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Performance parameter of a Bragg fiber waveguide based resonant sensor in presence of a defect layer in
cladding regions is theoretically studied. The Bragg fiber waveguide consists of a liquid-core surrounded
by alternate high and low refractive indices materials in cladding regions. Reflectivity of the proposed
waveguide based resonant sensor is formulated using transfer matrix method for a non-homogeneous
multilayer cylindrical system. The waveguide shows a band gap region with a narrow defect mode in the
band gap region under the considered wavelength range. Instead of taking a whole band gap as a sensing
signal, here the defect peak is taken as the sensing signal. It is observed that the intensity of defect mode
is more sensitive for core refractive index than the intensity of traditional band gap region (lobe). This
study shows that the higher sensitivity can be achieved by creating the defect at a position in cladding
region where the intensity of transmitted light lies between 40% and 90%. Presence of a defect layer is
able to increase the detection accuracy of the sensor and, hence increase the overall performance of this
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1. Introduction

In modern era, multilayered optical waveguides are attracting
much interest for applications in biological and chemical sensors
due to their high sensitivity and detection accuracy. These mul-
tilayer waveguides are also robust, small in size, remote delivery
etc. including immunity to electromagnetic interference, intrinsic
electrically passivity operations. The working principles of these
waveguides are different from the conventional fiber waveguides
where the light propagates from one place to other through total
internal reflection. The first solid core multilayered optical waveg-
uide was proposed by Yeh et al. [1] with its name Bragg fiber
waveguide. The Bragg waveguide consists of a solid core sur-
rounded by high and low periodic refractive indices [2]. The light
propagates in solid core through multiple Bragg reflection pro-
duced by these periodic arrangements of high and low refractive
indices [3]. Since the light propagates in these waveguides through
multiple Bragg reflection instead of total internal reflection, there-
fore it is possible to guide light in low refractive index media
that may have small dispersion and propagation losses. During
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the last decade, the light guidance within media of low refrac-
tive index in planar or cylindrical waveguide platforms has been
demonstrated for various applications like sensing [4,5], micro
fluidic optical interactions [6-8], high power delivery [9,10], parti-
cle guidance [11], nonlinear optics [12] and surface-emitting fiber
lasers [13]. Also, these multi layered dielectric media have poten-
tial applications to high quality-factor cavity-based devices such as
radial Bragg resonators [14]. These devices exist today due to the
development and improvement of the stringent multilayer fabri-
cation techniques required for these wavelength-scale structures.
Terahertz (THz) Bragg fibers can be fabricated with very simple
techniques as presented by Dupuis et al. [15]. The alternate layers
of polymeric materials can also be suitable candidates for design of
low loss Bragg fibers [16].

However, design principles and experimental realization of
a Bragg fiber based biosensor through transmittance spectra is
demonstrated by Qu et al. [17]. The liquid core Bragg waveguide
shows photonic band gap due to its alternate cladding layers [7].
Photonic band gap is a band of wavelengths which is not allowed
to propagate through the guiding structure. Researchers used this
band gap as a sensing signal in biosensing applications because the
position of band gap and transmitted intensity depends on the core
refractive index. To enhance the sensitivity by reducing the width
of a band gap in a Bragg waveguide based sensor, a low refractive
index contrast of alternate cladding materials is used by a group of
researchers [17].

1230-3402/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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Fig. 1. a) The cross-sectional view of proposed Bragg fiber sensor; b) Refractive index profile of proposed Bragg fiber.

Moreover, presence of a defect layer in alternate periodic lay-
ers will provide a defect mode in photonic band gap region [18].
This defect mode is nothing but a narrow transmission bandwidth
in the band gap region that can be used as a sensing signal and is
the motivation of present work. Also, the presence of defect mode
splits the photonic band gap region that may be considered as a
reduction of full width at half maxima (FWHM) of band width and
able to enhance the overall performance of Bragg waveguide based
sensor. Therefore, in the present communication, a defect layer is
introduced in a Bragg waveguide by breaking its alternate periodic
cladding layers. The paper is organized as follows. In Section 2, basic
equations and theoretical formulation of the proposed Braggs sen-
sor is given. The obtained results are discussed and illustrated in
Section 3. A conclusion is drawn in Section 4.

2. Theoretical background of the proposed Bragg fiber
sensor

2.1. Transfer matrix formalism for homogeneous media in a
cylindrical system

The cross sectional view and refractive index profile of pro-
posed Bragg fiber are presented in Fig. 1. Core of the chosen Bragg
fiber is filled with liquid and surrounded by high and low poly-

meric periodic dielectric media. Let chosen polymer materials be
non-magnetic layers and their respective refractive indices and
thickness are ny, dy, ni, di, along with defect layer refractive indices
and thickness are np, dp. Optical path length of the electromagnetic
waves in different periodic layers are supposed to be quarter wave-
length and are given by nydy =nyd; - npdp - A¢[4, where A, is the
design wavelength of the Bragg fiber. The chosen index profile for
the whole Bragg’s structure is given as:

ne, 0<r<rg
Ny, Te <T <Tq;

nL, n=r<ry;

Ny, 2 <17 <1mp-1;
Np, 'n-1 =Tn;

n(r) (1)

Ny, 'n <T < Tnyt;s

ng, Tn+] =T <Tps2;

etc.
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Reflection and transmission response of the Bragg multilayer
fiber can be obtained by a cylindrical wave transfer matrix [19].
The Maxwell’s equations for a layer having permittivity & and per-
meability p are expressed as [20]:

V x E = —jouH, (2)
V x H = jweE. 3)

Considering temporal part of all the fields as exp(jwt), the rela-
tion between longitudinal and transvers component of electric and
magnetic field is established in the cylindrical coordinate (r, 0, z)
system [20]. The Helmholtz wave equations in cylindrical coordi-
nate system are written as:

k] ,10:9H,  d ,0H,

oH, 22
rar(r or )-r €0r or +@(W)+w perHz =0, (4)
(For H — polarization)
9 0By 10ndE 9 Oy o oap
rar(r Br) " or or +89(89)+a);wr E=0. (5)

(For E — polarization)

Above equations can be solved using method of separation of
variables. Field solution for a cylindrical wave is derived for radial
and angular parts [19,21]. The solution for H-polarized wave has
three non-zero components (Hz, Eg, E;) and they are written as:

Hy(r, 0) = [AJm(kr) + BYm(kr)]ei™? (6a)
1 OH,(r,0)
Eg = e 9r (6b)
E, = EM (6¢)
we r

where Ji, and Yy, the are Bessel and Neumann functions, respec-
tively. A and B are the arbitrary constants, k = %) 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. An oblique incidence case on a
core cladding interface this wave vector will be the perpendicular
component k=k;cos(f) of the incident wave vector (k;) as shown
in Fig. 1a. The elements of the transfer matrix T which correlate
the field vector at the initial position r. to some other point r is
determined in Ref. [19] by using Abeles theory dealing with the
multilayer structure in Ref. [21] is given by:

Tit = Skre [¥'m (kre)on (kr) = J'm (kre) Yo (k)] (8a)
Tor =i krep [¥'m (kr)J'm (k) = 'm (kT) Ym (k)] (8b)
Ty = gkrc U (kre) Y'm (k) = Y (kre)J'm (k)] (8¢)
Tra = ~i% 5 U (K1e) o (k) = Yo (KT o (1) (84)

where p= \/g is the intrinsic impedance of the medium
(p=377 L2, for free space). Since main objective of this work is
to improve the Bragg’s fiber sensor characteristics by creating a
defect mode, therefore using above mentioned steps the elements
of defect transfer matrix Tp are written as:

. Tp11 Tb12
Tp = , (9)
Tp21

Tp2
Torn = 2kt [Y'm (ko) (Kr') —J'm (krp) Ym (kr'p)] . (10a)

Tpa1 =j§krnp [Y'm (krp)J'm (kr'p) =J'm (krp) Y'm (kr'p) ], (10b)

Tpoo = %krD [m(krD)Y/m (kr/D) — Ym (krp)J)'m (kr/D)] , (10c)
Tpiz = —jg’% Um (k1p) Ym (kr'p) = Ym (krp)Jm (kr'p) ], (10d)

where rp and r'p are the initial and final position at interfaces of
defect layer of the thickness dp which satisfy the quarter wave stack
condition.

2.2. Transfer matrix formalism for a non-homogeneous media
multilayer cylindrical system

In previous section, field solution of cylindrical wave, for radial
and angular parts in the case of radially homogeneous medium is
presented. For a non-homogeneous medium, it is more appropri-
ate to consider the electromagnetic wave as sum of two contrary
propagating waves, i.e. superposition of ingoing (converging) and
outgoing (diverging) waves. These two cylindrical waves are
represented by two Henkel functions. Hence, monochromatic H-
polarized outgoing cylindrical wave is further represented as:

[ T H} = AHQ)(kr) exp(jm0), (11a)
T= ) (7) 2y
o1 T2 ESf :ijHEH) (kr)exp(jm#), (11b)
100 \
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Fig. 2. Percentage transmittance spectra of proposed structure at different core refractive index with fixed defect layer thickness of 1.0dp.
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Fig. 4. Percentage transmittance spectra of proposed structure at different core refractive index with fixed defect layer thickness of 0.6dp.

and for incoming cylindrical wave is represented as

H; = AH)(kr) exp(jm#), (12a)
_]pAH (kr)exp(]mG) (12b)

where Hﬁrll) and Hg) are Henkel function of the first and the second
kind, respectively, m is the azimuthal variation of the field, A and
B are the arbitrary constant. The field components H, and Egy are
linear sum of outgoing and ingoing components.

Considering a single layer structure, propagation matrix P relat-

ing the magnetic field in form of column vector (H;’(r), Hz‘(r)) atr

to corresponding column vector at ry is given as:

R kr /H (kro) 0

P= . (13)
0 kr )/ H kro)

Also, the tangential component of fields (H,, Eg) at the inter-
face between two layers should be continuous which will generate
another matrix, called dynamical matrix D as discussed in an usual
planar transfer matrix method case [22]. Using dynamical matrix
one can develop transmission matrix, Dy; = D;m that connects
the amplitudes of waves on two sides of interface. The components
of the transmission matrix are:

di1 = —jv/Er/eo/ mo/4KrHE (ko HY (ko 1) [p2 €L — p1 €21, (14a)

da1 = —jv/Er/eo/ ot /4KrHE (ko HY (ko) [p1 €2 — p2C2)],(14b)

diz = —jv/Er/ €0/ wo /4KTHE (ko )HY (ka1)[p2 €L — p1 €11, (14c)
day = —jv/Er/€0/ ot /4KTHE (ko HD (ko) [p1 € = p2€2)1,(14d)

where K is the wave number of free space.

2.3. Reflectance and transmittance in a multilayer Bragg fiber

Analogous to Fresnel’s equation in planar geometry, wave reflec-
tion and transmission in multilayer Bragg fiber is obtained using
above transfer matrices [19]. The reflection coefficient for multi-
layer Bragg fiber can be given by:

2
G — jpoc Ty ) +ipecUTy, — ipoctiT),)
4=
M

(~Ty, +JpoCm0 11)+prcsn2(_ 22 +]p0CEn()) T}5)

(15)

Now, reflectance is calculated as R = |r4|? and for non- absorbing
media, the percentage transmittance is calculated as T = (1 — R) x
100 which values lies between 0% and 100%.

However, sensor sensitivity is defined by the ratio of change in
sensor output to the change in physical quantities to be measured.
Thus, sensitivity of the Bragg fiber sensor is written as fallowing:
Sn = A%Tres/ Ans, (16)

where A % Tres is change in percentage resonant transmittance and
Ang is small change in refractive index of measurend.
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3. Results and discussion

The proposed Bragg waveguide based sensor is degined for the
center wavelength A.=1550 nm. The Bragg waveguide consists of
a liquid filled core of thickness rc=3.78 wm which is surrounded
by 16 unit cell of alternate high and low bilayers claddings hav-
ing refractive indices ny =1.70, and n; = 1.45 with their respective
thickneses dy =(Ac/4ny) and d| =(Ac[/4ny). Periodicity of cladding
layers are breaked by introducing a defect layer of refractive index
np =1.45 with thickness dp =A./4np. Transmission spectra of the
proposed resonant sensor is plotted with the help of Eq. (15).

Fig. 2 shows the transmittance spectra of proposed waveguide
at different core refractive indices with a fixed width of defect
thickness dp = A/4np. It is clear from figure that a narrow peak of
defect mode is obtained at A.=1550nm with its FWHM is 31 nm.
In present communication, we propose this narrow peak as a sens-
ing signal instead of the first lobe as sensing signal, as proposed by
Dupuis et al. [15]. The obtained FWHM of the first lobe is 128 nm.
It is clear from inset of Fig. 2 that the intensity of defect mode
and the first lobe are varying with change in refractive index of
core. This change in intensity occurs due to change in radiation loss
of leaky core mode at different core refractive index. For a cho-
sen core refractive index, considered Bragg waveguide structure
provides strong optical confinement of leaky core modes and by
changing core refractive index, the resonant condition for mode
confinement will change hence intensity of transmitted spectra is
also change. Figs. 3 and 4 are plotted to see the effect of defect thick-

Fig. 6. Variation in transmittance and sensitivity with the position of defect layer
in cladding region with cladding refractive index contrast (a) low (b) high.

ness on intensity of transmitted spectra and FWHM for both, defect
mode and the first lobe. It is clear from Fig. 3 that as defect layer
thickness decreases of 0.8dp the FWHM of defect mode increases of
33 nm while the FWHM of the first lobe 100 nm decreases. Further
decrease of defect layer thickness of 0.6dp shows both FWHM of
defect mode of 28 nm and the first lobe 86 nm decreases as shown
in Fig. 4. The calculated intensity of transmitted spectra at consid-
ered defect layer thicknesses are tabulated in Table 1. It is clear
from Table 1 that the variation in intensity of transmitted spectra
of defect mode is larger than the variation in intensity of transmit-
ted spectra of the first lobe. Hence, obtained sensitivity of defect
mode is larger than the obtained sensitivity from the respective
lobe. As defect layer thickness decreases, the FWHM of the first lobe
decreases hence its overall performance may increase. Therefore,
the introduction of defect layer is also able to enhance the overall
performance of the first lobe based sensing signal.

Minimum variation in sensitivity with measurend quantity is
signature of a good sensor. The variation of sensitivity with core
refractive index for both defect mode and the first lobe is shown
in Fig. 5. Both cases minimum variation in sensitivity is obtained
at defect layer thickness of 0.6dp. By comparing Figs. 5a and 5b,
minimum variations in sensitivity is obtained for defect mode in
comparison with the respective lobe. To obtain maximum inten-
sity of transmitted spectra and sensitivity, the position of defect
layer is optimized and shown in Fig. 6. Bar of Fig. 6 shows trans-
mittance and continuous line shows the obtained sensitivity with
reference to defect layer position. For low contrast of alternate
cladding layers Fig. 6a, larger sensitivity is obtained when the posi-
tion of defect mode is either in 6th layer, 7th layer or in 9th layer, i.e.
justeither side of central layer for the considered unit cell (alternate
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Obtained intensity of transmitted spectra with the variation of refractive index of core at a fixed defect layer thickness.

Core Refractive Index (n.)

Percentage Transmittance for defect mode (%T)

Percentage Transmittance for first lobe (%T)

1dp 0.8dp 0.6dp 1dp 0.8dp 0.6dp
1.330 94.95 95.44 97.07 8.954 13.870 22.310
1.335 95.03 95.52 97.12 8.980 13.900 22.360
1.340 95.11 95.59 97.18 9.006 13.940 22.410
1.345 95.18 95.66 97.23 9.031 13.970 22.450
1.350 95.26 95.73 97.28 9.057 14.010 22.500
1.355 95.34 95.80 97.33 9.083 14.040 22.540
1.360 95.41 95.87 97.39 9.108 14.080 22.590

(a)

% Transmittance

40— — rc|:390 um
30— +rc|:391 um _
~><—r‘|:392 um
201 ¢ B
—— rcl:393 um
10— =
0 | | | | | | |
1.28 1.3 1.32 1.34 1.36 1.38 14 1.42
A (m) x10°
(b) 100y T T T T
X .
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Fig. 7. Spectral shift with variation of core thickness (a) without defect and (b) with defect.

bi-layers) N = 16. In this case, the obtained respective transmittance
for 6th, 7th and 10th layer is 51.68%, 75.74%, and 85.06%. It is also
clear from this figure that if the transmittance falls below 40% or
increased above 90%, then the sensitivity decreases. Similarly, for
high contrast of alternate cladding layers Fig. 6b shows that the
larger sensitivity is obtained when defect layer position is in 6th,
7th, or in 10th layer. All these cases’ transmittance lie from 40% to
90%.

However, the sensing of change in thickness of coated layer in
core region as discussed by Qu et al. [17] is further estimated in
presence of a defect layer. For comparison point of view the sensi-
tivity, detection accuracy and quality parameter are calculated in
both cases, i.e. with a defect layer and without defect layer. The
spectral sensitivity in this case can be calculated as AAres/Are,
where Ar. represents the change in thickness of core coating layer.
The detection accuracy describes the degree to which a sensor out-
put represents true value of quantity to be measured and can be
calculated as Alres/ A)g 5, where AAres is the resonant wavelength
peak, A)g s is FWHM of the spectra. Hence, overall performance
of sensor in this case is given by AXres/(ArcA)gs). The spectral

change of transmittance at different thickness of the coated layer
in core, in absence of defect layer is shown in Fig. 7a. In this figure,
rq shows the remaining part of the core region just after coating
by it from sucrose material of refractive index of 1.4418 (@ 60%
by weight solution). All the considered design parameters of the
Braggs fiber sensor are similar as discussed by Qu et al. [17]. Here,
it is found that without defect layer, the maximum sensitivity is of
2.0 nm/p.m with FWHM of 58 nm. Fig. 7b shows the spectral change
of transmittance at different thickness of the coated layer in core,
in presence of defect layer. In this case, obtained maximum sensi-

Table 2
Performance parameter of proposed sensors for monitoring of core thickness.

Sensor parameters Lobe sensing Defect mode

sensing
Without With
defect defect
Spectral sensitivity (nm/pm) 2.0 2.0 1.0
Detection accuracy (D.A.) 0.1379 0.2222 0.3076
Overall quality parameter (wm~") 0.0344 0.0556 0.0769
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tivity of the first lobe is of 2.0 nm/pwm with FWHM of 36 nm. At this
stage, it is clear from Fig. 7 that the presence of a defect layer is able
to decrease the FWHM of the lobe without affecting its sensitivity.
Hence, overall performance of sensor in presence of a defect layer is
increased. The calculated sensitivity, detection accuracy and qual-
ity parameters are tabulated in Table 2. In order to see the defect
mode performance on the sensitivity, it is clear from Table 2 that
although the obtained sensitivity in defect mode case is small of
1.0nm/pm from the lobe sensitivity but the same time FWHM is
also small 13 nm from lobe FWHM, therefore, overall performance
in defect sensing case is maximum of 0.0769 in all considered cases.

4. Conclusions

A resonance sensor based on a liquid filled core Bragg fiber
waveguide having a defect layer is presented. Required reflectance
of this waveguide based sensor is obtained using transfer matrix
method. Due to presence of alternate cladding layers, present
waveguide shows band gap region. Any break in alternate cladding
regionisreflected in the form of a narrow transmission band (defect
mode) in band gap region. It is observed that the transmittance of
this narrow transmission band is more sensitive for change in core
refractive index in comparison of the transmittance of band gap.
The variation of sensitivity with core refractive index is small in
the case of defect mode. Our analysis shows that position of defect
mode should not be at the center of alternate cladding region for
higher sensitivity. Presence of defect layer able to decrease the
FWHM of the lobe without affecting its sensitivity hence overall
performance increases. Since FWHM of defect mode is very small
in comparison with lobe FWHM, therefore its overall performance
is large.
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