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ABSTRACT

We propose a methodology to analyze a 3×3 Mach-Zenhder-based neuromorphic optical network used as a
programmable logic gate. The investigated approach starts from the electromagnetic simulation of the integrated
optical elements, then moves to the description of the thermal heaters including thermal cross-talk, and finally
addresses the definition of the logical levels.
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1. INTRODUCTION

The use of neuromorphic silicon photonic circuits represents a significant advance in the realm of artificial intelli-
gence. These circuits can accurately process information in the optical domain, with processing speeds and energy
consumption that are potentially much better than their electrical counterpart.1,2 In addition, the possibility to
integrate these circuits into classical silicon platforms used by traditional electronics fabrication processes and
the programmability offered by these solutions represent two relevant advantages of these technologies.

It is important to note that the number of components in Photonic Integrated Circuits (PICs) has grown
consistently in recent decades.3 As a consequence, the design and analysis of these devices are becoming in-
creasingly challenging, and the measured behavior of the circuit can deviate significantly from the expected
behavior. Among the main causes of these discrepancies are fabrication tolerances and tuning problems.4 To
develop suitable models for the control of these PICs, it is particularly important to properly describe the various
components, not only as isolated elements but also considering thermal and electrical crosstalk properly, which
could significantly degrade overall performance.5–8

In the following, we describe the analysis of a 3×3 neuromorphic network, starting from the electromagnetic
simulations, then taking into account thermal effects, and finally performing a system simulation. Finally, an
approach to identify the threshold to apply when using the device as a logical gate is presented.

2. REFERENCE DEVICE

The considered device consists of nine interconnected Mach-Zehnder interferometers (MZIs), with a total of three
input ports and three output ports, as shown in Fig. 1. The output powers are linear combinations of the input
signals, dynamically weighted by the thermally tuneable MZIs, based on two 2×2 Multi-Mode Interferometers
(MMIs). Four optical crossings are also present.

The device is designed for operation in the C-band and is part of a larger, 7×7 Photonic Integrated Circuit
(PIC) designed in the Department of Photonics Engineering of the Technical University of Denmark (DTU)9,10

as a reconfigurable optical switch. The PIC is designed on a silicon-on-insulator (SOI) platform with a top
silicon thickness of 250 nm and a straight waveguide width of 250 nm, and was manufactured by a single step of
standard SOI processing, including e-beam lithography and Inductively Coupled Plasma (ICP) etching, followed
by additional steps of lithography and metal liftoff for the fabrication of the metallic heater on the upper branch
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of each MZI. These heaters act as Thermo-Optical Phase Shifters (TOPS) and consist of a resistive titanium
region, with 0.1 µm thickness, 1.8µm width and 10µm length, placed on top of the waveguide separated by an
oxide layer.11

Figure 1. Schematic of the 3×3 considered circuit. Labels M1–M9 identify the nine MZIs. The overall dimension is
approximately 1800µm×250 µm. The red dashed line indicates the position of the cross-section thermal distribution
shown in Fig. 3.

3. FTDT SIMULATIONS

In order to gain more insight into MZIs and crossings, we used Finite Differences Time-Domain simulations in
Synopsys RSoft© to analyze these components and extract the optical losses associated with each fundamental
block. The distribution of optical power at the MZI output ports as a function of the variation of the refractive
index in one of its branches is also investigated. An example of the analyzes we performed is shown in Fig. 2.

Figure 2. Example of FDTD simulations of the MZI.

4. THERMAL SIMULATIONS

The tuning of the MZIs is obtained thanks to the TOPS: numerical simulations are required to correlate the
applied voltage to heat and to the corresponding variation of the refractive index, and to quantify the strength
of thermal crosstalk between adjacent MZIs.

For the goals of this analysis, we use COMSOL Multiphysics and consider a 3D representation of a section
of the device containing three vertically adjacent MZIs (such as MZI 1, 2, and 3 in Fig. 1) , the horizontal
separation between MZIs being sufficiently large to ignore any thermal effect. An example of simulation results
is presented in Fig. 3, where a voltage of 2V is applied to the electrode of MZI 2: as a result, the temperature
in the underlying waveguide is heated to 70.7 °C, but the temperature of the second waveguide of MZI 1 is also
increased by 5 °C with respect to the other branch, even if no voltage is applied to the corresponding heater. This
thermal crosstalk represents an important effect for proper control of the device. Thanks to these simulations, we
were able to map the voltages applied to the three MZIs into variations of refractive indices in the six waveguides
and obtain a complete picture of the whole device tuning.
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Figure 3. Top view (left) and cross section of the temperature distribution in the position indicated by the red line in
Fig. 1 (right), at the waveguides height, when a 2V control voltage is applied to the heater of MZI 2. The vertical lines
indicate the positions of the waveguides.

5. SYSTEM LEVEL SIMULATIONS

The calculation of the powers at the three output ports as functions of the control voltages and the powers at
the three input port is straightforward: the device does not contain closed loops and the power P k

out,u at the

output of the upper branch of MZI k can be simply calculated as a linear combination of the powers P k
in,u and

P k
in,l at its two input ports:

χ =s1 + s2 sin
2(θk + ϕk)

P k
out,u =(1− α)(P k

in,uχ+ P k
in,l(1− χ))

with α optical losses of the MZI, s1 and s2 split coefficients taking into account the non complete transfer of
power from the two MZI branches, obtained from FDTD simulations; θk is a phase term which depends on the
voltages applied to MZI k and its adjacent ones, and is extracted from thermal simulations. Finally, ϕk is an
additional phase term that takes into account non-ideal behaviors of the single MZI.

The results of the model are then compared to the experimental measurements performed at DTU. To better
understand the individual behavior of each MZI, in the experimental setup all MZI electrodes are grounded,
except for one electrode at the time, whose voltage is tuned between 0V and 2V, approximately corresponding
to a shift between 0° and 180°. An input signal is injected at port 1 and the output is measured at port 2: In
this configuration, MZI 2 should have no effect since no signal is injected at port 2, but a change in the voltage
of this MZI causes a change in the phase of MZI 1 due to thermal crosstalk. Figure 4 shows a comparison
between measurements and simulations: The model is capable of reproducing the role of MZI 2, successfully
including thermal crosstalk. The remaining discrepancies are supposedly caused by other crosstalk effects, such
as unwanted transfer of signal between the circuit electrical paths, which all share the same ground connection.

6. THRESHOLDS FOR OPERATION AS BOOLEAN GATE

The control voltages of the MZIs can be selected to implement up to three Boolean functions of the signal at
the input ports. In this scenario, the input powers are assumed to be logical quantities representing a false (null
power) or true (non-null power) value. The value of the power corresponding to the true level is not significant for
this analysis, since we assume that the level is so low to allow us to neglect non-linear effects such as Two-Photon
Absorption.12 However, while input signals are considered to be either 0 or 1, we need to calculate which is
the distribution of the values at the output ports as functions of the control voltages. For this reason, 50 000
simulations were performed with random values of the nine control voltages ranging from 0V to 2V and for the
23 = 8 combinations of the Boolean input powers. We obtained as a result the distribution of the powers at each
output port, from which we extracted the median value, then used as a threshold to distinguish between false
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Figure 4. Power at output port 2 with input signal at port 1, as a function of the MZIs’ voltages: experiments (red),
simulation without crosstalk (dashed blue), and simulation including crosstalk (blue). In each interval delimited by
vertical dashed lines, the voltage of one MZI is tuned 0V and 2V, while the other MZIs are grounded.

and true output values. For the considered device, the thresholds of the three ports are 0.076, 0.046 and 0.093,
respectively.

Once the thresholds have been identified, we can use an optimization algorithm, such as the Particle Swarm
Optimization method, to determine the optimal values of the control signals to obtain the logic function requested
by the user at a certain port.

7. CONCLUSIONS

A methodology for modeling thermal crosstalk in integrated photonic circuits was discussed. We analyzed a 3×3
programmable optical circuit and, after FDTD simulations of the fundamental components, we then continued
with a thermal analysis of the area beneath the heaters. The findings of these analyzes were then used to perform
a system-level simulation of the device, resulting in reasonably accurate predictions of the experimental findings.
We finally identified the logical thresholds corresponding to the true or false levels at the output.
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