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optical injection locking
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Abstract: We demonstrate a method to generate a widely and arbitrarily tunable laser source
with very narrow linewidth. By seeding a coupled-cavity microcomb with a highly coherent
single-frequency laser and using injection locking of a Fabry-Perot laser to select a single output
comb tone, a high power, high side mode suppression ratio output wave is obtained. The system
is demonstrated across 1530 -1585 nm with a linewidth below 8 kHz, having 5 dBm output power
and sidemode suppression of at least 60 dB. Prospects of extending the performance are also
discussed.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Ongoing research continues to produce new single frequency laser sources which have low noise
and are highly tunable, such that they may be used for communications, metrology, resonant
excitation of various physical systems, and more. Currently, there are a variety of approaches to
produce such lasers [1], including DFB lasers [2], DBR lasers [3], and external cavity lasers [4].
Key parameters of interest include width of the tunable range, and the phase and intensity noise
of the final output, as well as the OSNR.

Here, we propose and implement a scheme based on a modification of our design in [5], whose
schematics are given in detail in Fig. 1(a). A DFB slave laser provides pre-amplification of a
highly coherent seed laser which is tunable over 115 GHz via injection locking, which is then
used to pump an on-chip coupled-cavity microcomb (also refered to as a photonic molecule) to
produce an optical frequency comb with a free spectral range (FSR) of ~100 GHz [6]. A set
of filters (0.1 nm flat-top bandwidth with 3 dB injection loss), a semiconductor based optical
amplifier (SOA with 15 dB gain), and a custom Fabry-Perot (FP) slave laser are then used for
post-comb injection locking and cleanup of the selected tone in order to produce the final single
frequency output. Importantly, two heaters are placed on the primary and auxiliary ring of the
coupled cavity system such that the induced modal crossing and thus center frequency of the
comb can be tuned over more than 1.75 FSR - ensuring that any arbitrary frequency generation is
possible.

From a "black box’ perspective, the approach effectively extends the tunable range of the seed
laser, albeit at the cost of some excess phase and intensity noise which increases as a function of
the frequency difference between the locked mode and the frequency of the seed laser. Moreover,
this a scheme is capable of locking to multiple tones simultaneously, enabling the production of
simultaneously coherent tones at different frequencies, which is not possible with conventional
techniques. There is some very recent work which has explored this opportunity [7], but which
relies on anomalous dispersion combs with low conversion efficiency and which lack a flat top
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Fig. 1. a) The principle of operation, using pre-injection locking DFB laser, comb generation
in a photonic molecule, a set of tunable optical filters (TOF), a semiconductor optical amplfier
(SOA), and a post-injection locking Fabry-Perot laser b) Phase noise measurement using a
variable optical attenuator (VOA), acousto-optic modulator (AOM), and an electric spectrum
analyser (ESA). Here the yellow lines represent electronic signals, while the black lines
represent optical paths.

optical spectrum, both of which are highly desirable features for the production of comb-based
single frequency sources. Moreover, due to the lack in overlap between the comb spacing, comb
center frequency tunability, and seed laser tunability, this previous work was incapable of truly
arbitrary frequency generation, in contrast to the work presented here.

Our previous work [5] in the field relied on an electro-optic (EO) comb and an array of DFB
slave lasers, both of which are bulky and energy inefficient. In this work however, instead
of using an EO comb, we generate a microresonator frequency comb (microcomb) using a
normal-dispersion photonic molecule configuration [6]. In contrast to traditional dissipative Kerr
solitons made in anomalous dispersion cavities [8,9], such photonic-molecule microcombs can
offer bandwidths far beyond the range of EO combs, while maintaining ample line power for
injection locking and allowing for arbitrary central frequency of the comb, and high conversion
efficiency [10]. Moreover, instead of an array of DFB slave lasers, we use a single Fabry-Perot
slave laser and tunable optical filter in series to remove spurious tones, a design change which
improves scalability and cost.

To produce the final output tone, we first begin with a fiber laser which is tunable over less
than 1 nm and which has < 100 Hz linewidth, but after generation of the frequency comb and
subsequent injection locking of individual tones, we achieve approximately 55 nm of arbitrary
tunability across the full C-band and beyond (1530 nm to 1585 nm), >60 dB of SMSR, and > 5
dBm of power across the full range. The intensity and phase noise vary as a function of comb
mode index, m, and are measured for every other tone. In all cases, the integrated linewidth of
the source is less than 8 kHz [11], and the RIN at 1 GHz is less than —140 dBc/Hz.

Several other approaches to the same problem of simultaneously maintaining high tunability
and low noise have also been implemented using integrated photonic waveguides and resonators,
some of which have better phase noise performance. One common approach uses self-injection
locking of a nonlinear ring resonator [12—15] via back scattered modes or wavelength selected
modes, although tunability remains low. Other methods also rely on counter propagating feedback
onto the seed laser, and can best be described as a chip-extended external cavity laser [16,17].
Our case is particular, however, in that it fully bypasses the need for optical feedback onto
the seed laser (i.e. the injection locking mechanism is wholly separate from the source such
that no self-injection locking is present), which is crucial for a variety of applications such the
production of mutually coherent tones at different frequencies [7] and opens up the opportunity
for straightforward backward pumped laser cooling of the photonic molecule, which comes in
many forms [18,19].

There has also been some interest recently in the external injection locking of comb tones to
study their mutual coherence such as in [7], which supports the claim that any two generated
tones will remain mutually coherent even after external injection locking. Moreover, optical
injection locking of comb tones has also seen use in the field of communications [20], where
amplification of comb lines via OIL offers marked improvement over amplification via EDFA.
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Similar results have been seen when injection locking mode locked lasers with ultra-dense mode
spacing [21]. That being said, these approaches suffer from low optical and electrical efficiency,
the wasting of comb lines due to a mismatch in the optical tuning range of the slave laser and the
FSR of the comb, major inconsistencies in injection ratio due to the fact that the combs used do
not have a flat spectral profile, and the inability to produce optical tones at an arbitrary frequency.
Moreover, these approaches lack the ability to cover the full optical C-band.

2. Experimental details

In general, a frequency comb can be thought of as a series of mutually coherent and equally
spaced non-zero amplitude tones in the frequency domain. In our case, we generated a photonic
molecule microcomb in a cavity which is linearly coupled to a slightly larger auxiliary cavity,
both having normal dispersion. This results in an avoided mode-crossing, whose location can be
arbitrarily controlled via individual heaters on each cavity [22]. By configuring the mode-crossing
in a similar manner as in [6], we can deterministically initiate a dissipative soliton in the main
cavity, corresponding to a comb output with a 100 GHz FSR. A typical output and corresponding
set of simulation data is shown in Fig. 2(a), for which a power conversion ratio of ~ 33% is
obtained.
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Fig. 2. a) Measured (in orange) and simulated (in blue) comb spectra b) Tunability of the
resonator modes with 0 and 15 V applied to the primary ring (green to blue) and auxiliary
ring (black to red) c) Tunable range of the low noise fiber laser (in orange) as compared to
the comb FSR (in black).

To demonstrate that the modal crossing can be induced anywhere, we show the extrema of
individual modes from the cold cavity’s transmission, after applying OV and 15V (Fig. 2(b)) on
the heaters of both the primary and auxiliary cavities. Indeed, well over 1.75 FSR of thermal
shift is observed. Moreover, we show in Fig. 2(c) the output spectra and tunability of the fiber
laser used to produce the frequency comb, with the FSR of the comb marked with a black arrow.
Because the seed laser is tunable over a range larger than the FSR, and because the modal crossing
can be induced over a span grater than one FSR, an overlap between the two can be produced at
any frequency, and thus comb generation at an arbitrary central frequency is possible.
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One of the same DFB slave laser from Gooch and Hoosego used in [5] was used for amplification
via injection locking of the seed laser before generation of the soliton. It has already been shown
that the injected optical field can force the cavity to oscillate in a manner which follows the
frequency and phase properties of the seed laser with little to no penalty in RIN or phase noise.
For this specific DFB slave laser, an input power of ~ —30 dBm was required for stable operation,
and the output power was ~ 20 dBm.

The FP slave laser’s injection locking characteristics are presented in Fig. 3(a). Here, we
measure the side mode suppression ratio of the unfiltered, but injection locked output from the
FP laser, as a function of injection ratio - the ratio of input power to total output power of the
slave laser. In general, for best performance, and to guarantee >5 dBm of total output power
from the system after final filtration, an injection ratio of approximately —25 dB was required,
corresponding to approximately —15 dBm of input power to the Fabry-Perot laser’s cavity, which
necessitated the use of an SOA before injection locking.
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Fig. 3. a) Side mode suppression ratio of the Fabry-Perot laser before final filtration b)
Spectra of the unlocked slave laser at its lowest (in blue) and highest (in red) possible
wavelength, along with the amplified spontaneous emission spectrum of the SOA in black.

In Fig. 3(b), the ASE spectrum of the SOA, which has a gain of approximately 15 dB at
the edge of the product’s given specification range (C+L band), and which is higher between
(up to 23 dB), is given. This corresponds to a required power for a useful tone in the comb of
approximately —30 dBm at the edges of operation (given that —15 dBm of input power is required
for stable injection locking of the FP slave laser). The extremes of operation for the FP laser
itself are also given, using temperature tuning only, which demonstrate that the limiting factor for
the operable tuning range is the frequency comb, although only by ~ 10 nm, and that temperature
tuning alone is sufficient to cover the full available bandwidth.
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3. Results and discussion

Using the aforementioned methods, we produce final output tones which have their intensity
and phase noise measured. Looking back at the typical comb spectra from Fig. 2(a) and using
—30 dBm as our cutoff for useful operation, we are therefore able to cover the full C-band and
beyond, from approximately 1530 nm to 1585 nm. Indeed, in Fig. 4(a), we show a variety of
output tones with power > 5 dBm across the wavelength range, and beneath in Fig. 4(b) we show
corresponding RIN measurements. For consistency, all measurements in the paper are derived
from the same comb spectrum as seen in Fig. 2(a)].
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Fig. 4. a) Various tones across the C-band (black arrow) and beyond, after final injection
locking and mode clean up, as measured on an OSA with 0.1 nm resolution. b) Relative
Intensity noise of the seed laser (in blue), m = O tone (in orange) and the extreme tones at m
= —30 (in purple) and m = +36 (in yellow).

We show the RIN power spectral density for the seed laser before pre-injection locking, as
well as the m =0, m = —30, and m = +36 final output tones, and show that the RIN penalty is
less than 10 dB.

After the final coherent tone is produced, its phase noise is measured using the well understood
delayed self-heterodyne method, using the setup described above placed in a bespoke, sound
isolating box. In this case, an AOM with driving frequency 27.12 MHz and a delay line with
length 25 km are used. This corresponds to approximately 125 us (the inverse of which is ~ 8
kHz) of optical delay, which sets the lower limit on accurate integrated linewidth measurements.

There is a significantly larger variation in the phase noise between modes than was the case for
RIN, as would be expected based on previous phase noise measurements of comb tones [19].
In Fig. 5(a), we show the unlocked seed laser in blue, and every other comb mode after final
injection locking and filtration in shades of red, up to the m= —30 and m = +36 modes. In the
inset, we show the integrated phase noise from 8 kHz (corresponding to the delay line length in
measurement), up to 125 MHz (the bandwidth of the photoreceiver).
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Fig. 5. a) The phase noise of the fiber laser (in blue) as compared with every other mode
spanning from m = —-30 to m = +36. Low absolute mode numbers are darker, while higher
absolute mode numbers are brighter. Inset) The integrated phase noise from 8 kHz to 125
MHz, for each mode.

If we assume that the phase noise of the seed laser is approximately equal to the Oth order tone,
we can write an expression for the single sideband phase noise PSD as [23]

Lm(f) = Lcw(f) + m2 : Lrep(f)’ (D

where L, corresponds to the noise spectral density of the comb’s repetition rate. While various

factors drive the repetition rate noise, it has been shown that for microresonators of approximately

100 GHz FSR, this term is dominated by thermorefractive noise [24], although several other

noise sources are present as well [25]. As expected, the integrated phase noise measurements

over the full measured bandwidth as seen in the inset of Fig. 5 matches the quadratic model well.
Using the definition of integrated linewidth [11],

/5 Se()df = 1. @)

Vint T
and based on the measurements seen in the inset of Fig. 5, for all final output frequencies across
the source’s full bandwidth, the integrated linewidth is less than 8 kHz, given that the integrated
phase noise remains below %

4. Conclusion and future outlook

In conclusion, we have successfully demonstrated a laser source which is tunable over 55 nm
(including the full C-band), and which has >60 dB SMSR, >5 dBm of output power, and
modest penalty in RIN over the full tunable bandwidth. Moreover, phase noise measurements
demonstrate that for all achievable frequencies, the integrated linewidth is lower than 8 kHz. The
system effectively uses the production of Kerr frequency combs and subsequent injection locking
of comb tones to nonlinearly extend the tunable range of a low noise seed laser.
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Our previous result using a DFB laser laser array and EO-comb provided 10 nm of optical
tunable bandwidth, > 55 dB of SMSR, ~ 20 dBm of ouput power, and had < 400 Hz linewidth
across it’s full bandwidth, but came with significant downsides in terms of control electronics,
efficiency, and footprint.

Compared to our previous result using an EO-comb, this system is 5.5x more tunable (and
importantly covers more than the full C-band), has a higher SMSR, and is more efficient and
compact, but comes at the cost of output power and phase noise. Furthermore, it does not require
an EDFA. Moreover, the system is scalable, and many of the limitations can be addressed, which
indicates that even higher performance systems are possible based on the same approach.

For instance, low noise fiber laser sources can be twice as tunable as the one used here, which
allows for doubling of the tuning range if we assume the same number of comb tones and
double the FSR. Assuming an equal number of comb lines, coverage of > 100 nm of tunable
range is possible, assuming a sufficiently broadband SOA and slave laser setup. Alternatively,
compression and/or amplification may be used along a highly nonlinear medium such as highly
nonlinear fiber or silicon waveguides may be used to produce a sufficiently broadband comb.

Moreover, the current phase and linewidth limits for the system stem from repetition rate noise
due to (in this parameter space) thermorefractive noise of the integrated photonic platform - a well
understood problem with several known solutions. In particular, laser cooling of the resonator
may be used to reduce thermorefractive noise, which quickly dominates as m increases. Doing
so, however, requires backwards propagating light, which might prove this solution difficult to
implement in self-injection locked system. Using this approach however, one could forward pump
with an ultra low noise laser, while simultaneously laser-cooling the cavity with a backwards
pumped and blue detuned optical frequency [18,19].

The fact that this approach is feedback free on the seed laser is useful for a variety of other
applications as well. Chip powered external cavity lasers are only able to produce one tone at a
time, while a device such as this could be easily configured to two or more mutually coherent
tones from the same comb, as studied in [7].

All together, we believe this represents a promising application for frequency combs, as well
as a potentially viable method to produce arbitrary frequency and turnkey laser solutions. The
principle of arbitrary frequency generation is demonstrated here, while turnkey operation has
been demonstrated elsewhere [26].
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