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Abstract: Chip-scale frequency comb generators lend themselves as multi-wavelength light
sources in highly scalable wavelength-division multiplexing (WDM) transmitters and coherent
receivers. Among different options, quantum-dash (QD) mode-locked laser diodes (MLLD)
stand out due to their compactness and simple operation along with the ability to provide a flat
and broadband comb spectrum with dozens of equally spaced optical tones. However, the devices
suffer from strong phase noise, which impairs transmission performance of coherent links, in
particular when higher-order modulation formats are to be used. Here we exploit coherent
feedback from an external cavity to drastically reduce the phase noise of QD-MLLD tones,
thereby greatly improving the transmission performance. In our experiments, we demonstrate
32QAM WDM transmission on 60 carriers derived from a single QD-MLLD, leading to an
aggregate line rate (net data rate) of 12 Tbit/s (11.215 Tbit/s) at a net spectral efficiency (SE)
of 7.5 bit/s/Hz. To the best of our knowledge, this is the first time that a QD-MLLD optical
frequency comb has been used to transmit an optical 32QAM signal. Based on our experimental
findings, we perform simulations that show that feedback-stabilized QD-MLLD should also
support 64QAM transmission with a performance close to the theoretical optimum across a wide
range of technically relevant symbol rates.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

With escalating data traffic on all levels of optical communication networks [1], wavelength-
division multiplexing (WDM) is becoming a necessity not only for long-haul links, but also
for shorter transmission distances of a few tens of kilometers as typically found in data-center
interconnects and in metropolitan or campus-area networks. To provide utmost scalability, these
links should rely on compact WDM transceivers that can be efficiently produced in large quantities
and that offer multi-terabit/s connectivity. In this context, chip-scale frequency comb generators
have emerged as promising building blocks of WDM transceivers [2,3], acting either as multi-
wavelength light source for massively parallel data transmission [4—10] or as multi-wavelength
local oscillator (LO) for coherent reception [4,11-14]. Among different comb generator concepts
that have been used for WDM transmission at Tbit/s data rates and that relied, e.g., on electro-optic
modulators [8,9], gain-switched laser diodes [7,13], Kerr-nonlinear waveguides [6] or micro-
resonators [4,5], quantum-dash mode-locked lasers (QD-MLLD) [10,15,16] are a particularly
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attractive option due to their compact size and operational simplicity. Driven by a DC current, a
QD-MLLD can emit a broadband comb containing tens of evenly spaced tones with a flat spectral
envelope [17,18]. However, while the power and the optical carrier-to-noise ratio (OCNR)
of QD-MLLD would permit high-speed communication using advanced modulation formats
[2,16,19], the devices suffer from large optical linewidths of the individual tones, which strongly
impairs transmission of signals that rely on advanced modulation formats. As a consequence,
previous demonstrations of WDM transmission with native QD-MLLD had to rely on intensity
modulation of the optical carriers [20,21], were limited to rather simple modulation formats such
as quadrature phase-shift keying (QPSK) [10,14], or required advanced phase tracking schemes
to permit 16-state quadrature amplitude modulation (16QAM) transmission [16].

In this paper, we show that QD-MLLD can support WDM transmission with modulation
formats beyond 16QAM if external-cavity optical feedback is used to reduce the phase noise
[22]. In our experiments, we demonstrate a reduction of the intrinsic linewidth by approximately
two orders of magnitude, and we use the devices to demonstrate 32QAM WDM transmission
at a symbol rate of 20 GBd, limited by the free spectral range (FSR) of the comb generator.
We transmit 60 channels derived from a single comb source over a 75 km-long standard single
mode fiber (SSMF). Using two polarizations, we achieve an aggregate line rate (net data rate)
of 12 Tbit/s (11.215 Tbit/s) at a net spectral efficiency (SE) of 7.5 bit/s/Hz. To the best of
our knowledge, this is the first time that a QD-MLLD optical frequency comb has been used
with 32QAM signaling, leading to the highest spectral efficiency reported for such a device.
Our experiments complement recent WDM demonstrations that exploit feedback-stabilized
quantum-dot MLLD for 16QAM signaling at comparable data rates [23]. Combining our results
with recently demonstrated integrated optical feedback circuits based on ring resonators [24]
opens a route towards chip-scale WDM transceivers supporting line rates of tens of Tbit/s.

2. QD-MLLD comb sources and external feedback

The basic structure of the QD-MLLD used in this work is depicted in Fig. 1(a). The devices
comprise an active region made from three separate layers of InAs quantum dashes (QD) grown
by molecular beam epitaxy on an InP substrate. The InAs QD layers are separated by 40 nm-thick
InGaAsP barriers using a dash-in-a-barrier design [17]. The dash-barrier stack is terminated at
the top and the bottom by 80 nm-thick InGaAsP separate confinement heterostructure (SCH)
layers. The optical mode is guided by a buried-ridge waveguide, having a width of 1.0 um
and a length of 1.71 mm, which is formed by the dash-barrier stack. Cleaved chip facets form
a Fabry-Perot laser cavity having a free spectral range of approximately 25 GHz. Light is
emitted from both facets. The active region of the QD-MLLD is electrically pumped via p-doped
and n-doped InP layers using top and bottom contact pads. Proton (H*) implantation ensures
lateral confinement of the pump current [17]. Shape and size variations of the QD result in an
inhomogeneous broadening of the gain spectrum, which leads to multiple longitudinal modes
oscillating simultaneously with nearly the same strength [25]. Nonlinear interaction of these
longitudinal modes results in mode-locking, characterized by equidistant optical tones with
strongly correlated phase noise [26].

It has been shown both theoretically and experimentally that coupling a properly adjusted
external resonator to a passively mode-locked semiconductor laser leads to a reduction of the
optical linewidth [27-31], and this concept was also transferred to QD-MLLD [32,33]. In this
work, we rely on a free-space optical feedback, see Fig. 1(b) for a sketch of the experimental
setup. The output light of the laser diode enters an external cavity formed by the cleaved
facet and a highly reflecting plane metallic mirror, placed 30 cm away from the chip facet. A
plano-convex lens collimates the beam emitted from the laser, and a variable attenuator is used
to adjust the quality factor of the cavity, thereby adapting the level of optical feedback to avoid
unstable operation [30-32]. The mirror position is manually adjusted such that the cavity length
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Fig. 1. Quantum-dash mode-locked laser diode (QD-MLLD) with optical feedback from an
external cavity. (a) Schematic of a QD-MLLD: The device consists of stacked layers of
InAs quantum dashes (QD, red) that are separated by InGaAsP barriers (green). Separate
confinement heterostructure (SCH) InGaAsP layers terminate the dash-barrier stack at the
top and the bottom. The optical mode is guided by a dash-barrier stack acting as a buried
ridge waveguide of 1.0 um width. Cleaved chip facets form a Fabry-Perot laser cavity having
a length of 1.71 mm, thus leading to a free spectral range (FSR) of about 25 GHz. The
active region of the QD-MLLD is electrically pumped via p-doped and n-doped InP layers
using top and bottom contact pads. Proton (H*) implantation ensures lateral confinement
of the pump current (b) Optical setup for external feedback: An anti-reflection-coated
collimating lens collimates the output light of the laser diode and directs it to a highly
reflecting external mirror, which forms a Fabry-Perot cavity together with the cleaved laser
facet. The mirror position can be mechanically adjusted to match the FSR of the external
Fabry-Perot cavity to an integer fraction of the native FR of the QD-MLLD. A variable
attenuator in the external cavity allows to adjust the power level of the optical feedback. The
attenuator is necessary to avoid excessive feedback, which could lead to unstable operation
of the QD-MLLD [30-32]. (c) Optical comb spectrum of the QD-MLLD with optical
feedback. RBW: resolution bandwidth. (d) Measured RF spectrum of the photo-mixed
comb lines without (red) and with (green) optical feedback. The RF linewidth reduces
from 30 kHz for a free-running QD-MLLD to approximately 2 kHz once the external-cavity
feedback level is properly adjusted. At the same time, a slight spectral shift can be observed
once the comb is locked to the external cavity.

is close to an integer multiple of the effective optical length of the Fabry-Perot laser cavity. In
our case, the chip FSR equals 50 times the external-cavity FSR. The adjustment of the cavity
mirror is reasonably stable and only needs some minor tuning from time to time to compensate
for temperature drift of our experimental setup. During our data transmission experiments,
which took many hours, we typically needed to re-adjust the cavity mirror position every 2-3
hours. The variable attenuator was left untouched in all cases. In real-world systems based on
integrated optical feedback circuits [24], such adjustments might either be unnecessary or can
be accomplished using a simple control loop. The light emitted from the second facet of the
QD-MLLD enters a lensed fiber and a subsequent isolator. Figure 1(c) depicts the frequency
comb spectrum obtained at the isolator output for a drive current of 312 mA. The comb is centered
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at 1545 nm and exhibits a 3 dB bandwidth of more than 1 THz. The comb lines exhibit optical
carrier-to-noise power ratios (OCNR) in the range of 36. . .38 dB, specified with respect to a
reference noise bandwidth of 0.1 nm. Unlike single-line or dual-line injection locking [34,35],
which lead to pronounced spectral variations of the comb tone powers, a simultaneous feedback
for all lines qualitatively preserves the flat and broadband spectral envelope of the native comb
[33,36]. However, as discussed in [36,37], a slight reduction of the overall comb bandwidth
could occur, depending on the feedback conditions. In addition, a small spectral red shift of the
whole comb spectrum is observed, which we attribute to a decrease in threshold carrier density
due to a slight reduction of the laser cavity mirror losses with coherent feedback [38]. As a
quickly accessible experimental indicator for adjusting the external-cavity feedback, we use the
electric radio-frequency (RF) spectrum of the photocurrent obtained by detecting the comb on
a high-speed photodiode. We consider the linewidth of the first harmonic of the photocurrent,
occurring at the FSR frequency of approximately 25 GHz, see Fig. 1(d). This so-called RF
linewidth of the comb [39] reduced from 30 kHz for a free-running QD-MLLD to approximately
2 kHz once the external-cavity feedback level is properly adjusted. A reduced RF linewidth
indicates an improved overall coherence of the comb tones and hence a better mode-locking
[40,41]. At the same time, a slight spectral shift of the RF beat note can be observed once the
comb is locked to the external cavity, which amounts to approximately 10 MHz in the example
shown in Fig. We attribute this shift to the fact that the FSR of the native comb is not an integer
multiple of the external-cavity FSR [27].

Note that the RF linewidth only represents the relative phase noise of neighboring comb
lines. It is not an indicator of the optical linewidth of the individual optical tones and that is
relevant for the transmission performance. To characterize the phase noise of the individual
optical carriers, we use the setup shown in Fig. 2(a) and we follow the technique described in
Refs. [16,42,43] to extract the frequency-noise spectrum Sy, (f) of different comb tones without
and with external-cavity feedback. A tunable band-pass filter (TBF) is used to select a tone
from the frequency comb. This tone is sent through a polarization controller (PC) and then
superimposed with a local oscillator (LO) laser in a 90° optical hybrid. The LO is a high-quality
external-cavity laser (ECL, Keysight N7714) with an intrinsic optical linewidth smaller than
10 kHz. At the output of the optical hybrid, balanced photodetectors (BPD) followed by an 80
GSa/s real-time oscilloscope (RTO) are used to capture the in-phase (I) and the quadrature (Q)
component of the beat signal. The duration of the recorded signal window was 200 ps. The beat
signal is centered on an intermediate frequency (IF) of 2 GHz defined by the detuning of the
LO and the comb tone of interest. We then extract the time-dependent phase of the complex
beat signal and remove the intermediate frequency by fitting a linear function to the unwrapped
measured phases and by subtracting the fitted function to remove the slope. This leads to the
time-dependent phase fluctuations ¢(¢), from which the instantaneous optical frequency f;(¢) is
calculated by means of a differentiation,

L dgt) 1 ¢r+7)—¢(0)
Fio) = 2 dt 2« T '
In this relation, the time step 7 corresponds to the sampling period of the RTO. The spectrum
Sy, (f) is then calculated by taking the Fourier transform of the autocorrelation function of f;(¢).
Generally, the frequency noise spectrum Sy, (f) of a laser is composed of flicker frequency noise
(ecf ~1), random-walk frequency noise (ocf ), and a spectrally constant “white” frequency noise.
If, as in our setup, the measured phase of the laser is additionally impacted by additive white
Gaussian noise (AWGN) caused by, e.g., the ASE of an optical amplifier in the measurement
setup, the frequency noise spectrum will also have a component with an f2- dependence, which

becomes dominant at higher frequencies. The measured frequency noise spectrum can thus be
modeled as [43,44]

ey

Si(f) = Saf * + Sif T+ Sof 2+ Saf % )
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Fig. 2. Phase-noise characterization of QD-MLLD with and without optical feedback.
(a) Experimental setup. A tunable narrow band-pass filter (TBF) is used to select distinct
tones from the comb. A polarization controller (PC) at the input of a 90° optical hybrid is
used to match the polarization of the selected tone to that of the narrowband local-oscillator
(LO) tone at the input of the hybrid. Balanced photodetectors (BPD) are used to extract the
in-phase (I) and the quadrature (Q) component of the beat note. The electrical signals are
sampled by a real-time oscilloscope (RTO) for offline processing. (b) Measured FM-noise
spectra of a QD-MLLD tone (designated as B in Fig. 2(c)) without (upper plot) and with
external-cavity feedback (lower plot). The dashed lines indicate the model fit to the measured
frequency noise spectrum according to Eq. (2). In these fits, the measurement data within the
grey shaded areas was ignored since it is not represented by the rather simple model of Eq. (2).
The fits reveal intrinsic linewidths of 1.1 MHz for the free-running QD-MLLD without
feedback, and of 34 kHz for the device with optical feedback. (c) Measured FM-noise
spectra of three tones of a QD-MLLD with feedback. The inset indicates the relative
location of the respective comb tones inside the comb spectrum. The intrinsic linewidths
amount to Afa = 96kHz, Afg = 34kHz, and Afc = 55kHz, respectively. Hence, despite the
typical increase of the intrinsic linewidths of the tones towards the edge of the comb [40,41],
the external-cavity feedback can greatly reduce the frequency noise throughout the comb
spectrum when compared to the FM noise without external feedback.

The coeflicients Sy ... S3 quantify the different frequency noise contributions. The intrinsic
(short-term) Lorentzian linewidth Af of a laser can be estimated from the white frequency-noise
level as Af = nSp.

Figure 2(b), upper plot depicts the frequency-noise spectrum of a QD-MLLD comb tone
without external-cavity feedback. The dashed line indicates the model fit to the measured
frequency noise spectrum according to Eq. (2). The measured noise spectrum in the range
1...100 MHz (shaded in grey) is not considered when performing the fit — the enhanced
frequency noise in this region is attributed to relaxation oscillations of the carrier density in
the QD gain section, which are not contained in the rather simple model according to Eq. (2)
[43,45,46]. Including this effect would introduce at least three additional free parameters related
to the damping and the resonance frequency of the relaxation oscillation as well as to the linewidth
enhancement factor (a-factor) of the laser to properly describe the Schawlow-Townes-Henry
frequency noise [47]. Fitting Eq. (2) to the remaining regions of the measured frequency
noise spectrum leads to Sy = 3.6 x 10° Hz, §; = 2.5 x 10'! Hz?, S, = 1.7 x 10'® HZ?, and



Research Article Vol. 28, No. 16/3 August 2020/ Optics Express 23599 |
Optics EXPRESS b Ny \

S3 = 1.1 x 10713 Hz!. The estimated white frequency-noise level corresponds to an intrinsic
linewidth of about Af = 7Sy = (1.1 + 0.2) MHz for this comb tone, where the specified
uncertainty refers to the 95% confidence interval. Note that the omission of the frequency
range 1 ... 100 MHz in the fit should still lead to a reliable prediction of the data transmission
performance: Frequency-noise components below 100 MHz are usually anyway compensated
by phase tracking, whereas spectral components above 100 MHz can lead to degradation of the
signal quality [16]. The lower plot in Fig. 2(b) depicts the frequency-noise spectrum of the same
QD-MLLD comb tone under the influence of external-cavity feedback. The dashed line indicates
again the model fit of the measured frequency noise spectrum according to Eq. (2). Also here, the
relatively broadband noise peaks in the ranges 450...550 MHz and 0.95 ... 1.05 GHz. These
ranges are not considered when performing the fit — we attribute the peaks to side modes of
the comb tone induced by the external-cavity feedback which are not contained in the model
leading to Eq. (2). Note these noise peaks may be avoided by using dual-cavity resonant feedback
[36]. The fit leads to So = 1.1 x 10* Hz, $, = 4.7 x 10" Hz?, §3 = 1.7x 1073 Hz™!, and a
negligible S;. The estimated white frequency-noise level corresponds to an intrinsic linewidth of
Af = (34 + 10) kHz, corresponding to a reduction of approximately two orders of magnitude
as compared to the case without external-cavity feedback. This is in good agreement with other
reported results [29,33].

To investigate the effect of optical feedback on the optical properties of different comb lines, we
evaluated the frequency noise spectra of three widely separated tones of the comb, see Fig. 2(c).
The dashed lines indicate again the model fits to the measured spectra according to Eq. (2).
The relative locations of the comb tones within the comb spectrum are indicated in the inset.
Comb line B corresponds to the results presented in Fig. 2(b) with an intrinsic linewidth of
Afg = 34 kHz. For the comb lines A and C, we find intrinsic linewidths of Afa = 96 kHz and
Afc = 55 kHz, respectively. Hence, despite the typical increase of the intrinsic linewidths of the
tones towards the edge of the comb [40,41], the external-cavity feedback can greatly reduce the
frequency noise throughout the comb spectrum when compared to the frequency noise without
external feedback. Note that, due to the presence of flicker (ecf~!) and random-walk (ocf~2)
frequency noise, the intrinsic optical linewidths of the various tones are not any more directly
connected to the RF linewidth [48], since the underlying relations derived in [41] are only valid
under the assumption that all linewidths are dominated by the spectrally white (f°) component.

3. WDM transmission over 75 km at a net data rate of 11.215 Tbit/s using 32QAM

To demonstrate that feedback-stabilized QD-MLLD are well suited as multi-wavelength light
sources for high-speed communications with higher-order modulation formats, we perform WDM
experiments using 32-state quadrature amplitude modulation (32QAM). The experimental setup
is shown in Fig. 3(a). An erbium-doped fiber amplifier (EDFA1) is used to boost the total power
of the QD-MLLD comb from approximately 8 dBm to approximately 17 dBm. A total number
of 60 carriers out of the full QD-MLLD comb are then selected, 55 of which lie within the 3 dB
bandwidth of the comb while an additional 5 carriers are within the 4 dB bandwidth. The comb
is spectrally flattened by a programmable filter (PF). WDM is emulated by encoding different
data in neighboring “odd” and “even” channels. To this end, we de-interleave the frequency
comb lines (FSR ~ 25 GHz) into odd and even tones using the programmable filter (PF). Since at
this FSR, the PF has a rather low extinction of approximately 20 dB, we use a 25 GHz-to-50 GHz
de-interleaver (De-int.) as a second filtering element. This leads to an extinction of the unwanted
tones by more than 45 dB, see power spectrum P1 in Fig. 3(b) that shows the odd and even carriers
combined in one graph. The odd and the even carriers are separately amplified by EDFA2 and
EDFA3 and independently modulated with data of pseudo-random binary sequences (PRBS),
which are mapped to 32QAM symbols at a rate of 20 GBd. We chose a PRBS length of 2!'—1,
dictated by limitations of the memory size and the memory granularity of the arbitrary-waveform
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generator (AWG) that was used to generate the data signals. In previous experiments [14], that
relied on the same equipment but were performed at slightly different ratios of symbol rate and
sample rate, we have verified that the performance of our system does not change if we use
longer PRBS length such as 2'5—1. We use pulses having raised-cosine power spectra with a
20% roll-off. After modulation, odd and even channels are combined, and polarization division
multiplexing (PDM) is emulated by a split-delay-combine method [49]. The data stream is
amplified and transmitted over 75 km of standard single-mode fiber (SSMF), see lower power
spectrum P2 in Fig. 3(b). For avoiding nonlinearities, we limit the total power entering the fiber
to 10 dBm.
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Fig. 3. WDM transmission experiment using a feedback-stabilized QD-MLLD comb
according to Fig. 1(b). (a) Setup for the WDM experiment. An erbium-doped fiber
amplifier (EDFA1) boosts the total power of the QD-MLLD comb to approximately 17 dBm,
and a total of 60 carriers are then selected and spectrally flattened by a programmable
filter (PF). The PF is also used to de-interleave the frequency comb lines (FSR ~ 25 GHz)
into odd and even tones for emulating WDM transmission by encoding different data in
neighboring channels. In addition, we use a 25 GHz-to-50 GHz de-interleaver (De-int.) as a
second filter element to further increase the extinction of the unwanted tones. Both the odd
and the even carriers are amplified by subsequent EDFA2 and EDFA3 and independently
modulated with 32QAM symbols at a rate of 20 GBd. We use pulses having raised-cosine
power spectra with a 20% roll-off. After modulation, odd and even channels are combined,
and polarization division multiplexing (PDM) is emulated by a split-delay-combine method.
The data stream is amplified and transmitted over 75 km of standard single-mode fiber
(SSMF). (b) Combined spectra of both odd and even carriers taken at position P1, i.e.,
before modulation (top) and spectrum of 60 modulated channels measured at position P2
(bottom). (c) BER of the transmitted channels for both back-to-back (btb) and 75 km fiber
transmission.  (d) Example constellation diagrams of the channel at 194.9 THz (indicated
by the vertical dashed line) for btb and 75 km fiber transmission. TBF: tunable band pass
filter.
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At the receiver, we employ a two-stage amplification scheme using a first fiber amplifier
(EDFADS) for boosting the WDM signal as a whole, then selecting the channel of interest with a
tunable bandpass filter (TBF) for amplification with a second amplifier (EDFA6), followed by
another tunable band pass filter (passband 1.5 nm) to suppress out-of-band amplified spontaneous
emission (ASE). At the input of EDFAG6, the power of the selected WDM channels varies between
—19 dBm and —16 dBm, depending on the spectral position of the channel. Given the flat
spectrum of the transmitted WDM signal, Fig. 3(b), we attribute these variations to the slightly
wavelength-dependent gain of EDFA4 and EDFAS. Note, however, that EDAF6 is operated in
constant-output-power mode, such that the power levels at the input of the coherent receiver
do not vary significantly from channel to channel. The selected channel is then received with
an optical modulation analyzer (OMA, Keysight N4391A), and processed using Keysight’s
vector signal analyzer (VSA) software. The VSA processing comprises spectral filtering, blind
Stokes-space polarization demultiplexing [50], chromatic dispersion compensation, and a 55-tap
adaptive blind equalizer based on the decision-directed least-mean-squares (LMS) algorithm.
Carrier phase estimation in done through a block-wise Viterbi & Viterbi algorithm with a block
length of 1024 symbols [51]. We also measured the optical signal-to-noise power ratio (OSNR)
of our WDM channels at the receiver. To this end, we had to rely on the received electrical signal,
since the channel separation was too small for a reliable measurement with an optical spectrum
analyzer. We found OSNR values in the range of 23 ...26 dB, defined with respect to the usual
reference noise bandwidth of 0.1 nm.

Figure 3(c) depicts the extracted bit error ratios (BER) for fiber transmission of all channels
along with the back-to-back (btb) BER for seven randomly selected channels. When transmitting
over a 75 km-long SSMF, all BER values are below 4.0 x 107> with a 95% confidence level [52]
and are hence compatible with the threshold of 4.45 x 1073 for forward error correction (FEC)
with 7% overhead [53]. This leads to a line rate (net data rate) of 12 Tbit/s (11.215 Tbit/s) with a
net spectral efficiency (SE) of 7.5 bit/s/Hz after deduction of FEC overhead. Note that this SE
is significantly below the 10 bit/s/Hz that could be theoretically achieved by dual-polarization
32QAM signaling. The reduced SE is a direct consequence of the rather high roll-off of 20%
that was chosen deliberately to avoid problems with the clock recovery in the VSA software.
Using a more robust clock-recovery technique would allow to reduce the roll-off and thus to
increase the SE. Example constellation diagrams of the comb line at carrier frequency 194.9
THz for both back-to-back and 75 km fiber transmission are shown in Fig. 3(d) along with the
corresponding OSNR and BER values. The back-to-back experiment exhibits higher OSNR
than the transmission experiment and performs better in terms of BER. We thus believe that the
signal quality in our transmission experiments is limited by OSNR and that phase noise of the
optical carrier does not play a role once stabilization by external-cavity feedback is used. This is
in line with the fact that the constellation points in Fig. 3(d) have an approximately symmetric
circular spread. A closer observation of the back-to-back constellation diagram may also reveal
the impact of relative intensity noise (RIN), which leads to a scattering of the constellation points
that is most pronounced for the outer symbols. Therefore, the relatively high RIN of QD-MLLD
could still be a limitation at high OSNR values, even if external-cavity feedback is employed,
see Appendix A for a RIN characterization of the QD-MLLD with and without external-cavity
feedback. We also tried 20GBd 32QAM-transmission without external-cavity feedback but
could not recover the signal at the receiver because of excessive phase noise. To the best of our
knowledge, these experiments represent the first demonstration of 322QAM transmission using a
QD-MLLD as a multi-wavelength light source, leading to the highest spectral efficiency reported
for such a device. The line rate of 12 Tbit/s and the transmission distance of 75 km is on par
with the 11.55 Tbit/s and the 75 km achieved by using native QD-MLLD with advanced phase
tracking [16] and compares well with the 12.032 Tbit/s that were demonstrated for 16QAM
back-to-back signaling with feedback-stabilized quantum-dot MLLD for 16QAM [23].
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4. Extension to higher symbol rates

In our experiments, we used rather low symbol rates of 20 GBd because we had access to
QD-MLLD chips only with an FSR of approximately 25 GHz. In addition, this choice allows us
to better isolate the impact of phase noise, exploiting the fact that signals with lower symbol
are more prone to phase noise and less sensitive to ASE noise. Clearly, the reduced phase noise
should also improve the transmission performance at higher symbol rates beyond 50 GBd that
are expected to become the standard in coherent transmission [54,55]. Note that, with OCNR
values in excess of 37 dB and comb line powers in excess of —10 dBm as indicated in Fig. 1(c),
QD-MLLD should support link-limited transmission of up to 56 GBd 64QAM (600 Gbit/s)
per line over more than 10 fiber spans of 75 km each, i.e., for a reach of > 700 km [2]. To
investigate the transmission performance of QD-MLLD in such scenarios, we performed Matlab
simulations using the measured phase-noise characteristics of our QD-MLLD along with different
levels of AWGN, quantified by the OSNR. To this end, we first extract time series of random
phase fluctuations from the phase-noise measurements presented in Fig. 2(b). Note that the
measured phase-noise time series is also impacted by the ASE of the EDFA in the measurement
setup, see Fig. 2(a). This leads to an f2- component in the corresponding frequency-noise
spectrum, Fig. 2(b), which we suppress by applying a first-order low-pass filter with amplitude
transfer function 1/(1 + j(f/f3qs)) to the measured frequency-noise time series, where the cut-off
faB = V/So0/S5 is defined by the frequency for which the f2- component starts to dominate the
power spectral density of the frequency noise. Figure 4(a) shows the measured frequency-noise
spectrum of a tone (tone B in Fig. 2(c)) extracted from a free-running QD-MLLD (black) and the
corresponding model fit according to Eq. (2) (black/white dotted) along with the filtered power
spectrum (blue) and the model fit without the f2- component (blue/white dotted). Figure 4(b)
shows the corresponding quantities for the same tone extracted from the feedback-stabilized
device. The corresponding time series ¢.(¢) of the carrier phase fluctuations is obtained by
integrating the time series of the frequency-noise over time.

The time series ¢.(¢) of the carrier phase fluctuations is then used in the Matlab simulation,
which is schematically illustrated in Fig. 4(c). In a first step, a PRBS is mapped to a 64QAM
symbol pattern with one sample per symbol in the modulator. The carrier phase noise is then
emulated by resampling the time series ¢.(¢) at the symbol rate and by adding the fluctuations to
the phase of the modulated symbols using phasor multiplication. AWGN is added to the resulting
modulated signal to emulate different OSNR levels at the receiver. The OSNR is specified with
respect to the usual reference bandwidth of 0.1 nm (12.5 GHz). In our transmission scenario,
we assume that the LO tone at the coherent receiver is also derived from a QD-MLLD that is
nominally identical to the device at the transmitter. This is emulated by adding a time series of
LO phase fluctuations ¢y o(¢) to the phases of the data signal prior to reception. For simplicity,
we derive the time series ¢ o(¢) from a previously unused section of the measured carrier phase
fluctuations ¢¢(2), i.e., dLo(t) = ¢c(t — 74), where the delay 74 is chosen much larger than the
inverse of the intrinsic linewidth to ensure statistically independent phase-noise processes. The
received signals are then demodulated by employing two different phase-estimation techniques:
Symbol-wise blind phase search (BPS) with 45 test angles [16,56] and numerically much
simpler Viterbi-Viterbi (VV) processing with fourth-power phase estimation [57,58]. Other
processing steps that are usually employed in conventional coherent receivers, e.g., for polarization
demultiplexing or equalization, are not relevant here as these effects are not included in the rather
simple AWGN channel model.

Figure 4(d) and (e) show the BER obtained by BPS and VV at symbol rates of 20 GBd and
56 GBd at different OSNR levels with and without phase-noise suppression by external-cavity
feedback. For BPS, we use an averaging block length between 8 and 64 symbols, which is
optimized individually for each OSNR value. For both 20 GBd and 56 GBd, the BER obtained
for the feedback-stabilized QD-MLLD (‘w/ feedback’, red) is close to the theoretical values
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Fig. 4. Simulation of 64QAM transmission performance of feedback-stabilized and free-
running QD-MLLD. (a, b) Measured frequency-noise spectra (black) for QD-MLLD
without (w/0) and with (w/) external-cavity feedback, respectively, along with filtered
counterparts (blue) that are used to emulate the phase noise of the carrier and the LO tone
in the transmission simulation. The filtering is used to suppress the unwanted impact of
ASE noise (~f2) in the phase-noise measurement. The dashed lines correspond to the
respective model fits according to Eq. (2), see also Fig. 2(b).  (c) Simulation setup. A PRBS
bit sequence is mapped to a 64QAM symbol pattern with one sample per symbol in the
modulator. Measured phase data is added to the phase of the modulated symbols using phasor
multiplication to emulate the carrier phase noise ¢¢(f) and the LO-tone phase noise ¢y o(#).
AWGN is added to the resulting modulated signal to emulate different optical signal-to-noise
power ratios (OSNR) at the receiver. The received signal is then demodulated by employing
the blind phase search (BPS) algorithm for carrier recovery [16,56]. (d, e) Simulated
bit error ratios (BER) as a function of OSNR for 64QAM signaling at symbol rates of 20
GBd and 56 GBd, respectively. We use highly effective symbol-wise blind phase search
(BPS) with 45 test angles and numerically much simpler Viterbi-Viterbi (VV) processing
with fourth-power phase estimation. For BPS, the BER obtained for the feedback-stabilized
QD-MLLD (‘w/ feedback’, red) is close to the theoretical values (‘Theory’, blue) that are
estimated only based on the OSNR, without any phase noise at all. In contrast to that,
the free-running QD-MLLD (‘w/o feedback’, blue) performs worse. A clear performance
advantage is found even for the higher symbol rate of 56 GBd, which should be much less
prone to phase noise than the 20 GBd transmission. For the numerically less complex VV
algorithm, the benefit of phase-noise reduction by external-cavity feedback becomes even
more prominent, indicating that feedback stabilization of QD-MLLD may also allow to
simplify digital phase estimation.
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(‘“Theory’, blue) that are estimated only based on the OSNR, without considering phase noise at
all. We hence conclude that, for feedback-stabilized QD-MLLD and practically relevant OSNR
levels at the receiver, the transmission performance obtained with BPS is limited by OSNR rather
than by phase noise, and that the peaks that occur in the frequency-noise spectra of Fig. 2(b) and
4(b) do not represent a relevant limitation. In contrast to that, the free-running QD-MLLD (‘w/o
feedback’, blue) performs worse. As expected, the positive impact of phase-noise reduction is
more pronounced at the lower symbol rate of 20 GBd than at 56 GBd. The benefit of phase-noise
reduction by external-cavity feedback becomes even more prominent when using simpler phase
estimation techniques such as VV. Also, here we adapt the block individually for each OSNR
value. Within the considered range of OSNR, the BER achieved with VV and a free-running
QD-MLLD exceeds the threshold of 4.45 x 1073 for FEC with 7% overhead [53], even for a
symbol rate of 56 GBd, but improves drastically once feedback stabilization is used. We hence
conclude that feedback stabilization of QD-MLLD offers a clear performance advantage for a
wide range of technically relevant OSNR levels and may even allow to reduce the complexity of
the phase estimation algorithm.

5. Summary and outlook

We demonstrate that QD-MLLD with coherent external feedback can be used for spectrally
efficient high-speed data transmission using advanced modulation formats beyond 16QAM. In
our experiment, we use 32QAM signaling on 60 carriers to for data transmission at a line rate
of 12 Tbit/s (net data rate 11.215 Tbit/s) over a 75 km-long standard single mode fiber link at
a spectral efficiency of 7.5 bit/s/Hz. To the best of our knowledge, this is the first time that an
optical frequency comb from a QD-MLLD has been used for data transmission with 32QAM as
a modulation format. We also show by simulations that external-cavity feedback should give
clear performance advantages for 64QAM signaling and symbol rates of, e.g., 56 GBd. For
real-world systems, the free-space external cavity may be replaced by integrated optical feedback
circuits that rely, e.g., on ring resonators [24]. The requirements with respect to the quality of
these resonators are relatively low — significant linewidth reductions may already be achieved
with external-cavity round-trip losses of more than 20 dB [32]. Established ring-resonator
technologies [59,60] should allow to easily fulfill these requirements, thereby opening a route
towards chip-scale WDM transceivers that exploit feedback-stabilized QD-MLLD to support line
rates of tens of Thbit/s.

Appendix A: Relative intensity noise (RIN) of QD-MLLD with and without external-
cavity feedback

From the beat signals recorded for the optical linewidth measurements, see Fig. 2(b) and (c), we
also extracted the associated relative intensity noise (RIN) of individual comb tones. The results
are shown in Fig. 5. For free-running QD-MLLD without external-cavity feedback, we find RIN
levels of approximately —115 dB Hz™! for frequencies below 1 GHz, which is well in line with
other experiments [61,62]. Under the influence of external-cavity feedback, the RIN spectrum
experiences a modulation that corresponds to the free spectral range of the 300 mm-long external
cavity. The overall RIN level, however, remains unchanged. Note that the sensitivity of the RIN
measurement is limited to a minimum detectable level of approximately —127 dB Hz™~! due to
the ASE noise of the EDFA that was used in the signal path when measuring the beat note, see
Fig. 2(a) in Section 2.
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Fig. 5. Relative intensity noise (RIN) spectra extracted from the beat notes of the linewidth
measurement. We find that external-cavity feedback leads to a spectral modulation of the
RIN according to the free spectral range of the 300 mm-long external cavity, while leaving
the overall RIN level unchanged. Due to an EDFA that was used in the signal path signal
path when measuring the beat notes, sensitivity of the RIN measurement is limited to a noise
floor of approximately —127 dB Hz™!.
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