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Abstract. A passive TE mode phase shifter-based compact structure of optical Mach–Zehnder interferometer
(MZI) using silicon-on-insulator (SOI) platform is demonstrated by using BPM simulations. Insertion loss was
found, that is 9 dB for 3 μm width, 16 dB for 1.55 μm wavelength, 0.9 dB for 2000 μm path length (arms), and 15
dB for 0.0055 index differences between the core and the cladding of SOI of the designed device. The Mach–Zehnder
interferometer attains good phase shifts by changing the path lengths (arm) with TE mode polarisation.
Keywords. Mach–Zehnder interferometer; insertion loss; optical phase shifter; simulation software; silicon-oninsulator.
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1. Introduction
Silicon-based devices are frequently used in microfabrication industry now a days. The potential of these
devices helps in monolithic integration of optical and
electronic devices developed in silicon-on-insulator
substrate. The silicon-on-insulator (SOI) Mach–Zehnder interferometers (MZI) are optically transparent
at long-haul communication wavelengths, high speed
optical modulator [1], polarisation beam splitter [2],
integrated p–n junction [3], refractive index dependence
sensor [4], quantum photonic circuits [5], photonic crystal fibre [6], low power carrier depletion modulator
[7,8], monolithic fabrication [9,10], phase shifter [11],
Mach–Zehnder-based directional coupler [12], polarisation division multiplexed quadrature phase shift keying
[13], TE mode polarisation splitter [14], slot waveguides [15], optical biosensor [16–18], photonic signal
processor cores [19], Pound–Drever–Hall laser stabilisation system to reduce the noise of stable lasers
[20], broadband directional coupler switch [21,22], band
transmitters from photonic to electronic devices [23]
flexible photonic devices for biophotonic probes [24],
protein detection [25], MZI coupler resonant waveguide optical gyroscopes [26], dual output MZI for noise
cancellation [27], pulse generation [28] and tunable
plasmonic filter with ring resonators [29]. SOI substrate
has possessed high index contrast, easy-to-fabricate
rib structured devices, strongly confined optical mode,

exhibits low losses, easy-to-get total internal reflection
for guiding the field, high integration density, compatible with Si electronics, low-cost compared to other
InGaAsP/InP or LiNbO3 substrates. This MZI configuration is completely novel on SOI substrate for obtaining
phase shifts and low insertion losses using S-bend and
straight waveguides with one output and one input compared to LiNbO3 , InP, silver ion exchange on glass
material and plasmonic substrates.
In this paper, we discuss the variation of symmetrical
MZI, intensity, phase shifts, and insertion losses with
TE polarisation-dependent mode which is the dominant
mode in optical communication compared to the TM
mode. This device also examined coupling parameters
such as width, wavelength, index difference and coupling length (length of the middle S-bend waveguides).
In this article, we propose a design of MZI on SOI
platform by using an R-Soft CAD tool and simulated
through beam propagation method (BPM) at 1550 nm
wavelength. The outcomes are reported based on simulation results because of the lack of fabrication facility
and the main purpose is to obtain the best optimised
device for further fabrication.
2. Device structure
The schematic diagram of the proposed MZI is shown
in figure 1. It consists of two waveguides which are
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output straight waveguide is 3 mm, separation between
two straight waveguides is 18 μm, index difference is
0.0067 (0.3% of core Si and cladding SiO2 ) within the
SOI regions.
3. Simulation results

Figure 1. Schematic diagram of MZI.

straight and S-bend waveguides on SOI substrate with
slab structure. MZI comprises two back-to-back power
splitters connected by a pair of widely separated straight
waveguides. In the MZI, the guided light is divided
into two beams and it propagates through two straight
waveguides (arms), combined by a splitter and comes
out through the straight waveguide. Total length of the
MZI is 13 mm, input power is 1 μW, width is 5 μm,
height is 5 μm, input straight waveguide is 2 mm, S-bend
waveguide is 2 mm, separated waveguide is 4 mm and

The BPM is the most powerful method to investigate
linear and nonlinear light-wave propagation phenomena in axially varying waveguides. The BPM is the
most widely used propagation technique for modelling
integrated and fibre optic photonic devices. The BPM
is essentially a particular approach for approximating
the exact wave equation for monochromatic waves and
solving the resulting equations numerically. The basic
approach is illustrated by formulating the problem under
the restrictions of a scalar field (i.e. neglecting polarisation effects) and paraxiality (i.e. propagation restricted
to a narrow range of angles). The scalar field assumption allows the wave equation to be written in the form of
the well-known Helmholtz equation for monochromatic
waves.

Figure 2. Simulated optical power distribution profiles for MZI mode propagations: (a) 180◦ phase shift, (b) 90◦ phase shift,
(c) 45◦ phase shift and (d) 0◦ phase shift.
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Here the scalar electric field is written as E(x, y, z, t) =
(x, y, z) e−iwt and the notation k(x, y, z, t) = k0 n
(x, y, z) is introduced for the spatially-dependent wave
number, with k0 = 2π/λ being the wave number in
free space. The geometry of the problem is defined
entirely by the refractive index distribution n(x, y, z).
Assuming that axis is predominantly along the zdirection, it is beneficial to factor the rapid phase
variation out of the problem by introducing the so-called
slowly varying field u along the direction z
(x, y, z) = u(x, y, z) eikz .

(2)

k̄ is a constant chosen to represent the average phase
variation of the field . Then, introducing the expression into the Helmholtz equation yields the following
equation for the slowly varying field:
∂ 2u
∂u ∂ 2 u ∂ 2 u
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Equation (3) is the basic BPM equation in three dimensions (3D) and simplification to two dimensions (2D) is
obtained by omitting any dependence on y [30].
Simulations have been carried out by the BPM tool to
identify the propagation of an optical signal of the fundamental TE polarisation mode through the MZI. We
depicted some of the simulation profiles in figures 2 and
3. Figure 2a shows the top view of the optical power
distribution for MZI mode propagation with 180◦ phase
shift at 4000 μm path length. Figure 2b shows the top
view of the optical power distribution for MZI mode
propagation with 90◦ phase shift at 3000 μm path length.
Figure 2c shows the top view of the optical power distribution for MZI mode propagation with 45◦ phase shift
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at 2000 μm path length. Figure 2d shows the top view of
the optical power distribution for MZI mode propagation
with 0◦ phase shift at 1000 μm path length. Figure 3a
shows the 3D view of simulation of MZI at 5 μm width,
1550 nm wavelength, 13 mm length, 4000 μm coupling length and 18 μm gap between the two separated
waveguide arms. Figure 3b shows the amplitude view
of MZI, and from this profile it can be seen that phase
shift is equally divided to half of its maximum propagating wave. According to the interferometer theory, the
change of intensity is due to the phase of the wave which
is directly related to the change of length between the
two splitters (path length), wavelength, refractive index
difference and width of the waveguide.

4. Results and discussion
Figure 4 shows the variation of phase shifts and intensity with MZI parameter path length, which is the length
between two splitters of the MZI. It reports that the
phase shift is directly proportional to the path length
and intensity is directly proportional to the path length.
We optimised 4000 μm path length because it gives
maximum value of intensity and phase shift.
The coupling parameter width (w) of the device
influences the transmitted power as well as the insertion loss. Figure 5 shows that the transmitted power
and insertion loss vary with component width of the
MZI in TE polarisation mode (dominant mode in
optical communication range). The transmitted power
decreases with width, because the effective index is
less sensitive to width, which has got a lesser transmitted power of 0.1 μW at 3 μm width. A maximum transmitted power of 0.003 μW is obtained at
8 μm width as higher widths enable optimal mode
confinement of the light inside the device. The insertion
loss is reciprocal to the transmitted power and hence

Figure 3. Simulation profiles of MZI at 4000 μm path length: (a) 3D view and (b) amplitude view.
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Figure 4. Plots between phase shift and intensity vs. path
lengths between two splitters.

Figure 6. Plots between the insertion loss and transmitted
power vs. wavelength of MZI.
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Figure 5. Plots between insertion loss and transmitted power
vs. component width of MZI.

Figure 7. Plots between the insertion loss and transmitted
power vs. index difference of MZI.

3 μm width has lesser loss (9 dB) and 8 μm width has
higher loss (25 dB) on SOI-based MZI compared to InP
substrate.
Operating wavelength (λ) takes an imperative role
in MZI in changing the transmitted power and insertion loss. Figure 6 shows that the transmitted power
and insertion loss vary with wavelength of the MZI in
TE polarisation mode. The transmitted power decreases
with wavelength, because the core and cladding polarisation modes possess the same wavelengths to achieve
interference, which has got a lesser transmitted power
of 0.06 μW at 1.7 μm wavelength. A maximum transmitted power of 0.007 μW was obtained at 1.5 μm
wavelength because the effective index is proportional
to the wavelength of the operating light. The insertion loss is reciprocal to the transmitted power, so that
1.5 μm wavelength has higher loss (21 dB) and 1.7
μm wavelength has lower loss (11 dB) on SOI-based
MZI.

The index difference (n) (refractive index difference between the core material (Si) and the cladding
material (SiO2 ) with 0.3%) takes an important role in
MZI for finding the transmitted power and insertion loss.
Figure 7 shows that the transmitted power and insertion loss vary with index difference of the MZI in TE
polarisation mode. The transmitted power is decreased
with index difference, as core and cladding polarisation
modes have similar wavelengths to achieve interference.
Lesser transmitted power (0.009 μW) is obtained at
0.0075 index difference, while a maximum transmitted power of 0.029 μW is achieved at 0.0055 index
difference. In addition, effective index is proportional
to the wavelength of operating light for different paths.
The insertion loss is inversely proportional to the transmitted power, so that index difference of 0.0055 has
15 dB and index difference of 0.0075 has 20 dB on
SOI-based MZI which has minimum value against the
LiNbO3 .
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5. Conclusions
To conclude, the article proposed a novel design of
phase-shifter based MZI on SOI platform and then analysed their behaviour using BPM. The desired TE-mode
phase shifts were realised by changing the path lengths
from 1000 to 4000 μm. 4000 μm path length has got
maximum phase shift. At 1550 nm wavelength, the
obtained insertion loss was 16 dB for TE mode. Similarly, at 5 μm width the insertion loss was 16 dB, 1000
μm and 4000 μm path lengths recorded an insertion
loss of zero decibels and 0.0060 index differences has
an insertion loss of 16 dB. This design can be used for
constructing various integrated circuits such as optical
modulator, LSI, demultiplexing, filtering and sensing
applications because insertion loss is minimum.
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