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Abstract—A physics-based digital twin model of a 3-by-3
Mach-Zehnder Interferometer (MZI) mesh is established by
interpolating the experimental data with an accurate mathe-
matical representation, then utilized to investigate the wideband
capabilities of the device to implement programmable logic
functions. Most of the evaluated functions perform correctly over
a broad wavelength range (1524 nm — 1568 nm) under the voltage
configuration determined at 1550 nm. The findings showcase the
potential of digital twin model in Photonic Integrated Circuit
(PIC) design, allowing novel designs in photonic computing and
telecommunication applications.

Index Terms—Digital twin model, Mach-Zehnder Interferom-
eters, Wideband capability.

I. INTRODUCTION

The digital twin, a concept first adopted in the aerospace
industry, was defined as “an integrated multiphysics, multi-
scale, probabilistic simulation of an as-built vehicle or system
that uses the best available physical models, sensor updates,
fleet history, etc., to mirror the life of its corresponding flying
twin” [1]. Due to its capability to characterize and model
electronic devices accurately and efficiently, the digital twin
exhibits favorable prospects in the semiconductor industry [2].

Photonic Integrated Circuits (PICs) are an emerging tech-
nology that focuses on detection, generation, transmission, and
manipulation of photons [3], commercially applied in several
fields such as optic communication, biomedicine, and photonic
computing, exploiting the physics of structures such as Mach-
Zehnder Interferometer (MZI). The digital twin model intro-
duced in [4] is adopted in this work to verify the capability
of a thermally tuned 3-by-3 MZI mesh [5] to implement user-
defined logic functions over a wide wavelength range. The
results show that the fitted model can successfully perform
wideband logic operations, implying promising potential for
digital twin modeling of PIC.

II. DiGiITAL TWIN MODEL

The reference device (Fig. 1) is a 3-by-3 MZI mesh realized
on a Silicon-on-Insulator (SOI) platform, part of a C-band
optical switch developed by the Technical University of Den-
mark (DTU) [6], where the input signals are linearly summed
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Fig. 1. Mask of the reference device. The Ti heaters are shown in red, the
waveguides in blue. The black rectangle defines the area for thermal analysis.

at the three output ports by thermal tuning of the MZIs. The
single MZI comprises two 2-by-2 Multi-Mode Interferometers
(MMIs) and ~267 um long bent waveguides, while thermal
tuning is regulated by a Thermo-Optic Phase Shifter (TOPS).
A transmission matrix-based model is developed to accurately
describe the single component [4]:

Tanr = amm, /71 Jamvmr,v1 — 72 )
P Jammr,v1 —m ammMI, /72

_ e—apl gi(knesr,1 (T)L+5p) 0

Tp = { 0 e—anL gilrne 2 (M L—bg) | (2)

where anvMi,, P = {in, out} are the insertion losses for input
and output MMIs, «; are the corresponding splitting ratios,
oy, are the propagation losses through the waveguide, L is
the length of the MZI arms, x = 2{ is the wavenumber
at operating wavelength A\. The Jd¢ terms represent phase
correction that can be adjusted with the optimization routine
(e.g. particle swarm optimization (PSO) [7]) to fit experimental
data. The two quantities neg,1(7) and neg 2(7) are the effec-
tive refractive indices of the MZI’s waveguides. The Ti heater
undergoes Ohmic heating when an external voltage is applied,
resulting in modified optical properties of the waveguides. The
dependency of neg on the temperature is expressed as a first-
order Taylor expansion:
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Thermal crosstalk can significantly affect the device behavior:
in the area shown in the black rectangle in Fig. 1, the
temperature variation caused by a single heater can perturb
the temperature (and the corresponding effective index) of all
the vertically stacked (z direction) waveguides. We assume, at



the same time, that this coupling effect is negligible in the y
direction. The temperature distribution in the z direction can
be established by summing the independent contributions from
the three heaters, solving the 1D heat equation for each source
individually, under the ideal adiabatic boundary conditions.
The obtained results have been validated using a complete
3D thermal simulation, performed in COMSOL Multiphysics,
of the heaters - waveguides system. Fig. 2 shows the spatial
distribution of temperature variation when different voltages
are applied to 3 heaters, indicating that the approximated
1D method accurately mimics COMSOL thermal simulations.
From this example, it is immediately evident that thermal
cross-talk affects the device, and is non-negligible not only
between neighboring MZIs, but also between the two arms of
the same MZI. The adopted numerical approach is convenient
for its computational efficiency. Using the temperature varia-
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Fig. 2. Example of spatial distribution of temperature variation for Vi1 =
1V, Vin2 = 2V, and Vi, 3 = 1V applied simultaneously to the three
heaters, simulated in COMSOL Multiphysics (solid blue line) and restored
using numerical method (dashed red line).

tions estimated with this method, we can compute neg(7'(V))
in each waveguide, which can then be used in (2). The total
transmission matrix can be then obtained by cascading the
three constitutive elements of the MZI, which can be used to
compute the output field at the two output ports of the MZI:
T = Tyt TpTvmr, 4)
We fine-tuned the parameter ¢ in Eq. (2) by adopting the
PSO algorithm, to precisely fit the experimental measurements
executed to assess the behavior of the real device. The method
successfully accounts for possible manufacturing imperfec-
tions, effectively implementing a well-established digital twin
model of the reference device.

III. EVALUATION OF WIDEBAND PROGRAMMABILITY

The digital twin model was deployed in an initial assessment
of the capabilities of the mesh as a programmable logic
device [4]. A data set with 6 million entries was created
with randomized values of the nine MZIs driving voltages,
considering the 2% = 8 possible permutations of the signals
at the three input ports, assumed as Boolean signals with
values 1 or 0. From the statistical analysis of the power

levels at the three output ports, we estimated three thresholds
to convert the output levels into digital states. After this
preliminary investigation, we then used the PSO method to
find the best control voltages to implement a set of logic
functions at the three output ports (such as AND of the three
inputs at output port 1, XOR at output port 2, and OR at
output port 3). We numerically verified that the device can
be used to implement a vast number of logical functions,
from the simplest ones (NAND, NOR) to more complex ones
(such as 2’s complements of the 3 bit binary number at the
input); it is also possible to obtain the AND or the OR of
the optical signals at port 1 and port 2, depending on the
value of the signal at port 3, thus implementing an optically-
programmable gate. Although the first analysis was performed
at 1550nm, the device is subsequently simulated over a
wider wavelength interval ranging from 1524 nm to 1568 nm.
This operation required a proper evaluation, based on FDTD
simulations performed in Synopsys RSoft™ of the dispersion
of the effective index and the coupling coefficients. The digital
twin exhibits the wideband programmability expected from
the reference device, being able to consistently implement a
plethora of programmable logic functions on the entire C-band,
proving the potential of the model to explore the properties of
PICs.

IV. CONCLUSIONS AND OUTLOOK

We developed a digital twin model of a 3x3 MZI mesh by
calibrating the model parameters to fit the experimental data,
thus describing crucial effects such as thermal crosstalk and
tolerances in the production process. Applying the combina-
tion of driving voltages determined by the model at 1550 nm,
we estimate the capability of the reference device to perform
multiple programmable logic functions on the entire C-band.
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