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Optical Kerr frequency combs are known to be effective coherent multiwavelength sources for ultrahigh
capacity fiber communications. These combs are the frequency-domain counterparts of a wide variety of
spatiotemporal dissipative structures, such as cavity solitons, chaos, or Turing patterns (rolls). In this Letter,
we demonstrate that Turing patterns, which correspond to the so-called primary combs in the spectral
domain, are optimally coherent in the sense that for the same pump power they provide the most robust
carriers for coherent data transmission in fiber communications using advanced modulation formats. Our
model is based on a stochastic Lugiato-Lefever equation which accounts for laser pump frequency jitter and
amplified spontaneous emission noise induced by the erbium-doped fiber amplifier. Using crystalline
whispering-gallery-mode resonators with quality factor Q ~ 10° for the comb generation, we show that
when the noise is accounted for, the coherence of a primary comb is significantly higher than the coherence
of their solitonic or chaotic counterparts for the same pump power. In order to confirm this theoretical
finding, we perform an optical fiber transmission experiment using advanced modulation formats, and
we show that the coherence of the primary comb is high enough to enable data transmission of up to
144 Gbit/s per comb line, the highest value achieved with a Kerr comb so far. This performance evidences
that compact crystalline photonic systems have the potential to play a key role in a new generation of

coherent fiber communication networks, alongside fully integrated systems.
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There is currently vigorous interest in advanced modu-
lation formats for optical fiber communications, powered
by the perspective of an ever-growing bandwidth demand.
Ultradense optical fiber networks aim to satisfy this
demand by using wavelength and polarization multiplexing
on highly coherent, evenly spaced carriers. However, it
becomes increasingly difficult and costly to generate
several such independent but frequency-locked subcarriers
when they have to be controlled precisely and individually.

An elegant solution to circumvent this drawback is to
use a Kerr optical frequency comb [1]. It is obtained by
pumping a whispering-gallery-mode (WGM) resonator
with a continuous-wave laser. Above a certain threshold,
the strong modal confinement in the torus-shaped eigenm-
odes and the long photon lifetime enhance the Kerr non-
linear interaction, thereby exciting several WGMs through
a hyperparametric interaction [2—4]. Indeed, these combs
have proven to be a versatile multiwavelength coherent
source for a wide range of applications, and they have
been in the focus of a large number of theoretical and
experimental works recently [1-10].

In the context of optical communications, Kerr combs
have already delivered milestone performances. For exam-
ple, the early experiments presented in Refs. [11,12]
featured single-channel 10 Gbit/s transmissions using
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an on-off keying modulation scheme. In a more recent
publication, the exceptional performance of 1.44 Tbit/s
was demonstrated using quadrature phase shift keying
and multiplexing 20 channels operating at a bit rate of
72 Gbit/s [13]. In all cases, the combs were generated
using integrated (chip scale) silicon nitride resonators
with loaded Q-factor of the order of 10° at the pumping
wavelength of 1550 nm.

Earlier work on Kerr combs has shown that, depending
on the pumping conditions (laser frequency and power),
various regimes with respect to the dynamics of the system
can be theoretically and experimentally observed [14-16].
One of the most interesting dynamical states is the regime
of Turing patterns [17] which corresponds to an integer
number of rolls (intensity extrema) oscillating along the
azimuthal direction of the disk. In the spectral domain,
these patterns yield an optical frequency comb with
multiple free-spectral range (FSR) spacing, which is some-
times referred to as a primary comb in the literature. Beside
Turing patterns, other dynamical regimes can be observed
as well in the time domain (solitons, chaos, and breathers,
for example), leading in the spectral domain to Kerr combs
with very different coherence and robustness properties.

The suitability of these various types of Kerr combs
for the purpose of optical communications is still to be
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investigated in more detail. In this Letter, we show that
optical Turing patterns provide frequency combs that are
optimally suited for high-speed data transmission using
advanced modulation formats. In particular, we compare
the coherence properties of a Turing pattern with a soliton
and a chaotic Kerr comb. Our results show that Turing
patterns are more robust against frequency and amplitude
noise of the pump laser and exhibit the highest coherence
between the individual comb lines. We experimentally
verify the robustness and low-noise levels of the Turing
pattern in a data transmission experiment. We achieve a
per-channel data rate of 144 Gbit/s. In comparison to
Ref. [13], these experiments did not require a feedback loop
to maintain the comb state, which underlines the robustness
of the Turing pattern. In addition, the high quality of the
WGM resonator allows for a significant reduction of the
pump power.

For Kerr comb generation, we consider a millimeter-
sized ultrahigh Q crystalline WGM resonator pumped
around 1550 nm. The loaded quality factor of this magne-
sium fluoride (MgF, ) resonator is typically higher than 10°.
The fundamental eigenmodes of the WGM resonators are
quasiequidistant and separated by the free-spectral range
Qpsg /27 = c¢/(nynd), where ¢ is the velocity of light in
vacuum, d is the diameter of the disk, and n, is its
frequency-dependent group velocity refractive index at
the pump wavelength.

The total intracavity field is the sum of all these modal
contributions, and its spatiotemporal dynamics can be
modeled using the Lugiato-Lefever equation (LLE) [18],
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where (6, 7) is the normalized complex slowly varying
envelope of the intracavity field, with |y|* being propor-
tional to the number of intracavity photons [19-21]. The
dimensionless time 7 is normalized to 27, = 2Q/®y,
where 7., is the photon lifetime, ®; is the angular
frequency of the pump laser, Qy = [0;! + Oai] ™' =
1.3 x 10° is the loaded (total) quality factor, and Qi ex
are the intrinsic and extrinsic quality factors. The angular
variable @ is the azimuthal coordinate along the circum-
ference of the disk resonator. The parameter a stands for the
frequency detuning between the laser and the cold-cavity
resonance, while f represents the normalized second-order
(group velocity) dispersion. The square of the dimension-
less pump term F in Eq. (1) is proportional to the laser
power P. Laser pump frequency jitter and amplified
spontaneous emission noise (induced by the optical ampli-
fier) can be accounted for by replacing @ by a + &,,(7),
and F by F + {,(60, 1), respectively. The Gaussian white
noise terms &,,(7) (frequency noise) and ¢, (6, 7) (amplified
spontaneous emission noise), which are real- and complex-
valued, respectively, have autocorrelations

(& ()ém(7)) = 2D,u6(z = ') (2)
(€a0,7)8(0, 7)) = 4D 5(0 = 0)5(z = 7),  (3)

with § being the Dirac function, while D, ,, is a measure
of the spectral power density of the noise. Note that we
have assumed uncorrelated spatial and temporal noises in
£.(0,7), which can include a very large variety of physical
noises [22,23].

It has already been proven that no Kerr comb can be
generated when the pump power is such that F? < 1 [15].
In the anomalous dispersion regime (f < 0), the LLE
analysis shows that when the laser pumping power is
increased, the Turing patterns arise through a bifurcation
which in the context of bifurcation analysis is referred to as
a (iw)?, a Hamiltonian-Hopf, or a Turing bifurcation [15].
The corresponding critical pump power is then F? = 1 +
(a—1)% for @ <2, and the number of Turing rolls at
threshold is analytically determined as the closest integer
approximation of Iy = [(2/f)(a —2)]'/%. In the spectral
domain, the corresponding comb features equidistant lines
with intermodal frequency [/, X Qggg. On the other hand,
for a > +/3, increasing the pump power leads to the
subcritical excitation of solitons as soon as F?> =a. In
both cases, when the laser pump power is sufficiently high,
the Kerr comb always becomes chaotic [14,15,24,25].

When optical noise is accounted for, our stochastic
LLE is numerically simulated using a combination of
the Euler-Maruyama and the adaptive split-step Fourier
algorithms. A number N of cavity snapshots {y, ..., wy}
is periodically recorded at times 7,, = mT . (Tiec ~ 1), SO
that v,,(0) =y(0,7,). Once the transients have been
skipped, the coherence of the spatiotemporal dynamics
can be defined in the asymptotic limit N > 1 as

1 ~(1))2
)(_szk I, (4)
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FIG. 1 (color online). Variation of the coherence as a function
of (a) frequency noise and (b) amplified spontaneous emission
noise. In both cases, the normalized pump power according to
Eq. (1) was kept constant at 2 = 11, and the normalized second-
order (group velocity) dispersion was fixed at f = —0.04. The
frequency detuning a is equal to —1.5 (Turing rolls), 2 (chaos),
and 9 (soliton). Note that chaos is always partially incoherent,
even in the absence of optical noise.
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FIG. 2 (color online). Experimental and simulated spectra of
the ultrastable Turing pattern used for the experiment. The
resonator was a magnesium fluoride (MgF,) disk with intrinsic
quality factor Q;, = 1.5x 10° and group refractive index
n,=1.37 at the pump wavelength 1, = 2zc/w; = 1552.0 nm.
Its diameter was d = 11.3 mm, yielding a free-spectral range
Qpsr/27 = 5.78 GHz. In the figure, the Turing pattern of 43rd
order has been excited, and the spectral distance between excited
modes is therefore 248.54 GHz. The order of the Turing pattern
can be tuned through the pump power or frequency [15]. The
pump power was 295 mW, measured at the input of the tapered
fiber which is coupled to the resonator with an extrinsic quality
factor Qg = 8.5 x 10°. (a) Experimental spectrum. (b) Corre-
sponding numerical simulation of Eq. (1), with a= -1,
f=—43x 1073, and F> = 11. An excellent agreement between
theoretical and experimental spectra is achieved.
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is the discrete first-order coherence function [26].

the coherence parameter y decreases slower for rolls than
it does for solitons. This proves that rolls are particularly
robust to noise perturbations and remain highly coherent
(strongly phase-locked) even when mixed with high levels
of optical noise. Noise in experimental conditions is
sufficiently low (D, < 0.1) for the Turing patterns to
be significantly more coherent than its chaotic or solitonic
counterparts.

In order to confirm this theoretical finding, we have
performed a transmission experiment with primary combs
originating from ultrahigh Q crystalline WGM resonators.
The power spectrum used for our coherent transmission
experiments is presented in Fig. 2. As emphasized earlier,
these combs are very robust and strongly phase-locked
[25]. In particular, their spectral purity is exceptionally
high, and typically very close to that of the pumping laser.
They can therefore be used as carriers in an ultrahigh
capacity wavelength division multiplexing (WDM) net-
work, as described below.

The full experimental setup is displayed in Fig. 3. We
use only three modes of the comb, namely the center
mode (labeled as line 0) and its two immediately adjacent
side modes (lines —1 and +1). We use quadrature phase
shift keying (QPSK) or 16-state quadrature amplitude

Comb generation Modulation and
multiplexing
Pump Multi-format
laser  EpFa BPF O Att. Notch Tx 1
A = N Pol | |
3?7' [: X wavr z}_% MUX
Multi-format
Tx 2

Coherent 527' Transmission fiber
reception LO BPE BPE 0—80km
EDFA
Optical modulation XK =
analyzer N A

FIG. 3 (color online).

Schematic representation of the experimental setup for data transmission. The Turing pattern generator

comprises a tunable laser, an erbium-doped fiber amplifier (EDFA) and a bandpass filter (BPF) that rejects amplified spontaneous
emission noise from the EDFA. A notch filter attenuates the center mode to a level comparable to the first-order side modes of the comb.
A programmable filter is used for interleaving, flattening, and filtering the comb lines. Two EDFAs boost the carriers, which are fed via
polarization controllers (PC) to two multiformat transmitters (Tx X 1 for comb line 0, and Tx 2 for comb lines +1). After encoding of
uncorrelated data onto the carriers at a symbol rate of 18 GBd, the two data streams are merged. To emulate polarization multiplexing
(PoIMUX), we create two time-delayed copies of the pseudorandom data stream and superimpose them on two orthogonal polarization
states of the standard single-mode transmission fiber. We insert different lengths of transmission fiber, ranging from a few meters to
80 km. At the receiver, the data stream passes through bandpass filters and an EDFA before being coherently detected with an external
cavity laser serving as a local oscillator (LO). The LO is tuned to match the center frequency of the respective channel and an optical
modulation analyzer is used to monitor the quality of the received signal. The received data are visualized using constellation diagrams
that display the real and the imaginary part of the optical amplitude in the complex plane.
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Results of the data transmission experiments. (a) Back-to-back experiment at 144 Gbit/s per wavelength

channel using 16QAM. The 16 constellation points are clearly distinguishable for each comb line and each polarization, indicating
sufficiently low error-vector magnitude (EVM) and bit-error ratio (BER). After using forward-error correction (FEC) codes, a BER
smaller than 4.5 x 1073 guarantees error-free transmission (BER < 107!3). (b) Transmission experiment at 72 Gbit/s per wavelength
channel using QPSK. The EVM is plotted as a function of the transmitted distance. The insets show constellation diagrams of the best
and worst performance. For both 16QAM and QPSK, error-free data transmission can be ensured if FEC with 7% overhead is

considered.

modulation (16QAM) as modulation formats, and combine
them with Nyquist pulse shaping [28,29]. At the receiver,
digital signal processing is used for low-pass filtering,
frequency offset compensation, clock recovery, polariza-
tion demultiplexing, dispersion compensation, and adaptive
equalization. The quality of the received signal is evaluated
by using the error-vector magnitude, which can be related
to the bit error ratio [30].

The results of the data transmission experiments are
summarized in Fig. 4. The 16QAM constellation diagrams
for all wavelength channels and both polarizations are
depicted along with the measured BER. Considering the
symbol rate of 18 GBd on three wavelengths and two
polarizations, we obtain an aggregate data rate of
432 Gbit/s. Using QPSK, we also demonstrate data trans-
mission with up to 80 km of single-mode fiber without
including additional amplification or any other means of
signal regeneration. Figure 4(b) shows the EVM as a
function of distance for a transmission at 216 Gbit/s.
For distances of up to 80 km, the EVM remains
below 19.2%, which corresponds to a BER below 1077
[30]. In both cases, error-free data transmission can be
ensured if forward error correction with 7% overhead is
considered.

It is remarkable that data transmission on the side lines
exhibits the same performance as on the center line, leading
to data rates of 144 Gbit/s for each carrier—the highest
value achieved for data transmission with Kerr combs
so far. This unprecedented performance underlines the
remarkable stability of the Turing patterns, which in this
experiment did not require feedback stabilization. We may
hence conclude that key performance parameters such as
linewidth and relative intensity noise (RIN) are transferred
from the pump to the newly generated modes. In this study,

we have used only the first-order side modes (lines +-1), but
higher-order spectral lines could be used as well. It is also
important to note that optical Turing patterns are robust
enough to enable transmission of data without further
regeneration over 80 km.

In conclusion, we have demonstrated that optical Kerr
frequency combs based on Turing patterns originating
from a crystalline whispering-gallery-mode disk resonator
are suitable sources for optical fiber data transmission,
and allow for coherent data transmission using advanced
modulation formats at up to 144 Gbit/s per wavelength
channel. In particular, we anticipate that this comb gen-
erator could be of high interest for future optical fiber
networks as it provides a path toward simple, compact, low-
cost, energy-efficient, and reconfigurable multiwavelength
sources for optical WDM data transmission systems within
or between data centers [31].
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