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Abstract We demonstrate the first compact MRR-nested-MZI nonlinear function on the IMOS platform,
replicating a Leaky ReLU function. Exploiting ultra-compact phase shifters, the device achieves sub-5dBm
triggering power and a footprint of 0.22 mm?, without requiring transfer function optimization.

©2025 The Authors

Introduction

Neuromorphic photonics is an emerging field(!!
that leverages the high bandwidth and energy ef-
ficiency of Photonic Integrated Circuits (PICs) to
implement neuromorphic computing architectures.
Among the most promising approaches for pho-
tonic inter-layer connectivity is the coherent archi-
tecture, which employs interferometric structures
operating with a single-wavelength input signall?l.
A key component enabling computational capabil-
ity is the nonlinear activation function, which allows
neuromorphic networks to address complex, non-
linearly separable problems. When co-integrated
with linear optical processors, all-optical nonlinear-
ities can surpass electronic alternatives in terms
of speed, making them essential for high-speed
signal processing applications.

Various photonic activation functions have been
proposed for optical neural networks, including
both electro-opticall®*l and all-optical nonlinear
implementations®171. Electro-optical designs are
often limited by the bandwidth constraints of elec-
trical interconnects and by the challenges of
impedance matching between photodetectors and
modulators, which also increase footprint due to
additional routing requirements. In contrast, all-
optical nonlinear functions are more suitable for
monolithic integration with matrix multiplication
units on the same photonic chip, as they eliminate
the need for electro-optic conversion.

Architectures for nonlinear functions based
on Micro-Ring Resonators (MRRs) coupled with
Mach—Zehnder Interferometers (MZIs) are highly
compatible with MZI mesh-based coherent pro-
cessing units. An optical thresholder exploiting
Fano resonances has recently been demonstrated
on a Silicon-on-Insulator (SOI) platform®l, combin-
ing MRR resonances with MZl interference, achiev-
ing a triggering power of 5 dBm!®!. However, many
of the activation functions demonstrated to date
approximate Heaviside step responses!®-®l or ex-
hibit sinusoidal behaviorl®!, and are often limited to
bandwidths around 1 GHz, while deeper networks

Fig. 1: (a) Mask of the MRR-nested-MZI structure. In the inset,
a detailed representation of the ultra-compact PS. (b)
Micrograph of the device on the IMOS chip.

require ReLU, PReLU, or sigmoid-type functions
(e.g., hyperbolic tangent, logistic sigmoid).

The use of the Indium Phosphide (InP) material
platform has enabled the demonstration of true
sigmoid activation functions with bandwidths up
to 20 GHZ"], owing to the lower free-carrier life-
time in InP waveguides. Moreover, the two-photon
absorption (TPA) efficiency over 20 times higher
that of Silicon lowers the triggering power of the
nonlinearity. However, InP-based SOA and MZI
devices tend to occupy a relatively large footprint.

The Indium Phosphide Membrane on Silicon
(IMOS) platform offers a compelling alternative
thanks to its high refractive index contrast and
the ability to monolithically integrate active and
passive components. The IMOS platform exhibits
values of the Kerr coefficient about 5-10 times
higher than that of Si, enabling stronger nonlinear
processes at lower optical powerl'%.

In this paper, we present for the first time a com-
pact MRR—MZI-based nonlinear activation func-
tion implemented on the IMOS platform, capa-
ble of performing a Leaky RelLU-like response.
The use of the IMOS platform, along with ultra-
compact Phase Shifters (PSs), enables a signif-
icantly reduced footprint of 0.22mm?2. The trig-
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Fig. 2: Block schematic of the experimental setup.

gering power is conservatively estimated to be
~ 3.5dBm , which is 30 % lower than on Si.

IMOS nonlinear function device

The IMOS integration platform enables passive-
active co-integration of ultra-compact photonic
components via enhanced optical confinement,
obtained by inserting a low refractive index buffer
layer between the InP membrane and a Si sub-
strate. When realizing a nonlinear function com-
patible with the well-known MZI-mesh-based ma-
trix multiplication unit, MZI devices turn out to be a
great choice, also in view of optimal circuitry yield.
However, the size of thermo-optic shifters on SOI
is reported to be on the order of ~ 250 x 100 um?!,
mainly attributable to the 150 um length of the PSs.
On IMOS, conventional PSs as long as 200 um are
reported. However, recently, a compact thermo-
optical PS has been demonstrated based on the
use of an additional doped layer on the InP mem-
brane waveguide and designed as a crossing, for
a total size of 15 x 17pum?, for up to 1 order of
magnitude reduction in sizell.

In Fig. 1(a) and 1(b) the mask details and a
micrograph of the nonlinear function device based
on a MRR-nested-MZ| structure are shown. This
includes two main parts: a tunable coupler and
an MRR-nested-MZ|. The transfer function of the
interferometer is reconfigured by tuning the cou-
pling ratio of the tunable coupler and the detuning
of the MRRI'2l, The compact PS are used to tune
the phase of the MZ| and the resonance of the
MRR. With a slightly detuned signal to the initial
dip of the MRR and an increase in input power,
which changes the phase of the arm with MRR, the
transmission is changed so that a ReLU nonlinear
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function is achievable.

Measurements Setup

The experimental setup employed for device char-
acterization enables both optical and electrical ac-
cess to the PIC, as schematically illustrated in
Fig. 2. Light from a Keysight N7711A tunable laser
is vertically coupled into the PIC via surface grat-
ing couplers. Due to the angle and polarization
sensitivity of the grating couplers, optimal cou-
pling is achieved at an incident angle of 12° and
with the use of a polarization controller. Electri-
cal biasing of thermo-optic or active components
on the PIC is provided via voltage probes, which
are connected to a Keysight EDU36311A power
supply and contact the on-chip metal lines. The
output optical power, P, is measured using a
Santec MPM-210H power meter for subsequent
data analysis. During measurements involving the
Nonlinear Activation Function (NLAF), a HP 8156A
optical attenuator is used to precisely control the
input power delivered from the tunable laser to the
PIC.

Results

In this section, we will present the main results
obtained from the measurements of the test struc-
tures realized with the InP-based ultra-compact
PSI']. Following the characterization of individ-
ual MZI and MRR components, we proceeded to
measure the NLAF test structure, which integrates
these subcomponents.

First, we characterized the MZI, implemented
using two 2x2 Multi-Mode Interferometers (MMIs)
at the input and output, connected by two waveg-
uides. Thermal tuning is enabled by two ultra-
compact PSs: one in the interferometric section
(# € [0,7]) and a double PS on the upper input
arm (¢ € [0, 2x]). Given their critical role in training
photonic neurons, the MZI was thermo-optically
characterized to assess its tunability. Figure 3(a)
shows the optical output power for all four input/out-
put port combinations as a function of the linearly
increasing voltage from 0V to 2 V. These results
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Fig. 3: MZI measurements (a) Optical power measurements of the 4 input/output combination, while applying a linearly increasing
voltage between 0V and 2V to the 6 PS; (b) Measured phase difference between the MZI arms with respect to the heating power.
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Fig. 4: (a) Transmission spectrum of a test MRR with R = 24 um; (b) Transmission spectrum of the test NLAF, around the
resonance wavelength A\;.s = 1547.95 nm; (c) Curves generated by the NLAF unit at the resonance wavelength Ayes = 1547.95 nm
and additional wavelengths in its vicinity. A Leaky ReLU-like curve at \;cs is obtained.

highlight unbalanced losses for the different com-
binations, but it is possible to trace the trends back
to the cos? behavior expected from theory, when
converting the curves from dBm to mW. Based on
this behavior, we extracted the phase difference
A# between the MZI arms, plotted against heating
power in Fig. 3(b), from which the w-phase shift
power was determined as P, = 1.8 mW.

In the subsequent step, we measured the trans-
mission spectrum of an isolated MRR with radius
R = 24 pym, shown in Fig. 4(a). The Free Spectral
Range (FSR) is 4.2 nm, with an Extinction Ratio
(ER) of ~ 14 dB at 1548.5 nm.

Finally, we present here the results of the exper-
imental characterization of a test structure specif-
ically designed to implement an all-optical NLAF.
The device consists of a MRR-assisted MZI, pre-
ceded by a tunable coupler, enabling nonlinear
optical signal processing!'3l.

The MRR is equipped with the same compact
micro-heater used in the MZIs, allowing precise
tuning of its transmission spectrum. The adoption
of compact PS, rather than conventional metallic
ones, significantly reduces the overall footprint of
the device. Due to its programmability, this archi-
tecture supports a wide range of photonic appli-
cations, including optical thresholding and signal
processing!®l.

The output power P,,; as a function of the
input wavelength )\;,, at a fixed input power of
P, = 6dBm, has been measured and reported
in Fig. 4(b). Particular attention was paid to the
resonance region near As = 1547.95nm, with
transmission spectra acquired for all four input-
output port combinations, as shown in Fig. 4(b).

The device is designed to enable a variety of
nonlinear activation functions, tunable via the ap-
plied voltages to the compact PSs and the MRR.
Away from resonance the transmission remains ap-
proximately linear while, around resonance, nonlin-
ear effects are observed. To evaluate the passive
nonlinear behavior of the NLAF, we measured P, ;
as a function of P,, across several wavelengths
in the vicinity of A..s, without applying any exter-

nal voltages to the MRR or the MZI. The optical
attenuator was employed to finely sweep the input
power levels. The results are depicted in Fig. 4(c).

At M\es = 1547.95nm, the output response
closely resembles a Leaky ReLU activation func-
tion (black curve in Fig. 4(c).). In the vicinity of
the resonance, residual nonlinearities persist, as
it happens at A = 1548.10nm (magenta curve).
Finally, at wavelengths sufficiently far from reso-
nance (e.g., A = 1547.00 nm, cyan curve), the be-
havior returns linear. These results demonstrate
the NLAF’s ability to perform passive nonlinear
activation, without the need for electrical tuning.
Further investigations into the dynamic tuning of
the activation function via biasing of the PSs and
MRR are planned for future work.

Conclusions and Outlook

In this work we presented and characterized the
nonlinear activation function realized on IMOS and
based on an MRR-assisted MZI, both spectrally
and as a function of input power. Notably, a Leaky
ReLU-like response was observed without apply-
ing any electrical bias, demonstrating the feasibility
of passive nonlinear activation.

The experimental characterization of its main
building blocks, i.e. the MRR and MZI, offered in-
sight into their performances and losses contribu-
tions. Our preliminary measurements on straight
waveguides, showing that the grating coupler as
the main source of optical power losses (at about
—15dB), provide encouraging result for the scal-
ability of the system, given the low propagation
losses on-chip.

Future work will focus on three main directions.
We plan to explore the tunability of the NLAF by
biasing the PSs and MRR, enabling greater con-
trol over the activation function and expanding the
device’s functionality.

Secondly, the MZIs and NLAFs will be exploited
as building blocks of an all-optical, ultra-compact
neuron for neuromorphic computing.
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