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Abstract—The surge in deployment of Low Earth Orbit (LEO)
satellites over the last two decades has resulted in a number of
incompatible communication protocols, limiting efficient inter-
satellite communication. In response, we present the first recon-
figurable silicon photonic link supporting both coherent and in-
tensity modulation with direct detection (IM-DD). Our link design
supports transmission and reception of on-off keying (OOK), bi-
nary phase-shift keying (BPSK), and quadrature phase-shift keying
(QPSK) modulated signals across two polarization states, enabling
a single transceiver to accommodate multiple common modulation
formats. We demonstrate successful operation of the custom trans-
mitter, polarization multiplexer, and receiver portions of our link,
including: 1) transmission of OOK, BPSK, and QPSK at symbol
rates up to 10 GBaud with an error vector magnitude (EVM)
< 22% in all cases, 2) polarization cross-talk suppression of over
21 dB, and 3) reception of OOK, BPSK, and QPSK at rates up to
5 GBaud with resolved EVM <17 %. This innovation can address
the pressing need for standardized communication within LEO
satellite constellations, improving interoperability and efficiency
in satellite communications.

Index Terms—Optical communication, optical modulation, opt-
ical polarization, optical receivers, optical waveguides, phase
shift keying, quadrature phase shift keying (QPSK), satellite
communication.

1. INTRODUCTION

PTICAL wireless communications (OWC) have be-
come essential in modern telecommunications, enabling
widespread access to high-speed connectivity in a variety of
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Fig. 1. (a) Satellite launches since 2000; LEO satellites are experiencing expo-
nential growth in deployment. (b) Example of LEO constellation communication
incompatibility due to mismatched modulation formats.

application spaces [1]. In recent years, there has been growing
interest in utilizing near-infrared (NIR) OWC to replace or
complement radio-frequency (RF) communications in appli-
cations such as ground-to-space, satellite-to-satellite, and un-
derwater communications [2]. NIR coherent communications
have already been growing in popularity for terrestrial appli-
cations, due to their high spectral efficiency and per-channel
bit rate [3]. As NIR beam propagation is close to 50% faster
in vacuum compared to optical fiber, OWC has become an
attractive area to deploy coherent communication techniques.
OWC using these wavelengths is well-suited for applications
with ultra-long distances between the transmitter and the re-
ceiver [4], [5]. Specifically, OWC has proven to be particularly
attractive for inter-satellite communication for low-earth orbit
(LEO) satellites due to the demanding requirement for low
latency, ultra-long distance communication [6].

In just the past decade, three of the most notable active
LEO constellation operators — Starlink, Telesat, and OneWeb
—deployed 4,425, 117, and 720 LEO satellites, respectively [7].
Additionally, SpaceX has proposed a 12,000 unit mega con-
stellation of Starlink LEO satellites [8]. As seen in Fig. 1,
there has been an exponential growth in the number of such
deployments over the last two decades [9]. However, the novelty
of many of these systems has led to the emergence of numerous
incompatible communication standards with respect to modula-
tion rate, format, and multiplexing [10]. These discrepancies
prevent satellites from effectively communicating with each
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TABLE I
NOTABLE INTER SATELLITE LINKS OF THE 21ST CENTURY, HIGHLIGHTING A
MISMATCH IN COMMUNICATION STANDARDS

Modulation Standard Format Data Rate | Reference
PPM IM-DD 622 Mbps [13]
NRZ IM-DD 10.7 Gbps [14]
BPSK Coherent 1.8 Gbps [15]
QPSK Coherent 10 Gbps [16]
DP-QPSK Coherent 10 Gbps [17]

other, posing a bottleneck to achieving more widespread connec-
tivity. Table I summarizes some recent inter-satellite links, which
exemplifies this issue of incompatible standards. We note that
there has been increased interest in both coherent and intensity
modulated standards for use in space-based OWC [11], [12].

A solution to this bottleneck is the Optical Inter-Satellite
Link (OISL). An OISL must possess the ability to transmit and
receive various protocols for both intensity and coherent mod-
ulation, in order to facilitate effective communication between
heterogeneous links. To address this critical need, we previously
introduced the first fully reconfigurable, dual-polarization sili-
con photonic transceiver capable of transmitting and receiving
both coherent and intensity modulation. Our abstract at OFC
24 [18] and invited talk at OFC ’25 [19] provided a brief
overview of the overall architecture and presented preliminary
results from the operation of the transmitter. This manuscript
describes the architecture of the full transceiver in greater detail
and presents updated results from the transmitter, polarization
multiplexer/demultiplexer, and receiver. Here we are focused
exclusively on the on-chip device performance, with an eye
towards meeting the aforementioned demands of heterogeneous
satellite protocols.

Specifically, for the transmitter, we report a successful recon-
figurable transmitter design capable of outputting OOK, BPSK,
and QPSK signals at symbol rates up to 10 GBaud with EVM
less than 22%. For the polarization multiplexer/de-multiplexer,
we report an on-chip, all-silicon device capable of demulti-
plexing mixed-polarization light into separate TE channels with
polarization cross-talk suppression of over 21 dB. Finally, for
the receiver, we report a PDK-based 90° hybrid structure that
receives OOK, BPSK, and QPSK signals at 5 GBaud, with EVM
no greater than 17%.

The rest of this manuscript is organized as follows. First, we
describe the architecture and theory of operation for the transmit-
ter, polarization multiplexer/de-multiplexer, and receiver. Then,
we discuss how the architecture supports self-calibration, and
describe how reconfiguration between data formats is physically
achieved. Finally, we present results for the operation of each
component, demonstrating how our system can address the
aforementioned requirements of space-based OWC systems.

II. TRANSCEIVER ARCHITECTURE

The entire transceiver circuit is located on a single photonic
integrated circuit (PIC) chip, where it can be subdivided into
two sections: transmitter and receiver. It is critical that the
transceiver occupies this single PIC, as it allows integration
with a single electronic integrated circuit (EIC) to form the
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complete OISL. The transmitter modulates an optical signal ac-
cording to the destination format and consists of two polarization
paths, each containing a reconfigurable IQ modulator. This IQ
modulator generates an in-phase and a quadrature component
which together form a complex-amplitude waveform according
to the programmed modulation format. Each IQ modulator
can be operated independently in order to produce a single or
dual-polarization version of the desired signal. The transmit-
ter terminates with a polarization splitter/rotator (PSR) which
multiplexes the two polarization channels together for off-chip
transmission. The receiver decodes a signal according to the
source format. It begins with the same PSR device operating
now as a de-multiplexer, sending each channel to a separate
90° hybrid for signal reception. Our architecture is designed for
compatibility with standard silicon-on-insulator (SOI) foundry
processes. Fig. 2 illustrates the overall system design of our
reconfigurable photonic circuit.

The transmit path begins with light generated by a continuous-
wave (CW) laser. This light is injected into the PIC through a
polarization maintaining fiber (PMF), which ensures that the
polarization of the light remains stable as it enters the chip.
This is essential as our photonic devices are optimized for
performance with the fundamental TE mode. On the edge of
the PIC, in order to efficiently couple both TE and TM light
for dual-polarization signals, we use undercut silicon nitride
edge couplers for low-loss operation [20]. Once coupled inside,
the light is directed toward one or both polarization channels
using a 2 x 2 Mach-Zehnder Interferometer (MZI) switch. This
MZI switch can be thermally configured to either direct the light
into a single polarization channel (X or Y) or split it between
both, allowing for either single or dual polarization operation.
The MZI itself is controlled via undercut thermo-optic (TO)
phase shifters to achieve a high thermal efficiency [21]. The key
modulation elements for both transmit paths are IQ modulators,
each built using two traveling wave Mach-Zehnder modulators
(TW-MZMs) in the push-pull driving configuration. TW-MZMs
are widely used in high-speed coherent optical systems because
they can handle high data rates and provide precise phase and
amplitude control [22]. Our MZMs utilize a reverse-biased
lateral PN junction in order to modulate at frequencies up to
20 GHz. The bias states of the parent and child MZMs are
controlled using the aforementioned TO phase shifters, which
reconfigure the modulation format.

Following this, a PSR is used to manage the recombination
of signals from the different polarization paths. The output of
the Y-polarization path’s IQ modulator is rotated from TE to
TM polarization, while the output of the X-polarization path’s
IQ modulator is maintained as TE-polarized light, resulting in
two orthogonal signals. The complete transmit signal is coupled
off-chip into the PMF.

On the receiver side, the inbound signal is first directed into
the combined port of a PSR, where the reverse operation occurs.
The TE-polarized signal is maintained as TE polarization, and
is routed to the X-polarization path. The TM-polarized signal is
rotated to the TE polarization, and routed to the Y-polarization
path. In parallel, light is coupled onto a chip from a separate
laser serving as the local oscillator (LO). Following the receiver
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(a) Full transmitter schematic for dual polarization operation. (b) Single reconfigurable IQ modulator for coherent and intensity modulated signals. (c)

Phase representation of different formats. (d) Operating points for different formats.

polarization de-multiplexing, the signal is mixed with the LO
inside of a compact 90° hybrid, which is terminated with two
pairs of photodiodes. These photodiodes output four currents
to off-chip trans-impedance amplifiers (TIA’s), which amplify
the difference between the currents in each pair, producing an
in-phase and a quadrature electrical signal. These two signals are
then read by digital-signal processing (DSP) software in order
to decode the modulated data.

III. TRANSMITTER OPERATING PRINCIPLE

Our architecture supports three of the most common modula-
tion formats: On-Off Keying (OOK), Binary Phase Shift Keying
(BPSK), and Quadrature Phase Shift Keying (QPSK). Both po-
larization channels (X and Y) can be programmed independently
to any of these three modulation formats, resulting in single or
dual-polarization variants of each. The key enabling technology

in our architecture is the customized IQ modulator, which is built
using two identical child MZMs nested into a parent MZM with
an additional phase control switch. Fig. 3(a) shows a schematic
of the full transmit path.

The optical path of an individual IQ modulator can be seen
in Fig. 3(b). Light enters the parent MZM and is divided evenly
between the I and Q branches via a Y-splitter. On each branch,
the light then enters the respective child MZM, where it is
again split evenly via a Y-splitter. When propagating through
an arm of the child MZM, the phase can be delayed by an RF
electro-optic (EO) phase shifter, then by a TO phase shifter. The
upper and lower branch EO phase shifters each apply a phase
of +¢7/q,rr, While the TO phase shifters apply a net phase
difference of ¢;,o pc. In order to minimize the phase shift
needed, we apply ¢, pc on the lower arm of the child MZM
(the cross-port relative to the signal output). After the phase
shifts are applied, the light from the upper and lower branches
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is recombined in a 2 X 2 multi-mode interferometer (MMI)
coupler, where constructive or destructive interference of the
electric fields occurs. One MMI output returns the signal to the
parent MZM path, and the other sends the inverted optical signal
to a monitor photodiode. Within the parent MZM, the light on
either branch may be delayed by a final TO phase shifter. The
net phase difference applied between the I and Q branches is
¢1Q,DC also called the phase bias. We apply the phase bias on
the TO phase shifter located on the I branch in order to minimize
the necessary phase shift. Finally, the light from the I and Q
branches are interfered in another MMI, where one output sends
the modulated signal onto the main transmit path, and the other
output sends the inverted signal to a monitor photodiode.

The combined output of the reconfigurable IQ modulator can
be expressed as:

_ £

Eout (t) 4

[(ej(¢1Q,Dc))(ej(¢1,RF) + jej(dﬁz,DcﬂﬁI,RF))

+j(ej(¢Q,RF) _‘_jej(¢Q,DC*¢Q,RF)):| (1)

Our design utilizes balanced MZM’s in the push-pull configu-
ration, a design where a positive or negative phase shift can be
placed on either arm relative to the initial bias point. To begin,
the PN junction on both arms is held at identical DC reverse
bias, which maintains a consistent starting phase. Then, an RF
signal ¢7/q, rr is applied to the top arm, and its inverse is si-
multaneously applied to the bottom arm. When the amplitude of
this signal is positive, the phase on the upper arm is increased (a
positive phase shift), while the negative amplitude on the bottom
arm decreases the phase. Operating in this fashion allows us to
reduce the phase needed on any particular arm by half, thereby
reducing the driver swing as well, compared to single-ended
operation. This is critical for our design, which is intended to be
driven by CMOS electrical drivers.

A. On-Off Keying (OOK)

During OOK modulation, the electric field output from each
child MZM oscillates between 0 and F)y, and the electrical data
on the I and Q branches are synchronized, leading to constructive
interference in the parent MZM. In order to achieve this, the
initial state of the child MZMs should be set to transmit Ey/ V2,
with the high-speed data signal causing ¢7,q,rr to oscillate
between —7 /4 and +7 /4. The 2 x 2 coupler applies an inherent
7 /2 phase shift to the cross-branch signal, so we do not need to
apply bias to either TO phase shifter, and ¢;,g, pc is therefore
equal to 0. When ¢/ rp is equal to +m/4, the relative phase
of the top branch becomes equal to that of the bottom branch,
leading to constructive interference and an output electric field
of Eo. When ¢;/g rr is equal to —m /4, the phase of the
bottom branch relative to the top branch becomes 7, leading to
destructive interference and an output electric field of 0. The sync
switch is closed so that the same electrical waveform modulates
the I and Q branches. The MMI of the parent MZM causes |
and Q to inherently be out of phase by 7/2. ¢;g pc is set to
/2 to compensate, and the in-phase I and Q branch signals
constructively interfere.

JOURNAL OF LIGHTWAVE TECHNOLOGY

The combined electric field output can then be written as:
Eout(t) = Eo(e?F) [cos(¢rr(t) — 7/4)] )

where ¢rp(t) = ¢1,rr(t) = 00, rr(t), and ¢?T is a global
phase shift which can be neglected.

B. Binary Phase Shift Keying (BPSK)

During BPSK modulation, the electric field output from each
child MZM oscillates between —FE and FEj, and the electrical
data on the I and Q branches are once again synchronized,
leading to constructive interference in the parent MZM. To
achieve phase modulation, the initial state of the child MZMs
should be set to transmit an electric field equal to 0, with the
high-speed data signal causing ¢r/g rr to oscillate between
7 /2 and — /2. The inherent 7 /2 phase shift of the 2 x 2 coupler
is not sufficient for full extinction, so we now must apply a bias
to the lower arm’s TO phase shifter, and ¢, pc is now equal to
7/2. When ¢, rr is equal to +7 /2, the relative phase of the
top branch becomes equal to that of the bottom branch, leading
to constructive interference and an output electric field of Ej.
When ¢;/g rr is equal to —m /2, the phase difference between
the bottom branch and top branch becomes —27, leading to
constructive interference and an output electric field of —FEj.
The sync switch is closed so that the same electrical waveform
modulates the I and Q branches. The MMI of the parent MZM
causes I and Q to inherently be out of phase by 7/2. ¢10.pc
is set to 7/2 to compensate, and the in-phase I and Q branch
signals constructively interfere.

The combined electric field output can then be written as:

Eout (t) = EO [Sin(¢RF (t))] (3)
where ¢rr(t) = ¢1,rr(t) = ¢q,rRF(t).

C. Quadrature Phase Shift Keying (QPSK)

During QPSK modulation, the electric field output from
each child MZM oscillates between — Ey and E, but now the
electrical data on the I and Q branches are fed from separate,
uncorrelated sources. The child MZM settings are the same for
phase modulation as in the BPSK case. The initial state of the
child MZMs should be set to transmit an electric field equal to
0, so we set ¢7,¢, pc equal to 7/2. ¢/ rr is again equal to
+7/2. The sync switch is now open, because the I and Q branch
data is uncorrelated. The MMI of the parent MZM causes the
branches to inherently be out of phase by 7/2, which is desired
to produce orthogonal I and Q phasors. As such, ¢;¢.pc is set
to 0.

The combined electric field output can then be written as:

Eoud(t) = 22 [sin(6r,nr () + im0, nr ()] @

D. Single and Dual Polarization

As mentioned before, for all three modulation formats, our
architecture supports both single and dual-polarized signals. For
this, we use a 1 x 2 MZI switch to direct light into one or both
of the IQ modulators. By default, the inherent 7/2 phase shift
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Fig. 4. Custom PSR schematic, showing adjustable design parameters, and
modes physically present at each port. The red regions denote full-height Si,
and the blue regions denote half-height Si.

of the MMI cross-port causes the input power to be split evenly
between the X and Y paths, so for dual polarization we do not
need to apply any phase to the switch. For single-polarization,
we apply a bias of 7/2 to the corresponding bar heater, in order
to match the inherent bias on the cross port: we apply bias to the
top heater for the X polarization path, and the bottom heater for
the Y polarization path.

Fig. 3(c) shows a visual representation of the phasors for each
modulation, and Fig. 3(d) summarizes the required settings for
each case.

IV. POLARIZATION MULTIPLEXING

Employing multiple polarization states allows us to increase
the data rate of a link by a factor equal to the number of
polarization states used. With dual polarization, this allows us to
double the datarate of the link by interleaving the data sent across
two modulation paths. Alternatively, as the two polarization
states are orthogonal, and therefore do not interfere with one
another, we can send uncorrelated data in parallel using the
same optical pathway. A practical OISL benefits greatly from
possessing dual-polarization capability.

The rectangular silicon and silicon nitride waveguides used in
standard foundry processes support both TE and TM polarized
light, but the asymmetry of the waveguides leads to birefrin-
gence, causing differences in the performance of devices be-
tween the respective polarization states. It is usually impractical
to design for the phase differences between TE and TM light
in the same structure; since TE light is more confined, most
devices tend to be optimized exclusively for TE operation [23].
In our architecture, the signals on both polarization paths are
TE-polarized until they reach the chip edge. Then, in order
to perform polarization multiplexing (in the transmitter) and
de-multiplexing (in the receiver), we employ a custom silicon
waveguide-based PSR that is foundry-compatible and compact.
This device, seen in Fig. 4, consists of two sections: the polar-
ization rotator, which rotates the TMO mode to the TE1 mode
via mode hybridization [24], and the polarization splitter, which
couples the TE1 mode in the central waveguide to the TEO mode
of a parallel waveguide, physically isolating the X and Y signals.
This process also works in reverse.

A. Polarization Rotator

Mode hybridization occurs when there is an asymmetry in
the waveguide structure along either the vertical or horizontal
axis. When we break the cross-sectional symmetry, it causes

the effective index values of certain modes to approach each
other at a certain waveguide width. Near that width, the modes
become nearly indistinguishable. If the waveguide is tapered
from slightly less than that width (where the TMO index is
higher), to slightly more than that width (where the TE1 index
is higher), the TMO mode will evolve into the TE1 mode as
it propagates. At the same time, the input TEO mode (which
possesses a higher effective index) will not be affected [25].

Our design is based on [26], adapted for the chosen foundry
process. It uses a ribbed Si waveguide, with a central 210 nm
tall waveguide rib surrounded by a 105 nm tall half-etched ridge
that breaks the vertical symmetry, causing mode hybridization.
The central rib is adiabatically tapered from an initial width
(Wrouting) Of 450 nm to a width (Wrotator) Of 850 nm over a
length (Lyotator) of 100 pm, while the ridge overshoot tapers
from 0 nm to a maximum overshoot (Weyershoot) Of 500 nm on
either side, before tapering back to 0 nm overshoot.

B. Polarization Splitter

Following the rotator, an adiabatic asymmetric coupler serves
as the polarization splitter. The widened central waveguide
supports orthogonal TEO and TE1 modes with different effective
indices. A second, narrower waveguide is brought in next to it
with a coupling gap (wyqp) of 200 nm. This waveguide does not
support the higher-order TE1 mode. Over the 300 pm length of
the coupling region (L¢oupler), the narrow waveguide is tapered
up to a final width (wrps) of 500 nm while the central waveguide
is tapered down to a width (wrg) of 650 nm. The tapering of the
two waveguides is matched such that the coupling gap remains
constant. The evolution of the TEQ and TE1 supermodes causes
the TEI mode to couple into the TEO mode supported by the
second waveguide, while the TEO mode in the central waveguide
self-couples, causing the energy to remain on the main path.
S-bends direct the waveguides away from one another in order
to avoid any further coupling. We call the output of the central
path the “TE Port” and the output of the second path the “TM
Port”.

We designed our PSR by performing parameter sweeps of
Liotator and Leoypler in Tidy3D’s Finite-Difference Time Do-
main (FDTD) solver. For our design, we are most interested
in minimizing the crosstalk between modes. To that end, we
compare the power measured on the output port corresponding
to the input mode with the power measured on the opposite port.
The ratio between these values is the polarization extinction
ratio. From simulation, we expected a TE extinction ratio at the
TM Port of 44 dB at 1550 nm, and a TM extinction ratio at the
TE Port of 25 dB.

In [27] it was demonstrated that for a polarization extinction
ratio of at least 20 dB the sensitivity power penalty in a coherent
receiver approaches zero. As our design’s extinction ratio was
at least 25 dB, these expected values enable us to achieve the
minimum BER for a given signal power, and are thus considered
acceptable.

V. RECEIVER OPERATING PRINCIPLE

The receiver portion of our architecture supports all of the
modulation formats produced by our transmitter, in single- or

337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353

354

355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388

389

390
391



392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

Eg

Fig. 5. Coherent receiver 90° hybrid schematic.

dual-polarization configurations. We utilize an intradyne re-
ceiver, which allows us to measure both the in-phase (I) and
a quadrature (Q) components because it maintains the full infor-
mation of the complex amplitude [28]. This type of device has
four outputs, where the electric fields of the LO and signal are
out of phase relative to each other by 0°, 90°, 180°, or 270°. The
0° and 180° outputs form the I branch, while the 90° and 270°
outputs form the Q branch. These outputs are each received by a
photodiode that converts them into a current. The current pairs on
each branch are subtracted to form the in-phase and quadrature
components of the electrical signal [29]. In our architecture, the
enabling receiver technology is the compact 90° hybrid, one of
which is present on each polarization path following the PSR
demultiplexing.

A schematic of our 90° hybrid design can be seen in Fig. 5.
It follows the one described in [30], consisting of discrete 1 x 2
and 2 x 2 couplers. This architecture was chosen as it can be
constructed entirely from well-characterized PDK components,
and does not rely on custom device designs. The LO light enters
the structure at E'ro, where it is split between the I and Q
branches by a 1 x 2 MMI splitter. The received signal enters
at Eg, where a 2 x 2 MMI coupler divides it between the I and
Q branches, imparting a /2 phase shift on the signal headed
to the I branch. A second 2 x 2 MMI coupler serves as the
end of both the I and Q branches, where the LO and signal
are mixed, with a 7/2 phase shift imparted to the light on the
cross-coupled path. The resulting power is split between a pair
of PD’s. The PD’s convert the electric fields of the light (£
and Fs, E5 and Ey) into currents. The current from each pair
is sent to a trans-impedance amplifier on a separate electronic
chip, where the difference between the PD currents is taken and
converted to a new current value that is interpreted by digital
signal processing (DSP).

The resulting electric fields from the structure can be written
as:

By Es+ FEro
Byl 1| Es—FEro )
Es 2 |Es+jELo
Ey Es —jELo

JOURNAL OF LIGHTWAVE TECHNOLOGY

The PD current is simply the product of the PD responsivity 12
and the amplitude of the incident electric field F:

I(t) = R=|BE(t)] ©)

As these are PDK devices co-located on the same PIC, we
assume all PD’s possess the same responsivity. Combining (5)
and (6), we obtain:

I |Es + Erol?
Iy| R ||Es—ELol? )
I3 4 |ES +jELO|2
Iy |Es — jELol®

The TIA’s take the difference between currents at each branch:
Ir=5L—-1 (3)
Ig=13—14 )

Plugging (7) into (8) and (9), and then simplifying, we obtain
the I and Q branch signal equations:

Ir = R« Epo* Es o(t) cos(¢s(t)) (10)
Ig = RxEpo* Eso(t)sin(¢s(t)) (11)

Where Er10  is the local oscillator field amplitude, E o(t) is
the amplitude modulation of the signal, and ¢g(t) is the phase
modulation of the signal.

Equations (10) and (11) represent ideal hybrid outputs, where
the phase imparted on each path between the first stage of
splitters and the second stage of splitters is identical. In this 90°
hybrid architecture it is critical for the waveguide paths from
the first set of splitters to the second set of splitters to match in
length, to maintain this relative phase. Our layout uses identical
90° waveguide bends and we match all waveguide path lengths.
Despite this, unavoidable fabrication variations will cause slight
differences in the accumulated phase in each path, resulting in
phase error. If kept minimal, this error can be corrected using
DSP [28], [29].

A. On-Off Keying (OOK)

In the case of OOK modulation, the phase of the signal is
not modulated, only the amplitude. As such, Ego(t) oscillates
between 0 and Ey, and ¢g(¢) is a constant, such that Iy = 0.
Therefore, ¢s(t) must equal 0°, and the new equations are:

12)
(13)

It =R+ Epoo* FEso(t)
Ig=0

Unlike coherent phase-modulated signals, OOK signals can
be detected with a single photodiode. However, as (12) and
(13) demonstrate, our receiver, necessary for more complex
phase modulation, can still detect an OOK signal. Further, using
a balanced detector and LO offers some benefits over direct
detection with a single PD, such as higher sensitivity from the
added power of the LO, which serves as an effective on-chip
preamplifier [31].
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B. Binary Phase Shift Keying (BPSK)

In the case of phase modulation, the amplitude of the signal is
not modulated, only the phase. As such, ¢ 5(t) oscillates between
0° and 180°, and now Eg ((t) is constant. The equations now
become:

It = R+ Epoy * Eg * cos(¢s(t))
Io =RxEroo* Ey* sin(¢s(t))

(14)
(15)

In the BPSK case, there is no quadrature state, only an in-phase
state. As such, ¢g(t) will only take on 0° and 180° as values.

C. Quadrature Phase Shift Keying (QPSK)

The QPSK case is also a phase modulation case, and as such,
(14) and (15) are once again the governing equations. Unlike
BPSK, there is now a quadrature state as well, with four total
symbols. Now, ¢g(t) will take on four values: 0°, 90°, 180°,
and 270°.

D. Single and Dual Polarization

As aforementioned, the outputs of the PSR go to two separate
90° hybrids, one for the X-polarization branch and one for the
Y-polarization branch. The polarization of the LO is keyed to
the TE axis and preserved by the PMF, so that it matches the TE
polarization of the signals after they have been demultiplexed
by the PSR.

VI. CALIBRATION CONTROL LOOP

Our architecture enables calibration via integrated monitor
PD’s, which allows us to set the bias points for each modulation
format, compensate for fabrication variations, and adjust the
system in real-time based on environmental fluctuations such as
temperature. As seen in Fig. 3(b), each MZM inside of the 1Q
modulators is terminated with a 2 x 2 MMI, and a monitor
PD is placed on the cross output port to monitor the power
of the inverse signal. TIA’s then convert the photocurrents into
voltage signals that can be read by an Analog to Digital Converter
(ADC). There are three signals to monitor on each IQ modulator:
the I and Q branch child MZM outputs, and the parent MZM
output. We use the measured signal values to set the appropriate
bias state during setup, and to adjust system performance during
operation. We refer to the former as “static calibration” and the
latter as “dynamic calibration.”

A. Static Calibration

We perform static calibration immediately prior to transmit-
ting a signal. The first step of static calibration is to adjust
the polarization input switch for the appropriate polarization
state, either single-polarization X, single-polarization Y, or dual-
polarization. Next, we tune the parent MZM to obtain the correct
I-Q phase offset, depending on whether we have a quadrature
state or not. Then we tune each child MZM to the bias setting
for either amplitude modulation or phase modulation, depend-
ing on the transmitted data format. Finally, we return to the
previous bias steps and fine-tune the heater values for optimal

performance. Although we have a known V. value for our
heaters, as well as known bias settings (see Fig. 3(d)), in practice
itis necessary to make adjustments to compensate for fabrication
variations or thermal fluctuations. Static calibration allows us to
do so.

To select the correct polarization state, we observe the power
measured by the parent MZM monitor PD’s in both the X and Y
paths. To obtain single-polarization operation on the X branch,
we tune the top heater in the polarization control switch such
that the power on the Y branch monitor PD is minimized.
This informs us that power is sent entirely to the X branch.
In contrast, to obtain single-polarization on the Y branch, we
tune the bottom heater in the polarization switch to minimize
the power at the X branch monitor PD. Lastly, dual-polarization
operation is enabled without heater bias due to the 2 x 2 MMI in
the polarization switch. However, to balance the X and Y branch
power, we monitor both X and Y branches simultaneously, and
make minute adjustments to either heater as necessary to match
the power on each branch.

In the OOK case, the parent MZM must be set such that the
I and Q branches are in phase (no quadrature), and the child
MZM’s must be set for amplitude modulation. For the parent
MZM, we observe the output power on the parent MZM monitor
PD, which is the cross-port of the signal output. We tune the
TO phase shifter on the I branch (¢7¢g, pc) such that the power
measured is minimized, as this corresponds to full constructive
interference of the I and Q branches on the opposite output port.
For the child MZM’s, the amplitude modulation setting requires
the two arms of the phase shifter to be out of phase by /2,
leading to identical output power on both output ports. The 2 x 2
MMT’s in each MZM should provide the inherent 90° phase
shift required, but in reality, we may need to optimize with this
using the integrated heaters. There are two options for how to
optimize the data. The first is to use the received signal. Once
data transmission has begun, we can adjust either heater of the
child MZM as necessary to maximize the optical extinction ratio
(ER) of the received signal. Alternatively, we can record the
voltages that maximize and minimize power on the child monitor
PD’s, and interpolate a value that provides half of full power
(the —3 dB point).

In the BPSK case, the parent MZM is once again set to keep I
and Q in-phase, while the child MZM’s are instead set for phase
modulation. Like in the OOK case, we tune the I branch TO
phase shifter to minimize power on the parent monitor PD.
The phase modulation setting requires each child MZM to be
set to its null point, where output power on the signal port is
minimized. To tune each child MZM, we observe the power
on the child monitor PD’s. We tune the TO phase shifter on the
lower arm of the MZM (¢, pc) such that the power measured
is maximized, which corresponds to the null point of the signal
port.

In the QPSK case, the parent MZM is now set to offset I and
Q by 90°, while the child MZM’s are set for phase modulation
identically to the BPSK case. Similar to the child MZM’s for
OOK, the 2 x 2 MMI provide the 90° phase shift needed for the
quadrature state, but we still may need to optimize the I-Q phase
offset. To do this, we may follow one of the two aforementioned
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TABLE II
SUMMARY OF STATIC CALIBRATION PROCEDURES
Format | Children MZM Setting Children Monitor PD Parent MZM Setting Parent Monitor PD
OOK Quadrature Interpolate half-power T and Q In-Phase Minimize measured power
BPSK Null Point Maximize measured power T and Q In-Phase Minimize measured power
QPSK Null Point Maximize measured power I and Q quadrature Interpolate half-power
& 150um —>
(@) ; R S O A
Arbitrary Waveform _[LI[L LTI : : [ Coherent gggo 00
Generator Oscilloscope 0000 ©0
o0 T 0000 ©0
& FETIE f:,’ e~ =
5 = §x ® & Fiber Attach
RF Amplif Ova 82 ST
mplifiers 85 e | N
: 20 ooobls » 8
: =] © 00 0 <
Packaged TX S 000w =i 3

CW Laser Source

(d)

Nested TW-MZMs |,

s EEEEEEEE N
[0} (]
1o
© o Q@
£ A
=
o u a 3
(©) D,
=

v

ya
< 5mm

Fig. 6.
micrograph of full transmitter PIC.

methods for optimizing a quadrature. When using the integrated
PD’s, we can interpolate the half-power setting for the I-branch
TO phase shifter. When using the received signal, we measure
the phase error for the received signal, and adjust the I-branch
TO phase shifter until the phase error is minimized.

A summary of the calibration settings can be found in Table II.
Currently, we perform the above calibration routines manually
on the transmitter test structure. In a future fully-packaged de-
sign, however, they will be performed automatically by control
algorithms hosted on an integrated FPGA controller.

B. Dynamic Calibration

During transmission, we continue to monitor the power
at the monitor PD’s. Over time, the statically-calibrated bias
points will drift due to thermal and mechanical effects. Using
Automatic Bias Control (ABC), we can finely adjust the system
bias settings to account for this drift in real time, without
interrupting data transmission. To accomplish this, we employ a
dither-correlation detection technique similar to [32]. By placing
low-speed sine waves of < 100 kHz on top of the control voltages
of the child MZM heaters, we can produce a dither signal that
can be monitored by the ADC connected to the low-bandwidth
monitor PD’s.

Our procedure for ABC is as follows. We place a sine wave of
frequency fr on the heater corresponding to ¢; pc, and a sine
wave of a different frequency fq on the heater corresponding
to ¢, pc. For this ABC technique to work, f; and fg must be

SN
7

(a) Full transmitter experimental setup. (b) Packaged PIC with DC wirebonds, die-attach, and fiber-attach. (c) Undercut TO phase shifters (d) Optical

distinct and not integer multiples of one another. The interaction
of these two signals will produce an intermediate frequency
component fp, equal to the sum of f; and fgo. We employ
dither-correlation detection at each of the monitor PD’s to obtain
the correlation integrals for f;, fg, and fp. We first fine-tune
the child MZM DC voltages until their corresponding integrals
(fr and fg) at the child PD’s have been minimized for phase
modulation, or maximized for OOK. Then, we minimize the fp
integral at the parent PD by fine-tuning the DC voltage on the par-
ent MZM. Regardless of format, the appropriate sequence loops
for the duration of transmission to maintain system accuracy.

As with the static calibration sequence, ABC will be per-
formed automatically on an integrated FPGA controller in a
future packaged design.

VII. FABRICATION AND RESULTS

A. Reconfigurable Transmitter

Our transmitter test structure consists of a complete single-
polarization IQ modulator matching the architecture in Fig. 3(b).
Fig. 6(a) shows a high-level schematic of the setup we used
to test the functionality of this architecture. The transmitter
PIC itself was fabricated using an MPW run of TowerJazz
Photonics’ PH18MC design flow, and then packaged onto a
printed circuit board (PCB) with die-attach, DC wirebonding,
and fiber-attach (Fig. 6(b)). The TW-MZMs use lateral junction
depletion-mode PN phase shifters from the TowerJazz PH18
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Fig. 8. Transmitter bit-error rate curves for OOK, BPSK, and QPSK at

5 GBaud, referenced to hard-decision FEC limit.

PDK, and the TO phase shifters are made from undercut Tita-
nium Nitride heaters (Fig. 6(c)—(d)). The MZMs are driven with
50 €2 high-speed G-S probes that are connected to a Keysight
MO9502A arbitrary waveform generator (AWG), which produces
inverted and non-inverted signal pairs that are each amplified
to 2.4 V},,. The signal pairs are used to drive the TW-MZM’s
in the push-pull configuration. The data carried by the signal
is a 2! — 1 pseudo-random binary sequence (PRBS-15). A
digital-to-analog converter (DAC) is used to send DC control
signals to the TO phase shifters, as well as to read current
values from the monitor PDs. The modulated optical output from
the PIC is then amplified by an Erbium-doped fiber amplifier
(EDFA) to maintain a constant signal power of 6 dBm. Finally,
it is directed to an Agilent N4391A optical modulation analyzer

10 Gbaud
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Constellation and eye diagrams at TX output for OOK, BPSK, and QPSK at 5 and 10 GBaud. Note that the average power for each constellation is

(OMA) to evaluate the integrity of the signal and capture its
spectral characteristics.

To prepare for transmission, we followed the static calibration
procedure as described in Table II. We input a 1550 nm optical
carrier with a power of 12 dBm through the fiber array, and used
the DAC to manually adjust the bias settings to minimize or
maximize the PD values as needed for OOK, BPSK, and QPSK.
During operation, we measured a pre-amplified optical power
of —13 dBm for OOK/BPSK and —16 dBm for QPSK at the
PIC output. As shown in Fig. 7, our transmitter successfully
generates OOK, BPSK, and QPSK signals at symbol rates
up to 10 GBaud. We demonstrate signals with error vector
magnitudes (EVM) no greater than 21.5% in all cases. Such
performance would enable us to communicate with any of the
links in Table I. This EVM value also corresponds to a bit-error
rate (BER) well below the 7% overhead hard-decision forward-
error correction (FEC) limit for ITU-T G.975.1 compatible FEC
(2.7%1073). [33]

BER curves versus optical signal to noise ratio (OSNR) were
also obtained for the transmitter at 5 GBaud, and can be seen in
Fig. 8. The same experimental setup was used, with the addition
of a variable optical attenuator (VOA) after the PIC output, and
an optical spectrum analyzer in parallel with the OMA in order
to measure OSNR. The optical carrier was again a 12 dBm,
1550 nm CW laser. To perform the experiment, the modulator
was first biased for a particular modulation format. Then, the
VOA was adjusted to obtain various OSNR values, and the
BER recorded. This process was repeated for OOK, BPSK, and
QPSK. From the results, we observe that all formats can reach the
7% overhead hard-decision FEC limit of 2.7 * 1073 atan OSNR
of 10.5 dB. The power penalty between BPSK and QPSK at this
point is approximately 2.5 dB, and the penalty between BPSK
and OOK is 3.5 dB.
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the RX test structure for OOK, BPSK, and QPSK at 5 GBaud. (c) Eye diagrams with quality factors for direct measurement of OOK at 5 and 10 GBaud.
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Fig. 10.  Annotated optical micrograph of the PSR test structure.
TABLE III
COMPARISON OF SIMULATED AND MEASURED POLARIZATION EXTINCTION
RATIOS
TM ER at TE Port | TE ER at TM Port
Simulation 25 dB 44 dB
Measurement 21.6 dB 35.1 dB

B. Polarization Splitter/Rotator

The PSR test structure consists of an edge-coupled PSR on
the test PIC. An optical micrograph of our fabricated design can
be seen in Fig. 10.

Test PIC’s containing our final design were fabricated in the
TowerJazz Photonics PHISMFV process alongside the receiver
PIC. 1550 nm CW light from a tunable laser was edge-coupled
into the chip via a PM fiber array. A fiber polarization controller
was used to pass either TE or TM light exclusively into the
device, and an optical power meter (OPM) was used to measure
the optical output at each port. Our results are reported in
Table III. They show good agreement between simulation and
measurement, indicating we will be able to suppress unwanted

crosstalk between channels by at least 21 dB. This meets our
target of 20 dB, confirming we will have a minimum power
penalty on our receiver’s sensitivity.

C. Coherent Receiver

Our receiver test structure is a single-polarization 90° hybrid
identical to the schematic shown in Fig. 4. The PIC containing
this test structure was fabricated using the same full wafer run
of the TowerJazz PH18MFV process the PSR test structure was
fabricated in. The setup for the experiment characterizing it
can be found in Fig. 9(a). We connect to this structure opti-
cally via grating couplers, and electrically via 50 €2 high-speed
G-S probes. The input signal is generated by an IDPhotonics
OMFT-C-00-FA commercial I/Q modulator, which is driven by
the Keysight M9502A AWG using a 2'* — 1 PRBS sequence.
The signal is placed on a 1549.996 nm optical carrier. The local
oscillator is provided by a 1549.990 nm CW laser, leading to an
approximately 800 MHz frequency offset. The electrical signals
output by the PD’s are sent to a Tektronix DPO 72004 digital
oscilloscope where the data is exported to MATLAB, where 1Q
imbalance compensation, frequency offset compensation, clock
recovery, constant modulus algorithm (CMA) equalization, and
carrier phase recovery is performed to recover the constellations
and calculate signal quality. EVM is calculated from the resolved
signals.

Currently, we are limited to probing two adjacent RF outputs
atatime, suchas I and I, or I5 and I,. The resulting waveforms
from the oscilloscope can be seen in Fig. 9(b). We can see that
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TABLE IV
COMPARISON OF PUBLISHED RECONFIGURABLE AND MULTI-FORMAT COHERENT TRANSCEIVERS

Work TX/RX Polarization Formats Demonstrated Max Baud Rate
0347 TX + RX Single BPSK, QPSK 5 GBaud
(35] X Single QPSK, 16-QAM 2(2)8G?3§§3C1(1(8ZSAK1\31)
[36] X Dual (OOKS;'E%PSK only) | OOK. BPSK, QPSK, PAM-4 10 GBaud
This Work | TX + RX Dual OOK, BPSK, QPSK gog]fa%d (g;f))

our 90° hybrid can successfully resolve OOK, BPSK, and QPSK
up to 5 GBaud after applying standard DSP techniques. For
each format, the EVM never exceeds 16.8%. Currently, this is
compatible with our transmitter and most of the links in Table I.

By only measuring adjacent channels, we were unable to
use both PD’s per channel to remove the signal, LO, and noise
beating terms, preventing measurement of QPSK at higher Baud
rates. [28] To verify that our receiver can scale to the higher
Baud rates supported by the transmitter, we performed direct
detection of the OOK signal at 5 and 10 GBaud using only the
I channel. For this experiment, we used the aforementioned
setup, but did not send the local oscillator into the structure.
I5 alone was sent into the digital oscilloscope, where the eye
diagram could be directly recovered. These eye diagrams and
measured quality-factors can be seen in Fig. 9(c). We can see
that the signal can indeed be received by this 90° hybrid structure
at 10 GBaud, verifying that we are limited by the probing setup,
and not by the architecture itself. In the future, we will attempt
to probe Iy, I, I, and I, at the same time in order to resolve
data at higher Baud rates for all format types.

VIII. CONCLUSION AND FUTURE WORK

As demonstrated, our architecture compares favorably with
those from the literature, which can seen in Table IV. To
our knowledge, this work presents the first demonstration of
a fully reconfigurable, polarization-multiplexed Si photonic
transceiver architecture supporting both coherent and direct de-
tection schemes. We successfully demonstrated transmission for
OOK, BPSK, and QPSK at 10 GBaud, reception at 5 GBaud, and
low-crosstalk on-chip polarization multiplexing. In each case,
the signal BER was below the 7% hard-decision forward-error
correction (FEC) limit of 2.7 * 1073, Critically, this transceiver
is entirely compatible with standard SOI photonic foundry
processes and can be fabricated using PDK components, making
it highly scalable for mass production with high yield.

Future efforts will focus on refining the device-level de-
signs to support even higher bandwidths, while also achieving
compatibility with CMOS electronic drivers. We are currently
constructing a fully integrated system, the core of which will be
a PIC featuring the complete transceiver (transmit and receive),
with both polarization channels present, all on one chip. This PIC
is designed for direct integration with a custom-designed EIC
containing the RF drivers, bias control circuitry, and TTIA’s for the
photodiode outputs. The EIC will then connect to a DSP chip that
performs the necessary operations to recover the received signal.
This chip package will be controlled from a central FPGA,

running the appropriate bias control algorithms and handling the
data streams for transmit and receive. In designing for a practical
OISL, it will be necessary to carefully choose a DSP implemen-
tation that balances the tradeoffs of overhead, latency, and power
consumption. A choice of hard-decision FEC, soft-decision
FEC, or a concatenation of the two will depend on the acceptable
overhead in a given circumstance, as modern standards like OIF
800LR lower power consumption and latency in exchange for
high overheads over 21%. [37] In general, soft-decision FEC
is most responsible for increasing overhead. [38] We will also
ensure use of a low-linewidth laser, as a narrower linewidth
allows for a longer averaging span for phase estimation, reducing
the BER penalty from phase error correction. [28]

The key enabling device for CMOS-compatible transmission
will be a custom-designed segmented-electrode TW-MZM. This
MZM will use a differential-driver scheme, where a signal is
applied to the cathode of the phase shifter diode at the same time
its inverse is applied to the anode. Distinct DC biases are also
applied to each side of the junction. This allows us to increase the
possible voltage swing from the 1.4 V},, of each EIC channel to
a 2.8 V), maximum differential swing. When combined with a
push-pull configuration for the arms of the MZM, we can obtain
the full range of phase shifts required (Fig. 3(d)) using CMOS
drivers on a standard silicon platform. Splitting the phase shifter
into two identical segmented electrodes [39] will enable us to
drive only half the length of the TW-MZM with an individual
EIC channel, improving the RF bandwidth of the device. With
this design, we aim to achieve 20 GBaud operation in a CMOS-
driven package.

A further benefit of the transmitter and receiver sharing a
single PIC is the ability to integrate adaptive DSP techniques
that run in real time [40] in order to further improve EVM and
overall signal fidelity. Internal loopbacks have been designed to
connect the transmitter and receiver on-chip in order to measure
nonidealities that then can be digitally pre-compensated. Some
examples of compensation algorithms that can be run include
clock recovery, equalization, frequency and phase recovery, and
demodulation. Additionally, this fully-packaged architecture
will enable further static calibration to compensate for specific
device variations, both for the transmitter and the receiver. For
example, a power imbalance between I and Q can be detected,
and compensated by increasing the RF driver power of the
weaker signal. Similarly, we can implement digital de-skew by
delaying I or Q if they are out of phase electrically. Antidroop
and Digital Pre Distortion (DPD) filters can also be charac-
terized and applied to obtain a flat optical power response vs
frequency and electrical input drive, respectively. Through the
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use of DPD, we can adjust the linearity of the transmitter to
reliably enable multi-amplitude modulation formats, including
PAM-4 and 16-QAM. These formats are compatible with our
existing architecture and its static calibration routines. PAM-4
and 16-QAM can be obtained by setting the MZM to OOK and
QPSK, respectively, and sending four-level electrical signals to
the electro-optic modulators. In this way, our architecture can
be easily scaled to support higher-order modulation formats,
allowing it to continue to accommodate the evolving satellite
communication environment.

The fully-packaged unit will be intended for use in LEO
satellites. As such, in addition to the calibration routines com-
pensating for thermal fluctuations, vibrations, and propagation
losses, the unit will also need to consider radiation-hardness.
Radiation primarily damages PIC’s through waveguide oxida-
tion (increases loss and changes effective index) and changes
in carrier concentration (increases dark current and changes PN
junction behavior). [41], [42] The package will therefore also
possess the responsibility of minimizing the ionizing dose for
the PIC and electrical chips. [43] demonstrated that several mm
of aluminum shielding can block almost all electron radiation,
most solar flare particles, and a large portion of the protons seen
in LEO. Further investigations into radiation hardness can be
conducted using the methods described in [43].

Ultimately, this unit will serve as a low-latency, high-
throughput reconfigurable OISL, enabling inter-satellite con-
nectivity for dense LEO constellation formations.
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