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Abstract

We present and experimentally validate an ultra-compact, silicon-photonics, Stokes-vector

receiver designed entirely using topology optimization. The system occupies just 0.06 mm? and is
amenable to optical/electrical flip-chip packaging. Experiments demonstrate a median error angle of
14° without tuning across the Poincaré sphere and optical C-band. ©2022 The Author(s)

Introduction

Ongoing interest in Telecom, Datacom, and
NewSpace infrastructure motivates a low-cost,
high-density communications platform that
achieves the performance and flexibility of co-
herent systems without sacrificing the simplicity
and efficiency of direct detection. Stokes-vector
receivers (SVR) aim to maximize the benefits
of both these paradigms by encoding in (3D)
Stokes spacel!l, a high-density, direct-detect
format compatible with many field-recovery
algorithmstel.  Furthermore, these receivers
are needed for various polarimetry, test and
measurement, and sensing applications. Despite
various successful demonstrations on different
integrated platformsBH9l  realizing a compact,
robust architecture compatible with a “turn-key”
silicon photonics foundry remains a longstanding
challenge.

We present and experimentally validate an
ultra-compact, silicon photonics SVR designed
entirely using density-based topology optimiza-
tion (TO). To our knowledge, this is the first
inverse-designed, high-density communications
system fabricated and tested on a commercial-
foundry, silicon-photonics platform. The system
consists of single- and dual-polarization grating
couplers, a 90° hybrid, and a 33/66 splitter. No-
tably, each component was optimized to adhere
to thousands of design rule checks (DRC) with-
out requiring any additional post-processing (or
DRC waivers)!%. The system was fabricated
on the (300 mm) GlobalFoundries 45CLO sili-
con photonics CMOS process leveraging both the
standard silicon-on-insulator (SOI) and polysili-
con layers!™. It occupies a compact footprint of
0.06 mm? (including optical 10), interfaces with
standard vertical fiber arrays (0° to the normal),
and therefore is amenable to optical/electrical flip-

chip packaging. Future iterations incorporating in-
tegrated photodiodes further consolidate the final
footprint. Experiments demonstrate a median er-
ror angle of 14° across the entire Poincaré sphere
and optical C-band.

Our system is orders of magnitude smaller
than the current state of the art, but leverages
generalizable, inverse-designed components that
can be readily implemented in other photonic cir-
cuits (e.g. coherent receivers, polarimeters, Li-
dar, etc.). In addition, our methodology extends
itself to arbitrary foundries and material platforms,
paving the way toward an “architecture-first” de-
sign flow, where robust device-design is no longer
the bottleneck for integrated photonic system de-
sign. Indeed, while traditional (intuition-first) de-
sign methodologies often encounter tradeoffs be-
tween packaging complexity, system size, or de-
vice efficiency, our work indicates that TO thrives
in highly constrained problem spaces (as demon-
strated by the compact, high-efficiency, 0° dual-
polarization grating coupler) enabling a new gen-
eration of photonic system design.

System design and operation

We designed each component of the integrated
SVR using our density-based topology optimiza-
tion toolbox2h3l which uniquely enables large-
scale, multi-layer, photonic inverse design. Us-
ing this approach, the design is parameterized
by thousands of individual “pixels” which freely
evolve between the core and cladding materials
until the user-specified figure of merit (FOM) is
satisfiedl!4'3 A hybrid time-/frequency-domain
adjoint-variable method (AVM)U® is employed
to efficiently compute broadband gradients w.r.t.
all degrees of freedom using just two fullwave
Maxwell solves. We designed broadband, multi-
layer, single- and dual-polarization grating cou-
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Fig. 1: Inverse-designed Stokes receiver architecture (a). A dual-polarization grating coupler (c) receives the input signal (red),
demultiplexing each (linear) polarization state from the fiber into a 33/66 asymmetric splitter (e). The splitter sends 33% of each
polarization directly to a single-polarization grating coupler (b), which corresponds to linear polarization states +Q (blue). The
remaining 66% is routed to a 90° hybrid (d), which interferes both polarization states in order to decode the £V (yellow) and +U
(green) Stokes vectors. Each respective polarization state is depicted on the Poincaré sphere alongside each output port.

plers, an asymmetric 33/66 splitter, and an in-
terferometrically robust 90° hybrid. We employed
specialized optimization constraints to ensure the
final devices would adhere to thousands of design
rule checks('¥, like minimum linewidth, linespac-
ing, area, enclosed area, and curvature. The final
inverse-designed devices were strategically cas-
caded to form the final SVR architecture. Fig. [f]
describes the SVR architecture, its operation,
and each constituent inverse-designed compo-
nent. The architecture itself takes an input po-
larization symbol and decodes it into the Stokes
basis states (£U, +V, and +Q). Three balanced
detectors, one on the output of each basis vec-
tor, provides the final measured symbol in Stokes
space. In this iteration, optical outputs provide di-
rect access to device characteristics, but future
iterations will include integrated photodiodes.

Experimental results

We coupled light into the integrated SVR’s TO-
designed grating couplers using index-matching
fluid (ThorLabs) and a standard SMF-28 fiber ar-
ray (OZ Optics) with 127 um pitch. A continuous
wave (CW) optical signal was generated using a
Keysight 81642A swept-source laser and modu-
lated using a Keysight N7786B polarization syn-
thesizer, which dynamically tunes the input opti-
cal signal to any arbitrary point on the Poincaré
sphere’s surface. The six optical outputs were
detected using logarithmic (high dynamic range)
photodiodes (Newport and Koheron).

To characterize the SVR, we sent and received

184 symbols evenly spaced in the azimuthal (lin-
ear polarization state) and elliptical directions.
Fig. |2| depicts the sent and received symbols at
1550 nm. To calibrate each measurement, we
prepended to each sequence the six components
of the fundamental Stokes basis, which we used
to estimate the affine transformation using a least-
squares regression. We repeated this experiment
for eleven distinct wavelengths from 1530 nm to
1580 nm, and characterized the error using the
angular distance between sent and received sym-
bols. Fig. [3] describes the symbol error angle in
degrees as a function of azimuthal and elliptical
angle at 1550 nm.

To better understand the system response, we
individually characterized the polarization diver-
sity and phase response of each component. We
determined the primary source of distortion is
likely due to the relative phase (+ 8°) and magni-
tude (+ 5%) deviations of the 90° hybrid. New de-
sign iterations demonstrate improved phase toler-
ance. The logarithmic detectors also contributed
to symbol skew. Our next-generation system
will include monolithically integrated balanced de-
tectors and high-speed transimpedance ampli-
fiers. Our current iteration demonstrates use-
ful performance at a significantly smaller scale
than previously reported. Furthermore, the con-
stituent components of the SVR provide funda-
mental building blocks that can be used to imple-
ment other systems on the same platform.
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Fig. 2: Experimental performance of the inverse-designed SVR. (a) and (b) show the sent and received Stokes vectors,
respectively, on the Poincaré Sphere at 1550 nm. (c)-(f) show planar slices of the received constellations. Independent
experimental measurements of the individual polarization grating couplers revealed >30 dB of polarization extinction across the
band. In contrast, isolated experimental characterization of the 90° hybrid revealed an 8° phase deviation in one of the output
arms, which is consistent with the observed symbol distortion near +V (b).
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Fig. 3: SVR system characterization. Errors across the Poincaré Sphere at 1550 nm (a) show a division between equal-area low-
and high-error regions that is likely due to the non-ideal phase/magnitude response of the 90° hybrid and the logarithmic
response of the photodetectors (requiring extra calibration). The minimum error is 0.33° while the maximum is 29.16°. The
median errors across a wide band (b) show increasing error towards longer wavelengths, but still demonstrate acceptable
performance outside of the design band. The distribution of errors created by aggregating all the wavelength data (c). Assuming
an error threshold of 28°, 16 equidistant symbols along the surface of the sphere can be reliably decoded (in a noise-free
environment) corresponding to a 4-bit transmission system (or PAM-4 along two axes). Additionally modulating the amplitude of
each symbol will further increase the spectral efficiency of the SVR.
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