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Abstract: In this work we present the characterization and numerical study of a reprogrammable all-optical
ultra-compact nonlinear activation function for neuromorphic computing, implemented on the Indium Phos-
phide Membrane on Silicon (IMOS) platform. The device consists of a Mach—Zehnder coupler (MZC) followed
by a microring-resonator (MRR)-nested Mach—Zehnder interferometer (MZI). The nonlinear behavior is driven
by the MRR, while three independently tunable degrees of freedom - the MZC phase shifter, the MRR reso-
nance, and a post-MRR phase shifter - enable dynamic reprogramming of the transfer function. By exploiting
ultra-compact phase shifters, the architecture achieves a footprint of 0.054 mm? and a —5 dBm triggering power.
We experimentally characterize the resonant response and tunability of the device, reporting a thermo-optic
tuning efficiency of 0.9598 nm/mW. Without any transfer-function optimization, the device reproduces a Leaky
Rectified Linear Unit (ReLU) response, as commonly found in modern artificial neural networks when computa-
tional efficiency and sparsity are required. Biasing the phase shifters allows the device to reproduce additional
transfer functions such as Radial Basis Functions (RBFs) and sigmoidal shapes. These results highlight the
potential of compact, reprogrammable photonic structures on the IMOS platform to realize nonlinear activation
functions for neuromorphic computing.

Introduction

Despite the considerable improvement of the efficiency of AI hardware based on electronics, the huge power
consumption required for operating the servers, GPUs, cooling systems and accessory equipment still constitutes
a major limitation for their scalability and sustainability [1]. In this framework, alternatives to conventional
electronics, aiming at mitigating the bottlenecks of these architectures, come into play.
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Figure 1: (a) Micrograph of the NLAF. The tunable MZC is followed by a MRR nested on a MZI; (b) Detailed
SEM magnification of the ultra-compact PS available on the IMOS platform.

Neuromorphic photonics is a rapidly developing field of research [2] that leverages the high bandwidth and
energy efficiency of Photonic Integrated Circuits (PICs) to realize neuromorphic computing systems. In these
systems, light—usually a coherent beam generated by a laser source—is used as the communication medium and
is manipulated in an analog fashion to implement the desired computation. Central to enabling computation in
such architectures is the nonlinear activation function, which allows photonic neural networks to solve complex
problems that are not linearly separable and to increase their expressiveness.
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When integrated together with linear optical processors, all-optical nonlinearities can achieve superior speed
compared to electronic solutions, making them highly attractive for real-time, high-throughput signal processing.
A variety of photonic activation functions has been proposed for optical neural networks, spanning electro-optical
implementations [3,4] as well as fully optical nonlinear designs [5-7]. While electro-optical devices typically offer
high optical output power and precise tunability, the bandwidth of electrical connections is a limiting factor.
On the other hand, all-optical nonlinear functions allow seamless integration with on-chip matrix multiplication
units but require more careful tuning.

All-optical nonlinearities are typically weak, meaning that high optical power is necessary to trigger a nonlinear
optical response and the output of a neuron is often too weak to drive a subsequent layer of neurons, hence
limiting the overall cascadability. In this work, following our preliminary results [8], we present the charac-
terization and numerical study of a reprogrammable, all-optical, ultra-compact nonlinear activation function
(NLAF) for neuromorphic computing and low triggering power.

The proposed device, shown in Fig. 1(a), consists of two main sections: a Mach—Zehnder coupler (MZC) and
a microring-resonator (MRR)-nested Mach—Zehnder interferometer (MZI) [9]. The effect of the presence of the
MRR in the structure is the introduction of a resonant behavior dominated by the characteristics of the ring
itself. The nonlinear behavior is driven by the MRR, and the transfer function is reconfigured by biasing the
phase shifters (PSs) on the MZC, MRR, and MZI sections.

Methods and Results

The platform of choice to fabricate the NLAF is the InP membrane on silicon (IMOS) platform developed
at the Eindhoven University of Technology. The sub-micrometer-thick InP membrane allows devices to have
dimensions comparable to SOI while allowing the co-integration of passive components with lasers and optical
amplifiers. The IMOS platform is an appealing environment to study the effect of enhanced nonlinearities, with
particular interest in third-order (x(*)) nonlinearities, since the strong optical confinement within the membrane
can trigger nonlinearities at an optical power about 5-10 times lower than on silicon [10]. Moreover, we exploit
an ultra-compact thermo-optic PS, shown in Fig. 1(b), with a total size of 15 x 17pm?, up to one order of
magnitude smaller than conventional phase shifters based on metal pads [11].

Both the waveguides and the MRR are designed employing the standard IMOS waveguide cross-section (400 nm x
300nm). The MRR has a racetrack geometry with radius R = 20 pm and coupling length L. = 13.3 pm, with
a 200nm gap between them. The size of the device, excluding the grating couplers (GCs), is 0.054 mm?. To
characterize the NLAF, we vertically couple light from a Keysight N7711A tunable laser at an incident angle of
12°, employing a Polarization Controller (PC) to inject light into the PIC. Electrical biasing and the reading
of current and voltage of the on-chip phase shifter are performed via a Keithley 2400 power supply. The power
injected into the PIC is regulated by an HP 8156A variable optical attenuator (VOA), and the output power is
measured with a Santec MPM-210H optical power meter. The coupling losses are estimated to be —6.09 dB per
GC, whereas the insertion losses introduced by the VOA amount to —3.3dB. Further loss contributions along
the transmission path are attributed to fiber splitters and mating sleeves. The results of the characterization
are reported in Fig. 2.
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Figure 2: (a) Transmission spectrum of the NLAF; (b) Transfer functions at different values of Ar,; (¢) Tunability
of the NLAF. The reported input and output power exclude the coupling and VOA losses.

First, we measure the transmission spectrum of the NLAF by sweeping the wavelength of the tunable laser Ap,
at a fixed input power P, = 6dBm for all four combinations of input and output ports and measuring the
output power Po,¢. As shown in Fig. 2(a), most of the optical power enters the MRR in the upper arm of the
MZI when the input 1 and output 2 ports are used. We identify a resonance wavelength A..s = 1547.95nm
associated with an extinction ratio ER ~ 23.15dB.



We then proceed to evaluate the passive response of the NLAF by evaluating the P,,—P;, curves at input 1
and output 2 ports for different Ap,. This approach is equivalent to biasing the PS of the MRR to detune its
spectrum. We set the laser source output power to its maximum value 15 dBm and apply a variable attenuation
from —20dB to 0dB with the VOA. This results in the P,, injected at the input GC spanning from —7.29 dBm
to 11.77dBm. In Fig. 2(b), we report the different transfer functions at various wavelengths around e, marked
in the spectrum of Fig. 2(a) using the same colors.

Far from Ay, i.e., for A, = 1547,1548.3nm (cyan and blue curves), very little light is coupled into the MRR
and the NLAF response is linear. When approaching resonance, i.e., for A\, = 1547.8,1548.1 nm (orange and
magenta curves), part of the optical power interacts within the ring and deviations from linearity appear.
Exactly at A, = Apes (black curve) the transfer function is highly nonlinear and reproduces a leaky ReLU with
functional form f(z) = max(3x,0.45z), centered around a triggering power ~ —5dBm. To the right of the
resonance dip and close to it, i.e. for A\, 2 As (purple curve), the response reproduces a radial basis function
(RBF). Last, in Fig. 2(c), we report the tunability of the device by biasing the MRR’s PS to determine the
shift of A\.es as a function of the heating power, i.e. the product of voltage and current across the PS. From
its functional form y = 0.9598z + 1547.9nmmW ! we retrieve a tunability of 0.9598 nmmW ~!. Finally, in
the table below we compare our results (red mark) with other approaches. While reprogrammable devices are
typically larger in size, our proposal on the IMOS platform ensures a low optical threshold.
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Conclusions

We presented our design of an all-optical NLAF for neuromorphic computing, characterized its passive transfer
function for different detunings from resonance and measured the tunability. The final comparison table shows
the potentiality of our design on the IMOS platform when low optical thresholds and reprogrammability are
required. The investigation of the tunability of the NLAF, leveraging the phase shifters of the MZC and
MZI sections, and the testing of the performances of a Neural Network employing such transfer functions are
foreseen.
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