
IEEE PHOTONICS JOURNAL, VOL. 15, NO. 3, JUNE 2023 6601306

Monolithically Integrated O-Band Coherent ROSA
Featuring 2D Grating Couplers for Self-Homodyne

Intra Data Center Links
Pascal M. Seiler , Graduate Student Member, IEEE, Galina Georgieva , Anna Peczek, Matthieu Oberon ,

Christian Mai , Stefan Lischke, Andrea Malignaggi , and Lars Zimmermann, Senior Member, IEEE

Abstract—In this work, we present an O-band dual-polarization
coherent receiver optical sub-assembly (cROSA), monolithically
integrated in a 0.25 µm BiCMOS technology. The receiver fea-
tures 248 nm deep ultra violet compatible 2-dimensional grat-
ing couplers (2D-GRCs), and an adaptive polarization controller,
suitable for mitigation of local oscillator induced power fading
in self-homodyne transmission systems. The cROSA is evaluated
in system experiments at 64 GBd quadrature-phase shift-keying.
Experimental results are related to grating coupler induced polar-
ization crosstalk through Monte-Carlo simulations. Second gener-
ation 2D-GRCs are proposed.

Index Terms—BiCMOS, coherent communication, data center,
ePIC, O-band, self-homodyne.

I. INTRODUCTION

THE highly anticipated intra data center entry of coherent
communication has shaped many of the industry’s dis-

cussions in the past years. Critical for its implementation are
the higher associated cost and power consumption of coherent
communication compared to conventional direct-detect systems,
rooted in the need for cooled narrow-linewidth tunable lasers and
substantial digital signal processing (DSP). A number of key en-
ablers have been identified, paving the way towards low cost and
-power coherent intra data center links: 1) 2-dimensional grating
couplers (2D-GRCs), featuring intrinsic polarization splitting
and rotation [1], [2], and enabling low cost fabrication, testing,
and assembly [3], [4]. 2) O-band coherent communication [5],
[6], [7], [8], [9], [10], due to its reduced DSP complexity through
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a severely limited chromatic dispersion. 3) Self-homodyne tech-
niques, relying on a co-transmitted continuous wave tone to act
as local oscillator (LO) at the receiver, can further simplify the
DSP dedicated to carrier frequency offset and carrier phase re-
covery [11], [12], [13], [14]. Additionally, they enable un-cooled
operation, as requirements regarding laser stability are heavily
relaxed [12].

In this work, we present a fully integrated dual-polarization
(DP) O-band coherent receiver optical sub-assembly (cROSA),
featuring 2D-GRCs and an integrated polarization controller
to mitigate LO-induced power fading. The monolithic cROSA
has been fabricated in IHP’s 0.25 μm photonic BiCMOS tech-
nology [15]. The performance of the cROSA is evaluated in
a system experiment at 64 GBd quadrature-phase shift-keying
(QPSK). Compared to previous works [16], [17], we focus
here on the evaluation of the 2D-GRC induced polarization
crosstalk in real sub-systems. From the experimental results, the
polarization crosstalk of the cROSA is estimated. This is done
by the implementation of dedicated end-to-end Monte-Carlo
simulations, which are adapted in this work to account for
polarization crosstalk. Thus, limitations for higher-order mod-
ulation formats are determined. Finally, optimized 2D-GRCs
are analyzed with regards to potential broadband polarization
crosstalk suppression.

II. PHOTONIC BICMOS O-BAND CROSA

A photograph of the fabricated O-band cROSA is given in
Fig. 1. Its total footprint is approximately 11.5 mm2. As opti-
cal interfaces, we have implemented 2D-GRCs for signal and
LO, enabling intrinsic polarization splitting and rotation while
supporting mature on-wafer testing using standard single-mode
fibers. Note that the two orthogonal polarizations within the
fiber are both converted to fundamental transversal electric
(TE) modes by the 2D-GRCs, whereby one is denoted TEX

and the second TEY in this work (comp. Fig. 1). Polarization
crosstalk in 2D-GRCs results due to the non-orthogonal split-
ting or combining of two polarization-multiplexed signals. In
essence, this effect is equivalent to the polarization dependent
loss (PDL)-induced crosstalk in the fiber transmission link [18].
Although this kind of crosstalk may be compensated in coher-
ent detection systems by dedicated DSP, some penalties will
be introduced [16], [19]. For that reason, the optimization of
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Fig. 1. Photograph of the fabricated cROSA, featuring 248 nm deep ultra violet
compatible 2D-GRCs, an adaptive polarization controller, and a monolithically
co-integrated electrical section. A detailed schematic of the polarization con-
troller is given in Fig. 2(a).

individual components within our cROSA is of highest prior-
ity, with a more detailed analysis of the 2D-GRCs given in
Section IV. The LO path also features an endless adaptive
polarization controller, capable of adjusting the LO’s random
state of polarization incident at the cROSA’s input, avoiding
polarization-induced power fading. Note that in this scenario,
the two orthogonally transmitted signals are still being de-
multiplexed in the DSP unit. In principle, a second adaptive
polarization controller may be added to the signal path. However,
the added insertion loss and complexity associated with an
alignment routine, e.g. through training symbols, is unfavorable
compared to a digital implementation. Alternative means to
handle power fading in self-homodyne systems have been pro-
posed in form of complementary coherent detection [14], though
at the expense of additional signal processing. The controller
implemented in this work is based on the combination of phase
shifters and a Mach-Zehnder interferometer based on 2 × 2
multi-mode interference couplers (MMIs), with a schematic
given in Fig. 2(a). Note that, while the integrated controller
is conceptually similar to the device presented in Ref. [12],
a second polarization controller has been added in series for
redundancy, as it allows to endlessly tune the device. While
thermal tuning elements are most commonly used for these
polarization controllers [12], [20], [21], we have used 250 μm
long p-i-n diodes for the cROSA in this work. The reasoning
behind this is three-fold:

1) The use of p-i-n diodes allows for MHz tuning speeds,
while thermal phase shifters are typically limited to below
10 kHz bandwidths. A normalized optical-electrical (OE)
response of an exemplary diode is given in Fig. 2(b),
showing a 3 dB bandwidth of approximately 26 MHz.

2) p-i-n diodes are highly efficient phase shifters at low
modulation frequencies, thus enabling substantially lower
power consumption compared to thermal tuning elements.

3) Crosstalk between thermal phase shifters can become a
limiting factor, especially in a densely integrated imple-
mentation.

Fig. 2. (a) Schematic of the endless adaptive polarization controller, based on
p-i-n diodes (indicated by Δφ) and multi-mode interference couplers (MMIs).
(b) Normalized response of a p-i-n diode as used in the integrated polarization
controller.

Drawback is a tuning-dependent attenuation, which has been
characterized by applying a voltage to one of the phase shifters
within the first polarization controller. Transmission character-
istics measured at the TEX and TEY outputs (comp. Fig. 2(a)),
together with the combined signal TEX+TEY, are given in
Fig. 3(a). Note that the combined outputs are equivalent to
the insertion loss induced by a single p-i-n diode. A Vπ (2Vπ)
tuning is typically associated with a <1 dB (<2 dB) increase
in attenuation. Based on a measured I-V characteristic of an
exemplary p-i-n diode given in Fig. 3(b), the power consumption
at a 2Vπ tuning is approximately 10 mW.

The radio frequency (RF) circuit, schematically shown in
Fig. 4(a) and based on the designs in Ref. [10], features an
input differential transimpedance stage, variable gain amplifiers,
output buffers, and two different loops, one performing auto-
matic gain control and one devoted to direct current (DC) offset
cancellation. Typically obtained OE 3 dB bandwidths based on
this design are ≥30 GHz [10].

A. Experimental Setup

To validate the performance of the cROSA, we deploy the
setup depicted in Fig. 4(b). We explicitly carry out an intradyne
experiment rather than a self-homodyne, due to limited optical
power and the lasers’ operating wavelength during the measure-
ment (1333 nm) being outside the bandwidth of the available
fiber amplifiers. An O-band external-cavity laser (ECL) is fed to
a DP C-band IQ modulator (DP IQ-MOD, ID photonics OMFT),
where the 64 GBd electrical signals for the modulator’s X- and
Y-polarizations are supplied by an arbitrary waveform generator
(AWG, Keysight M8199 A). Note that the experiment is limited
to QPSK, due to the use of a commercial C-band modulator for
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Fig. 3. (a) Output characteristic of the endless adaptive polarization controller
when applying a voltage to one of the phase shifters. The Figure shows the indi-
vidual outputs (TEX and TEY ), as well as the combined output (TEX+TEY ).
(b) Measured current-voltage characteristic over applied voltage and respective
power consumption for an exemplary p-i-n diode.

Fig. 4. (a) Monolithically integrated electrical output section (per polariza-
tion). ©2022 IEEE. Reprinted, with permission, from [10]. OA: operational
amplifier, TIA: transimpedance amplifier, TIAR: Replica TIA, VGA: vari-
able gain amplifier, TL: transmission line, VBias: photodiode bias voltage.
(b) Intradyne measurement setup. The red lettering indicates the two measure-
ment scenarios. 1: single polarization incident at the cROSA. 2: dual polarization.
PC: polarization controller, OSA: optical spectrum analyzer.

the O-band experiment. Since this cROSA is intended for intra
data center applications and thus short reaches below 10 km, we
use a variable optical attenuator (VOA) to adjust the received
optical power (ROP) incident at the 2D-GRC. The cROSA is
probed on-wafer using a fiber array and DC- and RF probes, and
its electrical outputs are connected to two real-time oscilloscopes
(RTO, Tektronix DPO77002SX) and analyzed offline using
a commercial DSP-tool (Tektronix OM1106). The DSP prior
to bit error counting entails clock recovery, phase estimation,
matched filtering and least-mean-square equalization based on
the symbol decision and a constant modulus algorithm (CMA).
The LO (+12.3 dBm) is directly connected to the cROSA and
polarization aligned on-chip using the integrated controller.

B. Results

In commercial coherent transceivers, the two orthogonally
transmitted signals are de-multiplexed in the DSP unit, but
polarization crosstalk has to be kept small as to minimize
associated penalties [16], [19]. To verify sufficiently low po-
larization crosstalk of the cROSA, we employ the following
routine, indicated in Fig. 4(b) in form of the red enumeration.
Due to the cROSA’s size and the available RF probes, we only
measure the TEX polarization depicted in Fig. 1(a). First, a
single-polarization (SP) signal is generated by turning off the
electrical RF signal connected to the X-polarization at the IQ
modulator. The signal is then manually polarization aligned
to the 2D-GRC’s output connected to the TE component in
Fig. 1(a). This scenario is indicated by number 1 in Fig. 4(b). Bit
error rates (BERs) are then measured at varied ROPs. Following,
the DP signal is generated, as indicated by number 2 in Fig. 4(b).
The polarization alignment for the DP signal remains unchanged
to the SP scenario. Thus, we are measuring the penalty associated
with the cROSA due to the polarization crosstalk induced by
the 2D-GRC. Results for the BER over varied ROPs in the SP-
and DP scenario are given in Fig. 5(a), where a linear fit has
been added. Eye diagrams and constellations for the SP and DP
scenario are shown in Fig. 5(b), (c) and (d), (e), respectively.
The variations within a data set in Fig. 5(a) are related to drift in
the manual fiber alignment during the measurement. Note that
the ROP for the DP signal has to be intrinsically 3 dB higher
compared to a SP signal. Removing that offset reveals a penalty
≤0.5 dB for all investigated ROPs.

III. SIMULATION

Monte-Carlo simulations have been carried out in order to
relate the experimentally determined penalty to a polarization
crosstalk. The simulation system is based on the one used to
obtain the results in Ref. [17], which has been extended in this
work to include polarization crosstalk effects. All calculations
are performed in MATLAB (MathWorks), and a schematic of
the simulation setup is given in Fig. 6(a), with a list of essential
simulation parameters given in Table I.

Note that the simulation parameters are chosen to relate to
the experimental conditions, including specifications supplied
by manufacturers, and typical characteristics of IHP’s photonic
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Fig. 5. (a) BERs for varied ROPs in the SP- and DP scenario at 64 GBd QPSK. Recovered eye diagrams and constellations for the (b, c) SP- (ROP =−14.2 dBm),
and (d, e) DP scenario (ROP = −11.2 dBm). The eye diagrams have been resampled. The data are color-coded to an absolute bin count.

Fig. 6. (a) End-to-end link modeling simulation setup. n.u.: not used; ADC:
analog-to-digital converter (b) Simulated ROP penalty relative to the case of
no polarization crosstalk for varied crosstalks at a BER of 1 · 10−5 assuming
QPSK and QAM-16.

TABLE I
SIMULATION PARAMETERS

BiCMOS technology. Results obtained through co-simulations
of photonic sub-components, i.e. the 90° hybrid’s wavelength
dependent imbalance and phase error, are included [6]. The
90° hybrid is realized by a 4 × 4 MMI based on a design routine
similar to the one used to obtain the results in Ref. [22].

On the transmit side, the simulations consider the lasers’
relative intensity noise, root-raised-cosine pulse-shaping, and
bandwidth limitations, modeled as third-order Bessel-filters.
Ideal Mach-Zehnder modulator transmission characteristics are
assumed for the purpose of biasing and modulation. Two in-
dependent single polarization signals are generated, and sub-
sequently interfered in a polarization crosstalk emulator. The
procedure to model this effect is derived from previous analyses
on crosstalk in polarization diverse systems [18]. To define po-
larization crosstalk, we assign the azimuth angle on the Poincaré
sphere as 2ψ and the zenith angle as 2χ. Two polarization
states on the Poincaré sphere are characterized by the angles
(2ψ1, 2χ1) and (2ψ2, 2χ2). The polarizations are orthogonal to
each other, when:

|ψ2 − ψ1| = Δψ = 90◦

χ1 = −χ2.

Here, we consider χ1 = χ2 = 0 and express the polarization
crosstalk as:

m = sin2 Δψ̃ (1)

whereΔψ̃ = 90◦ −Δψ is a deviation from the orthogonal state.
The derivation of the parameter m can be found in Ref. [16].
The cROSA is modeled after previously published devices [5],
[6], and considers 90° hybrid non-idealities, shot noise, as well
as an input-referred noise current induced by the co-integrated
RF circuit. The DSP includes matched filtering, normalization,
resampling, equalization based on a CMA [23], symbol de-
mapping and bit error counting. Ideal carrier phase recovery
is assumed, and frequency offsets between signal source and
LO are omitted.

In order to relate the measured penalty to a polarization
crosstalk, the simulation is first performed without crosstalk,
and the attenuator in Fig. 6(a) is swept until a BER of 1 · 10−5
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Fig. 7. Simulated comparison of the first- and second generation 2D-GRCs in
terms of (a) coupling efficiency and (b) polarization crosstalk.

is achieved. The polarization crosstalk is then increased, and
the penalty to the ROP for a BER of 1 · 10−5 is determined by
decreasing the attenuation, with the results of that investigation
shown in Fig. 6(b). Based on these simulations, the experimen-
tally determined penalty of 0.5 dB at a BER of 1 · 10−5 for
QPSK relates to a polarization crosstalk induced by the cROSA
of approximately −25 dB. Analogous simulations have been
carried out for QAM-16, whereby the CMA has been exchanged
for a radius directed least-mean-squares algorithm. As indicated
in Fig. 6(b), the 2D-GRCs implemented in the cROSA support
a ROP penalty for QAM-16 below 1 dB.

IV. FUTURE OPTIMIZATION

Albeit these first generation 2D-GRCs already enable excel-
lent performance with ROP penalties below 1 dB for QPSK
and QAM-16, further device optimization is desirable for future
self-homodyne coherent detection systems, as the un-cooled
laser operation implies a certain wavelength shift of the trans-
mitted signal and LO. In order to be fully compliant with typical
channel bandwidths of intra data center interconnects [24], we
require a reliable performance in at least 20 nm bandwidth for
our 2D-GRCs. The grating couplers used in our first generation
cROSAs comprise circular perturbing elements. For this kind
of 2D-GRC, it is known that low polarization crosstalk occurs
in a limited wavelength range [16]. This is sufficient to achieve
excellent results at a fixed wavelength, as demonstrated in the
previous sections. To account for the demands of an un-cooled
laser operation and higher-order modulation formats, a second
generation 2D-GRC design is developed, using the zig-zag-tilt

technique from Refs. [2], [17] using elongated perturbing el-
ements. Whereas the work presented in Ref. [17] focused on
analysing the polarization dependency and coupling efficiency
of the 2D-GRCs, this work aims to investigate the polarization
crosstalk suppression. Fig. 7 compares the first- and second
generation 2D-GRCs in terms of (a) coupling efficiency (TEX

polarization as assigned in section II) as well as (b) polarization
crosstalk. While both designs have similar coupling efficiency
(−3.2 dB vs. −3.4 dB, without back-side reflector) and 1-dB-
bandwidth (24 nm vs. 21 nm), the second-generation design
maintains a crosstalk below−25 dB over 40 nm bandwidth. This
indicates also a good robustness against potential fabrication
deviations.

V. CONCLUSION

To the best of our knowledge, we successfully demonstrated
the first fully monolithic O-band cROSA suitable for self-
homodyne intra data center interconnects. By use of a 248 nm
deep ultraviolet lithography compatible 2D-GRC, low polariza-
tion crosstalk could be achieved. The integrated polarization
controller based on p-i-n diodes can operate at MHz speeds
and avoid LO-induced power fading. Future work shall focus
on the implementation of the second generation 2D-GRCs and
co-integration of control circuitry to automatically track the
LO’s random polarization, which can be easily implemented
due to the monolithic approach. The device presented in this
work paves the way toward cROSAs compliant with intra data
center requirements regarding power consumption and cost.
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