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ABSTRACT

We propose a comprehensive Mach-Zehnder Interferometer (MZI) model that takes into account propagation
effects, losses, thermal and optical crosstalk, and can be used to simulate the behavior of meshed MZI topologies
(e.g., in the context of neuromorphic photonic computing). The model is validated by comparing the simulated
results with power and spectral measurements of a 3x3 Silicon Photonic circuit based on cascaded MZIs. This
circuit can be used as a programmable logic gate and this application is demonstrated with the proposed model.

Keywords: Photonic Integrated Circuits, Mach-Zehnder Interferometers, Thermal crosstalk, Modeling, Pro-
grammable photonic logic, Neuromorphic computing

1. INTRODUCTION

Artificial Intelligence (AI) and Machine Learning (ML) are data-driven applications by definition, and, as a
consequence, they are extremely computationally intensive: to effectively train a Neural Network (NN), the
network itself must process a vast amount of data samples, in the order of millions and more. For instance,
the computational power required to train state-of-the-art AI has doubled every 3.5 months.! However, due
to a slowdown in advancements in high-density integration trends (Moore’s law)? and to the inefficiency of
traditional computers’ Von Neumann architecture in performing Multiply-Accumulate (MAC) operations, the
demand for hardware accelerators for ML/AI, able to perform MAC operations and deal with large amounts
of data efficiently, is becoming more and more apparent. Photonic Integrated Circuits (PIC) are one of the
possible implementations of such accelerators.* Among the possible solutions, it is possible to implement this
with meshes of interconnected Mach-Zehnder Interferometers (MZIs), that perform the linear transformations
of the NN thanks to their thermal tuning. When using high-density integration of such devices, their thermal
interaction (thermal crosstalk)® and fabrication defects® will strongly affect the accuracy of the resulting network,
if not properly accounted for.”

In this work, we propose a comprehensive MZI model that takes into account propagation effects, losses,
defects, thermal and optical crosstalk, and can be used to simulate the behavior of meshed MZI topologies, for—
but not limited to— neuromorphic applications. The model is validated by comparing the simulated output power
results with the measurements performed on a 3x3 Si PIC based on cascaded MZIs.® This circuit can be used as
a programmable logic gate® and this application is demonstrated with the use of our model as a “digital twin”.

2. REFERENCE DEVICE AND MODEL

The device considered for validation consists of a mesh of nine MZIs, with 3 input and 3 output ports, as shown
in Fig. 1. Due to the circuit topology, the output powers are linear combinations of the input signals, dynamically
weighted by the thermally tunable MZIs, based on two 2x2 Multi-Mode Interferometers (MMIs). The single
MZI in this device has ~ 267 um long arms and, on the upper one, a 100 pm Titanium strip is employed as
tunable thermal element.
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Figure 1. Mask of the reference circuit. The waveguide structure is shown in blue, the Ti heaters in red. The black dashed
rectangle indicates the area where our thermal analysis will be performed.

The device is part of a larger optical switch for C band operations, developped by the Technical University
of Denmark (DTU).® The PIC is designed on a silicon-on-insulator (SOI) platform with a top silicon thickness
of 250 nm, with a buried aluminum mirror produced via flip bonding.®

Moving on to the model, we first have to describe the propagation inside the isolated MZI. This is done by
means of a transmission matrix formalism, with one matrix for each MZI constituting element, namely the two
MMIs and the propagation section, where the thermal phase shift is applied:
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where apmi,, k¥ = {in, out} are insertion losses for input and output MMISs, +; are the corresponding splitting
ratios, ay, is a bending radiation factor (squared because each arm includes two bends, as can be appreciated in
Fig. 1), aprop are the propagation losses through the waveguide, L is the total length of the arm, Ly, is the heater
length and X is the signal wavelength. The terms ex = e (X et (L=Ln)E09) with neg effective refractive index
at room temperature T' = Ty = 293 K, introduce the optical phase accumulated in the portion of the arms that is
not covered by the electrode. The term dy represents a phase offset and is introduced to take into account defects
and variations in the fabrication. While the other parameters can be computed with a simulation software such
as RSoft™ CAD, §¢ can be fitted with an optimization tool (e.g., Particle Swarm Optimization'®). These three
matrices can be multiplied together to get the total transfer matrix, which allows us to compute the output field.
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The thermal model also includes spurious effects, such as thermal crosstalk (unwanted heating of an MZI
due to the thermal tuning of the neighboring devices). The main point for this is represented by the equation
describing the variation of neg with respect to T, when applying a Vi, to the Ti heater:

dneg
dT

neft(T) = nest (To) + (T(Vin) — To) (5)

To

In order to describe the temperature variation caused by the heater, for simplicity, we employed targeted
COMSOL Multiphysics simulations of a simplified system (a single Si waveguide and the Ti heater). The results
of these simulations are reported in Fig. 2.
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Figure 2. Spatial distribution of the temperature variation T'(Vin) — Tp obtained with COMSOL when various voltages

Vin are applied to the microheater. The black vertical lines represent the positions of the waveguides of the other MZIs
on the same column in the mesh.

When considering a complete mesh, we can employ the contributions of Fig. 2 (properly shifted on the z axis)
to measure the total temperature variation of a vertical stack of 3 MZI (assuming that the separate stacks do not
influence each other due to the higher distance). This not only allows us to compute the temperature variation
when a single MZI is tuned, but it also automatically takes into account spurious crosstalk when multiple Vj,
are applied to different MZI at the same time, if the three contributions are properly summed.

This same approach can be easily adapted to other MZI meshed topologies.

3. RESULTS AND DISCUSSION

We now want to validate our model with measurements of the device in Fig. 1. 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. The measured curves are P,,/P,, ratios.
Considering, for instance, Poys,2/Pn 1, 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. Fig. 3 shows a comparison between
measurements and simulations: by adjusting the d¢ terms, the model is capable of reproducing the experimental
behavior, including thermal crosstalk. Similar results can be obtained for the all other output-input ratios.

With the validated model, it is also possible to create an effective “digital twin”, which can be employed in
a range of different applications (e.g., off-line training of a photonic NN, weight tuning, etc.). For the reference
device of this work, we can employ the validated model to showcase the possibility of programming the nine
applied voltages to have arbitrary Boolean functions on the outputs.

First, in order to define the logic Os and 1s for the output powers, we generate a data set of 6 million sets
of random voltages and use them to compute the output powers for each possible combination of inputs (23).
Then, for each output port we can define thresholds for the Os and 1s (as to = 0.8¢ and ¢; = 1.2¢, ¢ being the
median of the power distribution for that output port). With these thresholds, it is then possible to employ an
optimization routine to find the voltages to implement any desired Boolean function, on each of the outputs.
Some of the tested working functions are reported in Tab. 1.
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Figure 3. Comparison of measurements and simulations for Pout,2/Pin,1-
Table 1. List of functions tested on the reference device. The cases marked with an asterisk require a constant input signal
P5; =1 to correctly implement the desired function. DC indicates don’t-care; SP sum of product and PS product of sum.

# Description Sout,1 gout,2 Eout,3
1 No operation P P> P3

2 or/and Pi+P+P;  PiPPs DC

3 and/xor/or P1P2 P1 GBPQ P1 +P2
4 and/and/xor P1P3 P2P5 P1 D P3
5 or P+ P P+ P P+ P
6 nand/nor PP P+ P DC
7* SP/PS (PLP2)+ P3 (P1+ P2)Ps DC
8* 2bit not P P, DC

9 Half adder P1 @PQ P1P2 DC

4. CONCLUSIONS

A methodology for modeling thermal crosstalk in PICs was discussed. After presenting the proposed methodol-
ogy, based on the union of analytical modeling and COMSOL Multiphysics simulations, we validated the model
with power ratio measurements of a 3 x 3 mesh of interconnected MZIs, obtaining precise reproduction of the
experimental evidence. Finally, we showcased an application of the validated model as a “digital twin”, that
could be employed to exploit the Boolean programmability of the MZI mesh to implement arbitrary functions
on the outputs.
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