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Abstract: We proposed a compact design of an optical biochemical sensor based on the 
Mach-Zehnder interferometer (MZI), which was coupled by a ring resonator (RR) as a sensing tool. 
The sensor sensitivity has been determined by power difference at the output ports. The sensor 
enhancement has been optimized by numerically evaluating the geometrical parameters of the MZI 
and RR. A great sensor sensitivity depicted by Fano resonance characteristic has been demonstrated 
as a function of the round trip phase in the range of 4×10–4 – 4×10–4, which was changed by the 
presence of the sample solution in the sensing area. This optimum sensitivity has been obtained for 
the values of two coupling coefficients of the MZI 1 2 0.5 / mmκ κ= = and the coupling coefficient 
between the MZI arm and RR 0.5 / mm.Rκ =  Furthermore, a good profile of sensitivity exchange has 
been exhibited by inducing the direct current voltage to the coupling region of Rκ . Finally, the 
output power transmission of the ring-coupled arm was depicted as a function of tunable .Rκ  
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1. Introduction 

The development of the optical waveguide for 
the biosensing application has greatly expanded. 
Since it works based on real-time measurement, 
which has no electrical interference, it promises a 
wide range of the research application such as for 
bio medic, health care, pharmaceutical, security, and 
military defence. In the past two decades, many 
researchers have focused on the experimental and 
theoretical studies of the optical waveguide 
application for biochemical sensing. The gold 

properties of the optical waveguide have been 
shown as a function of effective refractive index 
change due to evanescence and fluorescence fields 
when it interacts with the sample [1, 2]. 

Many optical sensors were developed based on 
the fiber optic sensor (FOS), surface plasmon 
resonance (SPR), photonic wire (PW), 
Mach-Zehnder interferometer (MZI), and ring 
resonator (RR) [3]. A chemical sensing was 
designed by coupled slot silicon on insulator (SOI) 
waveguides. The sensor performance was 
numerically calculated based on the principle of the 
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directional fiber coupler in which one of its slots 
was attached by a sample solution. The frequency 
responding to the refractive index change was 
exhibited for quasi-TE and quasi-TM modes [4]. 
However, the use of both the MZI and RR for 
biosensing becomes an interesting field to be studied 
based on its easy fabrication and high sensitivity. 

A biochemical sensor based on asymmetrical 
resonance was investigated for a great potential 
application of highly sensitive sensors due to Q 
factor by utilizing a polymer micro RR [5]. This 
system showed the sensor sensitivity enhancement 
as a function of the Fano resonance line shape which 
was varied as the concentration of the glucose 
solution changed. Separately, the use of the MZI for 
the high sensitivity sensor was proposed based on 
the bent and tapered fiber [6]. A good sensitivity 
refractive index sensing was purposed by an 
electric-arc induced MZI in a thinned cladding fiber 
[7]. The sensitivity was produced in the rage of 
about 580 nm/refractive index unit (RIU) which was 
20 times greater than that of a taper MZI. A sensor 
system based on dual MZIs, which were designed 
using single mode fiber (SMF), was also 
investigated for a liquid analyte. The sensor 
enhancement was proposed by integrating Ta2O5 
with the reference structure. 

Recent study has investigated a biochemical 
sensing design by attaching a ring in the arm of the 
MZI. They also optimized numerically the sensing 
sensitivity by determining MZI and RR parameters 
such as the coupling coefficient, ring’s radius, and 
phase reference. The high sensitivity MZI coupled 
by two rings was also proposed. This study 
exhibited the intensity change of the Fano resonance 
which was detected at the fixed wavelength. In some 
cases, various biochemical samples change highly 
the characteristics of the sensing waveguide or vice 
versa, so a tunable sensitivity sensor is required to 
enhance the sensor performance [8]. 

Many potential applications can be covered by a 
single optical sensor device if it provides an 

adjustable sensitivity system. A biophotonic 
waveguide was purposed as a tunable and sensitive 
sensor system based on photonic-bandgap 
microcavities. The refractive index was successfully 
changed by inducing the waveguide with two 
electrodes with positive and negative polarities. 
However, this sensor system requires the high cost 
fabrication and advanced technique [9]. 

In this paper, we propose a simple design of the 
unbalanced Mach-Zehnder interferometer attached 
by the ring resonator with an adjustable coupling 
between the MZI and RR based on the sensor 
configuration. The geometrical parameters of the 
MZIRR design such as the coupling coefficients of 
the MZI and ring, ring’s radius, phase reference, and 
the round-trip phase were numerically investigated. 
The sensing sensitivity was determined based on 
power output difference at the output ports of the 
MZI. This method is a powerful technique to 
determine the sensitivity since the power output 
difference changes greater than the power output at 
both output ports. Furthermore, a sensitivity change 
as a tunable sensitivity was then calculated as a 
function of the applied voltage based on Pockel’s 
effect model. The power transmission was then 
shown as a function of the ring’s coupling 
coefficient. Finally, we showed the sensing 
performance by exhibiting the optical characteristics 
of the Fano resonance. 

2. Design of MZIRR 

A sensor design shown in Fig. 1 was proposed as 
an unbalanced ring coupled to one arm of the MZI. 
An input power of the laser diode in 1 mWP =  is 
launched into the input port which is then split by a 
3-dB coupler 1κ  into two arms of the MZI. The 
first signal travels along the upper arm, and part of 
light is split by Rκ  and enters the ring as a sensing 
area with a radius R. 

After propagating inside the ring, this signal will 
be split, and part of it travels along the arm and then 
is coupled by the fiber coupler 2 before it is released 
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to the output port 1 out1P . However, the second signal 
travels in the lower arm as a reference signal and is 
coupled by the second fiber coupler before it is 
released to the output port 2 out2P . 

 Measurant area 

Reference 

φ 

R 

V(+) 

V(−) P=Texp(iθ) 

κR 

κ1 κ2 

Pin=1 mW Pout1 

Pout2 Pref=Trefexp(iθref)  
Fig. 1 Sketch of the MZIRR based on the biosensing 

configuration. 
For a single MZI without a ring resonator, the 

output power is determined by the coupling 
coefficient of two couplers 1κ  and 2κ  which is 
expressed in term of the matrix transform as follows 
[10]: 

2 2 1 1
out1 in11

1 2 2 1
out2 in22

i (1 )
i (1 )

E Es c z cs z
E Ecs z c s z

− −

− −

 − + − +   
=     − + −     

 (1) 

where 1 11c κ= −  and 2 21c κ= −  are the 
constants of the coupling coefficient of the MZI, and 
i isin( ) is θ κ= − = − . 

However, the presence of a ring resonator at 
MZI’s arms causes the signals split in two parts, one 
passing through inside the arm and the other 
traveling inside the ring. The power ratio is 
contributed by a coupling coefficient between the 
ring and the upper arm of the MZI Rκ . For example, 
if one ring is coupled at one of MZI’s arm, the 
output power is given as follows [8]: 

{ }

2 2
out1 ref

2 2
ref in

exp( i )

exp( i ) exp[ i( )]
R

R

E c s

c s c E

κ θ

φ φ θ

 = − − − 
− − − +

   (2) 

where 1R Rc κ= − are constants of the coupling 
coefficient between the MZI and ring resonator. 

When the signals circulate inside the ring, the 
round-trip phase will be induced by the attenuation 
and the ring’s radius R. Although a propagation 

constant of the fiber is eff2 /nβ π λ= , the round-trip 
phase can be expressed as follows: 

mRφ β=                (3) 
where m is an integer (0, 1, 2,…), and effn  denotes 
the effective refractive index. 

3. Tunable sensitivity of MZIRR 

The sensor sensitivity of the MZIRR can be 
determined in several ways, by determining the 
frequency or wavelength difference at the output 
port 1 then compared with the reference signal. In 
the conventional MZI based sensor, the sensitivity is 
determined by a change in signal properties of the 
single output signal only. It can be seen that a 
change in power difference is faster than the single 
output change. In this work, we proposed an idea to 
enhance the sensitivity by evaluating the change in 
power difference at two output powers of the MZI. 
Firstly, let us define power difference 

diff out2 out1P P P= − , where out1 out1P E=  and 

out2 out2P E= . 
By introducing the sensor sensitivity which is 

changed by the presence of the solution Ω , we can 
then express it as follows: 

diff diffP P dS S
d d d

φ
φ

= ⇒ = ⋅
Ω Ω

.        (4) 

Equation (3) describes that the sensitivity is 
determined by power output difference due to the 
change in the round trip phase φ  which is induced 
by the sensing Ω. However, it is not easy to 
determine diffP dφ . The difference of power 
outputs between two output ports is mathematically 
expressed as a function of the coupling coefficient of 

1  andκ 2κ , round-trip phase ( φ ), and reference 
phase ( )refθ . 

[ ]{
}

diff
ref

ref in

(4 cos( ( )) 2 ( )

         '( ) 4 sin ( ( )) ( ) '( )

dP A BT
d

T A T E

θ θ φ φ
φ

φ θ θ φ φ θ φ

= − − +

− −   
(5) 

where 1 2 1 2A c cκ κ=  and 1 2 1 22 1B κ κ κ κ= + − − . 
When the input signal travels inside the ring, the 
transmitted amplitude and phase are out( )T Eφ =  
and ( )out( ) arg Eθ φ = , respectively, then 'T  and 
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'θ  are denoted as their first derivatives. 
To adjust the sensor sensitivity, it can reasonably 

be carried out by changing the coupling coefficient 
between the arm and ring. Although (5) is a function 
of the coupling coefficient of the MZI, we need to 
introduce the coupling coefficient between the arm 
and ring into our calculation. If the input power 
entering the ring is inE  and by determining that the 
power loss along the ring is a function of ring’s 
radius R and attenuation constant α , the electric 
field output of the ring outRE , coupled at the arm 
MZI, is expressed as the  function of ring’s 
coupling coefficient Rκ  and phase of the round trip 
signal φ  as follows: 

outR in

exp(i )
exp(i ) 1

R

R

Ra cE E
c Ra

φ π
φ π
− −

=
− −

.      (6) 

Since the optical loss in the arm of the MZI is 
ignored in our calculation, all optical power will be 
normalized, and the resonance inside the ring 
exhibits that 1 / 2Rc κ= − . Then, the coupling 
coefficient of the ring will be also normalized as 

normalized / 2R Raκ κ π=  with the normalized phase 
round trip normalized / 2 Raφ φ π= . Now (6) can be 
simplified as 

normalized normalized
outR in

normalized normalized

1 2i= .
1 2i

E Eκ φ
κ φ

− −
+ −

      (7) 

Now, we propose to adjust the coupling coefficient 
of the ring by applying the direct current voltage to 
its coupling region. For identical fiber of the MZI 
and ring, the coupling coefficient is empirically 
expressed as a function of the separation between 
MZI’ arm and ring d , and fractional refractive  

indices
2 2
co cl

2
co

/ 2n n
n

δ β
−

= = ∆  as follows [11]: 

2
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The effect of the applied direct current voltage in 
the coupling region is described by Pockel’s effect 
as follows [12]: 

3
co( , , )  ( , )
2

nn y V R E x yλ∆ = −
        

(9) 

where co cln n n∆ = − . Since the signal is applied 
perpendicular to the cross section of the coupling 
length with the distance of two electrodes x  and 
electric field dcE V x= , (9) can be simplified as 

3 1/ 2
co co(initial)

dc

2(2 2 1 ) .xn n
RV

δ δ = − − −    (10) 

Equations (8) and (10) show that applying the 
direct current (DC) voltage to the coupling 
coefficient will induce the coupling region between 
the MZI’s arm and ring. 

4. Results and discussion 

Power exchanges between output powers 1P  
and 2P  lead to the change in the power difference 
( diff 1 2P P P= − ) which determines the sensor 
sensitivity. We numerically evaluate the coupling 
coefficient of the MZI, 1κ , 2κ , refθ , and refP . In our 
calculation, we confine a range of the round trip 
phase change from –4×10–4 to 4×10–4. The optimum 
design is obtained when the coupling coefficient and 
phase of the ring are 1 1 0.5κ κ= =  and ref 2θ π= ± , 
respectively. 

Based on Fig. 1, it is reasonable that the 
maximum sensitivity can be reached for ref 1P = . 
Since the coupling coefficient of the MZI divides 
the input source signal with the splitting ratio of 
50%:50%, the output powers detected at both output 
ports are symmetrically changed [see Fig. 2(a)] as 
the Fano-resonance profile. Otherwise, a minimum 
sensitivity is numerically obtained for a value of 
phase reference ref 0θ ≈  and for an input power 
amplitude refP . 

The slope of the Fano resonance is significantly 
affected by the coupling coefficient between the arm 
and ring resonator Rκ  and the phase signals 
traveling in the non-resonance arms. The optimized 
sensitivity can be described by the slope of power 
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difference in Fig. 2(b) which is greater than single 
output power. 

Figure 2(b) depicts the normalized power 
difference as a function of the round trip phase 
which is changed due to sample-ring interaction. 
Normally in the biochemical application, the 
significant change occurs in the range of the round 
trip phase from 5 510   to  10− −− . By calculating the 
change in the refractive index using (3), it yields the 
range exchange about 710− RIU (refractive index 
unit). 

 
(a) 

 
(b) 

Fig. 2 Output power characteristics of the MZIRR based 
sensor changed by the round trip phase: (a) Fano resonance 
provided by outputs 1P  and 2P  and (b) normalized power 
difference. 

However, the characteristics of the Fano 
resonance will also be induced by a factor of 
2 Rπ α  according to (5). This means that to enhance 
the gradient of the Fano resonance, we need to 
reduce the ring radius and attenuation. In fact, the 
method cannot be applied to the smaller ring radius 
since the Kerr effect will take place in our 
calculation. Only minimizing the attenuation due to 
the bending loss is a better way to optimize the 
system. 

Equation (6) shows that the output power 
released by the ring much affects its coupling 
coefficient Rκ , and this becomes a good 
approximation to adjusting the power output due to 
the change in the sensitivity range. Here, we induce 
the coupling region of Rκ  by applying the DC 
voltage from 0 V to 10 V. The applied DC voltage 
which is perpendicular to the fiber length induces 
the permeability of the fiber characteristics. This 
disturbance will be a polarization function of the 
electric field passing through the fibers. As a result, 
it affects the fiber refractive index as described by 
Pockel’s effect model given by (9). 

Figure 3 is obtained by calculating the refractive 
index based on an increment of the DC voltage from 
0 V to 25 V. The significant change occurs below 
than 10 V only. For a higher voltage such as 

dc 25V >> , more breakdowns will take place and 
produce more coupling losses. 

 
(a) 

 
(b) 

Fig. 3 Sensing sensitivity characteristics of the MZIRR:   
(a) sensitivity profile of the MZIRR controlled by the applied 
DC voltage and (b) coupling coefficient enhancement of the ring 
resonator. 
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It can be seen that the sensitivity increases 
sharply until it reaches a maximum for a value of the 
DC voltage equal to 2 V. We note this condition 
obtained when the coupling coefficient Rκ  is equal 
to 0.5 [see Fig. 3(b)]. In this condition, the input 
signal is split symmetrically into the ring and 
through the upper arm. By increasing the applied 
DC voltage, it leads to a decrease in the sensitivity 
exponentially until it remains constant for 1Rκ >> . 
The proposed sensor design based on the MZIRR 
also exhibits the higher sensitivity than a 
conventional single RR with a good agreement as 
shown by the dash line. 

A range of the applied DC voltage to control the 
sensitivity is not actually an exact number which in 
our case varies from 0 V to 10 V. This range 
significantly depends on the separation distance 
between two electrodes in the coupling region: the 
longer the separation distance is, the higher the DC 
voltage is required to change the sensor sensitivity. 
In our consideration, two electrodes are positioned 
to the coupling region to reduce the 
electrode-air-fiber interface. 

Figure 4 exhibits the power transmission of the 
upper arm after the signal is released by the ring 
resonator as a function of applied normalization of 
the ring coupling coefficient. The power at the upper 
arm is reduced until the minimum at the ring 
coupling of Rκ =1/mm which means all initial input 
power enters and travels inside the ring. However, 
Fig. 4 is generated by assuming all input power is in 
the upper arm. More increment of the ring coupling 

Rκ  causes an increase in the power transmission 
and remains constant for 16Rκ >> . 

Finally, the optimum sensor design could be 
achieved by determining a set of MZI parameters 
including the coupling coefficient between MZI’s 
arm and ring resonator. However, the optical loss in 
the ring resonator still takes place since we cannot 
increase the ring radius due to the attenuation 
coefficient. For the fabrication process, we suppose 
to minimize the coupling loss at MZI coupling 

because it also affects the sensor sensitivity. 

 
Fig. 4 Power transmission changed by the normalized 

coupling coefficient. 
In the ring coupling region, the use of the DC 

voltage to change the coupling region also 
contributes the optical loss which is not considered 
in our calculation. This method can be replaced by 
the mechanical process for easier coupling control, 
for example by changing mechanically the 
separation distance between the arm and ring 
resonator. 

5. Conclusions 

A tunable sensitivity of the MZIRR for 
bio-sensing is successfully optimized by 
determining the sensitivity based on power 
difference at the output ports of the MZI and 
applying a direct current voltage in the range of 0 V 
– 10 V. A good agreement between the sensitivity 
plot and applied voltage is obtained by setting the 
coupling coefficient of the MZI equal to 0.5/mm. 
But the ring coupling is adjustable under the control 
of the DC voltage. A Fano resonance characteristic 
of output power of the MZI is exhibited as sensor 
enhancement for the reference phase and amplitude 

reffθ π= ±  and reff 1P = , respectively. The effect of 
the applied voltage on the sensitivity is due to the 
change in the fiber permeability that leads to the 
change in the refractive index. 
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