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ABSTRACT

Timing stabilization of a photonic integrated circuit extended cavity passively mode-locked semiconductor ring
laser with four gain sections and two saturable absorbers in a symmetric ring geometry by optical self-injection is
presented. The laser has been fabricated using an InP generic integration technology platform. Repetition rate
tuning up to 5.5 MHz and a timing jitter reduction by optical self-injection from 99 fs (solitary laser operation) to
20fs is demonstrated. The experimental results are in excellent agreement with results obtained by a stochastic
time domain model which yet had been solely applied to edge-emitting straight waveguide semiconductor lasers.
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1. INTRODUCTION

Photonic integrated circuit passively mode-locked lasers are small-footprint optical frequency comb sources which
feature individual designs and are affordable due to the concept of multi-project wafer runs.! InP based photonic
integrated circuits offering central emission wavelengths in the C- and L-band are envisioned to play an important
role in future communication systems.? On-chip generation of one or multiple optical frequency combs enables
use in spectroscopic experiments and remote distance sensing with minimized footprints.®>® One way to realize
passively mode-locked lasers on photonic integrated circuits using the standard building blocks of an open-
access multi-project-waver run foundry are extended cavity ring layouts.* %10 Favored by the effect of colliding
pulse mode-locking within the saturable absorber region within the ring lasers'’ and missing optical isolator
building blocks, generally optical pulse trains in clockwise and counterclockwise direction within the resonator
are observed simultaneously® % but efforts are made to achieve unidirectional operation.'®

To control the pulse repetition rate of monolithic mode-locked lasers and improve the pulse timing stability
optical self-injection has been studied first for quantum-well lasers in 1993'2 and since then for mode-locked
lasers with active regions based on quantum-well,'? !4 quantum-dash'®'® and quantum-dot'” 2! materials. To
reproduce and predict the impact of optical self-injection by one or more external cavities a simple stochastic
time-domain model has been developed!?>?? and verified for passively and self mode-locked lasers with active
regions based on quantum-dots'® 23 and quantum-wells.?* The model is based on interaction between the back-
injected optical pulses and the pulse within the laser cavity. By changing the length of the external self-injection
cavity, a sawtooth shaped dependence of the pulse repetition rate in dependence on this length is expected. The
maximum repetition rate control range is inversely depending on the total external self-injection cavity length.?*
On the other hand, stronger timing stability improvement is expected for longer external cavities.'®>22 This
model hasn’t yet been applied to simulate the impact of optical self-injection on photonic integrated circuit
based lasers or to simulate extended cavity ring semiconductor lasers. Injecting back the optical pulse train from
one propagation direction into the same waveguide leads to injection into the counter-propagating direction in
the ring resonator.
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In this conference proceeding, timing stabilization and repetition rate tuning of an InP photonic integrated
circuit extended cavity passively mode-locked semiconductor ring laser by optical self-injection is demonstrated
for the first time. Repetition rate tuning up to 5.5 MHz and a timing jitter reduction from 99fs in solitary
laser operation to 20fs with optical self-injection is demonstrated. The ring structure subject to optical self-
injection exhibits the same behaviour in timing jitter reduction and repetition rate tunability as Fabry-Perot
lasers featuring the same cavity roundtrip time, indicating a similar intra-cavity pulse interaction of the back-
injected pulses with the original pulses. Simulations by a stochastic model aim at supporting the experimental
findings.

2. DEVICE AND EXPERIMENTAL SET-UP

The InP photonic integrated circuit has been built with a predefined layer stack with active regions based on
InGaAsP/InP quantum-well gain media®® and features a symmetric extended cavity ring laser design, consisting
of two saturable absorber section, four gain sections, four electro-optic phase modulator sections. Four optical
outputs which are tilted by 7° and are anti-reflective coated to minimize unwanted back-reflections. The design
and optical self-injection set-up is schematically depicted in Fig. 1 and its solitary mode-locking properties have
recently been investigated and reported.® The laser fabrication was part of a multi-project wafer run through the
Jeppix foundry coordinator at SMART Photonics. In this conference proceeding, the gain sections of the laser are
injected with a total current of 240 mA while a reverse bias voltage of -2.8 V is applied to the absorber sections.
This operation parameters are chosen to achieve a broad pulse width of 2.2 ps yielding a wide interaction width
for optical self-injection and to ensure a high fiber-coupled output power of 0.2mW. The electro-optic phase-
modulator sections and the booster gain section, located at output 3, are left unbiased. Using a lensed optical
single-mode fiber the light emitted from output 4, which corresponds to clockwise propagating pulses within
the ring-cavity, is coupled with an approximated efficiency of 30 %. By a fiber-based beam-splitter 50 % of this
light is sent to the optical self-injection cavity, consisting of an optical single-mode fiber embedding fiber-based
polarization control, to optimize back-injection polarization, and a free-space based part consisting of a variable
optical attenuator to control the back-injected optical power and a mirror mounted on a linear translation stage
to control and tune the length of the optical self-injection cavity by L;,;c =9 mm corresponding to an additional
round-trip time for the pulse of 60 ps.
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Figure 1. Schematic of the passively mode-locked extended cavity photonic integrated circuit ring laser layout and the
experimental optical self-injection set-up. The symmetric cavity includes four gain sections (SOA) and two saturable
absorber sections (SA). Two multimode-interference coupler (MMI) provide in total 4 outputs labeled 1 to 4, to analyze
light from the clockwise and the counter-clockwise propagation direction. The electro-optic phase modulators (EOPM)
and the booster amplifier (BOA) in front of output 3 are left unbiased in the presented investigations. A lensed optical
single-mode fiber is used for coupling the light from output 4. Optical self-injection is realized by a fiber-based self-injection
cavity with a free-space part, consisting of a mirror mounted on a high-precision linear translation stage.

The other 50 % of the light pass a fiber-based optical isolator (isolation > 28 dB) to prevent residual optical
feedback and directed towards the measurement equipment. Laser output power and mode-locking character-
istics are studied by an optical spectrum analyzer (spectral resolution 10pm), a fast photo-diode (electrical
bandwidth > 45 GHz) in combination with an electrical spectrum analyzer (electrical bandwidth > 50 GHz)
and an optical power meter. At the second input of the fiber-based beam-splitter, a power meter monitors the
back-injected power sent back to output 4 of the photonic integrated circuit extended cavity symmetric passively
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mode-locked ring laser. The meausured emission characteristics in solitary operation are depicted in Fig. 2. The
passively mode-locked laser emits 2.2 ps short optical pulses, obtained by deconvoluting a well-matching Gaussian
fit to the autocorrelation trace (autocorrelation trace and fit depicted in Fig. 2(d)) with a pulse repetition rate of
RRo = 23.32 GHz (radio-frequency spectrum depicted in Fig. 2(a)) corresponding to the single-roundtrip time of
Ty = 43 ps of the optical ring cavity. Fundamental mode-locking is present at this laser biasing conditions. The
free-running timing jitter amounts to 76 fs and is obtained from the radio-frequency linewidth of the repetition
rate,?® determined from the 1/f?> dependency of the timing-phase-noise power-spectral density (TPN PSD), as
depicted in Fig. 2(b). The optical frequency comb (-3 dB-width: 6.2nm) is centered at the L-band wavelength
of 1571 nm (optical spectrum depicted in Fig. 2(c)). Due to the symmetric cavity design, unidirectional emis-
sion is not expected and clockwise and counter-clockwise propagating light within the cavity are confirmed.®
The fixed macroscopic optical path length of the optical self-injection cavity amounts to 16 m (roundtrip time
Ty = 2439Ty), the optical self-injection power is 12 uW.
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Figure 2. Solitary mode-locked laser results for a gain current of 240 mA and an absorber reverse bias voltage of 2.8 V. (a)
RF spectrum showing the repetition rate at RRo = 23.32 GHz, (b) TPN PSD of the repetition rate line illustrated with
a 1/f? fit curve of 795 kHz resulting in a pulse-to-pulse timing jitter of 99fs, (c) Optical spectrum with a -3dB width of
6.2nm, (d) Auto-correlation time trace with a de-convoluted pulse width of 2.2 ps.

3. STOCHASTIC TIME-DOMAIN MODEL

To validate the experimentally studied dependencies of the repetition rate on the fine-delays, a stochastic time
domain model is used which considers a passively mode-locked semiconductor laser as a free-running oscilla-
tor exhibiting timing deviations within each pulse round trip.! One of the main noise source causing these
deviations is amplified spontaneous emission directly coupling to the laser pulse and, thus, inducing repetition
rate instabilities. This noise is uncorrelated and therefore white in frequency. After each round-trip, the timing
deviation is accumulated leading to a Wiener process or a random walk.?? The timing deviation T(n+1) from
an ideal clock of the n+1 pulse for optical self-feedback follows

T(n) + opipl'(n) +YW(AT)T (1 — n4)

1+~yW(AT) (1)

T(n+1)=

where op4p, is the pulse-to-pulse timing jitter which is accessed by measuring the fundamental repetition rate
linewidth in the RF spectrum with opep = (Avg/2m18)%% where Ay is the -3dB repetition rate line width
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and vy the repetition rate frequency,?® « is the timing interaction strength directly correlated to the optical
self-feedback strength in the experiment and n is the discretized time delay of the optical self-feedback in terms
of number of pulses. T'(n) is a Gaussian distributed random number with a standard deviation of 1. The term
W(AT) = W(T(n) — T(n — nq)) is a weighting pulse interaction function correlated to the optical pulse width
and is given in this work for the specified operation point by 3.1 ps (see Fig. 2(d)).

4. RESULTS AND DISCUSSION

Experimentally, the influence of optical self-injection with fine-delay cavity length tuning with nanometric pre-
cision onto the pulse repetition rate and the timing jitter of the emitted pulse train of the symmetric ring
mode-locked laser is investigated. The pulses propagating in clockwise direction in the internal cavity are back
injected into the same output and therefore their propagation direction changes and the back-injected pulses
are propagating in counter-clockwise direction. By modelling with the stochastic time-domain model similarities
to straight waveguide monolithic quantum-well mode-locked lasers are researched. The model is taken from!'?
and the simulation parameters are adapted to the experiment in this work, the interaction function W (AT) is
given by 3.1 ps for the specified operation point beeing the FWHM of the Gaussian fit to the auto-correlation
trace depicted in Fig. 2(d). By moving the mirror mounted on the high precision stage the length of the op-
tical self-injection cavity is elongated. The experimental repetition rate deviation from the solitary repetition
rate (RR-RRg) as a function of the additional fine-delay is depicted in Fig. 3(a) in blue. In Fig. 3(b) the corre-
sponding timing jitter, obtained by f>-fits to the TPN PSD spectra of the Lorentzian shaped repetition rate lines
in the radio frequency spectra,?® as a function of the same fine-delay is depicted. The repetition rate deviation
is found to be always below or equal 0, the repetition rate influenced by optical self-injection is therefore lower
than or equal to the solitary repetition rate for all fine-delays. The repetition rate can be continuous controlled
in a range of 5.5 MHz and the repetition rate deviation as a function of fine-delay shows a periodicity of 43 ps,
corresponding to the internal laser cavity roundtrip time Tg =43 ps. Within one of these periods, a plateau of
non-changing repetition rate is evident, spanning 20 ps. For higher fine-delay values the repetition rate decreases
with increasing fine-delay at an average of —248 kHz/ps. This shape indicates a limited locking-range between
the back-injected and the intra-cavity pulses due to a too short pulse width and is in excellent agreement with
results obtained for straight waveguide monolithic passively mode-locked quantum-well lasers.?* Due to this lim-
ited interaction the maximum repetition rate tuning range of approximately 9 MHz for the investigated optical
self-injection cavity length of 16 m is not reached.
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Figure 3. (a) Repetition rate (RR) deviation and (b) timing jitter in dependence on the optical feedback fine-delay for an
optical feedback cavity length of 16 m: Experiment (blue) and simulation (green).
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The timing jitter dependence on the fine-delay exemplifies the same periodicity of 43 ps. Within one period
two plateaus are observed. The first plateau (16 ps to 30 ps) coincides with the plateau in repetition rate deviation
and there the timing jitter of the laser subject to optical self-injection equals the solitary timing jitter. This
underlines the absence of interaction between the back-injected pulses and the pulses within the laser cavity. For
increasing fine delays the timing jitter decreases to the second plateau (42 ps to 52 ps) within less than 10 ps of
additional delay. The timing jitter obtained in this second plateau amounts to values between 20 fs and 30 fs and
the plateau spans over 10 ps of additional time delay. In contrast to the transition from the lowest to the solitary
repetition rate at the end of the period within a 2 ps time delay increase, the timing jitter continuously increases
to the solitary value by 9.4fs/ps. While the dual-plateau shaped timing jitter characteristic perfectly resembles
the results obtained for a straight waveguide passively mode-locked quantum-well laser,?* the increasing timing
jitter at the end of the period differs significantly. This could indicate, that the back-injected pulses interact with
the pulses propagating in the counter-clockwise direction within the cavity and stabilize this pulse train. By the
symmetric dual absorber cavity design the counter-clockwise propagating pulses meet the clockwise propagating
pulses within the absorbers in a colliding pulse mode-locking fashion and thereby improve the timing jitter
of the clockwise propagating pulse train. At the end of the period, where the back-injected and the intra-
cavity pulses nearly do not overlap, this indirect interaction could lessen the timing stability improvement. The
best timing jitter amounts to 20fs and is obtained for a fine delay of 50 ps. The corresponding experimental
TPN PSD of the repetition rate line is depicted in Fig. 4. The expected f>-dependency of the TPN PSD on
the offset frequency is observed and a repetition rate line width of 38 kHz can be determined and is indicated
by the red line. The plateau for offset frequencies exceeding 2 MHz at -90 dBc/Hz to -92 dBc/Hz stems from
the noise of the measurement equipment. The peak at 12.51 MHz and its harmonic is a noise-induced sideband
and stems from the single-cavity optical self-injection. It has been shown in experiment and by simulations,
that dual-cavity self-injection can suppress these sidebands.!#2% 2! The corresponding simulation results for the
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Figure 4. TPN PSD for the lowest experimentally achieved timing jitter value (blue) at a fine-delay of 50 ps, f>-fit curve
indicating a line width of 38 kHz (red) and simulated TPN PSD (green).

repetition rate deviations and for the timing jitter as functions of fine delay are depicted in Fig. 3(a) and (b),
respectively, in green color. The simulation parameters used, obtained from the solitary experimental results and
the cavity geometry are given by v = 0.07, W(AT) = 3.1ps, Vexs = 12.5 MHz, and opep = 991fs. The simulated
repetition rate deviation with increasing fine delay reproduces the experimental findings quantitatively in good
agreement. The plateau-structure, stemming from the limited interaction width, the periodicity in fine delay,
corresponding to the internal laser roundtrip time, and the decreasing slope are reproduced. For the timing
jitter, the periodicity in fine delay and the dual-plateau shape of the data is also reproduced qualitatively and
quantitatively. However, the simulations do not reproduce the timing jitter increase with increasing fine delay at
the end of the period. Since this increase seems to originate from the dual interaction between back-injected pulses
and counter-clockwise propagating pulses and counter-clockwise propagating pulses and clockwise propagating
pulses within the symmetric ring cavity, and the model is capable of simulating the interaction of back-injected
and emitted pulse, more research in this direction is envisioned. The simulated TPN PSD spectrum for a fine
delay of 50 ps is depicted in Fig. 4 in green color. The lowest timing jitter is obtained in the simulations, is
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depicted. The slope corresponds well to the experimental TPN PSD spectrum, showing the excellent agreement
between simulation and experiment. The sidebands are much more pronounced in the simulations than in the
experiments. The smaller sidebands in the experiments can stem from the fact that the clockwise propagating
pulses are interacting with the optical seld-injected counterclockwise propagating pulses only in the absorber
section and not in the whole device as in straight waveguide lasers producing higher sidebands compared to this
ring structure.

5. CONCLUSION

In conclusion, optical self-injection stabilization on an InP photonic integrated circuit extended cavity passively
mode-locked ring laser has been demonstrated. Repetition rate tuning up to 5.5 MHz and a timing jitter reduction
by optical self-injection from 99 fs, in solitary laser operation, to 20fs has been obtained. Experimental results
are in excellent agreement with results from a stochastic model originally developed to study optical self-injection
of edge-emitting straight waveguide semiconductor lasers, thus showing that the ring structure subject to optical
self-injection exhibits the same behaviour in timing jitter reduction and repetition rate tunability as Fabry-
Perot lasers featuring the same cavity roundtrip time, indicating a similar intra-cavity pulse interaction of the
back-injected pulses with the original pulses.
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