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Introduction

Typhoid fever is caused by Salmonella typhimurium (Khan 
2012). The Salmonella bacterium (SB) comprises flagellin 
(the spherical shape of the protein that evolves itself in a 
transparent cylinder of filament) with 494 amino acids. 
Several experiments have been conducted for the identi-
fication and detection of the SB such as nuclear magnetic 
resonance (NMR), TUBEX test, Felix–Widal test, and optical 
anisotropy of flagellin layer (Kovacs et al. 2013). There is an 
increasing tendency toward improving various techniques 
in biosensing due to high demand for the rapid and precise 
detection of biomolecules. Several techniques have been 
introduced for the sensing based on the change of the phase 
or frequency of the optical system such as fluorescence, 
surface enhanced Raman spectroscopy (SERS), refracto-
metry, and nonlinear optics (microresonator) biosensor 
(Marty et al. 2012). Most of the biosensors are focused on 
the detection of protein within a bacterium. Nowadays, the 
optoelectronics biosensors have become one of the impor-
tant practical technologies as it provides label-free sensing 
for biomolecules detection with high sensitivity. The optical  

microring resonator (MRR) is one of the optoelectronics 
devices which comprise high confinement of photons and 
electrons in photonics biosensor circuits. The MRR systems 
can fabricate in compact size with low cost which are more 
accurate and need less operating power (Werquin et  al. 
2013). The MRR is used as the main component in opto-
fluidic devices for the biosensing (Delezoide et  al. 2012) 
and chemical analysis applications (Kosterev et  al. 2010, 
Haddadpour and Yi 2010) as it can be integrated with the 
photonics component. To date, a number of experimental  
and numerical investigation have been conducted in  
order to provide the optimized shape, size, and materials 
(Benson et al. 2006) for the sensing purposes.

In this paper, new waveguide system consisting of  
optical microring resonator is proposed and investigated 
for the detection of the SB in drinking water. The nonlinear 
treatment of soliton pulse due to the Kerr effect is numeri-
cally and analytically studied. A system with embedded 
optical microresonator inside the thin films layer of the 
flagellin with applied Salmonella total antibodies is used as 
the probe for the detection of SB.

Background

According to the spectroscopic technique known as opti-
cal waveguide light-mode spectroscopy (OWLS), the inser-
tion of the biomolecules into the flow cell causes the small 
change in the refractive index which results in a change in 
output signals (Grego and Stoner 2009, Voros et al. 2002) 
due to absorption of radiations by the biomolecules. Figure 1 
shows the proposed design of OWLS’s SiO2-based wave-
guide comprising add-drop filter (ADF) microresonator  
system with 2  2 optical directional couplers. The microre-
sonator waveguide is placed within the contaminated 
water-carrying SB. The Figure 2 illustrates the ADF microre-
sonator system used as a probe biosensor embedded inside 
the aqueous solution. SB is characterized as a rod-shape, 
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Abstract
A new microring resonator system is proposed for the detection 
of the Salmonella bacterium in drinking water, which is made up 
of SiO2-TiO2 waveguide embedded inside thin film layer of the 
flagellin. The change in refractive index due to the binding of 
the Salmonella bacterium with flagellin layer causes a shift in the 
output signal wavelength and the variation in through and drop 
port’s intensities, which leads to the detection of Salmonella 
bacterium in drinking water. The sensitivity of proposed sensor 
for detecting of Salmonella bacterium in water solution is  
149 nm/RIU and the limit of detection is 7  10 4RIU.

Keywords: bio-sensor, bacteria sensor, micro-optical device,  
micro resonator, molecular device, small scale optics
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gram negative, oxidative, and motile bacteria which moves 
with its flagellin (Sanders and Sanders 1997). Salmonella 
paratyphi and Salmonella typhi are two serotypes of  
Salmonella enterica subspecies. Together these two sero-
types have five antibodies. These antibodies can specifi-
cally interact to different parts of bacteria such as capsule, 
pili, flagellum, or the surface proteins as illustrated in Fig-
ure 2b. Salmonella flagellin has 494 amino acids, the first 
65 and the last 45 residues are flexible (Kovacs et al. 2013) 
while its central portion (amino acid number166–450) 
makes a compact domain. This attribute of Salmonella 
flagellin provides the feasibility of preparing a flagellin 
layer. The flagellin sample layer for SB can be prepared 
by heat-induced depolymerization of flagellar filament 
for 15 min incubated at 65°C. The microresonating sys-
tem is placed into the head assembly of an OWLS opti-
cal scanner attached with the flow-through cuvette (flow 
cell) (Kovacs et  al. 2013). In order to provide the specific 
and selective binding of the SB into the flagellin layer, 
the Salmonella total antibody is applied on the flagellin 

sample layer which is loaded on the ring waveguide. Sal-
monella total antibody including Salmonella paratyphi 
A H Ab, Salmonella paratyphi B H Ab, Salmonella typhi  
H D Ab, Salmonella typhi O Vi Ab, and Salmonella typhi  
O D Ab is used for selective detection of Salmonella H,  
Type A, B, C and Salmonella O, Type Vi, and Salmonella 
O, Type D, respectively (Pui et al. 2011). Double filtration  
plasmapheresis has been used to separate plasma from 
drinking water. Salmonella antibodies can be provided 
by iterative free flow electrophoresis (Nissum et al. 2007). 
Applying the Salmonella total antibody on the flagellin 
sample layer which is loaded on the ring waveguide brings 
about the specific and selective binding of the SB into the 
flagellin layer. Thus, the detected wavelength shift due to 
the variation of the refractive index is specifically due to 
the reaction between antigen (Salmonella) and antibody. 
When an optical pulse is coupled into the ring, a portion 
of the evanescent field couples and intensifies within the 
ring waveguide. The refractive index of the outer medium 
changes due to interaction of the photon with the binding 
molecules while the pulse propagates along the waveguide 
(Pavesi and Fauchet 2008). The intensity shift is analyzed 
with respect to the change of refractive index which con-
tributes toward the sensitivity of the biosensor.

The waveguide parameters used in this modeling is based 
on the TiO2 as the core medium with refractive index 2.00 and 
the SiO2 as the cladding with refractive index 1.75 for the ADF 
system (Schmitt and Hoffmann 2009). The average refractive 
index of Salmonella flagellin layer with thickness of 2.2 nm 
on the surface of the waveguide is n3  1.43 (Kovacs et  al. 
2013). Two types of solutions are used for aqueous medium 
in modeling parameters. Drinking water with the refractive 
index of 1.3320 at 37°C (Zhernovaya et al. 2011) is used as the 
baseline solution and the contaminated drinking water with 
refractive index of 1.33133 for 1 mg/mL Salmonella solution 
(Kovacs et al. 2013). The refractive index is changed due to 
the reaction between SB with its total antibody applied on 
the surface of the microresonator.

The modeling of the microresonator biosensor system 
is carried out using scattering matrix method in order to 
simplify the mathematical calculation on the behavior 
of electric field propagation. The bright soliton pulse can  
be generated by femtosecond tunable laser with 6.5-cm 
tellurite microstructure fiber,which is able to produce 
laser pulse in range of 528–552-nm wavelength (tunable 
green laser source) (Yan et al. 2009). For the dark soliton, 
the Yb mode-locked laser is required to pass through the 
Mach Zehnder interferometer modulator with polarization 
control in maximum direct current bias condition (Feng 
et al. 2005). For the dark and bright soliton (Agrawal 2011), 
the simulations provide the baseline on the transmission 
signal and output power as the references for OWLS sens-
ing activity. The output intensity of the microresonator is 
analyzed to detect the presence of SB.

The equations of the optical dark and bright soliton pulses 
are given as (Agrawal 2000)
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Figure 1. Add-drop filter microresonator as biosensing probe inside 
OWLS flow cell.

Figure 2. (a) Diagram of biosensor consists of add-drop filter 
microresonator within sample solution. (b) Interaction of SB with 
loaded antibody on the surface of the ring.
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Where A represents the optical power amplitude, x shows 
the propagation distance, T is the soliton pulse propaga-
tion time, and T 5 t2b1

x is a soliton pulse propagation time 
in a frame moving at the group velocity, and T0 is the initial 
propagation time which is equal to soliton pulse width. 
LD 5T0/ |b2| is the dispersion length of the soliton pulse, w is 
the angular frequency shift, wt is the phase shift. Here, b1 and 
b2 are the coefficients of the linear and second order terms 
of Taylor expansion of propagation constant (Yupapin and 
Teeka 2010, Srithanachai et  al. 2012). The dark and bright 
equations consist of the balance of the dispersive b2 and 
the nonlinear effect γ of light pulse which are group veloc-
ity dispersion and the self-phase modulation, respectively 
(Agrawal 2011). In Figure 3, the dark and bright solitons are 
simulated against time as solid and dash lines, respectively.

The scattering matrix method is used to determine the 
pulse transfer function which shows the variation of pulse 
electric field inside the system. From Figure 4, a portion of 
input dark soliton pulse, E1, is transmitted into the system 
via coupler due to the cross-coupling of iS k1 1 11 γ( )( )
and the rest of soliton pulse travels along the bus waveguide 
toward the output port Eout which exhibits self-coupling 
C k1 1 11 1  γ( )( ). Here k1 is coupling coefficient and 
γ1 shows the coupler loss (Suwanpayak et  al. 2011). In the 
same process, the optical bright soliton pulse at the add port 
undergoes cross and self-coupling into ring and bus wave-
guide, respectively. The pulse E1 propagates in clockwise 
direction along the ring and interferes with the portion of 
bright soliton pulse, E3, inside the ring resonator. Using the 
scattering matrix method, the relationship between the out-
put and input port’s electric fields can be determined as
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By considering the round trip loss and the Z-transform 
parameter as ξ α1 2 4 2/ exp / /  L iKnL( ) (Bahadoran et  al. 
2012), the relationship between the propagating fields inside 
the rings can be determined as
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Where a is the linear attenuation coefficient, L is the circum-
ference of the ring resonator and K represents the vacuum 
wavenumber (Bahadoran et  al. 2013, Sirawattananon et  al. 
2012). The refractive index of the light pulse which propagates 
within nonlinear medium can be written as

n n n n n P AI /  L NL L NL eff � (6)

where nL is linear refractive and nNL is nonlinear refractive 
index. The intensity is shown by I, the optical power is shown 
by P, and Aeff is the effective mode core area of waveguide and 
P. From Eq. (6), the nonlinear Kerr effect occurs inside the 
system due the change of refractive index, n, which causes 
the phase shift of the propagating pulse. When the biomol-
ecules interact with cladding layer, the change in effective 
refractive index, neff, can be determined as

n n neff cr cd
2 2 21  β β( ) � (7)

where ncr is the core refractive index, ncd is the cladding 
refractive index and the propagation constant is shown by b 
(Heebner et al. 2008). When the SB in drinking water inter-
acts with applied total Salmonella antibodies on the flagel-
lin layer, the effective refractive index of the ring waveguide 
can be determined. From Eq. (7), the group refractive index 
of the ring waveguide is given by n n ng eff effd d λ λ λ0 0

( / ) ,  
where l0 is the center wavelength of the input signals to 
the ring resonator (Bahadoran et al. 2013, Bahadoran et al. 
2013). From Eqs. (4)–(6), the relationship between the out-
put electric field (Eout) with respect to the input fields can 
be written as:
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The output intensity at through Iout and drop Idrp ports can 
be obtained as

I E E Eout out out out ( )( )* 2 � (10)

I E E Edr dr dr out ( )( )* 2 � (11)

Figure 4. Schematics diagram of ADF microring resonator.

Figure 3. Dark and bright soliton pulse.
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ports are simulated in wavelength range of 544–548 nm for 
the soliton pulse propagates within the microring resonator 
immersed in drinking water with and without SB, where the 
change in group refractive index of the ring waveguide due 
to the antibody and antigen (Salmonella) interaction effects 
on the intensity of output signals can occur. In Figures 5–8 
the blue lines represent the output intensity at through port 
for drinking water without SB which is used as baseline.

Figure 5c and d are the enlargement of Figure 5a and 
b, respectively, in range of 545.86–546.40 nm. Figure 5c 
shows the shift in the wavelength at the through port due 
to presence of SB in the drinking water. Similar behavior is 
observed at the drop port due to the interaction of optical 
evanescent field with the external molecules (molecules 
outside the core waveguide). As the waveguide is exposed to 
the biomolecules at the surfaces, the antigen-antibody reac-
tion causes binding of SB (antigen) into applied antibody on 
the waveguide surfaces and changes the system refractive 
index, which enhances the nonlinearity effect of the system 
and causes the shift in wavelength (Chremmos et al. 2010).

Figure 6 shows the output signal at the through port. The 
intensity of the signals at through port is simulated for 20000 
roundtrips of soliton pulse within the microring resonator 
for sensing purpose. The red color represents the output 

Result and discussion

In operation, the input pulse consisting of dark and bright 
solitons with center wavelength of 546.1 nm are fed into the 
microresonating system with the radius of R  200 mm, as 
shown in Figure 3, (Qiu et  al. 2014). In the simulation, the 
following optical parameters are used: coupling coefficient 
ratios k1:k2  50:50, Aeff  0.10 mm2, n2

17 24 2 10  . /m W
(Apiratikul et  al. 2009), a  9.2 dBm 1 (D’Orazio et  al. 
2003) and the lossless coupling, g  0, is supposed for the 
proposed system (Mikroulis et  al. 2005). The dark soliton 
(Eq. 2) is launched into the input port, and the bright soliton 
(Eq. 3) is introduced to the add port of the proposed system. 
Regarding to Eq. (7), the applied layer of Salmonella flagellin 
with refractive index of 1.43 (Kovacs et  al. 2013) causes an 
increase in effective refractive index of the ring waveguide. 
The reported refractive index for SB is 1.33133 (Kovacs et al. 
2013). The interaction of SB in drinking water with applied 
total Salmonella antibodies on the flagellin layer causes 
a change in the effective refractive index of the ring wave-
guide, which can bring the variations in intensity and the 
wavelength shift of output signals.

Figure 5 shows the output signals at the through port and 
drop port. The output power signals at through and drop 
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Figure 5. Wavelength shift on baseline cause by Salmonella bacterium effect on output intensity.
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signal for drinking water with SB. Figure 6b and c are the 
enlargement of Figure 6a diagram in range of 8000–12000 
round trips and 12000–20000 round trips, respectively. The 
intensity of output signal for the SB is slightly decreased and 

increased upto 36.40 W/m2 for round trips 5929, whereas the 
baseline intensity decreases to 4.42 W/m2 in 5866 round trips 
as shown in Figure 6a. This shows the nonlinearity response 
of the SB present inside the drinking water which build-up 
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Figure 7 shows the output intensity signal at drop port of 
the ADF microresonator. For 10000 round trips, the output 
pulse intensity at drop port is higher than through port due 
to nonlinearity effect. As the bright soliton pulse comprises 
high intensity peak as compared to dark soliton, the high 
output intensity is observed at the resonance round trip 
(10000th) for drop port. The output intensity signal at drop 
port as shown in Figure 7b is slightly decreased at resonant 
round trips 10000. For 10000th round trips, the intensity at 
the drop port is increased for Salmonella as compared to 
baseline operation due to the absorption loss in cladding 
which contributes to the nonlinearity effect. Figure 7c shows 
the drop port intensity for round trips 12000–20000. The 
output pulse propagates with similar pattern with different 
peak intensity as, for the baseline, 17.10 W/m2 whereas for 
Salmonella operation 43.19 W/m2.

Figure 8 shows the intensity loss at the through and drop 
port. The percentages of the loss intensity at the resonances 
round trip are determined with respect to the baseline oper-
ation. The intensity loss at the through port is observed as 
3.40 W/m2 with 45.48 and at the drop port 4.81 W/m2 with 
18.87%. The higher percentage of the intensity loss gives 
better performance for the detection as the intensity loss is 
caused by the change in refractive index due to the presence 
of SB in the system. This indicates that the light pulse experi-
ences more radiation loss due to the bending motion inside 
the ring waveguide.

In this work, the sensitivity of proposed sensor (S 5 Δl/Δn) 
is the ratio of the change in sensor wavelength output to 
the change in the refractive index of medium (SB/drinking 
water). The through port and drop port resonance output 
intensities undergo 0.1-nm shift in wavelength Δl in pres-
ence of the SB. The proposed MRR biosensor shows better 
sensitivity due the longer interaction length (Agrawal 2000) 
between light and the biomolecules. The interaction length 
is measured as the system operates along 20000 round trips 
which are equal to 0.754 m larger than others interaction 
length of conventional biosensors (Kovacs et al. 2013, Marty 
et al. 2012). Thus microring resonator is able to provide sen-
sitive detection with a sensitivity of 149 nm/RIU based on 
the sensitivity resonance. The sensitivity can be increased 
using microring resonator with smaller radius. The limit of 
detection (LOD) (Claes et  al. 2010) of proposed sensor is 
7  10 4 RIU which is obtained from the ratio of the smallest 
detectable shift in wavelength and the sensitivity.

Conclusion

A new technique based on optical microring resonator is 
proposed and analytically investigated for the detection of  
SB in drinking water. The visible wavelength of the soliton 
pulse laser, 546.1 nm, is considered as the input source of 
the system for detection of biomolecules within the drinking 
water. The scattering matrix method and analytical formula-
tion is conducted using iterative method to simulate the of 
pulse propagation for 20000 round trips. A shift in the out-
put signal toward lower wavelength is observed in the pres-
ence of the Salmonella bacterium. The simulation results 
show that the through port provides better percentages 

the intensity inside the ring waveguide. The presence of SB 
in the drinking water causes the change of refractive index 
of the ring which contributes to the nonlinear response 
of the resonance which in turn changes the resonance 
peak intensity with respect to round trips (in the range of 
5000th–15000th).

Figure 6b shows output intensity signals for 10000 round 
trips. A shift in the output signal is observed due to presence 
of SB in the drinking water sample. The shift is identified by 
measuring the distance from peak to peak for the both sam-
ples with and without SB. The peak to peak difference ∆1 for 
the baseline is 2245 round trips with intensity 25.98 W/m2. 
The peak to peak difference ∆2 is decreased to 2155 round 
trips with intensity 40.27 W/m2 for Salmonella operation. 
For 10000 round trips, the maximum resonance of the soli-
ton pulse is observed. The Salmonella operation produces 
lower intensity 4.07 W/m2 as compared to the baseline 7.46 
W/m2 which shows the lower refractive index from the SB 
solution which decreases the resonance of the optical signal 
in the system.

In Figure 6c for 12000th–20000th, the output signal 
intensity initially decreases for baseline operation whereas 
an increase in the output signal intensity is observed with 
Salmonella operation which reaches to maximum value 
63.88 W/m2 for 12690 round trips. The baseline intensity  
is observed 5.09 W/m2 for 14100 round trips, whereas for 
Salmonella operation the intensity 35.90 W/m2 is obtained 
for 14060 round trips. Similar behavior is observed for 
8000th round trips. The output signal intensity for Salmo-
nella operation decreases, then increases exponentially 
which is opposite to the baseline operation. The increase 
in intensity illustrates the change in the bonding nature 
between molecules (i.e., drinking water and microreso-
nator) due to presence of SB which causes the change in 
the refractive index of the system (Chremmos et al. 2010) 
whereas, the baseline intensity is decreased for the first 
6000th round trips.
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