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Abstract. The performance study of various sensing parameters such as sensitivity, detection accuracy and quality
parameter of liquid core Bragg fibre waveguide biosensor based on defect mode has been theoretically studied
and compared with experimental findings of a similar structure without defect mode. The electromagnetic wave
propagation in the present structure has been modelled using the transfer matrix method and Henkel formalism
in cylindrical coordinates. The present multilayer structure can provide a band gap between 617 and 929 nm
wavelength range at angle of incidence θ = 70◦ . Due to the presence of a defect layer, a defect mode at 690 nm
wavelength is observed in this band-gap region. This defect mode can be treated as a sensing signal in the present
study. It is observed that the obtained sensitivity (S ≈ 334 nm/RIU) through the defect mode is almost the same
as the experimental findings (S ≈ 330 nm/RIU) of a similar structure without the defect layer. But the obtained
maximum detection accuracy (68.6) and quality parameter (160.4/RIU) of the present structure with defect layer
is much larger than the values in a similar structure without defect layer (6.9 and 15/RIU). The present structure
having a liquid-filled core, is therefore, favoured and useful in promising biosensing applications.
Keywords. Multilayer cylindrical structure; defect mode; biosensors; Henkel formalism; detection accuracy;
quality parameter.
PACS Nos 07.05.Tp; 42.25.Bs; 87.85.fk; 42.79.Dj; 02.30.Gp; 42.81.Pa

1. Introduction
During the last decade, various optofluidic microstructure waveguides have drawn much attention from
researchers and scientists because of their applications
in biosensing. These waveguides have played vital roles
in the detection of DNA [1], antibody–antigen interactions [2], cells and bacteria [3], various proteins [4],
etc. It is a well-known fact that these biological elements typically exist in aqueous solution. Therefore,
to enhance the interaction of light with these biological elements, it is more appropriate that the guiding
region of the fibre waveguide is a fluid column. However,
for guiding through a waveguide, the refractive index
of the core must be larger than the refractive index of
the cladding layer so that total internal reflection (TIR)
takes place. The refractive index of pure water is 1.33,
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while the refractive index of glass is approximately 1.45.
Therefore liquid-filled silica fibre waveguide cannot be
used as an optical fibre waveguide. To obtain the liquidfilled fibre waveguide, polymers are used by various
researchers.
A teflon (RI = 1.29−1.31) based liquid-filled fibre
waveguide of 250 μm core radius was proposed by
Dallas and Dasgupta [5]. These fibre waveguides have
been successfully fabricated with large core diameter but it is difficult to achieve a single-mode fibre
waveguide from such a structure because the corecladding index difference is very low (0.03) which
requires the core thickness of the order of 0.5−1 μm
which is difficult to achieve with teflon material. Further, Wolfe et al [6,7] used two different liquids with
different refractive indices inside a larger fluidic channel and called it liquid–liquid core fibre waveguide.
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The performance of these waveguides is limited by
the change in index contrast due to core-cladding
intermixing and the diffusion of analyte molecules
of interest into the cladding regions. The antiresonant reflecting optical waveguides having liquid-filled
core regions, which have advantages like low optical loss, radically improve the beam quality of the
radiation, ultra-high sensitivity, etc. are also demonstrated by Campopiano et al [8]. The periodic binary
layered microstructures are also identified as suitable structures for bio and chemosensing applications [9] in which the resonant response or efficient
transmission abilities of these structures have been
explored.
With the above discussions, an idea came into mind
that hollow core Bragg fibre waveguides based on cylindrical multiclad structure may be suitable candidates
for both biological and chemical sensing applications.
These waveguides can also provide greater design flexibility because of their large core dimensions. The
terahertz (THz) spectral characteristics of a hollow core
cylindrical multilayer structure, fabricated with a simple technique, are presented by Dupuis et al [10]. The
low loss design of these structures can also be done
by the periodic arrangements of polymers [11]. The
design principles and experimental realisation of a novel
Bragg fibre waveguide-based biosensor through transmittance spectra without defect layer are demonstrated
by Qu Skorobogatiy [12]. Bragg fibre waveguides are
well known for their ability to guide light with low
transmission losses due to the Bloch wave band gaps
produced by their binary layered claddings [13–16].
The spectral properties of band gaps are strictly dependent on the thickness of the layer, refractive index
of the layer, angle of incidence and the refractive
index of the medium in which the light is incident
[17,18].
Basically, researchers have taken low refractive index
contrast Bragg fibre for biosensing applications because
its wide band-gap region is less, which is used as a sensing signal. Furthermore, the high refractive index contrast chalcogenide glass arsenic tri-selenide (As2 Se3 )
and polymer film polyether imide (PEI)-based cylindrical multiclad Bragg fibre waveguide structure with
liquid core has also been used for biosensing applications [19]. Rowland et al [19] experimentally demonstrated the variation in transmission peak of the fundamental band gap towards shorter wavelengths by
increasing the liquid-filled core index without the defect
layer. Moreover, to enhance the overall performance
of the sensor, narrow transmission bandwidth is desirable as the sensing parameters are inversely proportional to the full-width half-maxima (FWHM) of the
transmission peaks. To obtain a narrow transmission
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bandwidth, a conical hollow-core cylindrical multilayer structure was used by some investigators [20].
In this regard, the cylindrical multiclad Bragg fibre
waveguide structure [21–23] must show a photonic
band gap (where a range of wavelengths is stopped
to propagate through the fibre waveguide with various applications) [24–27]. This property of the periodic
structures can be used to obtain a narrow transmission bandwidth in the band-gap region by introducing a
defect layer in the cladding periodicity. This defect layer
is just introduced by breaking the periodic symmetry
or introducing a new layer in the periodic arrangement.
Therefore, in the present communication, a liquidfilled core Bragg fibre waveguide structure has been
considered. Due to the presence of this defect, a narrow pass band in the band-gap region will appear, which
is sensitive to the biological elements filled in the core
region. Transfer matrix method and Henkel formalism
have been employed to study the propagation characteristics. This paper is organised as follows: In §2, basic
mathematical equations and theoretical formulation of
the proposed structure are given. The obtained results
are discussed and thoroughly illustrated in §3. A conclusion is drawn in §4.

2. Theoretical background
2.1 Transfer matrix formalism for cylindrical
multilayered structure
The schematic head-on wrap-off view is shown in
figure 1a, cross-sectional view, thickness and refractive index profile of the proposed structure is shown
in figure 1b and the schematic set-up of the Bragg
fibre waveguide biosensor with the liquid core is shown
in figure 1c. The central region of the present structure is a hollow core channel that can be used as a
flow cell which will be filled with liquid containing
biological elements. Further, this central region is surrounded by high and low refractive index polymeric
dielectric media with respective refractive indices and
thicknesses n H , d H , n L , d L . The chosen polymer materials are supposed to be non-magnetic. To obtain defect
mode, a defect layer of refractive index n D and thickness d D is introduced. The optical path length of the
electromagnetic waves in different periodic layers is
supposed to be a quarter of the wavelength and are
given by n H d H = n L d L = n D d D = λc /4, where
λc is the design wavelength of the present structure.
The chosen index profile of such a structure is as follows:
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0 ≤ r < rc ;
rc ≤ r < r1 ;
r1 ≤ r < r2 ;
rn−2 ≤ r < rn−1 ;
rn−1 ≤ r < r D ;
r D ≤ r < r D ;
r D  ≤ r < rn+1 ;
rn+1 ≤ r < rn+2 ;

(1)

etc.
Reflection and transmission response of this waveguide
can be obtained by the cylindrical wave transfer matrix
method [28]. The Maxwell’s equations for a layer having permittivity ε and permeability μ are expressed as
[29]
∇ × E = − jωμH
∇ × H = jωεE.

(2)
(3)

Considering the temporal part of all the fields as
exp( jωt), the relation between the longitudinal and
transverse components of the electric and magnetic
fields is established in a cylindrical coordinate (r, θ, z)
system [29]. The Helmholtz wave equations in the cylindrical coordinate system are written as




∂
∂ Hz
∂ ∂ Hz
2 1 ∂ε ∂ Hz
r
r
−r
+
∂r
∂r
ε ∂r ∂r
∂θ ∂θ
+ ω2 μεr 2 Hz = 0 (for TE-polarisation)




∂
1 ∂μ ∂ E z
∂ Ez
∂ ∂ Ez
r
r
− r2
+
∂r
∂r
μ ∂r ∂r
∂θ ∂θ

(4)

+ ω2 μεr 2 E z = 0 (for TM-polarisation).

(5)

The above equations can be solved using the method
of separation of variables. The field solution for the
cylindrical wave is derived for radial and angular parts
[28–30]. The solution for TE-polarised wave has three
non-zero components (H Z , E θ , Er ), and they are written as

Figure 1. (a) Schematic head-on and wrap-off view of liquid-filled core Bragg fibre waveguide with a defect layer, (b)
cross-sectional view, thickness and refractive index profile of
the proposed structure with liquid core and a defect layer and
(c) schematic set-up of the Bragg fibre waveguide biosensor
with a defect layer.

H Z (r, θ ) = [A Jm (kr ) + BYm (kr )]e jmθ ,
(6a)
1 ∂ Hz (r, θ )
Eθ =
,
(6b)
− jωε
∂r
m Hz (r, θ )
Er =
,
(6c)
ωε
r
where Jm and Ym are Bessel and Neumann functions, A
and B are arbitrary constants, k = (ω/c) n is the wave
vector in a medium, c is the speed of light in free space
and n is the refractive index of that medium. For an
oblique incidence case on the core–cladding interface,
this wave vector will have a perpendicular component

k⊥ = k cos(θ ) and parallel component k|| = k sin(θ )
of the incident wave vector k. The elements of transfer
matrix T̂ , which correlate the field vector at an initial
position rc to some other point r is determined by using
Abeles theory dealing with multilayer structure [28–30]
and is given by


T T
T̂ = 11 12 ,
(7)
T21 T22
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π
krc Ym (krc ) Jm (kr )− Jm (krc ) Ym (kr ) ,
2

(8a)
π
T21 = j krc p Ym (krc ) Jm (kr )− Jm (krc ) Ym (kr ) ,
2
(8b)
π


T22 = krc Jm (krc ) Ym (kr )−Ym (krc ) Jm (kr ) ,
2
(8c)
π krc
T12 = − j
[Jm (krc ) Ym (kr )−Ym (krc ) Jm (kr )] ,
2 p
(8d)
where p= με is the intrinsic impedance of the medium
( p = 377 for free space). Also, the elements of the
defect transfer matrix T̂D can be written by using
the above steps. Since the transfer matrix elements
are dependent on the radii of two interfaces, for the
nth layer, the matrix T̂n can be obtained by replacing
rc → rn−1 , r → rn , k → kn and p → pn . In addition to this, as the structure is periodic, one can take
n(r ) = n H if n = odd and n(r ) = n L if n = even.
For an N -period bilayer periodic cylindrical structure
we have a total of 2N layers. Thus, the total transfer
matrix is given by






V (r f )
V (rc )
V (rc )
= T2N ...........T2 T1
= T̂
,
U (r f )
U (rc )
U (rc )
(9)
where U (r ) and V (r ) are the solutions of Helmholtz
equation at position r .
Analogous to Fresnel’s equation in a planar geometry, the wave reflection and transmission in a multilayer
cylindrical structure is obtained using the above transfer
matrices [28]. The reflection coefficient for a multilayer
cylindrical structure can be given by
rM
=

(2)

(2)

(1)

(2)

(2)

 − j p c T  )+ j p c (T  − j p c T  )
(T21
0 m0 11
f m f 22
0 m0 12
(1)

 + j p c T  )+j p c (−T  + j p c T  ).
(−T21
0 m0 11
f mf
0 m0 12
22

(10)
 ,
T11

 ,
T12


T21


T22

In the above expression,
and
are the
matrix elements of the inverse of the matrix T̂ of eq. (9)
and
(1,2)

Cml

=

(1,2)

(kl rl )
(1,2)
Hm (kl rl )

Hm
(1)

(2)

with l = 0, f,

(11)

where Hm and Hm are Henkel functions of a first
and second kind respectively, m is the azimuthal variation of the field. Now, the reflectance is calculated as
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R = |r M |2 , and for non-absorbing media, the percentage transmittance is calculated as T = (1 − R) ×100
the value of which lies between 0 and 100%. The expression for TM-polarised wave can be obtained by simply
replacing μ ↔ ε and j ↔ − j the formula of TEpolarised wave.
2.2 Resonant sensing through changes in the real part
of bioanalyte refractive index
The change in spectral shift occurs due to changes in the
real part of the refractive index of the bioanalyte filling
the core. According to classical perturbation theory, the
changes in the refractive index of a guided mode n eff
are related to the changes in the real part of the refractive index of the analyte infiltrating the core [32]. The
approximated expression for the hollow core waveguide
is given by
n eff = Re( n a ) · f + Re( n a ) · f rad ,

(12)

where f is the overlap factor and f rad is the radiation
losses of a photonic band gap guided mode due to spectral shift of a band gap caused by changes in the real
part of the refractive index of the analyte filling the core.
From the basic theory of cylindrical multilayer structure,
the wavelength λc of the fundamental reflector band gap
can be approximately calculated as follows [12–32]:
λc
= [d H (n 2H − n 2c )1/2 + d L (n 2L − n 2c )1/2 ].
(13)
2
Variations in the real part of the refractive index of the
analyte filling the core can modify the resonant condition of the cylindrical multilayer structure, thus leading
to changes in the centre positions of the band gap, which
constitute the sensing mechanism of the sensor. The
above theory can be validated by performing simulation
based on the transfer matrix method discussed already.
One can also investigate the spectral sensitivity of the
Bragg fibre waveguide biosensor to change in the real
part of the analyte refractive index filling the fibre core.
The theoretical expression of spectral sensitivity of the
Bragg fibre waveguide sensor is found to be
S=

λc
n
⎡c 

= 2 ⎣d h

−1/2
−1/2 ⎤

n 2h
nl2
⎦ . (14)
−1
+ dl
−1
n 2c
n 2c

From the above equation, it is clear that the sensitivity of a sensor increases with the increasing refractive
index of the analyte filling the core. Hence, the shift of
resonance wavelength should have a polynomial dependence on the increasing refractive index of the analyte.
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Figure 2. The photonic band gap (PBG) representation of Bragg fibre waveguide biosensor at different core refractive indices
and the respective spectral shifts in transmisson peak.

(a)

(b)

(c)

Figure 3. Comparison of the spectral shifts obtained from (a) experimental [19], (b) our proposed simulation and (c) approximation using eq. (13).

It can also be verified by the simulated result using
the above transfer matrix method for a Bragg fibre
waveguide biosensor.
2.3 Performance parameter for the present Bragg
fibre waveguide biosensor
In the present study, the performance of the present
biosensor is analysed on the basis of its sensitivity, detection accuracy and overall quality parameter. In general,

the sensitivity of a sensor is defined as the ratio of the
sensor-measured output to the change in physical quantity to be measured. Mathematically, in the wavelength
interrogation method, the sensitivity of the sensor is
defined as the ratio of the spectral shift in resonance
wavelength to the small change in aqueous medium or
analyte refractive index.

S=

λres / n a ,

(15)
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(a)

(b)

(c)

Figure 4. The variation of sensitivity with angle of incidence at fixed core refractive index and the respective linear fit.

(a)

(b)

(c)

Figure 5. The variation of detection accuracy with angle of incidence at fixed core refractive index and the respective linear
fit.

where λres is the change in resonance wavelength and
n a is the change in refractive index in an aqueous
medium. Another important parameter is the detection
accuracy that describes the true value of the measurand.
The detection accuracy (DA) of a sensor is the ratio

of change in resonance wavelength with respect to the
full-width half-maximum (FWHM) of the defect mode
peak.
DA =

λres / λ0.5 ,

(16)
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(a)

(b)

(c)

Figure 6. The variation of quality parameter with angle of incidence at fixed core refractive index and the respective linear
fit.

where λ0.5 is the spectral width at 50% of transmittance. The FWHM corresponding to cylindrical
multilayer structured resonance curve should be as small
as possible so that the error in determining the resonance wavelength is minimum. The quality parameter
is another parameter, which shows the overall performance of the sensor in terms of sensitivity and detection
accuracy. The quality parameter (Q) is defined as
Q = S/ λ0.5 ,

(17)

where S is the sensitivity of the cylindrical multilayer
structured sensor and λ0.5 is the FWHM.

3. Results and discussion
In order to see the performance of the present Bragg fibre
waveguide biosensor, a cylindrical multilayer structure
of 15 cm length having a hollow core radius rc =
165 μm is chosen. The core is surrounded by periodic
concentric cladding layer of the high refractive index
material arsenic triselenide (n H = 2.82) and the low
refractive index material polyetherimide (n L = 1.66)
[16] with thicknesses d H = 76 μm and d L = 124 μm
respectively [19]. In this structure, a defect layer of
low index material (polyetherimide) having a refractive
index of n D = 1.66 and quarter-wave stack thickness
d D = λc /4n d is introduced after the 5th unit cell of

H/L bilayers by breaking the symmetry. Also, the liquid with bioelement used to fill the core of waveguide
have refractive indices 1.4019, 1.4620 and 1.5780 (all
standardised at a center wavelength λc = 589.3 nm at a
temperature of 25◦ C.
The transmission spectra of the present structure
are plotted with the help of eq. (10). Figure 2 shows
the transmittance spectra of the proposed Bragg fibre
waveguide biosensor having different core refractive
indices with a fixed width of defect thickness. For a
particular angle of incidence θ = 70◦ with empty
core, a transmission pass band (defect mode) appears
at λpeak = 690 nm (blue line with a circle symbol
called reference signal) in the band-gap region. The
FWHM of this peak is approximately 1.1 nm. Further,
this defect mode is shifted towards the lower wavelength
region, i.e. λpeak = 574 nm, 546 nm and 497 nm with an
increase of respective core refractive index n c ≈ 1.4018,
1.4720 and 1.5780. The obtained FWHM of these peaks
are λFWHM = 1.8 nm, 2.1 nm and 3.2 nm respectively. As the introduction of the defect layer in the
present structure is a novel concept, we compare our
present findings with the existing experimental results
obtained in a similar waveguide structure without defect
layer, as presented by Rowland et al [19]. They have
found the peaks of the lobe at wavelength λpeak =
700 nm, 555 nm, 533 nm and 500 nm with respective
core refractive indices n c ≈ 1.0000, 1.4018, 1.4720 and
1.5780. The obtained FWHM values of these lobs lie at

9
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Figure 7. The variation in band gap with angle of incidence
at fixed core refractive index.

λFWHM = 30 nm, 21 nm, 33 nm and 40 nm respectively. Thus, the above result and discussion validate
our simulated model. Also, by comparing the FWHM
of these two cases, it is clear that the FWHM value in
our proposed structure is much smaller than the FWHM
value obtained in [19]. Therfore, the present multilayer
waveguide structure can be used as an inline optical filter
to block certain wavelengths, or as a wavelength-specific
reflector.
The allowed wavelength, which passes through the
multilayer waveguide structure in a specified photonic
band gap (PBG) region, is generally known as the central wavelength. The centre wavelengths of the present
biosensor with respect to the core refractive index are
plotted in figure 3a (experimental [19]), figure 3b (our
proposed simulation) and figure 3c (theoretical eq. (13)
[12]). Qu and Skorobogatiy [12] found that the theoretically obtained variation in the centre wavelength vs.
core refractive index is in good agreement with experimental findings for low index contrast [12–32]. It is
clear from figure 3 that our proposed simulation result
(figure 3b), experimental result [19] (figure 3a) and calculated results (figure 3c) from eq. (13) are in good
agreement for high index contrast and validated. Further,
if all the points (for sensitivity, detection accuracy and
quality parameter) are plotted on a single graph, there
is a possibility of overlap of the fitted lines. Therefore,
these figures have subfigures identified with indicators
a, b and c.
Figures 4a–4c show the variation of sensitivity with
various angles of incidence ranging from θ = 40◦ to 70◦
for respective core refractive index n c ≈ 1.4018, 1.4720
and 1.5780. It is clear from figures 4a–4c that the sensitivity varies (increasing) approximately linear (adjusted
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R 2 value is found to be approximately 0.999 which
gives more accountability and precise view of linearity)
with the angle of incidence and maximum sensitivity
is obtained when the core refractive index approaches
the low refractive index polymer cladding layer, i.e. for
n c ≈ 1.5780. This linear variation can also be validated
using eq. (14, which also indicates that the sensitivity
should vary with the core refractive index, and also, the
sensitivity of the sensor increases as the core refractive index approaches the lower refractive index layer.
The maximum sensitivity from our proposed structure
is S ≈ 334 nm/RIU (figure 4c), which is approximately the same (S ≈ 330 nm/RIU) as reported by
Rowland et al [19] in the experiment without the defect
layer.
Figures 5a–5c and 6a–6c show the variation of detection accuracy and quality parameter with the angle of
incidence for core refractive indices n c ≈ 1.4018,
1.4720 and 1.5780 respectively. It is clear from these
figures that the maximum detection accuracy and overall performance (quality parameter) vary (increasing)
approximately linear (adjusted R 2 value is found to be
approximately 0.999 each which gives more accountability, correlation and precise view of linearity) with
the angle of incidence. The maximum detection accuracy and quality parameters are obtained when angle
of incidence θ = 70◦ . At this angle of incidence, the
maximum obtained detection accuracy (68.6) and overall performance (160.4/RIU) of the present structure
are improved considerably from 6.9 and 15/RIU as
obtained in similar biosensor [19] without defect layer.
This improvement is obtained only due to the sharp
FWHM of the defect mode.
Figure 7 shows the variation of band gap at a fixed
core refractive index with different angles of incidence.
Band gap corresponding to different refractive indices
increases with increasing angle of incidence due to the
fact that the optical path length increases. Also, band
gap is maximum in the case of the empty core while it
is smaller for the liquid-filled core.

4. Conclusions
The sensing performance of the Bragg fibre waveguide
biosensor with defect mode is compared with a similar structure without defect layer [19]. Although the
obtained sensitivity in our present case is similar to those
obtained in [19], the overall performance and detection accuracy of our present biosensor are much better
than those reported in [19]. In our present case, the pass
band (defect mode) in the band-gap region senses signal, and therefore, the FWHM of the pass-band peak
is very small compared to the band-gap region, which
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is treated as sensing signal in similar structure-based
biosensor [19] without defect layer.
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