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Abstract: For enhancing the sensitivity properties and accelerating the responsive characteristics at the same 
time, a novel refractometer based on a side-opened, dual-core photonic crystal fiber and dual-beam coupling 
detecting mechanism is proposed and analyzed here. The improvement is replacing a part of air holes of 
conventional dual-core photonic crystal fiber by one large circular hole, while the laterial segment of this large 
circular hole is supposed to be side opened. This side-opened fiber configuration makes fast responsive 
characteristics by allowing fluidic target approaching one of the fiber cores laterally and quickly. The dual-beam 
coupling mechanism ensures a relative higher optical sensitivity. Numerical simulation results show that a 
sensitivity of 3.8e-5RIU could be achievable, which reflects its potential value on high sensitive and fast 
responsive detection applications. Besides, the relation of the optical sensitivity and the dynamic detected index 
range on this novel dual core photonic crystal fiber structure, optical mode polarization and the transmitting 
waveband is also analyzed. Copyright © 2013 IFSA. 
 
Keywords: Dual core photonic crystal fiber, Fiber refractometer, Side opened, Dual beam coupling detection. 
 
 
 
1. Introduction 
 

Fiber based refractometers have many advantages, 
such as high integration, high sensitivity, easy to make 
and low cost [1, 2]. One important kind of fiber 
refractometer is based on dual core fiber and 
interference/coupling detecting mechanism, which 
plus the advantage of ultra-high optical sensitivity 
characteristics due to the differential intensity 
detection or differential coherent detection 
mechanism [3-6]. Currently, many kinds of dual-core 
fiber based refractometers have been proposed, such 
as the dual core photonic bandgap fiber 
(PBGF)/photonic crystal fiber (PCF) [7], the dual core 
fiber/PCF grating [8] and the dual core total internal 
reflection(TIR) fiber/PCF [9,10]. Wu Yuan studied 
the characteristics of a refractometer scheme based on 
a solid twin-core PBGF with one fluid-filled-hole 
centered between the two cores [7]. By detecting the 

variation of transmittance intensity at a fixed 
wavelength, a detection limit magnitude of 10-6RIU 
and a dynamic detected index range of 0.01RIU could 
be feasibly. But, its optical characteristic is originated 
from the phase matching of dissimilar waveguides, 
consequently it was only useful at a narrow detected 
index range. For broadening the detected fluidic index 
range, optical refractometers based on the fiber 
grating [8] and TIR PCF [9-11] are good ideas. The 
dual core fiber grating mechanism has the capability 
of decoupling all the parameters affecting the 
measurement and obtains precise measurements of the 
interested parameters. In TIR-typed PCF 
configuration, there exists an exponential dependence 
of core-core coupling on specific refractive index 
range of the detected analyte, which ensures a large 
detecting range and high sensitivity simultaneously. 
Besides, selective-filling the photonic crystal fiber 
with detected fluidic analyte could also increase the 
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optical sensitivity by approximately 1 magnitude 
order [8].  

Besides, due to the close hole characteristics of 
conventional photonic crystal fiber, their optical 
responsive characteristics are restricted by the slow 
filling speed of detected fluid analytes. A feasible 
method is side opening the photonic crystal fiber by 
laser drilling, side polishing or chemical etching 
methods. Another way is drawing the side-opened 
fiber straightly during the fiber drawing process 
[12-14].  

Inspired by upper progresses, here a novel fiber 
refractometer which combines the merits of dual core 
fiber and side opening characteristics is proposed 
here. The improvement is replacing a part of air holes 
by one large circular hole, while the laterial segment 
of this large hole could be side opened by side 
polishing method. Thus the detected fluid could fill 
into the large circular hole, which is the sensing area 
laterally and quickly. So the fast responsive 
characteristics could be attainable. For enhancing the 
optical sensitivity at the same time, the detecting 
mechanism based on the dual core coupling 
mechanism is utilized here. Moreover, the key 
parameters such as core diameter, hole size and pitch, 
transmitting wavelength are optimized for sensitivity 
enhancement. We show that by choosing appropriate 
fiber parameters, the fiber sensor could own a high 
optical sensitivity and a wide detected range at the 
same time.  

The analysis is arranged as follows: In section 2, 
the configuration of the proposed fiber refractometer 
is revealed, the function of dual core coupling 
mechanism is deduced here too; In section 3, a 
detailed analysis of the characteristics of the proposed 
configuration is given, while the influence of fiber 
core size, air hole pitch and diameter, large circular 
hole parameters on refractometer sensing 
characteristics are studied; While in section 4, a 
summary of this configuration is proposed, its 
potential value on fast responsive, high sensitive fluid 
index sensing is also forecasted. 
 
 
2. Configuration of the Proposed Fiber 

Refractometer 
 
The cross section of the proposed dual core 

photonic crystal fiber refractometer structure is 
schematically depicted in Fig. 1. The base material of 
this proposed configuration is supposed as silica. In 
Fig. 1, two core of solid silica material is embedded 
into fiber cladding of array air holes for coupling. For 
fluidic refractive index sensing operation, the fiber 
size is designed to operate at fundamental mode. A 
part of the air holes is replaced by one large circular 
hole, while the laterial segment of this large circular 
hole could be side opened by side polishing method. 
Thus the detected fluid could fill into the large hole 
region (the sensing area) quickly. The silica core 
radius R, the air hole radius Rair, the large circular 

hole radius Rhole and the air hole pitch  could be 
adjusted easily during the fabrication process for 
sensitivity enhancement by changing the optical 
energy distribution over the sensing region. The fiber 
cladding diameter is supposed of 125 μm, which is 
easy for connecting with conventional single 
mode/multimode fiber. The distance between the dual 
cores is properly selected for considering a trading-off 
between the possibility of illuminating the dual cores 
using a standard single mode fiber beam source. This 
fiber mode distribution is simulated by the 
commercially available finite-element software 
(COMSOL multiphysics 4.3) [15, 16] between  
1550 nm and 950 nm respectively. The refractive 
index of the silica nSiO2 is the same as those in ref 
[17]. The refractive index  nanalyte of the fluidic analyte 
is from 1.333 to 1.393. 

 
 

  
 

Fig. 1. Cross section of the proposed dual core photonic 
crystal fiber refractometer. 

 
 

Fig. 2 shows the mode field intensity distribution 
of each polarization at 1550 nm transmitting 
wavelength in the dual core fiber refractometer with 
an R of 6μm, Rhole of 12 μm, Rair of 1.8 μm and pitch of  
8 μm when nanalyte equals to 1.333. As seen in Fig. 2, 
there are two fundamental modes in each core region. 
The left core is close to the analyte, thus the influence 
of analyte index on their mode effective index is 
stronger than that of right core region. Since the 
detection mechanism is based on the mode coupling 
of the dual-modes of one polarization, we can deduce 
the sensing sensitivity characteristics based on the 
following functions. 

For a balanced coupler, the proportion of the 
launched power coupled to the other core in a device 
of length is [19]  

 
  

   2 2
21

1

sin 2
0

P L
T

P
  , (1) 

 
where  is the phase difference between the two 
fundamental modes, defined by  
  

 ,left right neff ak L n n k L n        , (2) 



Sensors & Transducers, Vol. 20, Special Issue, April 2013, pp. 6-11 

 8 

  
 

(a) TE mode of left core. 
 

 
 

(b) TM mode of left core. 
 

  
 

(c) TE mode of right core. 
 

 
 

(d) TM mode of right core. 
 

Fig. 2. Plot of intensity distribution of TE and TM 
polarizations at λ=1550 nm 

(R=6 μm, Rair =1.8 μm, Rhole=12 μm, =8 μm, nanalyte=1.333) 
 
 

In function (1) and (2), L is the length of the coupler, 
κ=2π/λ is the free space propagation constant, λ is the 
transmitting wavelength, and nleft and nright are the 
effective indices of the fundamental modes 
respectively, and Δneff= nleft-nright. The coupling length 
L is defined as the fiber length to which the optical 
input has transferred completely from one core to the 
other core, so 

   2 ,c neff aL n   , (3) 

 
Here, the coupling length is proportional to the 

coupling coefficient of dual cores inversely, and 
varies with confinement of the core modes and 
separation between the cores rapidly, and in the 
dual-core photonic crystal fiber will also depend upon 
the refractive index of the fluidic analyte na. 

The optical sensitivity of the dual-core photonic 
crystal fiber is simulated by coupled mode theory 
(CMT) and the finite element method (FEM) software 
COMSOL myltiphysics [14, 15]. For optimizing the 
optical sensitivity, the sensor must be biased to 
operate at 50 % transmittance, e.g. with θ=180 degree 
or L=Lc/2. In practice this condition could be 
achieved by fabricating the device length to be an odd 
number of half-coupling lengths, or by temperature or 
wavelength tuning. Thus, under that condition, the 
sensitivity of the proposed side-opened dual core 
photonic crystal fiber can be given by 

 

   
     

 
21 1 1

neff eff

c
a a neff a

nT
N k L N

n n n

   
      

     
, (4) 

   
which depends straightly on    eff an n    . and 

scales with fiber refractometer length N. 
 

Supposing the sensing length of fiber 
refractometer L is 3 cm, when light at 150 nm 
wavelength is coupled into one of the cores of the dual 
core photonic crystal fiber, the normalized 
transmittance of the opposite core after propagating 
through the sensing area is depicted in Fig. 3. 

 
 

 
 

(a) Transmittance 
 

 
 

(b) Coupling length characteristic. 
 

Fig. 3. Characteristics of transmittance and coupling length 
(R=6 μm, Rair =1.8 μm, Rhole=12 μm, =8 μm, λ=1550 nm). 
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Consequently changes in refractive index may be 
determined from the variation in transmitted intensity 
at the fixed wavelength. Note that as the fluid 
refractive index and coupling increase, the 
transmittance passes through a series of nulls and 
peaks as the coupling length changes. The change of 
coupling length with analyte index is illustrated in 
Fig. 4. 
 

 

  
 

(a)Transmittance. 
 

 
 

 (b) Coupling length characteristic. 
 

Fig. 4. Characteristics of transmittance and coupling length 
vs. air hole radius 

(R=6 μm, Rhole=12 μm, =8 μm, λ=1550 nm) 
 
 

3. Numerical Simulation and Result 
Analysis 
 
In this section, the influence of the fiber 

parameters and the transmitting wavelength on the 
fiber sensing characteristics is analyzed. First we 
analyze the impact of air hole radius on the optical 
sensitivity. Fig. 4(a) depicts the transmittance and 
coupling length characteristics versus analyte 
refractive index for different air hole radius. It shows 
that, with the rising of fluidic index of detected 
targets, the speed of transmittance variety from peaks 
to nulls increases, corresponding with an enhanced 
optical sensitivity. When the index reaches to 
1.393RIU, the corresponding sensitivity of dual core 
photonic crystal fiber with air hole radius of 0.9 μm 
could come up to 2567 rad/RIU (deduced from 
function 5), the corresponding sensing resolution 
could reach up to 3.8e-5RIU. It also seems that with 
the decrease of air hole radius, the transmittance 
variety becomes relative more quick, followed with 

the enhanced sensitivity at the same detecting region. 
We attribute it to the less mode confinement ability 
and higher overlap towards to the sensing region 
(large circular hole) and the further greater influence 
on optical sensitivity with smaller air hole radius, 
which could be supported by Fig. 4 (b). As the 
coupling length is inversely proportional to the 
coupling coefficient between the two cores, and varies 
rapidly with confinement of the core modes and 
separation between the cores. It also shows that the 
difference of sensitivity characteristics of TM 
polarization and TE polarization are little. We 
attribute it to the little mode distribution difference of 
TM polarization and TM polarization towards the 
sensing region. 

Then the impact of fluid-filled large circular radius 
on the optical sensitivity is analyzed. As shown in Fig. 
5, the dual mode coupling length of each polarization 
ranges from 1.6 mm to 2.7 mm when the range of 
analyte refractive index is from 1.333 to 1.393. The 
sensitivity difference on different circular hole radius 
(from 12 μm to 6 μm) seems significant. The reason is 
that a larger air hole diameter seems better for 
promoting the energy overlap towards to the circular 
hole region and enhancing the optical sensitivity. But 
it seems a better corresponded with special fluid index 
(near 1.385RIU when Rhole equals to 6 μm). Thus, 
The varying dependence of coupling on fluidic 
refractive index, allows the fiber refractometer to be 
designed for maximum dynamic range or for 
maximum sensitivity to fluidic refractive index 
change according to the real demand. 

 
 

  
 

(a) Transmittance 
 

 
 

(b) Coupling length characteristic 
 

Fig. 5. Characteristics of transmittance and coupling length 
vs. fluid-filled circular hole radius. 
(R :Rair:Rair=6:12:1.8, λ=1550 nm). 
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Then, the coupling length characteristics versus 

core radius (when R :Rair:Rair=6:12:1.8) for selecting 
proper core radius in Fig. 6. It seems that with the 
decrease of core radius, the coupling length increases, 
which could benefit to the sensitivity enhancement 
later, but the coupling length come to maximum when 
the fluid index come to a special point. We think those 
results could also attributes to the difference of mode 
confinement ability and coupling length 
characteristics. As the smaller core radius could 
depress the ability of mode confinement at the same 
condition, more energy could distribute over the 
sensing region and its influence on effective mode 
index characteristic and coupling length are also 
enhanced then. 

 
 

 
 

Fig. 6. Characteristics of coupling length vs. fluid-filled 
circular hole radius 

(R=6 μm, Rair=1.8 μm, =8 μm, λ=1550 nm). 
 
 

 
 

Fig. 7. Characteristics of coupling length vs. fluid-filled 
circular hole radius 

(R=6 μm, Rair =1.8 μm, Rhole=12 μm, =8 μm, n=1.333) 
 
 

Finally, Fig. 7 shows the coupling length 
characteristic vs. fluid refractive index from 950 nm to 
1550 nm for selecting proper waveband. It seems In 
this dual core photonic crystal fiber refractometer, the 
coupling length decreases monotonically with 
increasing wavelength. We think it could also 
attributes to the difference of mode confinement 

ability. As the longer wavelength could depress the 
ability of mode confinement at the same condition, 
more energy could distribute over the circular hole 
region (sensing area) and the influence on coupling 
characteristic are also enhanced then. 
 
 
4. Conclusions 

 
In this paper, we explore a novel refractometer by 

incorporating the side-opened structure into the 
dual-core photonic crystal fiber figuration. As the 
fluidic analyte could approach the side-opened 
circular hole laterally and directly, a fast molecule 
exchange speed and short sensing response time are 
feasible. Besides, the dual-core, dual mode fiber 
structure and the coupling detection mechanism also 
ensure a relative higher sensitivity which could reach 
up to 3.8e-5RIU. The detected range is also very wide. 
We think this novel configuration have potential value 
on fast responsive, high sensitive and wide detected 
range fluidic index detection applications. 
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