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Abstract

A monolithic optical coherent receiver with quadrature
detection is presented for the first time in an unmodified bulk
CMOS chip. Networks of optical phase shifters and splitters
distribute modulated light across the chip using subtractive
photonic waveguides operating at 780 nm, and integrated
avalanche photodiodes and transimpedance amplifiers enable
balanced detection and amplification in the electronic domain.
All components are monolithically integrated in an unmodified
180 nm bulk CMOS process with simple post-processing steps,
paving the way for low-cost optoelectronic imaging and
sensing systems utilizing coherent detection.
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Introduction

Monolithic integration of photonics and electronics holds
great promise for reducing cost, improving performance, and
enabling new optoelectronic systems. In sensing and LiDAR
applications, coherent detection is used to raise the SNR of
weak received signals via a higher-power local oscillator (LO).
Monolithic integration can reduce the cost of these systems
since they traditionally rely on separate electronic and photonic
integrated circuits [1]. Monolithic integration of optical
coherent receivers has been limited to either niche SOI-based
technologies that are custom designed for electronic-photonic
integration [2], or solutions that utilize substrate etching on an
SOI CMOS platform [3]. Past demonstrations of monolithic
integration of photonics and electronics on cost-effective bulk
CMOS have required significant process modifications that
limit adoption while still not demonstrating coherent detection
[4]. Until now, monolithic integration of the photonic and
electronic components needed for an optical coherent receiver
in unmodified bulk CMOS technology has proven elusive.

The subtractive photonics method, demonstrating the lowest
reported waveguide loss in unmodified bulk CMOS [5], is a
promising pathway for the implementation of an optical
coherent receiver. In the subtractive photonics method,
selected back-end-of-line interconnects are used as sacrificial
layers that are removed in a simple post-processing wet etch,
leaving behind photonic waveguides defined by the intermetal-
dielectrics (Fig. 1, 2). However, thus far demonstrations using
subtractive photonics [5,6] have lacked the photonic
components required to detect the optical phase, which is a
requirement for coherent detection and other photonic systems.

In this work, the subtractive photonics method is utilized to
demonstrate the first optical coherent receiver on an
unmodified bulk CMOS platform. The receiver incorporates all
photonic and electronic components required for coherent
quadrature demodulation of the optical phase on a single,
foundry-fabricated, 180 nm bulk CMOS chip.

System Overview

Fig. 1 illustrates the coherent receiver architecture, with I-
beam waveguides serving as the basis for all photonic
components [6]. The optical LO and signal are edge-coupled
into the chip and distributed using photonic splitters. Thermo-
optic phase shifters are used to generate the phase shifts in the
LO required for the balanced detectors in each branch and to
establish quadrature between the I and Q branches. The light is
then coupled into integrated avalanche photodiodes (APD),
and the photocurrents for the I and Q branches are amplified
using two separate transimpedance amplifier (TIA) chains.

The integration of quadrature branches allows for
unambiguous measurement of the optical phase, a requirement
for certain FMCW LiDARs and other sensing systems [7,8].
For intensity-modulated systems that utilize coherent detection,
the presence of quadrature branches allows for the detected

signal to be independent of the laser phase noise. This is

achieved via summation of the squared I and Q signals (Fig. 3),

allowing for improved sensing and ranging performance [9].
Implementation

The photonic waveguide is implemented in the middle
interconnect layers and is designed to only support the
fundamental mode at the operating wavelength of 780 nm.
Waveguide bends and splitters use a modified I-beam
waveguide geometry to achieve a bend radius of 30 pm [10].
The thermo-optic phase shifters are implemented with arrays
of polysilicon resistors below the waveguide (Fig. 4). Electrical
power dissipated in these resistors induces a temperature
change in the waveguide, which in turn varies the optical phase
via the thermo-optic effect. Phase shifters are arranged in a
push-pull configuration to achieve the 180° phase difference in
the LO necessary for each balanced detector, with additional
phase shifters used to generate quadrature between the I and Q
branches (Fig. 3).

The balanced detector in each branch has two optical inputs,
with each input consisting of the interference of the LO and
signal light (Fig. 3). Photonic splitters act as combiners that
interfere the LO and signal, which are then mixed at the APDs.
The subtraction of photocurrents for balanced detection is
achieved through the differential nature of the TIAs, with each
TIA including offset cancellation circuitry to correct for
imbalances in APD photocurrents.

The multi-stage TIA starts with a differential shunt-feedback
transimpedance stage and is followed by a continuous-time
linear equalizer (CTLE) with variable capacitive degeneration
that compensates the N+/P-well APD’s frequency roll-off (Fig.
5). The signal is then further amplified with two Cherry-
Hooper stages utilizing active feedback before being sent to an
fr-doubler output buffer to drive differential 50 Q lines. The
electronic receiver chain is designed for a bandwidth of 3 GHz,
roughly commensurate with the bandwidth of the APD.

Measurement Results

The coherent receiver chip is fabricated in a commercial,
unmodified 180 nm bulk CMOS process, and the chip is etched
with Aluminum Etch Type A and EDTA/H,O; etchants in post-
processing to expose the photonic circuits [5]. All
optoelectronic measurements are performed with an optical
carrier at 780 nm, with light coupled into the chip via lensed
fiber (Fig. 6). Phase-modulated light is used to tune the phase
shifters to achieve balanced detection (Fig. 7), and the
optoelectronic frequency response of the complete receiver is
measured with a VNA (Fig. 8). Quadrature tuning is verified
by intensity-modulating the optical carrier so that a 40 MHz
beat-tone is present after balanced detection. For each phase
shifter setting, the cross-correlation between the 1 and Q
branches is measured with a real-time oscilloscope, with the
minimum cross-correlation corresponding to quadrature tuning
(Fig. 9). At quadrature tuning, the power fluctuation of the
I?+Q? signal should be minimized, a metric quantified by the
power’s coefficient of variation (Fig. 9). Finally, an FMCW
ranging measurement is performed with a 16 m fiber delay. A
2 GHz bandwidth chirp is used, and the measured beat-tone at
15.9 MHz corresponds to the fiber delay (Fig. 10). The stability
of the I>+Q? signal over time, relative to I and Q individually,
is also shown in Fig. 10, demonstrating the robustness to laser
phase noise. The receiver consumes 170 mW in the electronic
chain and 225 mW in the thermal phase shifter. A die photo of
the 1.6 x 1.6 mm? chip can be seen in Fig. 11.
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Fig. 1. Diagram of the CMOS chip, with photonics and electronics
indicated.
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Fig. 2. Micrograph of a photonic splitter used to combine the LO and
signal immediately before an APD (top) and illustration of the
subtractive photonics method (bottom).
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Fig. 3. Functional schematic of the integrated optoelectronic
quadrature coherent receiver. The implemented balanced detector
performs current subtraction via a differential TIA.
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Fig. 4. Tllustration of the thermo-optic phase shifter structure (top),
and mode profile (bottom left) and thermal simulation consuming 400
mW of electrical power (bottom right) with the waveguide outlined.
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Fig. 5. Schematic of the electronic receiver chain with key stages
highlighted. Common-mode feedback and biasing circuits are omitted.
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Fig. 6. Diagram of the measurement setups used.
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Fig. 7. Balanced detector interference curve as a function of phase
shifter power for each branch. A 200 MHz phase-modulated tone is
used, and the TIA output is measured. For each branch, the nominal
phase shifter setting is where the output power is 3 dB from the
maximum, as a trade-off between power consumption and SNR.
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Fig. 8. Frequency response of the I and Q branches measured with a
VNA driving a phase modulator in the signal path. The response is
normalized for each channel, with a 2.4 dB mismatch in the low-
frequency optoelectronic response between the I and Q branches.
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Fig. 9. Quadrature tuning of the I and Q branches. At each phase shifter
setting, 400 samples are captured at 200 ms intervals and used to
compute the correlation coefficient (bottom), as well as the power
coefficient of variation for the envelope, I>+Q? (top).
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Fig. 10. FMCW measurement for a fiber-based delay using 0 dBm of
total optical power. 100 samples are captured at 400 ms intervals,
showing signal robustness to phase noise variations (top). The range
spectrum utilized non-coherent averaging across samples (bottom).
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Fig. 11. Die photo of the 180nm bulk CMOS chip with LO and signal
coupled in at different wavelengths for visualization.
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