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Abstract

We demonstrate transmission of a 52 channel superchannel using an optimized 22.1 GHz-spaced soliton microcomb. Enabling a
record spectral efficiency of >10 bits/s/Hz after 80 km and 6.1 bits/s/Hz after 3000 km using a microcomb. Our results demonstrate
that chip-scale combs can achieve performance directly comparable to bulk-optic frequency combs.

1 Introduction

The drive for increasing both the throughput and the effi-
ciency of optical communication systems has increased the
focus on spectral efficiency (SE) [1]. Modern transponders use
high-order polarization-multiplexed M-ary quadrature ampli-
tude modulation (PM-MQAM) such as PM-64QAM to encode
>10 bits per transmitted symbol. The system throughput is fur-
ther increased using wavelength division multiplexing (WDM),
exploiting the broad gain bandwidth of erbium-doped fiber
amplifiers (EDFAs).

To fill the about 10THz C+L-band bandwidth, >300
transceivers are needed assuming symbol rates of about
30 Gbaud. For such systems, the SE is limited by the available
signal to noise ratio (SNR) and required guard-bands between
channels. The guard-bands are needed to avoid catastrophic
channel overlaps originating from drifts in the laser frequen-
cies. Using standard external cavity lasers (ECLs), a few GHz
guard-band is usually needed [2]. The SNR limitation accounts
for noise from the transceiver, such as limited effective num-
ber of bits (ENOBs) and timing jitter. In addition, the SNR is
limited by added noise from EDFAs and non-linear distortions
from the transmission link.

Optical frequency combs have been suggested as a replace-
ment for laser arrays as WDM carriers [3, 4]. A frequency
comb is a coherent multi-wavelength light source which is
fully characterized its center frequency f, and line spacing
Af. Another very beneficial property of using a comb is that
it avoids the problem of drifts from free-running lasers. This
was exploited in [5], demonstrating a SE of 17.3 bits/s/Hz
for a 10 channel superchannel with 3 Gbaud channels and
an electro-optic frequency comb. Densely packed superchan-
nels also avoid large guard-band allocation in optically routed
networks which drastically improves network SE [1].

To make superchannels even more attractive, integration is
needed [6]. Integrated combs offer small foot-print with large

potential for power savings compared to bulk-optic combs or
laser arrays [6, 7]. The development of single soliton Kerr fre-
quency combs have recently enabled multiple applications such
as frequency synthesis [8] and improved atomic clocks [9]. For
data transmission, multiple Kerr-comb states have been inves-
tigated [10-13]. Soliton microcombs are also suitable for use
in optical transmission systems as the flat envelope minimize
variations in optical SNR (OSNR) for individual lines. In [6],
50 Thit/s throughput over a 75 km link was demonstrated. The
large Af of 100 GHz limited the SE to 2.8 bits/s/Hz using
a single comb. For microcombs, balancing the comb width
(to ensure sufficient OSNR) while targeting a Af around
10-30 GHz to balance transceiver count and performance of
electronics has proven very challenging. Following this, to
date, the SE demonstrated using integrated sources has been far
away from the >10 bits/s/Hz SE achieved using 20-30 GBaud
channels and bulk-optic combs [14].

In this work we demonstrate transmission of a 52x21.5 Gbaud
PM-16/64/256QAM comb-based superchannel using a 22.1 GHz
soliton micro-comb. The comb is optimized to focus the line
power to the about 10 nm bandwidth of the superchannel. With
Af = 22.1 GHz, the high performance DAC/ADC can modu-
late the full channel width. The stability of the comb permits
dramatic reduction of the inter-channel guard-bands to sub-
GHz level, allowing us to maximize the system’s total spectral
efficiency. We demonstrate a record high spectral efficiency
of 10.4bits/s/Hz after a single 82km standard single-mode
fiber (SSMF) span using a microcomb. In addition, we perform
the first long-haul transmission experiment using an integrated
comb source together with dense WDM and advanced mod-
ulation formats, achieving a spectral efficiency of 6 bits/s/Hz
after >3000km using a recirculating loop with EDFA-only
amplification. Demonstrating performance directly comparable
to bulk-optic frequency combs, our results show that micro-
combs can enable high performance integrated superchannel
transceivers.



pE—— Waveshaper Testband 1 ¥ l
" Silica Disk
s A s — -
‘ 10/90
§-1(()) w‘um\\\\H\m\H\\HHlHHHH\anuMmm L | Loading
E= AT |lm| "WU il "“ -
* 30 Q- MOd}EJ WSS 2 Disp.
155) 1552 1554 1556 1558 1560 1562,, —= ~
W4T Pum a RBW pngt .D;(p ‘_%<
_ 40 i !‘{“ ‘ 0.01 nm
§ o fuaeui \\ di ‘ ‘ \ }, U B
il H m
I ‘
£ il .M MM\H i Il u‘h hm il

1570

1520 1530

Wavelength [nm]

1580

1590 82km SSMF

Fig. 2 Experimental setup for comb-based superchannel transmission. The silica disk resonator generated a 22.1 GHz spaced
frequency comb which was modulated using a test-loading-band approach and transmitted through the recirculating loop. Fitting
a sech” to the output comb envelope results in an estimated pulse width of about 140 fs. The horizontal red arrow in the zoom-in

spectrum marks the 52 lines ( 8 dB flatness) used to modulate t

2 Microcomb

We used a high-Q whispering-gallery-mode silica res-
onator [15] to generate the soliton frequency comb with a
22.1 GHz repetition rate. To facilitate system evaluation and
thermal stability, the device was packaged together with a ther-
moelectric cooling element in a compact module (30 mm x
94 mm x 15 mm) as shown in Fig. 1. We used about 150 mW
pumping power to initialize the comb (the initialization pro-
cess is described in [16]). The resulting comb spectra is shown
in Fig. 2, with the red arrow showing the lines used to form the
superchannel. The comb was pumped at 1549.9 nm and to facil-
itate high SE data transmission by not having to sacrifice any
lines surrounding the pump, we used the Raman self-frequency
shift [17] to displace the spectral center to around 1555 nm.
The comb flatness was 8 dB over the 10 nm bandwidth used to
form the superchannel. We measured the A f drift to be below
100kHz over several hours, concluding that variations in line
spacing will not affect the performance of the transmission sys-
tem. To facilitate long-term operation we used a temperature
feedback to ensure stable operation over >100 hours.

Fig. 1. Packaged micro-comb device.

he superchannel.

3 Experimental setup

The experimental transmission setup is shown in Fig. 2. After
generating the comb, a 0.3 nm notch filter was used to remove
the pump before amplification with an EDFA (about 5.5 dB
noise figure). A WSS was then used to separate the lines
between a test band (TB) and a loading band (LB) to avoid
OSNR degradation in the transmitter originating from not
having one modulator per channel. The TB consisted of 5
lines which were divided into even and odd lines using the
WSS. These lines were modulated using two independent 1Q-
modulators driven by two 60 GS/s DACs each. The modulator
outputs were then combined and a PM signal was emulated
using the split-delay-combine method with >250 symbol delay.
The remaining 47 lines were modulated using a single 1Q-
modulator to form the LB. Following PM emulation, the LB
was amplified and another WSS was used to carve out a
notch on the position of the TB. The loading channels were
then decorrelated using about 15km of large effective area
fiber before being combined with the TB to form the final
superchannel.

For the single span evaluation, the superchannel was trans-
mitted through an 82km span of SSMF with about 16dB
loss. For the long-haul experiment, we used a recirculating
loop consisting of two equivalent spans of SSMF. In addi-
tion, a band-pass filter, a WSS and a polarisation scrambler
was used inside the loop. At the receiver, a 0.3 nm filter was
used to select the channel under test before coherent detec-
tion and digitization using a 50 GS/s real-time oscilloscope.
The waveforms were processed offline using a pilot-based DSP
(available online [18]) with 0.4% pilot overhead (OH) for
carrier phase estimation (CPE) and 1% and 2% OH for syn-
chronisation and equalisation for single span and long-haul
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Fig. 4 a) Measured GMI after single span transmission for PM-16/64/256QAM. b) Measured GMI after 164, 656, 2132 and
3116 km transmission using PM-16QAM. c¢) Combined superchannel spectral efficiency and throughput as a function of distance.
Inset shows selected constellation diagrams for center wavelength (1555.08 nm, X-pol).

transmission, respectively. The OHs were optimized to max-
imize the SE, similar to [14]. For the long-haul experiment,
we used a hybrid pilot and blind phase search algorithm (BPS)
CPE to increase robustness to non-linear phase noise with-
out requiring additional OH. The pilot-based CPE ensured no
cycle slip and provided accurate base tracking for each frame.
Following this, a narrow search range BPS (< m/2) tracked
any residual variations. Using BPS alone was not stable as
the tracking was inaccurate and cycle slips frequent due to the
low SNR at long transmission distances. After this, we esti-
mated the generalized mutual information (GMI) [19] using
about 10° bits per measured frame and averaged over 5 separate
measurement batches.

4 Results

In order to maximize the SE we first optimized the rate of
each channel to balance loss in SE from guard-bands and SNR
degradation from linear cross-talk. This is shown in Fig. 3
for PM-64QAM and PM-256QAM. In both cases, we found
that the optimal symbol rate was 21.5 GBaud, leaving about
600 MHz of guard-band corresponding to 2.7% OH. In Fig. 3
we also observe that although PM-256QAM is far away from
its maximum information content of 16 bits/4D-symbol, it still
gives about 0.5 bit/4D-symbol higher SE compared to PM-
64QAM, at the expense of assuming significantly stronger
forward error correction (FEC).
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Fig. 3 Symbol rate optimization to maximize the spectral
efficiency by balancing guard band overhead and cross-talk
penalty.

The measured GMI after single span transmission (after
deducting the pilot OH) is shown in Fig. 4a. We observe that
PM-16QAM is limited by its maximum information capacity of
8 bits/4D-symbol. The average GMI was 10.3 bits/4D-symbol
and 10.6 bits/4D-symbol for PM-64QAM and PM-256QAM,
respectively. Deducting the guard-band OH, the SE was 10.0
and 10.3 bits/s/Hz, respectively, equivalent to a superchannel
throughput of 11.5 Tb/s and 11.9 Tb/s, respectively.

The individual GMI values for all channels at distances
of 164, 656, 2132 and 3116km, respectively are shown in
Fig. 4b. At the distances shown in .Fig. 4b, the average GMI
was 7.8, 7.3, 6.9 and 6.3 bits/4D-symbol, respectively. At
the longest distance measured, 3116 km, this corresponds to
6.1 bits/s/Hz SE or equivalently a throughout of 7.0 Tb/s. Fig-
ure 4¢ shows the superchannel SE and throughput as a function
of distance for both PM-16QAM and PM-64QAM. The insert
shows constellation diagrams (X-pol) for the center channel at
1555.08 nm.

5 Conclusion

We have demonstrated a spectral efficiency of 10.4 bits/s/Hz
for single span transmission and 6.1 bits/s/Hz after 3116 km
for a 52 channel superchannel formed using an optimized
soliton micro-comb. Exploiting the narrow line spacing and
flat envelope of the optimized 22.1 GHz-spaced comb source,
record spectral efficiency using a chip-scale comb device is
demonstrated for all considered distances and configurations.
Furthermore, the demonstrated spectral efficiency is directly
comparable to systems using equivalent rates but bulk-optic
frequency combs, showing that micro-combs can enable inte-
grated superchannel transceivers on a micro-scale.
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