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Abstract: Current fibre optic communication systems owe
their high-capacity abilities to the wavelength-division
multiplexing (WDM) technique, which combines data
channels running on different wavelengths, and most often
requires many individual lasers. Optical frequency combs,
with equally spaced coherent comb lines derived from a
single source, have recently emerged as a potential sub-
stitute for parallel lasers in WDM systems. Benefits include
the stable spacing and broadband phase coherence of
the comb lines, enabling improved spectral efficiency of
transmission systems, as well as potential energy savings
in the WDM transmitters. In this paper, we discuss the re-
quirements to a frequency comb for use in a high-capacity
optical communication system in terms of optical line-
width, per comb line power and optical carrier-to-noise
ratio, and look at the scaling of a comb source for ultra-high
capacity systems. Then, we review the latest advances of
various chip-based optical frequency comb generation
schemes and their applications in optical communications,
including mode-locked laser combs, spectral broadening
of frequency combs, microresonator-based Kerr frequency
combs and electro-optic frequency combs.
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1 Introduction

An optical frequency comb has an optical spectrum
consisting of a series of discrete, equally spaced and
phase-locked frequency lines. Frequency combs can be
generated in several ways, and have many applications,
and have therefore attracted a lot of attention. In 2005,
half of the Nobel Prize in physics was awarded to John L.
Hall and Theodor W. Hansch for their pioneering work on
optical frequency combs for spectroscopy applications.
Since then, optical frequency combs have been widely
investigated for numerous diverse applications, such
as spectroscopy, ranging, atomic clocks, searching for
exoplanets, microwave photonics and optical communi-
cations [1-16].

Current optical communication systems are based on
wavelength-division multiplexing (WDM), which relies on
arrays of discrete wavelength laser sources [17]. An optical
frequency comb with a frequency spacing on the order of
10-100 GHz can be used to replace the laser lines from
individual sources in a WDM communication system, and
may potentially replace hundreds of individual lasers,
with the aim of reducing the energy consumption and size
of the transmitter [2, 5]. In addition, the intrinsic relative
frequency stability of the frequency comb and the phase
coherence between the comb lines can enable unique
advantages over the individual lasers, such as increased
spectral efficiency by reducing guard-bands or even
achieving below zero guard-band, joint digital signal
processing by sharing phase information, and mitigation
of nonlinear impairments in the fibre link [18-20]. How-
ever, modern optical communication systems pose strict
requirements on a frequency comb in terms of frequency
spacing, optical linewidth and power per comb line,
which must be fulfilled before replacing the lasers.

In this paper, we will first review the key parameters
for evaluating the quality of an optical frequency comb in
a high-capacity WDM optical communication system.
Then, we will review various schemes for chip-based
frequency comb generation, including chip-based
mode-locked lasers, nano-waveguide-based frequency
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combs spectral broadening, microresonator-based Kerr
frequency combs and thin-film lithium niobate-based
integrated electro-optic (EO) frequency combs. Finally,
we will summarize all the frequency comb generation
schemes mentioned in the paper and discuss the poten-
tials and issues for implementing chip-based frequency
combs in real high-capacity WDM optical communication
systems.

2 Frequency combs as
communication sources

Coherent optical communications rely on laser sources
with narrow linewidth and high optical signal to noise ratio
(OSNR). The prospect of replacing a laser array with a fre-
quency comb source is attractive, because a single comb
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source can produce hundreds of frequency lines with
characteristics such as narrow linewidths (reproducing
that of the pump laser, which can be chosen to be very
narrow linewidth), adequate OSNR, locked frequency
spacing between the lines and a stable phase relation be-
tween them. The frequency comb can be used as commu-
nication sources not only in the transmitter but also in the
receiver, as shown in Figure 1.

The line frequency stability allows for reduced guard
bands in WDM transmission systems, thus increasing the
spectral efficiency [5]. The additional line phase stability
allows for multi-channel linear digital signal processing
(DSP) of coherent communication signals, which has
successfully been used to demonstrate increased spectral
efficiency, and increased transmission reaches [19]. A
coherent comb source has the key feature that all lines are
stably equidistant and have the same initial phase, as
opposed to a laser array, and this enables the reuse of
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Figure 1: Schematic of high-speed WDM coherent optical communication systems.
(A) Conventional WDM transmitter using individual lasers at different wavelengths as sources. (B) A frequency comb source-based WDM
transmitter. (C) Conventional WDM coherent receiver using individual lasers as local oscillators (LOs). (D) A frequency comb source-based

WDM coherent receiver.
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phase information retrieved from one channel to other
channels [5]. The frequency and phase stability may thus
be utilized to directly mitigate interchannel interference,
by using the information of the jointly detected side-
channels to mitigate their crosstalk on the central channel,
and even enable a reduction of the guardbands below zero
[19]. The joint DSP is also seen to reduce the required
processing power per channel, and hence increase the
overall energy efficiency of the communication system [5].
Additionally, clear signs of improvement of transmission
performance have been observed and characterized in the
nonlinear fibre transmission regime, partly relying on fre-
quency locked comb lines in a digital pre-compensation
scheme [20]. As discussed in the studies by Galdino et al.
and Semrau et al. [21, 22], the transmitter noise and receiver
noise plays an important part in digital back propagation,
with a small advantage for pre-compensation, and this may
even be emphasized more if the transmitter noise is
reduced. This may be aided by e.g. using very clean laser
frequency lines, depending on the overall noise profile
through the transmitter.

2.1 Optical linewidth

Linewidths of 100 kHz are easily attainable and perfectly
adequate for 256 QAM data modulation [5], and even nar-
rower linewidths allows for either higher QAM orders [23]
or much simplified DSP, with the extreme case of foregoing
linear phase noise correction altogether for linewidths in
the sub-kHz range and for 256 QAM [23]. Compared to ECLs
and DFB lasers, in the context of achievable information
rate (AIR) and optical phase conjugation transmission
systems, 1-2 dB of OSNR gain has been achieved for a sub-
kHzlaser [24]. Again, using such narrow linewidth lasers as
the seed in a comb generator provides a source of multiple
narrow linewidth lines with these attractive features.

2.2 Power per comb line and OSNR

We investigate power per comb line for various length of
transmission, as shown in Figure 2, and compare to the
case of a single laser with enough power to not need
additional amplifiers before launching into the trans-
mission fibre with 0 dBm optical power per line, inspired by
[5]. A comb line with realistic powers of —10 dBm or less
straight out of the comb source, and an optical carrier
to noise ratio (OCNR estimated as power per comb line
relative to the quantum noise limit of -58 dBm) of about
45 dB, needs a pre-amplifier as well as a compensating
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amplifier after the lossy data modulator before launch at
0 dBm power into the transmission span, which reduces
the OSNR. Note that a polariser in front of the modulator
reduces the noise sent to the modulator. One could also
consider using an optical filter to reduce the ASE noise
further, but this would be practically challenging and thus
omitted in this analysis. Assuming EDFA noise figures of
4.5 dB, and transmission spans of 80 km with link EDFAs to
compensate the loss in the fibre (0.2 dB/km), Figure 2B
displays the evolution of the OSNR for the laser case and
power per comb line cases of -10, —20, —30, and —40 dBm.
The laser, with fewer amplifiers in the transmission line,
yields the highest possible OSNR. At short reach it’s about
2 dB better than the -10 dBm OSNR per comb line.
The —20 dBm OSNR per comb line is yet 2 dB lower than
the —10 dBm case, but for both —10 and —20 dBm the gap to
the laser OSNR quickly diminishes with more transmission
links. After about 12 spans the —th dBm case has less than
1-dB penalty to the laser case, and after about 15 spans,
the —ca dBm case has less than 1-dB penalty to the laser
case. So after about 1000 km, the comb case is pretty much
as good as the laser case. This is because the overall
transmission gets more and more dominated by the many
EDFAs in the link. Figure 2C shows a plot of the required
power per comb line, Py, to maintain a 1-dB OSNR penalty
after transmission of the comb case to the case of using
individual lasers. As seen, going beyond about 20 links,
1600 km, combs with line powers less than —25 dBm suffice
to create high-quality transmission. For trans-Atlantic
distances, —30 dBm (OCNR of 28 dB) or less is enough.
Figure 2D shows the difference in dB of the comb OSNR to
the laser OSNR as a function of power per comb line for
varying numbers of links. Generally, at short reach there is
a large penalty of several dB, which grows with lowering
the power per comb line. For longer reach and high power,
this difference decreases. A plateau is seen, on which there
is a low penalty to the laser case. This plateau shows there
is a large region where a comb source could offer good
value for money. It is worth noting that —13 dBm power per
comb line is feasible and has been experimentally
demonstrated [25], but as mentioned, even for —20 dBm
after 15 spans the penalty to a laser is less than 1 dB and at
short reach, —-10 dBm is about 2 dB worse than the laser
case. So even for short reach, or a single link, it is possible
to get very decent OSNRs for a range of reasonable levels of
powers per comb line (more than 30 dB OSNR).

So depending on the need, one can determine the
requirements to the power per comb line this way. E.g. if
25 GBd is used, 31 dB OSNR will be needed to support
256 QAM at a bit error rate below 1E-3, yielding a general-
ized mutual information (GMI) of 8 bits/symbol. This can
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be supported by —-10 dBm power per comb line. For 64
QAM, -20 dBm power per comb line is adequate. These
powers per comb line are attainable by several existing

Figure 2: Investigating the power per comb line for various
transmission reaches.

(A) Schematic setup of the investigated systems,
comparing a comb source, e.g. a ring resonator, to a laser
with high enough power to neither need a pre-amplifier nor
an amplifier to compensate for the losses in the modulator.
A polariser is assumed in front of the modulator,
essentially rejecting half of the noise prior to that point.
The launch power is set to 0 dBm. (B) Receiver OSNR for
various powers per comb line compared to the laser case,
and inserted dashed lines for OSNR levels required to
support 256, 64, 16 QAM. For the 256 QAM case, the laser
can go 4.6 x 80 km, the —-10-dBm comb case can go

3.5 x 80 km and the —20-dBm comb case can go

2.4 x 80 km with high enough received OSNR to sustain the
high order modulation. (C) The required power per comb
line for a1-dB OSNR penalty compared to the laser case. (D)
Comparison of the comb OSNR to the laser OSNR for
different powers per comb line as a function of
transmission reach.

comb sources. Note that, higher spectral efficiency can be
achieved with a narrower frequency spacing and smaller
symbol rate [26].
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2.3 Multiplexing capacity

The calculated capacity shown in Figure 3B suggests a
potential achievable capacity of 989 Thit/s for this setup.
The experimental conditions were not suitable to try to go
closer to capacity than 661 Thit/s, so as expected there was
an implementation penalty. The curve in Fig. B shows that
for unrepeated transmission, one could still obtain about
800 Thit/s over more than 50 km.

As discussed, the achievable power per comb line sets
a limit on how much data can be carried by each line, and
the number of generated lines and their spacing (free
spectral range) compared to the realistic data modulation
rate, dictates the achievable WDM capacity. Since each line
can be separated without loss of power, using wavelength
splitters and filters, the scaling of the total capacity for
WDM is simply the number of lines multiplied with the
single line capacity.

For space division multiplexing with a single comb
source, each line will be power divided into the number of
desired spatial channels, and hence each channel will have
equivalently less line power, and accordingly lower OSNR.
However, the number of channels is increased, and so the
overall capacity can still grow, until the line power is
depleted.

The total capacity for SDM and WDM becomes:

Crotal = Nwpm Mspm Rs 108, (1 + SNR)

where nypy is the total number of WDM lines, mgpy, is the
total number of SDM channels, R, is the modulation symbol
rate, and the SNR is directly related to the OSNR shown
in Figure 2, as the noise bandwidth B,.s divided by the
modulation rate R,. For SDM, using a single comb source,
the SNR will decrease with more SDM channels, due to the
power splitting, so the SDM capacity increase depends on
terms both inside and outside the logarithmic function,
and it is expected that C will saturate for a certain Py and a
given number of SDM channels, mspy. The capacity in-
creases most efficiently by increasing parameters outside
the logarithmic function. Therefore, the number of WDM
channels is very important, meaning that a good comb
source should have a broad bandwidth with many separate
lines. The number of SDM channels and the modulation
rate scales the same way, but where the modulation rate
has an upper limit given by state-of-the-art electronics
(today allowing for roughly 30 GHz efficient modulation
with high bit resolution), there is no obvious upper limit for
SDM. We investigate the total capacity based on the SNR
straight out of the comb as an instructive indication of the
data carrying capacity of a comb source.
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The analysis of the data carrying capacity of a single
source is performed using a setup similar to that in
Figure 2A, but where the comb is split in mgpy branches
just after the pre-amplifier, Gp.. To compensate for the loss
of the power splitting by the SDM-splitter, each SDM
branch gets an additional amplifier, Gspy, Which in part
amplifies the signal to the desired level, but also introduces
more ASE noise, and amplification of the noise prior to this
step. Each branch then splits the wavelength channels into
nwpwm channels, with no loss, and each line is data modu-
lated, with a polariser at the input to the modulator
(effectively removing half the ASE noise). The modulator is
assumed to be a dual-polarisation IQ-modulator using the
signal power as efficiently as possible. All WDM lines are
then recombined in a lossless WDM-multiplexer, and the
loss of the whole modulator section is compensated for by
an EDFA, Goq = 15 dB. After this step, all mgspy branches
are recombined in a lossless power combiner and launched
into the transmission link with Py yncn Set to O dBm. So
essentially the model is like Figure 2A with SDM multi-
plexing stages in between Gy, and the link.

For R; = 32 GBaud, FSR = 35 GHz and 300 WDM
channels (corresponding to C and L-bands, the Shannon
capacities for m cores shown in Figure 3A is obtained for
five different line powers for a single link of 80 km length
followed by an amplifier in the receiver. As seen, the total
capacity scales with the number of SDM channels, and
even though each comb line splitting to a new SDM chan-
nel decreases the available OSNR for that channel, the
scaling continues favourably to 1000s of SDM channels.
For instance, at just above 1000 SDM channels, a capacity
of 100 Phit/s is reached. And this is for realistic per comb
lines powers of about —20 to —10 dBm. So the data carrying
capacity is really tremendous.

Figure 3B shows the Shannon capacity for a different
case, where a mode-locked laser comb is used to seed a
nonlinear chip to create a wider spectrum by self-phase
modulation. In the study by Hu et al. [2], using an AlGaAs
nano-waveguide, about 400 lines were created at 10 GHz
spacing with about —15 dBm power in each line [2]. If these
400 lines could all be modulated with 8 GBd, leaving some
guardband, the total capacity for 30 spatial channels
would be 1.18 Phit/s after transmission through a 10 km
piece of 30-core fibre with roughly 0.3 dB/km loss. In the
study by Hu et al. [2], however, as it was not possible to
carve optical spectra with sharp enough filter shapes
to separate 10 GHz channels, instead four lines were used
to make up one channel, and the 10G symbols were time
domain multiplexed to match the 4 x 10 GHz lines with a
40 GBd symbol rate. Every fifth line was suppressed as a
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guardband, leaving 80 WDM channels. The power per
WDM channel is then 4x the power per 10-GHz line,
i.e. —15 dBm + 6 dB = -9 dBm. For 30 SDM channels the
total capacity after a 30-core fibre 10 km transmission be-
comes 989 Thit/s. 661 Thit/s were achieved in the experi-
ment in the study by Hu et al. [2], due to available
modulation capacity at the time, but nonetheless, this
experiment and capacity calculation clearly demonstrates
the high data carrying capacity of frequency combs.

2.4 Energy efficiency

It has been speculated that a comb source could save a lot
of energy in transmitters relying on individual lasers for
individual WDM channels. As we have seen in Figure 2
above, a comb source certainly does not produce the same
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-20dBm Figure 3: (A) Capacity for SDM multiplexing.
The capacity quickly scales to high
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—_50dBm diminishing OSN!( fr?m splitting the initial
OSNR per comb line into many cores.
However, a steady growth in capacity
continues, and extreme rates can be
obtained. For the parameter values used
here, it is found that 100 Pbit/s may be

mSDM reached with just over 1000 SDM channels

and —20 to —-10 dBm initial power per comb
line, and 1 Pbit/s is reached for only

10-15 SDM channels for the same comb line
powers. (B) The Shannon capacity
calculated for a recent 30-core fibre trans-
mission experiment using a comb source as
in the study by Hu et al. [2]. A mode-locked
laser with an initial comb of about 40 lines
at 10 GHz FSR, power per comb line

of —6 dBm, and optical carrier to noise ratio
of 50 dB is used as the seed for a self-phase
modulation unit that broadens the comb to
400 lines. As described in the study by Hu
et al. [2], these lines are grouped in four
lines per channel, and using optical time-
division multiplexing to reach 40 Gbaud
50 GHz spaced WDM channels. With 80
such 40-Gbaud WDM channels in 30 cores,
it was experimentally found that 661 Thit/s
could be successfully transmitted through a
10 km long fibre.

km
80

amount of line power as an individual laser does, impair-
ing the achievable OSNR. For long reach links, though, we
saw that even for comb powers of less than —20 dBm the
OSNR penalty was less than 1 dB for more than 1000 km
transmission. For short reach, the combs start needing
more power to compare to individual lasers. However, even
for unrepeatered metro-range transmission, very decent
OSNRs may still be obtained for combs, and 661 Thit/s was
experimentally demonstrated feasible over 10 km 30-core
fibre. So combs can offer performance at a reasonable level.
Especially, when multiplexing scenarios are considered as
a large gain in capacity is obtained for terms outside the
log, in the capacity formula. But can combs be more
energy-efficient than single lasers. It is difficult to compare
mature commercial solutions to lab-setups. However, there
certainly is a potential, as all the comb lines are equidistant
and stable, so no additional wavelength locking is required
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on a per channel basis, and a fewer current sources and
laser temperature stabilizers are needed. As mentioned
above, this also gives rise to certain digital signal pro-
cessing benefits, such as joint DSP and nonlinear impair-
ment mitigation. On the other hand, a comb needs a strong
pump signal, and amplification of the comb lines, which
costs energy. But assuming e.g. replacing 100 s of lasers
with a single comb source, as potentially done for the hero
experiment reaching 10 Pbit/s transmission [27] using a
single source, with all their power sources etc., and
knowing that the comb can perform well in some ranges,
we expect there would be a considerable savings potential.
One essential parameter in this consideration is the pump
to line conversion, as this directly impacts the achievable
OSNR. This depends on the nonlinear material used, the
scheme of comb-generation, and losses in the device.

3 Integrated mode-locked laser
combs

Mode-locked lasers generate short pulses with fixed pulse
repetition rate and an optical frequency comb spectrum
with a frequency spacing equal to the repetition rate.
Semiconductor-based integrated mode-locked lasers
(MLL) are attractive with respect to compactness, robust-
ness, performance stability, low power consumption and
low cost [28]. Optical frequency combs generated by MLL
are electrically pumped, and hence do not need an addi-
tional pump laser, as some other comb sources, making
them energy-efficient and easier to fully integrate with a
small form factor. Different with fibre-based MLL, inte-
grated MLL can work at fundamental mode and avoid
supermode noise, however, optical linewidth of integrated
MLL is typically too high to be used for coherent commu-
nications. In order to reduce the optical linewidth, laser
cavity needs to be extended.

Mode-locking can be categorized into passive, active
and hybrid mode-locking [28-34]. Passive mode-locked
lasers have the advantage of simple operation, merely
being driven by a DC current. A typical passive mode-
locked laser consists of a saturable absorber and a gain
medium in a laser cavity. The saturable absorber (SA) is an
optical intensity-dependent component, which has a
decreasing loss with increasing light intensity. When the
electrical current injected into the gain medium is above a
certain threshold, the laser modes start to oscillate in noisy
bursts with random phases. If one of these bursts has
enough energy to make the SA start to saturate, the peak of
the burst will have less loss, whereas the low-intensity
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wings of the burst will have more loss. When the most
energetic spike travels back and forth in the laser cavity,
the SA will selectively let the high-intensity spike pass and
attenuate the low-intensity light. After many round trips
until a steady state is reached, the laser starts to emit a train
of phase-coherent mode-locked pulses. The passive mode-
locked laser can also work on hybrid mode locking by
injecting an external RF electrical signal to the saturable
absorber with the frequency of the injected RF signal being
close to the repetition rate of the free-running passive
mode-locked laser. When the laser works in hybrid mode-
locking, the phase noise of the laser can be stabilized and
the frequency spacing of the mode-locked laser comb can
be fine-tuned within a certain range.

The dynamics of absorption and gain of a mode-locked
laser play a crucial role. At an initial state, the unsaturated
loss is higher than the gain. When a burst occurs and the
leading edge of the spike reaches the SA, the loss saturates
and becomes lower than the gain, which leads to a net gain
window. Then, the SA recovers from the saturation state to
the initial state of higher loss than the gain, thus attenu-
ating the trailing edge of the spike. The recovery time of the
SA and the saturation threshold are relevant for the gen-
eration of the mode-locked pulses. The SA can be mono-
lithically integrated into a semiconductor laser, as shown
in Figure 4A. By increasing the reverse bias on the SA
section, the generated carriers can be more efficiently
swept out of the absorber, resulting in a faster recovery
time. From a materials point of view, quantum dots and
dashes (QD) can have faster recovery times and lower
saturation thresholds than quantum wells, leading to
shorter pulse generation and reduced intrinsic noise [28].
Usually, a quantum well-based mode-locked laser fre-
quency comb has a limited bandwidth of a few nanometres
[33]. QD materials have homogeneously broadened gain
spectrum, which can be used to generate a broader mode-
locked laser frequency comb with a bandwidth of 10 nm
and above [28], and with per comb line powers in the useful
range around —15 dBm, as shown in Figure 4B.

3.1 Quantum dot and quantum dash mode-
locked lasers on InP substrates

Typically, quantum dots and quantum dashes are grown
by chemical beam epitaxy (CBE) or molecular beam epitaxy
(MBE) on InP substrates [30, 35]. Liu et al. [30] demon-
strated a quantum dash passively mode-locked laser (MLL)
frequency comb with a frequency spacing of ~34 GHz,
driven by an electrical direct current (DC). Figure 5A shows
the cross-sectional scanning electron microscopy (SEM)



1374 —— H.Hu and L.K. Oxenlgwe: Chip-based optical frequency combs

Reverse bias
(absorber)

/\}( 2

- -

/ A -

Forward bias

(gain)

Figure 4: An integrated device and a MLL-based frequency comb.

DE GRUYTER

vs)

.'_.
uu

o)
=)

Intensity [dBm]
iy
L]

[
-60

_|||H|”: I | :  |I|. |

1544 1548 1552 1556

Wavelength [nm]

1560 1564

(A) Schematic of chip-based passive mode-locked laser with integrated gain and absorber, (inset) TEM photographs of quantum dots layers
[28]. (B) Optical spectrum of a QD-MLL-based frequency comb [30]. Reprinted with the permissions from Ref. [28] Copyright 2007, Springer

Nature and Ref. [30], Copyright 2020, Optical Society of America.

image, showing the facet of a fabricated Fabry—Perot (FP)
InAs/InP quantum dash laser. The schematic cross-
sectional view of a shallow-etched ridge-waveguide InAs/
InP QD laser is shown in Figure 5B. The InGaAsP wave-
guide contains five stacked layers of InAs QDs as the gain
medium, surrounded by n- and p- type InP cladding layers.
The MLL frequency comb has a 6-dB bandwidth of ~13 nm
and 48 comb lines with an optical carrier to noise ratio
(OCNR) of more than 40 dB, as shown in Figure 4B. The
average optical linewidth of each comb line is around
1.55 MHz, as shown in Figure 5B. The MLL frequency comb
was used for a PAM-4 signal transmission over a 25-km
standard single mode fibre (SSMF), with an aggregated
capacity of 5.376 Thit/s [30]. By modulating with a 16-QAM
signal, the MLL frequency comb was also used for a
10.8 Thit/s transmission over a 100-km SSMF [35]. In

A p-contact metal probe metal B
\ ;/_/
Fd
pt+ InGaAs cap Si0,/SiN
//
s
pt+ InP ridge InAs QDs layer
/
1.15Q) etch-stop

Figure 5: A passively mode-locked InAs/InP quantum dash laser.

addition, a MLL frequency comb can be used not only as a
laser source in a transmitter, but also as a local oscillator in
a coherent receiver [36], though the linewidth would need
to be sub-100 kHz.

The current limitation of using integrated MLL-based
frequency combs for large capacity optical communication
systems is still the relatively broad optical linewidth, which
is on the order of 1-20 MHz and at least an order of
magnitude broader than most external cavity lasers (ECL),
widely used in coherent transmission systems today. The
optical linewidth of an MLL frequency comb limits the
modulation format useable in transmission experiments to
mainly intensity modulation, such as pulse amplitude
modulation (PAM) signals, or simple phase modulation
formats, such as QPSK or 16-QAM with degraded perfor-
mance [30, 35, 37]. Nevertheless, several schemes have been
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comb lines at the wavelengths of 1551.824, 1552.924 and 1553.474 nm (Right inset) Single sideband (SSB) phase noise of the RF beating.
Reprinted with the permission from Ref. [30], Copyright 2020, Optical Society of America.



DE GRUYTER H. Hu

proposed to solve this problem, such as introducing an
external cavity to reduce the optical linewidth [38] or using a
digital phase tracking algorithm to improve the trans-
mission performance [39]. Kemal et al. [38] built a free-space
external cavity for a QD-MLL reducing the optical linewidth
by almost two orders of magnitude to ~40 kHz, which was
then used for 11.2 Thit/s 32-QAM signal transmission over a
75 km SSMF. As a fully integrated alternative to free-space
optical external cavity lasers, low-loss silicon waveguides
have been hybridly integrated with a laser cavity to enable a
1I-V-on-Si MLL frequency comb with an optical linewidth of
<400 kHz [40], which looks very promising.

3.2 Quantum dot mode-locked lasers
directly grown on Si

Recent breakthroughs on direct growth of quantum dot
materials on CMOS-compatible silicon substrates provide
an appealing direction from both cost and performance
perspective, as it combines the advantages of active
quantum dot materials with the mass-production ability of
silicon [41]. Liu et al. [42] demonstrated a 20-GHz passively
mode-locked quantum dot laser which is directly grown on
an on-axis (001) CMOS-compatible silicon substrate, with
the schematic shown in Figure 6A. The laser operates in the
0 band with a 3-dB bandwidth of 6.1 nm and 80 comb lines
within the 10-dB bandwidth. The average optical linewidth
of each comb line is around 10.6 MHz, as shown in
Figure 6B. The QD-MLL-on-Si frequency comb was used as
the WDM light source for a terabit PAM-4 signal trans-
mission over a 5-km SSMF.

4 Spectral broadening of frequency
combs

MLL-based frequency combs typically have a comb band-
width of <20 nm, so if e.g. a full C-band comb is desired,

Nprobemetal

Si0; passivation l ; =
= o m

B

o

z

5

(=¥

and L.K. Oxenlgwe: Chip-based optical frequency combs —— 1375

further broadening of the spectrum is required. This may be
achieved by nonlinear spectral broadening, such as self-
phase modulation (SPM)-based spectral broadening. Here,
short pulses passing through a third-order (y*) nonlinear
medium with slightly negative dispersion undergo a self-
phase modulation process, resulting in a large chirping of
the pulses and a spectral broadening, as illustrated in
Figure 7A. With a sufficiently strong interaction and suit-
able dispersion in the waveguide, the bandwidth of the
broadened frequency comb can exceed an octave, whilst
maintaining the FSR of the individual comb lines, and
yielding very high per comb line power. Highly nonlinear
fibre (HNLF) is one attractive solution for the nonlinear
material to create wideband high-power frequency combs
spectral broadening, and has been used for optical com-
munications in several high-capacity experiments [27, 43,
44]. Typically tens to hundreds of metres of HNLF is
required, making it incompatible with full on-chip inte-
gration, which may be useful in some scenarios. Integrated
waveguides of various material platforms with high
nonlinearity have been demonstrated for supercontinuum
generation (SCG), and octave-spanning chip-based SCG
has been reported [45-51]. In a silicon waveguide, octave-
spanning (1.5-3.3 pum) SCG was demonstrated using 70-fs
pump pulses with a pulse energy of 16 pJ [46]. The pump
wavelength is in the mid-infrared region at 2.29 um, which
is high enough to avoid the strong two-photon absorption
(TPA) in silicon. On a TPA-free material platform, pump
pulses can be placed in the telecom C band for the SCG.
Using pump pulses with a wavelength around 1.55 um, SCG
over more than two octaves spanning from 0.56 to 3.6 pm
was demonstrated in a silicon nitride (SisN,) waveguide
with a pulse energy of ~1 nJ [50], and SCG spanning from
0.4 to 2.4 pm was demonstrated in a lithium-niobate
waveguide with a pulse energy of ~180 pJ [47]. Very broad
bandwidth SCG spectra are useful for many applications,
such as spectroscopy and frequency metrology. However,
for optical communications, covering the telecom C + L
bands (~80 nm) is often sufficient, therefore, SPM-based
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Figure 6: (A) Schematic of the 20 GHz quantum dot passively mode-locked laser on silicon (not to scale). (B) Optical spectrum and optical
linewidth of individual comb lines. Reprinted with the permission from Ref. [42], Copyright 2019, Optical Society of America.
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Figure 7: (A) Schematic of spectral broadening of frequency comb on an AlGaAsOI nano-waveguide. (B) Optical spectra of the 10-GHz 1.5-ps
seed pulses and generated broadband frequency comb. The input frequency comb (20-dB bandwidth of 6.4 nm) is spectrally broadened to a
20-dB bandwidth of ~44 nm, covering more than the telecom C band. The comb lines are equidistantly spaced by 10 GHz, same as the
repetition rate of the seed pulses. (C) The AlGaAsOl photonic chip is smaller than a coin, but can accommodate hundreds of nano-waveguides.
The SEM image shows the cross section of the nano-waveguide with cross-section dimensions of 280 x 600 nm, indicating strong light
confinement (artificially added: the simulated field distribution for the fundamental TE mode). (D) Optical spectrum of the generated frequency
comb using 10 GHz fs pulses (FWHM of 230 fs) as the seed. (The figures are adapted from the study by Hu et al. [2]).

spectral broadening of frequency combs with low noise is
desirable in this scenario.

The ultra-broad SCG demonstrations mentioned
above are all achieved with low repetition rate (<1 GHz)
femtosecond pulse trains. For optical communications,
repetition rates in the range 10-100 GHz is often desired.
The peak power of such pulses is much lower than that
of femtosecond pulses at low repetition rates, so an
ultra-efficient nonlinear platform is needed for spectral
broadening of frequency combs. The low loss and high
nonlinearity characteristics of the AlGaAs-on-insulator
(AlGaAsOI) waveguide make it a desirable material plat-
form. Spectral broadening of frequency combs with 10-GHz
frequency spacing is achieved in an AlGaAsOI nano-
waveguide, using picosecond pump pulses in the telecom
C-band with a peak power of only ~5.6 W [2]. Note that the
bandgap of AlGaAs can be engineered by changing the Al
concentration to minimise nonlinear absorption at telecom
wavelengths [52-55]. The bandwidth of the 10 GHz broad-
ened frequency comb in the study by Hu et al. [2] is ~44 nm,
which can cover more than the telecom C band, as shown in
Figure 7B. The broadened frequency comb in the A1GaAsOI
photonic chip (Figure 7C) was data modulated with

16-QAM and used to demonstrate 661 Thit/s net-rate data
transmission over a single-mode 30-core fibre [2]. When the
pump pulses were compressed to femtosecond pulses with
a pulse width of 230 fs, the broadened frequency comb
with a bandwidth of 153 nm (from 1460 to 1613 nm) was
achieved, which can cover S, C and L band, as shown in
Figure 7D.

The broadened frequency comb in the non-resonant
nano-waveguide is insensitive to temperature change,
making it resilient to environmental changes and facili-
tates long-term stability. If the seed mode-locked laser is
hybrid mode-locking, which can be synchronized to an
external clock, the frequency spacing of the frequency
spacing of the comb can be controlled with high accuracy
[2]. For a coherent broadened frequency comb, the line-
width of the generated comb lines can be close to that of the
seed laser for a broad range [56], save for possible added
phase noise in the nonlinear process. The pump-to-comb
conversion efficiency is defined as the ratio between the
power of the pump to that of the generated comb lines. The
spectral broadening of frequency comb has the advantage
of high pump-to-comb conversion efficiency, which allows
for sufficient per comb line power at the chip output and
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enables low energy consumption of the frequency comb.
Sixty six percentage pump-to-comb conversion efficiency
was demonstrated in the study by Hu et al. [2], where the
comb was used to carry 661 Thit/s through a 30-core fibre.
The per comb line power was —15 dBm, and as discussed in
Section 2.3 and Figure 3 (B), this was enough to carry this
large amount of data.

5 Microresonator-based Kerr
frequency combs

Unlike spectral broadening of frequency combs seeded by
short pump pulses, microresonator-based Kerr frequency
combs (often called micro-combs) are typically pumped by a
single-frequency continuous-wave (CW) pump beam. In the
process of micro-comb generation, the CW pump can
produce gain for microresonator cavity modes through
cascaded four-wave mixing (FWM), and when optimal
conditions are met (sufficiently strong nonlinearity and
appropriate dispersion), a micro-comb is generated with a
frequency spacing given by the free spectral range (FSR) of
the microresonator. Micro-combs have been intensively
investigated recently and exhibits rich and complex
nonlinear behaviours [3, 57-63], including chaos, single and
multiple soliton formation, bright and dark soliton, soliton
crystals and breather instabilities [64—67]. The dynamics of
the micro-comb is well described by the Lugiato-Lefever
equation [68-71]. The micro-comb generation has been
observed in a number of chip-based platforms including
silicon nitride [8, 72-78], Hydex glass 73, 79], silica [80, 81],
silicon [82, 83], diamond [84], aluminium nitride [85, 86],
aluminium gallium arsenide [52, 53], gallium phosphide [87]
and lithium niobate [88, 89]. In an early-stage study, a
micro-comb operating in a chaotic state was used as the
WDM source for optical communications with a data rate of
1.44 Thit/s, limited by incoherent phase and strong irregu-
larities of the optical spectrum [90]. Using dissipative Kerr
soliton (DKS) micro-combs give much better results for
communications, yielding micro-comb-based systems with
capacities exceeding 10 Thit/s based on so called bright
DKS, dark pulses and soliton crystals [91-93]. Note that,
micro-combs can also be pumped by pulses [61, 94], which
exhibit improved pump-to-comb conversion efficiency and
tunability of pulse repetition rate.

5.1 Brightdissipative Kerr soliton micro-combs

A soliton is a waveform that maintains its shape while
propagating, upheld by a balance of dispersion and
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nonlinearity in the medium [95, 96]. The dissipative Kerr
soliton (DKS) relies on a double balance of parametric gain
and cavity loss, as well as dispersion and nonlinearity.
Figure 8A shows the schematic setup of DKS micro-comb
generation in a high-Q silicon nitride (Si;N,) micro-
resonator [91]. The integrated micro-ring resonator is
pumped by a tunable CW laser which is amplified by an
erbium-doped fibre amplifier (EDFA). At the output of
the microresonator, a notch filter is used to suppress the
remaining pump light. In order to generate the bright DKS
micro-comb, the pump laser is swept through the reso-
nance from a blue-detuned wavelength to a predefined red-
detuned wavelength [97-99]. Figure 8B shows the single
soliton and multiple solitons. When the pump laser is
tuned across the cavity resonance, high-noise modulation
instability (MI) combs are first observed. When the pump
laser is tuned backwards, bistability of the cavity enables
the formation of soliton states from a multiple-soliton state
to a single-soliton state. The power spectrum of the DKS
comb state is shown in Figure 8C and exhibits a 3-dB
spectral bandwidth of ~6 THz. The DKS comb states are
stable for many hours in a laboratory environment, which
is key for using the sources in optical transmission exper-
iments. The pump-to-comb conversion efficiency of the
DKS micro-comb is limited to 0.1%-0.6% owing to the
fundamental principle that bright DKS generation occurs
only with the pump laser being far-detuned from the
resonance.

The DKS micro-combs are used in three optical trans-
mission experiments [91]. In the first experiment, the DKS
micro-comb with ~100 GHz spacing is modulated with
16-QAM signals and the data with an overall net rate of
28 Thit/s is transmitted on 94 carriers spanning telecom C
and L bands. In the second experiment, the number of
carriers is doubled by interleaving two DKS micro-combs.
The overall net rate of 50.2 Thit/s is achieved with a total of
179 carriers. In the third experiment, the DKS micro-combs
are used both as the source in the transmitter and as the
multi-wavelength local oscillator in the coherent receiver.
This is a benchmark result, clearly showing the potential of
these combs. In these experiments, the pump power to the
ring was 32 dBm, but this can be lowered with further
optimization of the losses of the ring.

Furthermore, a pump source integrated with a micro-
ring has been demonstrated on an integrated hybrid III-V/
SisN, platform, relying solely on supplying the pump
source with a current from a standard AAA battery, thus
ensuring low-power operation [100]. In this demonstra-
tion, a gain section based on a III-V reflective semi-
conductor optical amplifier (RSOA) is coupled to a SizN,
laser cavity, which consists of two Vernier microring filters
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Figure 8: Bright DKS-based micro-comb generation in high-Q silicon nitride microresonators.
(A) Schematic setup of the bright DKS micro-comb generation. (B) Illustration of single soliton and multiple solitons. (C) Optical spectrum of a
single-soliton frequency comb after the suppression of residual pump light. Reprinted (adapted) with the permission from Ref. [91], Copyright

2017, Springer Nature.

for wavelength tunability and a high-Q nonlinear micro-
resonator. In order to achieve long-term stable operation,
active feedback circuits are needed, which may be inte-
grated together in future work.

Very recently, a turnkey operation regime for soliton
micro-combs co-integrated with a pump laser has been
demonstrated [102]. Solitons are immediately generated by
turning the pump laser on when the device is working at an
appropriate operating point, therefore, the photonic and
electronic control circuitry is not needed. In the experiment,
integrated soliton micro-combs with CMOS-compatible
fabrication [101] and frequency spacing at electronic-
circuit rates (40 GHz down to 15 GHz) are butt-coupled to
a commercial distributed-feedback (DFB) laser via inverse
tapers. Due to its compact footprint and the absence of
control electronics, the pump laser and micro-comb chipset
is mounted into a butterfly package (Figure 9A) to facilitate
measurements and enable portability. The demonstrated

turnkey operation is automatic, and the entire soliton initi-
ation and stabilization is realized by the physical dynamics
of laser self-injection locking in combination with the
nonlinear resonator response. Therefore, the turnkey DKS
micro-comb is highly robust with respect to temperature and
environmental disturbances. Figure 9B shows the optical
spectrum of a single-soliton state with a repetition rate of
40 GHz, and multi-soliton states with repetition rates of
20 and 15 GHz are also demonstrated.

As mentioned in the previous section, the pump-to-
comb conversion efficiency is an important metric. The
pump-to-comb conversion efficiency of bright DKS micro-
combs has a theoretical limit of 5%, as bright-soliton
generation only occurs when the pump laser is detuned
from the optical resonance [61, 99, 103]. Nevertheless, the
overall pump consumption of the bright DKS micro-comb
can already compete with massively parallel arrays of
commercially available integrated tunable lasers [91], and
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Figure 9: Integrated turnkey soliton micro-comb with the repetition frequency at electronic-circuit rates.
(A) Image of the DFB pump laser and micro-comb chipset mounted in a compact butterfly package. (B) Optical spectrum of a single soliton state
with the repetition frequency of 40 GHz. Reprinted (adapted) with the permission from Ref. [102], Copyright 2020, Springer Nature.
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as mentioned in Section 2.3, per comb line powers on the
order of —20 dBm suffice for many cases.

5.2 Dark pulse micro-combs

In contrast to bright soliton micro-combs, which are
generated in anomalous dispersion microresonators, dark-
pulse Kerr combs (sometimes referred to as dark solitons)
are generated in normal dispersion microresonators. Since
the initial stage of micro-comb generation is triggered by
modulation instability, normal dispersion has often been
thought as unsuitable for micro-comb generation due to
the lack of modulation instability. Nevertheless, modula-
tion instability can occur in normal dispersion micro-
resonators with the assistance of mode coupling [103-105],
and mode-locked dark pulses can be generated. The dark-
pulse micro-comb is e.g. initialized by tuning the CW pump
wavelength into the resonance from the blue side and a
feedback loop ensures long-term stable operation. In the
feedback loop, a part of newly generated comb line is
filtered and detected by a photodiode and the output of the
photodiode is used as feedback to the laser wavelength
setting, therefore, the pump laser will stop sweeping when
the frequency comb is generated. A spectrum of a dark-
pulses micro-comb is shown in Figure 10A, which operates
in a low-noise state with a measured frequency spacing of
~229 GHz. The dark pulses can be understood as time
domain low-intensity dips in a high-intensity homoge-
neous background (Figure 10B), which exhibits unique
advantages such as higher pump-to-comb conversion
efficiency and flatter comb spectrum.

In a recent experimental investigation [25], a dark-pulse
micro-comb reached ~20% pump-to-comb conversion effi-
ciency with weakest comb line power of -10 dBm, and the
comb lines were subsequently modulated with 64-QAM data
and used in an optical transmission experiment with an
aggregated data rate of 4.4 Thit/s. In a very recent experi-
ment, a dark-pulses micro-comb with 105.2 GHz spacing and
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covering telecom C + L bands was modulated by probabi-
listically shaped 64 or 256 QAM and transmitted over a
37-core fibre, with an aggregated net rate of 1.84 Phit/s [93].

5.3 Soliton crystal micro-combs

Soliton crystal micro-combs introduce a new regime of
soliton physics into the field of micro-combs [64, 106], which
are defined as spontaneously and collectively ordered en-
sembles of co-propagating solitons that are regularly
distributed in a resonator. The co-propagating solitons
interact with each other and “crystallize” by arranging
themselves into a self-organized sequence. Soliton crystal
micro-combs have a distinctive ‘fingerprint’ optical spec-
trum arising from spectral interference between interacting
solitons. Since the solitons are tightly packed within the
resonator, the intra-cavity optical power of the soliton
crystals is very close to that of spatiotemporal chaotic states.
There is very little change in intra-cavity power during the
transition from chaotic states to soliton crystal states,
therefore, soliton crystals can be stably formed using slow
tuning techniques without the need for complex dynamic
pumping and stabilization schemes. Soliton crystal micro-
combs have the unique advantages of intrinsic stability and
high pump-to-comb conversion efficiency (due to large
overlap between the CW pump and the tightly packed
multiple solitons), although the overall spectrum is un-
evenly shaped with line-by-line intensity variations.

Figure 11A illustrates the single temporal defect crystal
state used in a recent experiment [92]. To generate the sol-
iton crystal micro-comb, the pump laser is automatically
tuned to a pre-set wavelength. The primary comb (Turing
pattern) is initially generated as the pump laser is tuned into
resonance, and then the soliton crystals are formed in the
micro-cavity with appropriate mode crossing, and a char-
acteristic spectrum, as shown in Figure 11B. Figure 11C
demonstrates the stability and repeatability of the soliton
crystal micro-comb generation by showing a variation in
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Figure 10: Dark pulse micro-comb.
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(A) Optical spectrum of the dark pulse micro-comb. (B) Directly measured intra-cavity time-domain waveforms. Reprinted (adapted) with the

permission from Ref. [25], Copyright 2018, Springer Nature.
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individual tone powers of <+0.9 dB over 10 different gen-
eration instances through wavelength sweeping. The
generated soliton crystal micro-comb in the study by He
et al. [88] has a frequency spacing of 48.9 GHz and a
bandwidth >80 nm, with a high pump-to-comb conversion
efficiency of 42%. Eighty comb lines were selected over the
telecom C band and used as the WDM source in an optical
data transmission experiment. A line rate of 44.2 Thit/s and
a high spectral-efficiency was achieved using the modula-
tion format 64-QAM [92].

6 Electro-optic frequency combs

The above-mentioned chip-based frequency combs rely on
either mode-locked lasers or third-order (y*) Kerr nonlin-
earity. An alternative method of frequency comb genera-
tion is using electro-optic (EO) effects in materials with
second-order ()((2)) nonlinearity [107-111]. In a conventional
EO frequency comb generator, a CW light passes through
cascaded phase and amplitude modulators [13], which
often results in high comb power, flat spectral shape and
flexible frequency spacing. However, the EO frequency
combs usually consist of bulky components and have a
limited frequency span, typically tens of comb lines over a
few nanometres spanning.

Broader EO frequency combs can be generated using a
recirculating loop or an optical resonator to increase the
nonlinear EQ interaction strength [112, 113]. The comb lines
are generated through electro-optic phase modulation
by the )((2) effect, and the modulated light is looped in a
resonator, so when the modulation frequency matches a
harmonic of the resonator free spectral range (FSR), the
generated optical sidebands by the phase modulation are
circulated back through the modulator so more sidebands
will be generated. In a low-loss resonator, the light passes

w
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through the phase modulator multiple times before being
dissipated or coupled out, efficiently generating many
comb lines with the spacing equal to the modulation fre-
quency. The modulation index determines the strength of
coupling between neighbouring frequency components
after passing through the phase modulator. The overall
flatness of the EO frequency comb strongly depends on the
round-trip modulation strength and the optical resonator
loss. Therefore, strong phase modulation and a high-Q
optical resonator are crucial for generating flat and broad
EO frequency combs. Dispersion in the cavity is also rele-
vant for the total comb bandwidth, which can introduce
frequency-dependent phase shifts. Previous free-space or
fibre-based EO frequency combs have limited bandwidth
due to weak phase modulation and limited dispersion
engineering [114].

Figure 12A shows a micrograph of an integrated
microring EO comb generator, which integrates an EO
phase modulator in a microring resonator with an FSR
equal to the modulation frequency, as presented in the
study by Zhang et al. [112] using a thin-film lithium niobate
photonic platform. This modulator-resonator features a
large X(z) nonlinearity, ultralow loss optical waveguides,
strong microwave and optical field overlap and ability of
dispersion engineering. The generated EO frequency comb
has over 900 comb lines spaced by ~10 GHz, spanning
80 nm, as shown in Figure 12B. The EO comb has a slop of
1dB/nm, i.e. comb line power drops 20 dB when the newly
generated comb line is 20 nm from the centre. For the
microring EO comb generator, the power per comb line is
dependent on highest tolerable input optical power,
insertion loss and the comb bandwidth. The low-loss
lithium niobate microring resonator has a loaded Q of ~1.5
million, and is integrated with microwave electrode for
efficient phase modulation. This EO comb generator has
a high tolerance to modulation frequency detuning,
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Figure 11: (A) lllustration of soliton crystal micro-comb state, which is a single temporal pulse defect across the ring. (B) Optical spectrum of
the soliton crystal micro-comb. (C) The comb line power difference for 10 independent soliton crystal generation instances is within +0.9 dB,
indicating reliable generation of the soliton crystal micro-comb. Reprinted with the permission from Ref. [92], Copyright 2020, Springer

Nature.
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Figure 12: (A) Micrograph of an integrated lithium niobate microring resonator EO comb generator. (B) Measured optical spectrum of the EO
frequency comb generated from the integrated lithium niobate microring resonator, with a bandwidth exceeding 80 nm and more than 900
comb lines with a slope of 1 dB nm™. (Left inset) A magnified view of comb lines with a line-to-line power variation of ~0.1 dB (Right inset)
Measured transmission spectrum for different modulation indices. Reprinted with the permission from Ref. [112], Copyright 2019, Springer

Nature.

allowing for a comb line frequency spacing finely tuned
from 10 Hz to 100 MHz. In contrast, the frequency spacing
of Kerr-based micro-combs is predetermined by the fabri-
cated resonator dimensions [91]. The ability of tuning the
frequency spacing of frequency combs is highly desirable
for applications in optical communications, as it allows for
alignment with the ITU (International Telecommunication
Union) grid.

7 Summary and discussion

In this paper, we have reviewed recent achievements in
chip-based frequency combs designed for use in optical
communications, including mode-locked laser combs,
spectral broadening of frequency combs, microresonator-
based combs and EO-modulated frequency combs, and
their applications in high-speed optical communication
systems. As opposed to applications such as spectroscopy
and optical clocks, the optical communication applica-
tions do not require an octave bandwidth, and comb
bandwidths of 10s to ~100 nm in the telecom C band or
C + L bands are usually enough. Characteristics of fre-
quency combs for optical communications include abso-
lute frequencies and frequency spacing aligned with the
ITU-grid, low optical linewidth on the order of 10 kHz,
adequate power per comb line to carry data on the order

of —30 to —10 dBm or more, spectral flatness allowing for
equalized signal power across the telecom band in ques-
tion, and high pump-to-comb conversion efficiency. The
two latter requirements indicate that the lowest comb line
in a given bandwidth should not deviate too much from the
average comb line power. One could otherwise achieve a
high conversion efficiency, even though one would sub-
sequently need to attenuate the high power comb lines to
obtain and equalized spectrum of channels, i.e. throw
away a lot of power, which would be undesirable. The first
requirement suggests that tunability of centre frequency
and frequency spacing is desirable. Mode-locked lasers can
be thermally tuned to shift the centre frequency, and the
frequency spacing can be tuned by an external RF clock,
when it operates in hybrid mode locking. EO frequency
combs may also be tuned by tuning the seed laser
frequency and the resonance frequency together with the
modulation frequency. Since spectral broadening of fre-
quency combs are seeded by an optical pulse train, which
can be derived from mode-locked lasers or EO combs, the
centre frequency and frequency spacing are determined by
the pulse train and can therefore also be tuned. The centre
frequency of microrings is determined by the resonance
frequency, which can be thermally tuned. However, the
frequency spacing of the micro-combs mainly depends on
the FSR of the fabricated microring resonator, which has
limited tunability.
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Concerning optical linewidth, micro-combs and
EO-based combs have linewidths determined by the CW
pump laser, which can be a very narrow-linewidth laser.
However, the optical linewidth of an integrated semi-
conductor mode-locked laser is typically on the order of
several MHz to 10 MHz, making it unsuitable for a coherent
detection optical communication systems. Nevertheless,
direct detection optical communication systems usually
do not require narrow optical linewidth sources, and
integrated mode-locked lasers may therefore find appli-
cations in such systems. The optical linewidth of a MLL can
be significantly reduced by hybrid integration with a
low-loss external cavity [40], which could qualify such
laser systems as useful for coherent communications.
Spectral broadening of frequency combs may obtain
narrow linewidths, if the seed pulse train has narrow
linewidth. In term of energy efficiency, the spectral
broadening of frequency combs show a high pump-to-
comb conversion efficiency of 66%, and the dark pulse
micro-combs and soliton crystal micro-combs also show
relatively high pump-to-comb conversion efficiency of ~20
and 42%, respectively.

The power per comb line and spectral smoothness of
the frequency comb can determine the OSNR of a frequency
comb after the generated frequency comb is amplified
by an optical amplifier. Higher power per comb line will
result in higher OSNR of the frequency comb after the
amplification. A high OSNR is usually required for the
transmission of an advanced modulation format, such as
high-order QAM. The power per comb line relies on the
pump-to-comb conversion efficiency and the maximum
launched pump power. On the other hand, high pump
power requires the use of a high-power optical amplifier,
which cannot be integrated on a chip. With the limited
on-chip pump power, the pump-to-comb conversion effi-
ciency will be the key to achieve a high power per comb
line. In addition, the pump-to-comb conversion efficiency
also indicates the overall power efficiency of the frequency
comb. It is notable that several of the comb sources
described here, have high enough comb line power to
satisfy OSNR requirements in realistic systems, and hence
be good value propositions for sources in transmitters for
various range transmission systems with high capacities.
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