

core and cladding guided modes come close to each other

and any further interaction leads to mode Variation of real

part ofcrossing in the dual mode structure. This phe-

nomenon of mode crossing is exploited to design a

refractive index sensor. Using our design scheme and

proposed fiber, we plan to feed the output of an optical

source over a wide range of operational wavelengths to the

designed MOF and the output is to be detected by an

optical detector. Then tuning the wavelength of a source

continuously, a condition can be achieved where the output

beam power will be changed drastically manifesting the

onset of mode crossing. Then by detecting this power

transition wavelength, the refractive index of the hole

filling material (here high concentration of sugar solution,

benzene, toluene, styrene) can be determined.

3 Fiber design and performance evaluation

In our proposed fiber design, we have optimized a set of fiber

parameters and also introduced a material in the first layer of

the cladding holes in silica matrix to achieve mode crossing
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between the fundamental mode and the defect mode. We

optimize three layers of holes, each with equal radius sur-

rounding the core with hexagonal symmetry, which are

embedded in the silica matrix. To reduce the index contrast

between the core and cladding, a material with refractive

index of 1.46 is incorporated in the first layer of the cladding

holes. The refractive index profile of the designed MOF

structure is shown in Fig. 1. The wavelength dependence of

refractive index for silica is obtained by using the Sellmeier

relationship, however for the proposed range of wavelength;

we have ignored the wavelength dependency of refractive

index for the first layer of holes. Modal analysis and related

numerical calculations are carried out using the CUDOS�,

which is based on multipole expansion method, and post-

processed in MATLAB�. During optimization of the MOF

structure, it was noticed that the difference between effective

indices of guided mode and defect mode decreases with the

reduction of pitch (K, center-to-center air hole separation).
To reduce the material index contrast between the core and

cladding, we increase the radius of the filled holes. However,

with this particular modification, material-filled holes with a

larger radius itself support the local guided mode. Accord-

ingly, we optimize the hole-radius such that it does not guide

any isolatedmode.Having carried out rigorous optimization,

a highly sensitive mode crossing is achieved numerically for

the structure having the pitch (K) of 1.9 lm, air hole radius of

0.15 lm and hole-diameter to pitch ratio (d/K) of 0.158 at

590.9 nm. It is observed that it supports two modes; one is

core-guided mode and the other is defect mode in the clad-

ding. Their field profiles at a wavelength of 592 nm are

shown in Fig. 2. From this figure, it is evident that the core

mode has maximum field intensity at the center while the

defect mode has field intensity in the form of a circular ring

around the core having no power confined in the core.

Propagation constants of these modes are complex. Varia-

tion of real parts of the effective index (neff) of these modes

with wavelength is shown in Fig. 3, where red curve marks

core mode and blue for defect mode. It is evident from the

curve that the real part of neff for the core mode decreases

rapidly with decrease in wavelength, whereas the real part of

neff for defect mode increases negligibly. At wavelength of

590.9 nm the modes cross each other. Hence, for wave-

lengths below 590.9 nm, the defect mode acts as the fun-

damental mode in our structure. The variation of imaginary

part of neff with wavelength for both core-guided mode and

defect mode is displayed in Fig. 4. For this case also we

identify the phenomenon of mode crossing when the modes

exchange their lifetime around the degeneracy point. From

waveguide theory, it is well understood that the waveguide

loss is directly proportional to the imaginary part of neff.

Hence, for the optimized fiber geometry with the chosen

parameters, the real and imaginary parts of effective index

variation show crossing behavior resulting in an over-all

mode crossing behavior. Figure 5 shows the variation of

fractional power distribution between the interacting core

and defect modes with wavelength for the designed fiber

discussed above. In the longer range of operating wave-

lengths relative to the mode crossing, most of the power

confined in the core mode while at wavelengths below the

mode crossing wavelength power mainly remains in the

cladding. From the application point of view, this mode-

crossing wavelength can be detected by simply placing an

optical detector at the core region (near field) rather than an

optical spectrum analyzer which will reduce the cost of

detection.

Accordingly, we fill the first layer of holes with different

refractive indices and calculate the mode crossing wave-

length. The variation in mode crossing wavelength with

Fig. 1 Schematic refractive index profile of the proposed MOF.

Cladding consists of three rings of holes (white circles) with

triangular/hexagonal symmetry embedded in silica matrix (brown

background).The first layer is filled with a material having refractive

index 1.46

Fig. 2 Field profiles of (a) core-guided mode and (b) defect guided
mode
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various hole filling material indices is shown in Fig. 6.

Hence we intend to vThe MOF structure features

ary hole filling material index from 1.46 to 1.50 with an

index step of 0.005. This clearly indicates that at the

smaller value of the refractive index (nf) of hole filling

material, the crossing wavelength increases slowly with nf,

however, this change is relatively larger at a higher value

of nf. Thus such a shift in crossing wavelength with index

change could be exploited in sensing applications. The

sensitivity (Sk) of a refractive index sensor can be obtain

by using the following relation.

Sk ¼ okðnÞ=on ð1Þ

where okðnf Þ is the change in mode-crossing wavelength.

In Fig. 7 we demonstrate the variation in sensitivity with

the hole filling material refractive indices. From our anal-

ysis, it is observed that the sensitivity attains its maximum

value of 12,000 nm/RIU when a hole filling material

refractive index is 1.49. The MOF based RI sensor can

Fig. 3 Variation of real part of neff with operating wavelength for

both core-guided mode and defect mode. The MOF structure features

pitch ðKÞ = 1.9 lm, d=K = 0.158 and the first layer of holes is filled

with a material having index of 1.46

Fig. 4 Variation of imaginary part of neff with operating wavelength

for both core-guided mode and defect mode. The MOF structure

features pitch (K) = 1.9 lm, d=K ¼ 0:158 and the first layer of holes

is filled with a material having index of 1.46
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Fig. 5 Tunability of fractional power distribution with operating

wavelength

Fig. 6 Dependence of mode-crossing wavelength with index of hole

filling material
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broadly be classified in two categories as the interfero-

metric and resonance-based MOF configurations. In Park

et al. (2010) realized a PCF-based reflection type refrac-

tometer for RI measurement with sensitivity 850 nm/RIU.

Moreover, Silva et al. 2011 developed a refractometer

based on multimodal interference with sensitivity 800 nm/

RIU. Sun et al. 2011 proposed a new concept of dual-core

PCF sensor based on a conventional solid core as well as a

microstructured core with a sensitivity of 8500 nm/RIU. A

detail development history of optical fibre based RI sensor

can be obtained from (Silva et al. 2014). From our analysis,

it is observed that the sensitivity attains its maximum value

of 12,000 nm/RIU.

To address the fabrication feasibility of our optimized

fiber geometry, the tolerance is tested by estimating the

sensitivity for the structures having larger and smaller radii

of the first layer of holes and the relevant results are shown

in Fig. 8. Our findings reveal that the maximum sensitivity

remains almost constant with the reduction of holes radius

about 5% whereas the sensitivity decreases drastically with

the increment of hole radius. Moreover, the increment of

holes radius by 2% decreases the maximum sensitivity by

17%. To summarize, the point of maximum sensitivity is

affected by a small value due to the change of hole radii of

the first layer.

For device level implementation of this proposed sens-

ing scheme, we study the effect of deliberate scaling of the

MOF cross-section by varying all its parameters like pitch,

hole diameters in a fixed proportion. Hence we consider up

and down scaling in the MOF cross section by multiplying

its cross section parameters by factors 1.05 and 0.95,

respectively (Russell et al. 2006).

The sensitivity behavior of the newly formed structures

is displayed in Fig. 9. There is a shifting if the maximum

sensitivity peaks with up and down tapered structures

with respect to normal structure as well as there is a

change in maximum sensitivity. For up scaled cross-sec-

tion, the sensitivity is enhanced whereas down scaled

structure exhibits the contrary. This result could be useful

to choose the high sensitivity region of a refractive index

sensor, while a longitudinally tapered fiber optic head is

optimized. Moreover, the sensitivity remains almost

unchanged when dispersive nature of refractive indices is

considered.

Fig. 7 Dependence of sensitivity with hole filling material index

Fig. 8 Variation of sensitivity with hole filling material index for

different hole radii

Fig. 9 Sensitivity after up and down tapered cross-section of the

MOF structure by a factor 1.05 and 0.95, respectively
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4 Conclusion

In conclusion, we have proposed a new scheme for

enhanced refractive index sensing. The proposal has been

implemented to optimize a specialty index guided

microstructured optical fiber with enhanced sensitivity to

index variation in the air holes of the cladding. Our detailed

numerical study exhibited the phenomenon of mode

crossing between the core-guided mode and deliberate

defect mode. The variation of mode crossing wavelength

with hole-filling material index is demonstrated. The pro-

posed MOF geometry with its highly sensitive mode

switching behavior could be utilized for fiber optic fre-

quency splitting based label free detectors and devices.
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