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Coherent optics has profoundly impacted diverse applications ranging from
communications, LiDAR to quantum computations. However, developing
coherent systems in integrated photonics comes at great expense in hardware
integration and energy efficiency. Here we demonstrate a high-coherence
parallelization strategy for advanced integrated coherent systems at minimal
cost. By using a self-injection locked microcomb to injection lock distributed
feedback lasers, we achieve a record high on-chip gain of 60 dB with no
degradation in coherence. This strategy enables highly coherent channels with
linewidths down to 10 Hz and power over 20 dBm. The overall electrical-to-
optical efficiency reaches 19%, comparable to that of advanced semiconductor
lasers. This method supports a silicon photonic communication link with an
unprecedented data rate beyond 60 Tbit/s and reduces phase-related DSP
consumption by 99.99999% compared to traditional IlI-V laser pump schemes.

This work paves the way for realizing scalable, high-performance coherent
integrated photonic systems, potentially benefiting numerous applications.

Integrated photonics has made remarkable progress in providing
scalable solutions for communications'”, computations®®, quantum
information'®" and sensing'?'*. To meet the ever-growing capacity and
precision requirements posed by these applications, one major evo-
lution trend over the last few years is the adoption of coherent tech-
nology in photonic integrated circuits (PICs)“*. This technology
allows for the manipulation of frequency and phase, offering enor-
mous potential for various applications: in communications, the data
rate of a transceiver can be lifted by orders of magnitude when
replacing the intensity modulation with a coherent scheme?; in
metrology, high optical coherence enables frequency synthesizing and
time keeping with precision beyond 1075, introducing atomic-level
accuracy into PICs?; in ranging, coherence detection supports FMCW

LiDAR that can simultaneous capture the distance and speed
information®.

However, despite great potential, building a coherent system in
integrated photonics has come at a great price in hardware and power
consumption. One major difficulty lies in the sources: so far, there is no
approach that can generate light with high parallelism, high coher-
ence, and high power simultaneously. The most commonly used
source on chip, the IlI-V distributed feedback (DFB) laser, has excellent
power® and electrical to optical wall-plug efficiency (WPE)*, but its
intrinsic linewidth typically resides at the 100 kHz level, falling short of
the coherence requirements in many applications. To achieve better
coherence, a commonly adopted method is coupling IlI-V lasers to
high-quality (Q) cavities, which can effectively reduce the linewidth to
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the sub-kHz level. Nevertheless, this sacrifices power and WPE*?¢, The
high-Q resonator is also used to generate optical frequency combs in
parallel coherent systems, but it further worsens both the power and
WPE significantly: the nonlinear frequency conversion process usually
has an optical-to-optical conversion efficiency at the order of only a
few percent*”. Various methods have recently been developed to
improve the conversion efficiency?*=°, but the fact that all the comb
lines split energies from the pump ultimately limits the channel power,
usually below —10 dBm. To leverage such low power in systems, strong
amplification with a gain of more than 30 dB is often necessary, posing
a challenge for both the integrated erbium-doped fiber amplifier
(EDFA)*" and the semiconductor optical amplifier (SOA)*. Meanwhile,
both methods inevitably introduce noise into the amplification pro-
cess. Another way to achieve higher gains is optical injection

locking®*. However, previous works rely on bulky lasers for pumping,

which are not compatible with integrated photonic systems. As a

result, at the system level, the coherent source still has to rely on

expensive benchtop equipment, which is not suitable for scalable
applications.

Another challenge for integrated coherent systems is the huge
digital signal processing (DSP) consumption®>*°, Since the frequency
and phase information need to be precisely recovered from the
coherent detection, much more DSP is thus required over the
intensity-based system. This requirement dramatically increases the
power budget and often necessitates dedicated electronics such as
DSP chips®. To deploy advanced coherent communication in the next
generation data center, DSP chips need to be manufactured with a
3-nm complementary metal-oxide-semiconductor (CMOS) process to

alleviate high power consumption®. Furthermore, the complexity of
the DSP makes real-time data processing difficult, as in the LiDAR
application. Several attempts have been made to reduce DSP, includ-
ing laser synchronization®® and cloned combs*®**?, but these approa-
ches involve bulky narrow-linewidth sources and desktop phase-
locked loops, dramatically adding the hardware burdens at the sys-
tem level.

In this work, we overcome previous challenges by demonstrating a
high-coherence parallelization strategy in integrated photonics. Instead
of pushing the efficiency of the coherent light source itself, here we use a
high-coherence microcomb as a seed to injection lock (IL) DFB lasers
(Fig. 1). We theoretically prove and experimentally demonstrate that this
approach can combine the advantages of both the microcomb and the
DFB laser, achieving high coherence, high power, and high WPE simul-
taneously. We show that this strategy can significantly boost the per-
formance of integrated coherent systems by demonstrating a parallel
coherent communication experiment using silicon photonic (SiPh)
transceivers. We achieve an unprecedented data rate in silicon photo-
nics of over 60 Tbit/s and ease the coherent DSP overhead.

Results

Power-efficient, high-coherence parallel light source on chip

Generating the parallel light source consists of two steps. Firstly, we
self-injection lock an indium phosphide DFB laser to a 35GHz free
spectral range SizN; microresonator with a thickness of 100 nm
(Fig. 2a). The Rayleigh backscattering from the microresonator
imparts a narrow spectral feedback to the DFB laser and compels the
laser to oscillate at the resonance of the microresonator, leading to a
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Fig. 1| High-coherence parallelization based systems. a Using a self-injection
locked DFB laser, we pump a Si;N4 microresonator to generate the microcomb,
which is then employed to drive the DFB laser array (iii). We can obtain a highly
coherent parallel light source that combines the advantages of high power and high
WPE of the DFB laser array (i) and narrow the linewidth of the microcomb (ii).

b Conceptual illustration of the high-coherence parallelization system. This light
source can find wide applications in integrated photonic scenarios and exhibits

significant potential across various fields, such as communications, LiDAR, quan-
tum information and neural networks.
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Fig. 2| Fundamental characteristics of the self-injection locked microcomb and
injection locking amplification. a Photograph of the integrated DFB laser and a
SisN,4 microresonator. b The link used for fundamental characteristics measure-
ment. DFB distributed feedback laser, DEMUX demultiplexer, Circ circulator, MUX
multiplexer, OSA optical spectrum analyzer, PM power meter, AOM acousto-optic
modulator, PD photodetector, OSC oscilloscope. ¢ Photograph of the slave DFB
laser. d Spectrum of the microcomb pumped by the self-injection locked DFB laser.
e Spectra of the comb line at 1550.62 nm before and after injection locking
amplification, show that a gain of more than 60 dB can be achieved. f Combined
spectra of each comb line after being filtered and injection locking amplified. g WPE

Wavelength (nm)
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of different cases. The purple triangles and blue circles represent the WPE of each
comb line before and after injection locking amplification. The green triangle
represents the overall WPE of the original microcomb. The dashed line represents
the overall WPE of all comb lines after amplification including the power supplied to
the source DFB laser. h Linewidths of different cases. The purple triangles and blue
circles represent the intrinsic linewidths of the comb lines before and after injection
locking amplification, respectively. Both of them have linewidths below 200 Hz,
while the pump DFB laser has a linewidth over 20 kHz. i Single-sideband frequency
noise of different amplification methods. Injection locking amplification has no
significant noise-floor increment.

strong frequency noise reduction of the laser diode**. In this work,
the microresonator exhibits a high intrinsic Q factor around 4.3 x 107,
which reduces the original 20 kHz intrinsic linewidth of the pump DFB
laser to a linewidth down to the 10 Hz level****,

The self-injection locking scheme also enables optical frequency
comb generation*’. Since the microresonator is designed for normal
dispersion, the microcomb operates in the dark pulse regime**,
ensuring good coherence over comb lines and distributing narrow-
linewidth characteristics among all wavelengths. Our microcomb is
pumped by a DFB laser with a power of 19 dBm, and the spectrum of
the microcomb is depicted in Fig. 2d. The comb lines exhibit an
intrinsic linewidth as low as 11 Hz (Fig. 2h). Our microcomb is among
the state-of-the-art integrated optical frequency combs regarding
coherency. The microcomb generation is turnkey” without any aux-
iliary electronics control, and the comb state can stably last for several
hours (Supplementary Note 4).

Secondly, the microcomb serves as a coherence seed to IL DFB
lasers (Fig. 2c). We sequentially filter each comb line (master) and

inject it into the free-running DFB laser (slave), thereby locking the
frequency of the slave laser (Fig. 2b and Methods). One advantage of
this injection locking amplification is its strong power gain and uni-
form output power. The amplification process is described by the
following equation**° (Supplementary Note 1):

Sfr — AN
1+ EAN
P

@

where yy, vp, g refer to the carrier recombination rate of the slave laser,
photon decay rate, and linear gain coefficient, respectively. AN denotes
the carrier number difference between the injection locked case and
the free-running case. S denotes the intracavity photon number, which
is proportional to the output power P. The equation above describes
the relationship between injection locked and free-running intracavity
photon numbers (S and Sg).
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Given the amplification circumstances where AN<<1, the intra-
cavity photon number closely approximates the free-running case, S-S
This indicates that the output power of the slave laser P is nearly the
same as its free-running power Py regardless of the original master light
power. This significant amplification effect comes from the cavity
enhancement of the slave laser. Injection locking based amplification
harnesses the media gain more effectively and thus leads to higher WPE
compared with single-pass amplifiers such as the EDFA and the SOA.

To verify this, we attenuate the power of a comb line to a sig-
nificantly low level before injecting it into a DFB laser, whose free-
running power can reach around 21 dBm. The experimental results
show that even under the injection power of -39.6 dBm, the slave DFB
laser can still be effectively locked and emits a power of 21.6 dBm,
indicating an exceptional gain exceeding 61 dB (Fig. 2e). According to
our knowledge, such gain value is 30 dB higher than those of other
integrated amplifiers’*%. By applying this strategy to each channel of
the self-injection locked microcomb and combining them, we obtain a
flat spectrum profile (Fig. 2f), with all 34 channels exhibiting a power
exceeding 20 dBm. The WPE of each comb line after amplification is
nearly the same as the free-running DFB laser, which is significantly
higher than the original WPE of each comb line (Fig. 2g and Supple-
mentary Note 6). The overall WPE, which includes the power supplied
to the source DFB laser for microcomb generation, is beyond 18.8%.
This WPE is almost independent of the original microcomb WPE (1%),
since the number of parallel channels is relatively large.

Another appealing property of the injection locking process is
the maintenance of high coherence from the seed light. The phase
noise after injection locking is described by the following
equation*’(Supplementary Note 1):

<6¢6¢>w = ‘H¢,¢W (w)|2<6¢inj6¢inj>w

) b))
+Hp p(@)] <F¢F¢>w +A

where <6¢;,,6¢;,>, and <F,F,> represent the master light phase
fluctuation power spectrum density (PSD) and the slave laser cavity
Langevin noise in phase, while A represents the phase and photon/
carrier number coupling terms that are relatively insignificant in the
injection locking process. Specifically, the frequency response of laser
cavity Langevin noise |Hy »(w)|* can be suppressed by more than 40 dB
compared with the free-running case, while that of the master light
|H¢,¢W |2 remains near 1 in the frequency range of our interest. In other
words, the noise factor of the injection locking process is -0 dB.
Here we compare the deterioration of noise under various
amplification strategies. We use a comb line with a power of -15.4 dBm
and amplify it by 20 dB gain through an EDFA, an SOA and an injection
locked DFB laser respectively. Figure 2i displays the single-sideband
(SSB) frequency noise spectra of the input and amplified lights. It is
observed that the EDFA and the SOA have noise-floor increments of 4.7
dB and 11.2 dB, respectively, whereas the injection locking amplifica-
tion shows no appreciable increase in the noise-floor. Compared with
the EDFA and the SOA case in which the amplification effect accumu-
lates along propagation, the light field circulates and gets enhanced in
the slave laser cavity. Consequently, more carriers are involved in sti-
mulated emission rather than spontaneous emission, resulting in
reduced additional amplified spontaneous emission noise and better
phase noise performance. We further measure the intrinsic linewidths
of the injection locking amplified comb lines, each at an output power
of about 20 dBm. It is shown that the coherence of the original
microcomb is preserved over the spectrum (Fig. 2h and methods).

High-capacity parallel communications with silicon photonic
transceivers

This power-efficient, high-coherence parallel source can significantly
enhance the performance of coherent systems on PICs and enable

complex system functionality. Here, we use it to drive SiPh transceivers
in a high-speed coherent optical communication system. Figure 3a
illustrates the system architecture. The transmitter necessitates an
optical power of more than 15 dBm to accommodate advanced mod-
ulation formats. To meet this requirement, each comb line is separated
into different channels by a fiber Bragg grating filter (FBG) and
amplified to a uniform power of about 20 dBm by injection locking
DFB lasers, with an optical signal to noise ratio exceeding 70 dB. Within
each channel, the amplified light is divided into two parts. One, serving
as a data carrier, holds 99% of the power and undergoes modulation by
a SiPh transmitter, while the other remains unmodulated, retaining
only 1% of the power, and functions as the local oscillator (LO). The
modulated data channels are combined by a multiplexer, and so are
the LOs. To ensure high coherence for homodyne detection, the sig-
nals and the LOs are transmitted concurrently*>*, At the receiver side,
the combined signal lights and LOs are separated into different
wavelength channels and detected separately. To satisfy the power
requirements of the receiver and further enhance detection accuracy,
the LOs are boosted to ~20 dBm by injection locking other DFB lasers.
Thanks to the ample power and excellent coherence, our approach can
effectively facilitate wavelength division multiplexing (WDM) coherent
transmission of high capacity and advanced modulation formats.

It is noteworthy that both the transmitter and the receiver utilized
in our experimental setup are silicon-on-insulator (SOI) based and
manufactured by a commercial CMOS foundry, as depicted in Fig. 3a.
The transmitter comprises two IQ modulators, one polarization rota-
tor and beam combiner (PRBC), two monitor photodetectors (MPD)
and associated drivers. The receiver includes dual 90" optical hybrids,
one polarization rotator and beam splitter (PRBS), two MPDs, variable
optical attenuators (VOA), four high-speed balanced-photodiodes
(BPD), and trans-impedance amplifiers (TIA). Among them, the PRBS
and the PRBC are used to implement on-chip polarization multi-
plexing. We have optically and electrically packaged the SiPh trans-
mitter and receiver, which possess electro-optic bandwidth and opto-
electrical bandwidth of around 50 GHz, respectively. Our transmitter
and receiver are capable of covering the entire wavelength span of the
microcomb, enabling the demonstration of all channels with the same
equipment.

We employ dual-polarization 32-state quadrature amplitude
modulation (DP-32-QAM) at a symbol rate of 30 Gbaud to encode data
on each of the 34 amplified comb lines. Consequently, each modulated
channel achieves a data rate of 300 Gbit/s (30 GBaud x5 bits x2
polarizations), resulting in an overall data rate of 10.2 Tbit/s across the
34 channels. Moreover, we utilize a 1-km-long 7-core fiber, with 6 cores
allocated for transmitting the modulated lights and 1 core dedicated to
transmitting the LOs at minimal power levels. After signal recovery at
the receiver side, the calculated bit error ratios (BER) of all channels
remain below 5.6 x 107 (Fig. 3c), much lower than the 7% hard-decision
forward error correction threshold of 3.8 x 1073, Figure 3d displays the
constellation diagrams of recovered dual-polarization data for all
channels in cores 1-6 after transmission(Supplementary Note 9). The
clear constellation diagrams of all channels demonstrate the excellent
behavior of our approach in advanced coherent modulated formats.
Finally, we validate a silicon-based coherent WDM transmission
experiment with an aggregate gross line rate of 61.2 Tbit/s and a net
spectral efficiency of 8.01bit/s/Hz (Fig. 3b). According to our knowl-
edge, this is the record number for a coherent link based on integrated
sources and SiPh transceivers, marking a rate 30 times higher than that
of the existing SiPh links*.

DSP reduction in integrated high-coherence parallel system

Besides the hardware breakthrough, this parallel approach can also
bring significant DSP reduction in coherent systems. Conventional
coherent communication systems usually use DFB lasers to generate
optical carriers and LOs, whose frequencies and phases vary rapidly
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Fig. 3 | Parallel coherent silicon photonic communications. a Architecture of photodetector, VOA variable optical attenuator, Hyb 90" hybrid, FA fiber array,
the coherent communication system utilizing our power-efficient, high- TIA trans-impedance amplifier. b Combined spectra of modulated carriers for
coherence parallel source. Photographs of the transmitter and receiver chips all 34 channels. ¢ BERs across 34 wavelengths and 6 cores. d Recovered con-
are shown at the top. Tx transmitter, Rx receiver, PRBC polarization rotatorand  stellation diagrams across 34 channels and 6 cores. X Pol X polarization, Y Pol Y
beam combiner, PRBS polarization rotator and beam splitter, MPD monitor polarization.

and randomly. Consequently, unpredictable frequency offsets and Secondly, our strategy preserves coherence during amplification,
phase fluctuations arise between carriers and LOs, as depicted in allowing for the transmission of low-power carriers. The coherent
Fig. 4b(i). To accurately recover the signal, frequency offset estimation communication link and DSP modules we use are illustrated in
(FOE) and carrier phase estimation (CPE) become necessary. This Fig. 4a. In our strategy, there is no frequency offset, and the
brings additional DSP requirements for coherent communications phase fluctuations between the signal carrier and the LO are
compared to intensity modulation direct detection systems, conse- significantly mitigated, as illustrated in Fig. 4c (i). Consequently,
quently leading to higher power consumption. FOE can be entirely omitted. Moreover, by simply estimating the

There are two key advantages of our strategy for saving the initial phase and applying it to subsequent data, we can still
DSP. Firstly, the source itself exhibits a narrow linewidth. maintain relatively high performance.
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Fig. 4 | DSP reduction induced by high-coherence parallelization. a Brief
architecture and DSP modules in our strategy. Pre-proc pre-processing, EQ-MIMO
equalization multiple-input-multiple-output, FOE frequency offset estimation, CPE
carrier phase estimation. b (i) Using standalone DFB lasers as the carrier and the LO,
both the frequency offset and the phase difference change rapidly, requiring fre-
quent CPE and FOE in DSP. b (ii) DSP reduction results in the degradation of

constellation diagrams when using standalone DFB lasers. ¢ (i) In our scheme, the
frequency offset is O, and the phase difference is stable. Therefore, we can sig-
nificantly reduce the CPE ratio and omit FOE. c (ii) Recovered constellation dia-
grams are well maintained with different ratios of CPE and FOE when using our
strategy.

To demonstrate the impact of reducing the usage of coherent
DSP, we apply different ratios of FOE and CPE to a 30 GBaud 32-QAM
coherent transmission link (Methods). The CPE ratio represents the
number of CPE operations we perform compared to the traditional
algorithm, which executes a CPE operation on every symbol. We
also compare the BERs of our strategy with the scheme using two
standalone DFB lasers as the carrier and the LO. Both schemes
recover the signal successfully when employing full coherent-
related DSP whichincorporates FOE once and CPE for every symbol.
Utilizing two standalone DFB lasers results in a BER of 3.0 x 107,
whereas our strategy achieves a significantly lower BER 0of 4.7 x 107,
Furthermore, in the case of using standalone DFB lasers without
FOE, it is hard to recover data due to the presence of intolerable
frequency deviations. When we decrease the normalized ratio of
CPE while retaining FOE, a CPE ratio of 1x107 results in a BER of
1.8 x107". As the CPE ratio continues to decrease to 1x107°, data
recovery becomes nearly impossible (Fig. 4b (ii)). In our scheme, we
can remove the FOE and substantially reduce the CPE ratio. We
gradually reduce the CPE ratio to 1 x 1077, meaning we run CPE once
every other 1x10” data blocks. Despite this reduction, we still
achieve successful data recovery, demonstrating a BER perfor-
mance of 1.0x107*, which is comparable to that of a full DSP
(Fig. 4c(ii)). Notably, the minimum required CPE ratio is currently
only limited by the length of our data within a time window. The
comparison between the two schemes highlights the strong per-
formance of our strategy, capable of reducing full FOE and
99.99999% of the CPE. We also conduct transmission experiments
using a 12-km-long fiber. Our architecture still achieves the same
level of DSP reduction (Supplementary Note 11), showing that it can
be used in inter-datacenter optical interconnects.

Discussion

By utilizing microcombs with many more channels and broader spans
as we demonstrated before*, the level of parallelization can be sig-
nificantly improved. In our experiment, we employ a filter to select
each comb line for the WDM purpose, which can later be substituted
by other integrated components, such as arrayed waveguide gratings.
It is noteworthy that the circulator in our scheme currently prevents us
from integrating the microcomb with the DFB laser array. However, for
injection locking, circulators or isolators might not be necessary, as we
have demonstrated that the microresonator can simultaneously
achieve isolation®*® and mitigate the impact of reflected light. We
envisage that despite potential challenges such as the effects of
reflected light, employing a power splitter’”*® or injecting light through
the rear facet of the laser’® may serve a similar function and is more
integration-friendly.

Beyond delivering exceptional performance, our strategy offers
compatibility with the existing photonic ecosystem. The III-V laser
array has been extensively used in photonic transceivers®’, LIDAR® and
computation units®?, and the transition to our highly-coherent source
only takes one chip-based comb generator. Importantly, all the key
components in our systems are chip-based and manufactured from
photonic foundries. Our recent advancements in heterogeneous fab-
rication technology enable the integration of all these components on
the same substrate, supporting mass production®*®*¢*, The simplifi-
cation of the coherent DSP, together with the emergence of the linear-
drive pluggable optics technologies, paves the way for a DSP-light
coherent system with great energy efficiency.

Our method can be extended to diverse applications beyond
communications. For FMCW LiDAR, achieving more than 20-dBm
power at multiple channels with high coherence is critical for long-
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distance ranging in automobiles with a fast scan rate®. The high-
power, high-coherence parallelization can also improve the signal-to-
noise ratio in computation PICs, particularly when thousands of cas-
caded Mach-Zehnder interferometers introduce large losses®. We also
expect this strategy to facilitate the f-2f self-reference process™***” by
boosting the power for nonlinear frequency conversions, which will
benefit optical synthesizers* and optical clocks®® on chip.

Methods

Fabrication of Si;N, microresonator

The Si3N, microresonator is fabricated in a commercial CMOS foun-
dry. The starting material consists of a 200 mm diameter silicon wafer
featuring 14.5um of thermally-oxidized SiO, on its surface. The
waveguide is formed by low-pressure chemical vapor deposition
(LPCVD) of Si3Ny, followed by deep-UV lithography and plasma etching
for pattern transfer. The resultant SisN, core is then capped by 4 pm of
Si0,, formed using LPCVD with a tetraethyl orthosilicate precursor and
annealing at 1150 °C. The resultant wafer is singulated into chips using a
blade dicing saw.

Generation of the self-injection locked microcomb

We mount a DFB laser chip with an output power of 19 dBm in a
butterfly package on a 6-axis stage (Thorlabs MAX602D/M). The SizN4
chip is placed on a thermoelectric cooler holder, whose temperature is
controlled by a temperature controller (Vescent SLICE-QTC) to keep
the SizN, chip in a stable state. We use a laser diode controller (Thor-
labs ITC4001) to adjust the temperature of the DFB laser diode (LD)
and provide the drive current. By using a piezo controller (Thorlabs
MDT693B) to control the 6-axis stage, the relative position between
the DFB laser and the SizN, chip can be accurately controlled so that
the two chips can be closely butt-coupled. By setting the temperature
and current of the DFB laser to the appropriate values, the DFB laser
can be self-injection locked, leading to the generation of a microcomb
at the through port of the microresonator®. The generation of the
microcomb can be realized by simply turning on the drive current of
the DFB laser, which is known as the turnkey operation. A lensed fiber
fixed on a 3-axis stage (Thorlabs MAX312D/M) is used to collect the
output light from the SisN,4 chip. We record the generated microcomb
with an optical spectrum analyzer (Yokogawa AQ6370D). By control-
ling the OSA to periodically store the spectra at 20-s intervals, we
characterize the long-term stability of the microcomb over 2 h.

Characterization of the microcomb before and after
amplification

We use a tunable fiber Bragg grating filter (AOS Tunable FBG) to filter
one of the comb lines. A total of six DFB lasers are used to amplify
comb lines of different wavelengths and these DFB lasers are all free-
running without any active stabilization. After adjusting the polariza-
tion of the light through a PC (Thorlabs FPC560), we inject it into a DFB
laser through a polarization maintaining circulator (PMC) to achieve
injection locking amplification. Given the limited number of DFB laser
chips, we adjust the temperature of each DFB laser to modify the
output wavelength, enabling the system to achieve amplification of
each comb line. The PM (Thorlabs PM100D) and the OSA are employed
to acquire the power and spectral variations before and after injection
locking, respectively. By observing the change in the output frequency
from the OSA while adjusting the temperature of the DFB laser chip, we
can ascertain whether the DFB laser is injection locked. To measure the
frequency noise before and after injection locking, the correlated self-
heterodyne method is adopted®. We firstly split the light into two
paths: one path passes through an acousto-optic modulator (AOM,
Gooch&Housego T-M080-0.4C2J-3-F2P) with a frequency shift of
80 MHz, while the other is delayed by a 5-km-long fiber with a polar-
ization controller. The light is then recombined and split into two
beams of equal power received by two identical PDs (Newport 1811-

FC). The outputs of PDs are recorded using a high-speed oscilloscope
(Keysight MXR404A) with a sampling rate of 500 MSa/s. A waveform of
0.2s is collected and analyzed by a computer. We compare and plot
the frequency noise generated using different amplification methods:
an EDFA (Amonics AEDFA-C-DWDM), an SOA (Thorlabs SOA1117S) and
aninjection locked DFB laser. Considering that sufficient optical power
is needed to make the PD respond efficiently, we measure the line-
width of 21 comb lines of the microcomb. By comparing the linewidth
before and after injection locking amplification, we observe that
minimal noise is introduced.

Coherent communication details

After being filtered in turn, each comb line passes through a PC and is
split into two paths using a polarization maintaining power splitter.
One path, with 1% of the power, connects to a PM for monitoring the
polarization of light to ensure effective injection locking. Another
path, carrying 99% of the power passes through a PMC to IL the DFB
laser. A very small fraction of the output light from the injection locked
laser is split off and monitored by the OSA. The remaining light is
modulated with the data generated by an arbitrary waveform gen-
erator (Keysight M8194A). The power of the input carrier is 17 dBm,
while the power of the output signal light is -13.4 dBm. The modulated
signal light and the unmodulated LO are transmitted concurrently
through two distinct cores of the 7-core fiber. The fiber exhibits an
attenuation loss of 0.25dB/km, an inter-core crosstalk of less than
-60 dB, and a dispersion of about 17.1 ps/(nm km). The LO power at the
receiver side is —9.8 dBm, which is then amplified to 20 dBm by
injection locking another DFB laser with a similar structure. The signal
light, with a power of -15.1dBm, is sent to the coherent receiver
together with the LO light. The receiver is powered by a DC power
supply (Keysight E36312A). The electrical signals generated by the
receiver through the beating of the signal light with the LO are cap-
tured by a high-performance real-time oscilloscope after passing
through DC blocks (Gwave GDCB-67G-185) and baluns (HYPERLABS
HL9407), respectively. The OSC can provide a conversion rate of
80 GSa/s and a bandwidth of 33 GHz on four simultaneous channels.
The data samples we collect at a time last for up to 334 ps, as deter-
mined by the maximum memory depth of the OSC we use, and are
subsequently processed by a computer for DSP.

Digital signal processing

In the DSP at the receiver side, the sampled signal is first orthogonally
normalized using the Gram-Schmidt algorithm to compensate for the
effects of non-ideal factors in the link*. Continuing with the process,
we apply matched filter to the signal using a root-raised cosine filter
with a roll-off coefficient of 0.05, followed by downsampling the signal
from 80 GSa/s to 30 GSa/s. Subsequently, adaptive equalization and
carrier recovery are performed. The equalizer adopts a 4 x 2 multiple-
input multiple-output structure. We employ the constant modulus
algorithm (CMA) to achieve pre-convergence of the taps in the
equalizer. The output signal from CMA is then utilized for FOE. FOE is
accomplished by taking the signal to the fourth power and identifying
the highest spectral peak. After this, a decision-directed approach is
employed for equalization. In equalization, CPE is executed using the
blind phase search algorithm with 16 test angles. After equalization and
carrier recovery, orthogonalization is employed to address both
hybrid imperfections and modulator bias issues. Finally, symbol deci-
sions are made and BERs are calculated to assess the system
performance.

Design and fabrication of the transceiver

The transmitter and receiver are both SOIl-based SiPh integrated chips.
At the transmitter side, the optical carrier is split on chip into two paths
that pass through two 1Q modulators. To maintain the correct oper-
ating state, the modulators are monitored by MPDs and adjusted by
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heaters. The drivers are used to drive the modulators to load electrical
signals onto the optical carriers. Two paths of modulated lights go into
the PRBC to generate a dual-polarized 1Q-modulated signal, which is
then coupled into the optical fiber through an FA for transmission. At
the receiver side, the signal light and the LO are coupled to the receiver
chip via an FA. The PRBS splits the signal light into two polarization-
orthogonal paths. The power of each path is monitored by MPDs and
adjusted by VOAs. The signal lights and LOs are mixed in 90" optical
hybrids and converted to photocurrent by BPDs. The current is
amplified and converted to voltage output by TIAs.

Data availability

The data that supports the plots within this paper and other findings of
this study are available on Zenodo (https://doi.org/10.5281/zenodo.
13162905). All other data used in this study are available from the
corresponding authors upon request.

Code availability
The codes that support the findings of this study are available from the
corresponding authors upon request.
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