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Abstract

The chapter provides the analysis of the behaviour of Mach Zehnder interferometer
waveguide (MZIW) sensing structure and establishes the general design principles.
Photonics interferometers have been widely used because of their highly sensitive
detection technique. The present study is based on the MZIW structure for sensing
application and deals with interferometer single-mode transmission. Theoretically,
short wavelength and high difference in index (An) results in the low depth of the eva-
nescence wave and increase in sensitivity. MZIW under consideration is very small
in size hence it is very difficult to guide the light into waveguide. The output monitor
detection sensitivity of the entire MZI structure depends on light-guiding efficiency.
To maintain minimum losses at various micro-branches of the entire MZIW structure,
effective light propagation is important and it is a critical parameter of the entire
interferometer. Various tests have been carried out to study the effects of the Y branch
angle variation on light guiding into the MZIW structure especially in measurement
application.

Keywords: interferometer, light propagation, waveguide

1. Introduction

Guided wave optics has revolutionized the photonic sensing technology. It covers both fibre
and integrated optics technology. Photonics technology improves optical communication and
minimizes the optical components used for communication as well as measurement applica-
tions [1]. Silicon nano-photonics waveguides strongly confine light in a submicron waveguide
structure which has following advantages.
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(i) allows sharp bends due to which compact and tiny components can be analysed and
characterized;

(ii) gives tremendous reduction in footprints, which in turns open up new areas for the
large-scale integration of photonics component circuits.

The fabrication of photonics circuits can be done on the similar line of complementary metal-
oxide-semiconductor (CMOS) circuits [2]. Due to the similarity, CMOS compatibility opens
up options for the interface of photonics functions with electronics functions. Photonics
sensing technology has now gained a place in the vast portfolio of practical measurement
technologies [3, 4].

However, current innovations in the photonics technique to manipulate the light are continue
to provide both opportunity and challenge to the micro-optical components used in rapid mea-
surement and sensing technologies. The development in the modern photonics sensors is due
to the advances made in the LASER and optical fibre technology. The progress in the micro-
electronics field accelerated the growth in silicon as well as polymer-based photonics devices.

Photonics technology also enhances precision as well as accuracy of the measurement.
Photonics-based sensors reduce the measurement time which is not possible using conven-
tional available techniques. The application of nanotechnology in the field of biology and bio-
medical field is known as bio-nano-technology or nano-bio-technology [5]. This technology
gives rise to new devices and systems having improved sensitivity and accuracy for measure-
ment application. Interferometer analysis using the Y branch is highlighted in this chapter for
the MZIW structure and the general conclusions on optimization are drawn [6].

2. Interferometer technique

In interferometer phenomenon, two similar input waves are superimposed at an output
waveguide to detect the phase difference between them. If the two waves are in phase, their
electrical fields gets added (this is called as constructive interference). If they are out of phase
(phase shift is 180° between them), the electric field received at the output waveguide gets
cancelled (this is called as destructive interference).

Various interferometer configurations like Mach Zehnder interferometer, Fabry Perot interfer-
ometer and Michelson interferometer have been realized using optical methods. Out of all above
techniques, the main consideration in this chapter is given to Mach Zehnder interferometer [7, 8].

3. Mach Zehnder interferometer waveguide (MZIW)

Interferometer is most suitable technique for analytical measurement with real-time
interaction monitoring. Our main purpose is to provide the optimization and testing of
MZIW. Interferometer based on MZIW consists of input waveguide structure (left Y branch)
and output waveguide structure (right Y branch) [8]. In interferometer measurement, input
light is equally guided into the two waveguides and light is recollected into the single
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Figure 1. Y branches (a) Branch [1-2] (b) Branch [2-1].

waveguide as shown in Figure 1. One branch is 1-2 and other is the 2-1 branch. The sensing
reaction changes the refractive index of sensing waveguide and it changes the speed (phase)
of light [9]. The light intensity changes due to the optical interference at the output waveguide
(2-1 branch) [10]. Figure 1 demonstrates one-input and two-output (1-2 branches) and two-
input one-output (2-1 branch)-type micro-Y branch for the MZIW structure. Many optical
evanescent wave sensors in various forms have been used for highly sensitive sensing appli-
cations and MZIW is one class of such sensors. MZIW has been designed using one Y and one
inverted Y branch to form an entire waveguide structure [11].

The simplest light waveguide component is the Y branch and is a three-port device that acts
as a light divider, Y branch (1-2) and light collector and inverted Y branch (2-1) [12]. Figure 1
shows a Y branch made by splitting a planer waveguide into two branches bifurcating at some
angle. These components are very much similar to a fibre optic coupler which can also act as
a power splitter except that it has only three ports. Conceptually it differs considerably from
a fibre coupler since there is no coupling region in which modes of two different waveguides
overlap. Function of the Y branch is very simple. With reference to Figure 1, in the branch
region the waveguide is thicker and supports higher-order modes. However the geometrical
symmetry forbids the excitation of asymmetric modes. If the thickness is changed gradually
in an adiabatic manner, even higher-order symmetric modes are not excited, and power is
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divided into two branches without much loss. In practice, a sudden opening of the gap vio-
lates the adiabatic condition, resulting in insertion losses associated with any Y branch. These
losses depend on the branching angle 0 and increases as angle 0 increases.

In practice, what attracts our attention is the presence of a number of relatively primitive,
that is, straight and curved waveguides. As it was mentioned earlier, the layout is very coarse
and the light interactions actually occur just on a small fraction of the layout. For this reason
waveguides are also called as micro-waveguides and the branches are also called as micro-
branches. Various types of MZIW structures have been designed for sensing applications.

We have used beam propagation method (BPM) for the analysis of MZIW [13]. The physical
propagation requires important information about the distribution of refractive index n(x, y,
z) and input wave field, n(x, y, z = 0). From this we can detect the wave field throughout the
rest of the domain u (x, y, z > 0).

In addition to above data, the BPM algorithm requires additional information in the form of
numerical parameters like:

(i) finite computation domain{Xe (x__,x ) {Ye(y . V. ) 1ZE(Z .,z )
(ii) transverse grid size Ax and Ay,
(iii) longitudinal step size Az.

Generally, smaller grid sizes give results with more accuracy. But due to a small grid size, sim-
ulation time increases [14]. It is very important and critical to perform a convergence study on
the X and Y grid sizes to provide optimization and the tradeoff between speed and accuracy.

4. Waveguide configuration and analysis

Figure 2 shows the MZIW structure in 3D (XYZ) format with reference to this proposed struc-
ture. We can join two Y branches (refer Figure 1) to form the entire MZIW structure (refer
Figure 2) [15]. To perform this convergence study, we have used the scanning capabilities of
beam propagation method, scanning and optimization tools. The MZI layout under the test
is shown in Figures 3 and 4.

This scanning tool gives very good results. There are various configurations of photonic MZIW,
which are used for sensing various physical parameters [16]. Figure 3(a—d) shows the experimen-
tal data for light output variation as a function of changes in the branch angle for Y branch (1-2).

We can use the proper numerical model for the design of the structure with appropriate
characteristics.

Figure 4(a—d) shows experimental data for output variation as a function of changes in the
branch angle for inverted Y branch (2-1) [17]. The performance of photonics interferometer
depends upon various fibre geometry and fibre parameters.

For the successful design and working of sensor, the process of the parameter optimization is
very critical and important.
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Figure 2. MZIW Structure in 3D format.

We have analysed monitor output behaviour with respect to variations in Y branch angle.
Figure 5(a—c) shows the graph of Y branch angle variation versus output value.

From this, it is shown to split light and to combine light at Y branches already shown in
Figure 2. The Y branch angle should be optimized. The angle should be less than 18°; above
this, light propagation will not be appropriate through the MZIW structure. This reduces the
output monitor value [18].

Also when light is guided through the bend structure, substantial radiation losses take place
and significant distortion of the optical input launch field occurs when light proceeds through
the MZIW structure [19]. As shown in Figure 5(a), as we vary angle between 0° and 25°,
monitor output value decreases, and as we increase angle variation beyond 25° that is up
to 45°, monitor output value further decreases. This is represented in the graph shown in
Figure 5(b). In Figure 5(c) as we increase angle variation beyond 45° that is up to 75°, the
monitor output value further goes on reducing.

The measuring sensitivity of the MZI structure is given by Eq. (1):

S = fn 1)

where AP is the monitor output power and aAn is the refractive index change at measuring
branch.
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Figure 3. (a) Light guiding variation for Y branch at an angle of 18°; (b) light guiding variation for Y branch at an angle
of 25°; (c) light guiding variation for Y branch at an angle of 45° and (c) light guiding variation for Y branch at an angle
of more than 75°.

From Figure 5(a—c), it is easily interpreted that beyond 18° it is difficult to guide light to the
waveguide. These losses depend on the branching angle and increase as the angle increases.

Figure 6(a and b) shows the complete MZIW structure after optimum selection of Y branch
angle (18°) for both the branches. This waveguide has a width of 3 um and length of 40 um.
This structure is used for sensing applications like refractive index measurement of small
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Figure 4. (a—d) Experimental data for output variation as a function of changes in branch angle for inverted Y branch
(2-1). (a) Light guiding variation for Y branch at an angle of 18°; (b) light guiding variation for Y branch at an angle of
60°; (c) light guiding variation for Y branch at an angle of 75°; and (d) light guiding variation for Y branch at an angle
more than 75°.

samples under measurement. The validation of the innovative approach is achieved by the
characterization of the above MZIW structure. The sensitivity of the sensors is the most domi-
nating and demanding parameter as it directly relates to how early the sensing parameters
are detected [20].

According to the theory of interferometer, the intensity modulation scheme should be charac-
terized by an output intensity of MZI behaving as a cosine function of the phase variation as
shown in Figure 5. Indeed the detected light output power I_ at the output of the Y branch
(2-1) of the interferometer can be detected as given by Eq. (2).

I, =1+I_ 11 cos(Ag) ()

out T st2y Ts Tr
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Figure 5. (a—c) Graph of angle variation between 0 and 75°. (a) Output value for angle variation between 0 and 25°; (b)
output value for angle variation between 0 and 45°; (c) output value for angle variation between 0 and 75°.

where I and I_are the optional powers of the reference and sensing waveguide observed in
each arm of MZIW and A¢ is the phase difference between both waveguides.

The above result and study elucidates the influence of the Y branch angle on light guiding
the MZIW structure and the MZIW variation in the angle changes light guiding efficiency,
so the angle must be properly selected for sensing applications. From the above analysis and
experimentation, it is observed that the optimum value for the angle is required to be below
18° (for 1-2 branch). In case of the MZIW interferometer, we know that one arm of the wave-
guide structure is acting as a reference arm and other arm is acting as a measurement arm.
According to the graphs shown in Figure 5(a—c), if light is not properly guided into the refer-
ence arm and other measurement arms of waveguides, it will produce considerable variations
in the output monitor value. Due to these variations, the physical parameter that is to be
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Figure 6. (a) MZIW structure using two Y branches and (b) complete MZIW structure used for sensing application.
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Figure 7. Graph of variation in phase shift and monitor output value for MZIW structure shown in Figure 6.

sensed using the interferometer will not be detected correctly. Output measurement becomes
difficult. These types of waveguide structures are applicable to any measurement application
that changes phase and amplitude of light passing through the waveguide. Generally branch
angle should be maintained below 1 radian to reduce insertion losses below 1 dB and 18° for
measurement applications.

Analysis and experimental characterization of MZIW is performed using a “beam propaga-
tion method” algorithm. Measurement is carried out by using an MZIW structure having
branch angle as 18° (for the Y branch); however, the insertion loss of power divided also
increases rapidly and often becomes intolerable after three or four bifurcation stages.

After the optimization of MZIW for the measurement application is completed, the next part
is to analyse the structure for the refractive index (RI) measurement. Figure 7 shows the phase
shift variation due to refractive index variation and corresponding changes in the output
monitor value. Due to proper light splitting and combining, changes in phase shift produced
due to variations in the refractive index of the sample can be measured.

5. Conclusion

Measurements are carried out by using an MZI structure having branch angle of 18° (for
the Y branch); however, the insertion loss of power divided also increases rapidly and often
becomes intolerable after three or four bifurcation stages. The next step of this chapter con-
sists of the characterization of rib waveguide-based MZI optical sensor.
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