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We report on experimental demonstration of a low-cost sub-kilohertz Brillouin fiber ring laser pumped from an
actively stabilized self-injection locked distributed feedback (DFB) laser diode. Locking of the commercial DFB
laser to a ~11-m-length high-Q-factor fiber-optic ring cavity leads to ~10,000-fold narrowing of the laser Lor-
entzian linewidth down to 400 Hz. Such pump laser operation inside the ring cavity forces the cavity to host

Brillouin lasing enabling the laser threshold power as low as ~1.5 mW. The laser operation is perfectly stabilized
by active optoelectronic feedback driven by a simple microcontroller. The laser delivers radiation at Stokes
frequency with the Lorentzian linewidth reduced down to ~75 Hz and a phase noise less than -100 dBc/Hz (>30
kHz). The reported laser configuration is of great interest for many laser applications where a narrow sub-kHz
linewidth, simple design and low cost are important.

1. Introduction

Stimulated Brillouin scattering (SBS) in optical fiber is widely used
for many applications, like distributed strain and temperature sensing,
selective narrow-bandwidth amplification, optical communication, op-
tical processing of radio-frequency signals, and microwave photonics
[1-9]. Recent progress in the topic is related to high-Q micro-resonators
that allow implementing narrow-linewidth frequency-stabilized Bril-
louin lasers on a silicon chip [10]. An alternative approach is based on
fiber-optic resonators that could be simply spliced from standard tele-
com components. Such flexible and low-cost all-fiber solutions are of
particular interest for distributed Brillouin sensing where the fibers with
similar Brillouin characteristics could be used. Single-mode Brillouin
fiber lasers employing a relatively short fiber-optical ring resonator
(FORR) simultaneously resonant to both the pump and Stokes radiations
and so referred to as doubly resonant ring cavity lasers, exhibit low
threshold, high spectral purity, and low-intensity noise [11-15].
Commonly, such lasers employ a special single-frequency sub-kilohertz
pump laser combined with the Pound-Drever-Hall or Hansch-Couillaud
active stabilization system [11-17]. However, such technical solutions
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are rather complicated.

An alternative solution has been proposed recently [18,19]. We have
demonstrated a semiconductor DFB laser operating in self-injection
locking regime in a combination with simple active optoelectronic
feedback. Such a system enables narrowing of the DFB laser linewidth
below ~3 kHz and drastically reduces the laser phase noise [18]. A
similar idea can be employed with an all-fiber Brillouin laser where the
fiber-optic ring cavity could be employed simultaneously as an external
filtered feedback to narrow the DFB laser linewidth at the pump fre-
quency and as an effective medium to generate Stokes radiation [19].
Potentially, the use of high-Q-factor fiber cavities with such laser con-
figurations could significantly decrease the SBS lasing power threshold,
enhance the pump-to-Stokes conversion efficiency and drastically
reduce the laser linewidth for a continuous wave Brillouin laser opera-
tion. The proper operation of the laser system and its performance
characteristics in the configuration with an enhanced FORR Q-factor has
not been demonstrated yet.

In this paper, we report on a new single-mode sub-kilohertz Brillouin
fiber laser pumped by a self-injection locked pump DFB laser with active
stabilization. Specifically, the new laser design comprises a FORR with
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the Q-factor that is higher than that used with the self-injection locked
fiber lasers reported earlier [15-21]. The self-injection locking mecha-
nism provides more than a 10,000-fold narrowing of the DFB laser
linewidth, whereas the use of the FORR spliced from only one 99/1 fiber
coupler decreases the Stokes threshold down to ~1.5 mW. Active op-
toelectronic feedback based on a simple microcontroller ensures long-
term stabilization of the laser operation at pump and Stokes fre-
quencies, simultaneously. The laser stabilization dynamics, linewidth
narrowing, and phase noise reduction in the new fiber laser configura-
tion are experimentally explored.

2. Laser configuration

The experimental laser setup is shown in Fig. 1. A standard distrib-
uted feedback (DFB) laser diode supplied by a —30 dB built-in optical
isolator generates radiation with a maximal power of ~10 mW at
~1535.5 nm in linear polarization. The laser radiation passes through
the optical circulator (OC), polarization controller (PC1), 99/1 coupler
(C1), 95/5 coupler (C2), the feedback loop comprising the polarization
controller (PC2) and piezo-stretcher (PS), again circulator (OC) and
returns back into the DFB laser cavity thus providing passive optical
feedback to the laser operation. The 95/5 coupler redirects a part (5%)
of the laser power circulating in the feedback loop (port A) that is used
for operation of the electronic feedback circuit and spectrum measure-
ments. The FORR optically coupled with the feedback loop is spliced
from 99/1 coupler (C1) and contains ~11.33 m of a standard telecom
fiber (SMF-28e). The circulator and optical isolators isolate the DFB
laser from undesirable back reflections from the fiber faces. The high Q-
factor FORR is used simultaneously as a narrow-band optical pass filter
attached to the optical feedback loop and as an effective fiber medium to
generate Brillouin lasing. Port B of the circulator is used as a Brillouin
laser output. The polarization controller (PC1) is used to adjust the
polarization state of the light before its introduction to the FORR
providing better coupling of the laser radiation with the resonant ring
cavity mode. This process could be monitored through the power
detected at port A by a fast photodetector (PD, Thorlabs DETO8CFC, 5
GHz, 800-1700 nm). The polarization controller (PC2) is used to control
the optical feedback strength by adjustment of the light polarization
state before its injection to the DFB laser emitting a linear polarization. A
piezo fiber stretcher (PFS, Evanescent Optics Inc., Model 915B) attached
to the feedback loop is used as an optical phase shifter driven by a low-
cost USB Multifunction DAQ (National Instrument NI USB-6009) con-
nected with a PC.

3. Laser operation and stabilization

The principle of laser operation in self-injection locking regime is
explained in [22-24]. The radiation emitted by a DFB laser passes the
optical feedback loop and is injected back into the DFB laser cavity
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Fig.1. Schematic illustration of the experimental configuration; USB-DAQ —
microcontroller, PD —photodetector, OC — 4 ports optical circulator, PC - po-
larization controller, C - coupler, OI - optical isolator, PFS- piezo fiber
stretcher, FORR - fiber-optic ring resonator.
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forcing the DFB laser to operate the frequency v, that commonly differs
from the frequency v, generated by a free running DFB laser (the DFB
cavity mode frequency). The laser operation frequency v, is resonant in
the coupled laser cavity (comprising the DFB laser cavity and feedback
loop), i.e. v1 = v, 1p, Where vpp,p is one of the coupled cavity eigen
frequencies. The frequency vpp,;p could be smoothly tuned at least
within one free spectrum range (FSR) of the feedback loop by controlling
the phase delay in the feedback loop (using a piezo-stretcher, as an
example).

Filtered optical feedback is a specific case of optical feedback
commonly used with the semiconductor lasers. The use of high-Q
external cavities offers the potential to control the DFB laser linewidth
through the spectral width of the filter and its detuning from the free
running laser frequency vg, [23]. For example, in conjugation with a
confocal Fabry-Perot resonator the DFB laser could reduce the laser
linewidth down to 30 Hz [25].

In this context, the laser configuration shown in Fig. 1 could be
thought as a DFB laser operating with a simple optical feedback loop
coupled with a high Q-factor ring cavity. The isolation provided by the
in-built DFB laser isolator is an important parameter of the laser models
[22-24]. To support injection locking it should be between —25 and
—35 dB that is a typical isolation of single stage optical fiber isolators.
When the laser frequency v, is out of the ring cavity resonant band, the
laser operates like a laser with an optical feedback loop only [22]. The
piezo-activator attached to the feedback loop fiber allows to tune vy
affecting the length of the feedback fiber. The effect of high-Q ring cavity
brings new features to this process. Using the piezo-activator we can
smoothly tune the position of the laser frequency v; = vpgp towards
the nearest ring cavity resonance mode vg. Its vicinity to the ring reso-
nance could be monitored through the laser pump power detected at
port A. The detected power is maximal when the laser frequency v, is far
from v and it is minimal (in our experiment it decreases down to ~45%
of its maximal value) at v;, = vg. With the laser operation frequency v,
approaching the resonance v, the laser light circulating inside the fiber
feedback loop exhibits strong linewidth narrowing that is the most
pronounced at vy = vg.

The mission addressed to active electronic feedback is to ensure a
stable locking of the pump frequency v, = v 1p to a ring cavity mode
vg by maintaining the power in port A at its minimal level. A low-cost
USB Multifunction DAQ (National Instrument NI USB-6009) connected
to a PC is used for this purpose. The laser power detected at port A serves
as an error signal. The DAQ output voltage (0-5 V) is applied to the
piezo-activator controlling the phase delay in the optical fiber loop. The
digital control system enables the phase change within the range of +20
rad with a step of £0.06 rad and with a period of ~3 ms.

The same fiber ring cavity is used for generation of the Brillouin
scattering. Inside the ring, the DFB laser radiation at v, propagating
clockwise (CW) is used as a pump for a Brillouin wave at vs = v, —Agps
propagating counterclockwise (CCW), where Aggs is the Brillouin fre-
quency shift. To optimize the Brillouin lasing, the ring cavity length Lg
has been precisely adjusted with the single-cut technique [26] to match
the Brillouin frequency shift Avggs and the ring cavity free spectrum
range FSR = c¢/nLg as Avsgs = mgFSR, where c is the speed of light and n
is the fiber refractive index, mp is an integer. With perfectly adjusted
fiber ring cavity length, active stabilization of lasing at v;, = vg ensures
stabilization of the Brillouin lasing at the frequency vs.

4. Experimental results

With the laser configuration shown in Fig. 1 lasing at the pump
frequency vy, and at the Stokes frequency vs has been monitored through
ports A and B, respectively. The signal from port A is detected by a fast
photodetector and is used as an error signal for the active feedback
operation.

Fig. 2 compares oscilloscope traces recorded for the control signal
applied to the piezo-stretcher, pump and Brillouin powers without and
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Fig. 2. Typical oscilloscopic traces of the reflected and Stokes powers; (a)
without and (b) with active stabilization.

with active feedback. For the laser operating without electronic feed-
back the laser frequency v, = v, 1p is not locked to the ring resonance
vg. Driven by an environment noise both frequencies v;, and vg slowly
(and almost independently) vary in time forcing the power detected in
port A to walk between its minimal and maximal values. Most of the
time the laser frequency v;, does not match the ring cavity resonant band
and, therefore, the laser radiation passes through the fiber ring coupler
with a loss of less than ~1% of its power. When the frequencies v, and vg
occasionally approach each other, the laser power detected at port A
decreases and the pump power circulating CW inside the ring drastically
increases. Once getting the Brillouin lasing threshold, this power gen-
erates the CCW Stokes wave in the ring emitted through port B at vs.
Energy conversion from the pump to Stokes wave maintains the laser
power detected at port A at the level corresponding to the Brillouin
threshold. When the pump power inside the ring falls below the Bril-
louin threshold, lasing at the Stokes frequency drops out.

The laser operation with supplementary electronic feedback is
shown in Fig. 2(b). The electronic feedback circuit is trying to maintain
the laser pump power detected at port A (now it is used as an error
signal) fixed to its minimal value. So, the DFB laser frequency v, is al-
ways locked to the ring cavity mode vg providing a stable laser operation
at the pump and Brillouin frequencies recorded at ports A and B,
respectively (v = vgr = vpgirp).- One can see that the self-injection
locking mechanism in combination with optoelectronic feedback
perfectly works against the environment noise enabling stable laser
operation at two locked frequencies. Sometimes, the stabilized laser
behavior could be interrupted by a short mode-hopping event provoked
by the environment noise. Fig. 2(b) shows the system response to a
pencil kick on the fiber configuration. One can see, both optical signals
(and so the pump laser frequency v;) deviate from the steady-state point
and then quickly returns to the original position. A typical time of the
restoration governed by active electronic feedback is z;, ~ 0.2s for both
pump and Stokes signals.

Another source of the laser instabilities is a drift of environment
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temperature. Commonly, the fiber configuration is placed into a foam
box, but no additional thermal control of the box is applied. The envi-
ronmental temperature variations affect both the ring cavity and feed-
back loop fiber lengths changing the mutual position of the resonant
frequencies vg and v;. The electronic feedback circuit works against the
temperature noise trying to maintain the equality v, = vg. To this end, it
controls the phase delay in the optical feedback loop smoothly changing
the voltage applied to the piezo-stretcher. The dynamical range of the
piezo-stretcher is limited by +20 rad. When this limit is exhausted, the
phase must be reset by an integer number of circles. Such jumps of the
control signal destabilize the laser for a short time (like, it is shown in
Fig. 2(b)). A typical time of the stabilized laser operation in the labo-
ratory environment (between two jumps of the control signal) is ~5-7
min.

Fig. 3 shows a typical radiofrequency (RF) spectrum recorded by an
RF signal analyzer (Keysight N9040B, 50 GHz) with an acquisition time
of ~ 20 ms and characterizing beating between pump and Stokes laser
outputs. One can see that the typical RF spectrum exhibits a pronounced
peak centered at ~ 10.9402 GHz and with the width of ~ 600 Hz. The
recorded peak frequency corresponds to the Brillouin frequency shift in
the ring cavity fiber (SMF-28, Corning Inc.) at 1535 nm and room
temperature [27].

To stabilize the laser permanently, we have used thermal control
applied to the laser box as a whole, thus enabling mode-hopping free
laser operation. The RF spectrum measurements similar to that shown in
Fig. 3 have been repeated several times during 1 h [Fig. 4 (a)]. Exclu-
sively, for this experiment, the laser box has been put in a chamber
stabilized at ~ 23°C. No mode hopping has been detected for this time.
The variation of the RF spectrum peak position svgr < 4.5 kHz reflects
the effect of the residual temperature fluctuations. Using these data one
can estimate the value of the Brillouin laser frequency drift v caused by
the temperature noise. Indeed, both the pump and Stokes laser fre-
quencies are locked to the ring cavity modes as shown in Fig. 4(b) and so
their difference measured as the RF spectrum peak position vgr should
be an integer number of the ring cavity free spectrum ranges (FSR):

Vrr =V — Vs = (p — $)FSR (@)

where p and s are orders of the ring cavity modes associated with pump
and Stokes lasing.

Therefore, the link between the variations of the Brillouin laser fre-
quency vs and the RF spectrum peak position vs could be expressed as:

Svy = —— Sugp )
(p—s)

With the pump mode orders estimated as s = 1.08 107 and p —s =
606, the deviation of the Brillouin laser frequency for 1 h is limited by
Svs < 80MHz. So, we can conclude that when the laser frequency is
trapped within the boundaries of +40MHz, the laser operation remains
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Fig. 3. RF beat spectrum acquired for ~20 ms.
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Fig.4. (a) RF beat spectrum realizations taken during 1 h with the thermally stabilized laser setup. (b) Mode structure in the Brillouin laser cavity with dou-

ble resonance.

stabilized permanently. Using the same technique, we have estimated
the drift of the Brillouin laser frequency in the laser without an external
thermal control. In this case, a drift of the RF spectrum peak frequency
with an average velocity of ~ 450 Hz/min corresponding to the drift of
the Brillouin laser frequency ~ 8 MHz/min has been measured. Such
environment conditions enable a stable laser operation for ~ 5 —7 min
before the control signal jump destabilizes the laser, since the Brillouin
laser frequency drift exhausts the limit of the piezo-stretcher dynamical
range.

The RF beat spectrum characteristics are in a good quantitative
agreement with the Stokes and pump optical linewidths measured with
the delayed self-heterodyne technique [28-31]. An all-fiber unbalanced
Mach-Zehnder interferometer with a 55 km delay fiber supplied by 20
MHz phase modulator has been used for this purpose. The beat signal
from the interferometer is detected by a ~5 GHz photodiode and
analyzed by an RF spectrum analyzer (FSHS8, Rohde & Schwarz). The
experimental spectra shown in Fig. 5 are averaged over 10 independent
measurements each lasting for ~92.2 ms. Both spectra are centered
around 20 MHz. The narrower spectrum (recorded with the Stokes
output) exhibits oscillations in the wings evidencing that the laser
coherence length is much longer than the interferometer delay fiber
[29,30]. To proceed the measured data, we use the method based on the
decomposition of the self-heterodyne spectra into Gaussian and Lor-
entzian contributions [30,31]. In this approach, the laser’s line is
thought to be Gaussian in the range near the top, and Lorentzian in the
wings. The Lorentzian and Gaussian contributions can be evaluated by
fitting the measured self-heterodyne spectrum by the Voigt profile.
Fig. 5 shows the fitting Voigt profiles obtained using the algorithm
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described in [31]. One can see that the fitting is applied just to the
highest points in the wings ensuring upper values of the Lorentzian laser
linewidths estimated for two laser outputs. The Lorentzian laser line-
width is a half of the Lorentzian width (FWHM) wy, of self-heterodyne
spectrum and the Gaussian component is v/2/2 times the Gaussian
linewidth (FWHM) wg of self-heterodyne spectrum [30]. Therefore, the
natural Lorentzian laser linewidths are found to be narrower than 400
Hz and 75 Hz for the pump and Stokes laser outputs, respectively. For
comparison, the optical spectrum linewidth of the free running DFB
laser diode is ~4 MHz.

Fig. 6 shows the first Stokes power as a function of the pump power at
the FORR input. One can see that the emitted Stokes power increases
with an increase of the input pump power linearly up to ~5.5 mW that is
believed to be the threshold power of the second Stokes generation.
Above the threshold the first Stokes power does not change any more
with the increase of the input pump power due to its conversion to the
second Stokes radiation generated in the ring cavity co-directly to the
pump. The insert in Fig. 6 demonstrates the second peak accompanied
the pump radiation optical spectra shifted by ~0.16 nm (equivalent to
—2Auvsps) from the main peak highlighting the presence of the second
Stokes radiation emitted through the pump radiation output.

Fig. 7 shows the noise performance of the Brillouin laser. The power
spectral density (PSD) of phase noise recorded for the pump and Stokes
radiations with a RF spectrum analyzer (Agilent N9320A) in the range of
10 —100 kHz is presented in Fig. 7 (a). For the used RF spectrum range,
the effect of active feedback noise on the laser performance is negligible.
The PSDs have been measured by the self-heterodyne method [32-34]
using an unbalanced Mach-Zehnder interferometer with a ~ 1.3 km
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Fig.5. Delayed self-heterodyne spectra of the laser radiation emitted through ports A (a) and B (b) at pump and Stokes laser frequencies, respectively. The measured
spectra (black) and their fitting Voigt profiles (red) with the Gaussian and Lorentzian linewidths (FWHM) wg and wy, respectively, as the fitting parameters.
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delay fiber (~ 5.76 us) and 20 MHz frequency shifter. One can see that
beyond 30 kHz the active stabilization circuit keeps the phase noise of
the pump radiation below -80 dBc/Hz. Comparing the pump laser
output (port A) the PSD measured with Brillouin laser output (port B) is
lower by ~ (10 — 25) dBc/Hz over the range. We believe that it is the
result of filtering effect in the high-Q-factor ring cavity.

Fig. 7(b) presents the relative intensity noise (RIN) measured with a
lock-in amplifier SRS510 in 1 —100 kHz frequency range. One can see
that the RIN of stabilized pump laser is lower by ~ (5 — 10) dB than the
RIN of free-running DFB laser. At the same time, the RIN of the Stokes
radiation (port B) is higher by 30 —40 dB than the RIN of the pump laser
output (port A), especially at lower frequencies. We explain this increase
by an exponential manner of the Stokes wave amplification in the fiber
ring cavity resulting in a strong pump-to-Stokes RIN transfer.

5. Discussion

We have introduced a simple Brillouin laser based on a DFB laser
coupled to an all-fiber ring cavity and working in self-injection-locking
regime. In our laser configuration, the same high-Q-factor ring fiber
cavity is exploited both for self-injection locking of the DFB laser and for
generation of Stokes light via stimulated Brillouin scattering. A low-cost
USB-DAQ is used to stabilize the system preventing mode-hopping.
Importantly, the self-injection locking mechanism maintains perma-
nent coupling between the DFB laser and the external fiber ring cavity

enabling perfect resonant pumping for low-noise Brillouin lasing.

In contrast to the previous laser configurations [15-19], we have
employed the fiber ring cavity built (and then incorporated into the
configuration) using just one fiber coupler instead of two couplers used
earlier. Such a cavity design potentially reduces the optical losses in the
ring cavity (twice in comparison with [19]) providing an enhanced Q-
factor. Thanks to new Brillouin laser design, the laser performance
characteristics have been significantly improved. The Brillouin laser
output is increased up to ~ 180uW from ~ 100uW reported with the
two-coupler ring configuration [19]. Further power scaling is still
possible with an external amplifier (it could be a Brillouin amplifier built
from the same fiber). The Brillouin lasing threshold power is reduced
down to ~1.5 mW comparing with ~2.9 mW observed with longer ring
cavity (~20 m) [19]. The Brillouin laser Lorentzian linewidth is reduced
down to ~ 75Hz from ~ 110Hz measured earlier in the same way. To the
best of our knowledge, it is the narrowest laser linewidth reported with
the self-injection locked DFB lasers employing an external fiber cavity
[15-21].

Qualitatively, the laser performance characteristics shown in Figs. 2-
6 are not so different from the similar characteristics reported with the
previous laser configurations [18,19]. There is a crucial difference,
however. Indeed, in most of the laser configurations, the feedback signal
is maximized when the laser gets locked to a cavity mode. In our case, it
takes its minimum value (see Fig. 2(b)), raising the question, whether
the same mechanism governs the laser locking here. Although the
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detailed theoretical description of the laser operation is under progress
(and out of scope of this paper), we believe, there are no contradiction
between the mentioned feature and current understanding [23]. Indeed,
it is commonly accepted that for lasers operating in the injection locking
regime mode hopping not necessarily occurs from the mode with higher
to the mode with lower losses. In contrast, at sufficiently high feedback
level (and laser phase noise), when multiple solutions exist for the phase
condition, the laser frequency locks to the mode with the lowest phase
noise level (mode hopping occurs from the mode with wider laser
linewidth to the mode with lower laser linewidth). Thus, the laser locks
more and more to the feedback phase adjusted for minimum linewidth
until further mode hopping is suppressed. Apparently, the laser behavior
in our experiment follows this scenario. When the phase delay tuned by
the piezo-stretcher pushes the laser frequency v, to the ring cavity
resonance Ly, a decrease of the feedback signal (in two times only) is
accompanied by a drastic narrowing of the laser linewidth (more than an
order of magnitude) thus providing an increasingly strong locking of the
laser to the ring cavity resonance vg.

When the injection locking regime is established, the laser frequency
vy, is locked to the frequency vg (v, = vr) and to the frequency vgp.1p,
simultaneously. Under other conditions being equal (the laser diode
current and temperature are well stabilized, the lasing power does not
change), the environmental temperature variations affect the ring cavity
and feedback loop fiber lengths changing the mutual position of the
resonant frequencies vg and vpgrp. A deviation of vg from vpg,;p (or
vice versa) disrupts the injection locking destabilizing the laser. To avoid
this, the position of vgg, 1 p should be permanently adjusted to vg. It is the
task of the active feedback circuit to maintain the equality vgs1p = vg.
In [18] the active feedback has been implemented through the control of
laser diode current. However, this solution is limited by rather a small
range of the allowed current modulation. Along with the desirable fre-
quency vpg p control, the laser current modulation could disturb the
DFB laser parameters (power, temperature, gain) producing poorly
predictable effects on the system behavior. In contrast, the phase control
through a piezo-stretcher may directly tune vpp,rp just affecting the
length of the feedback loop fiber. It makes this control mechanism more
practical, exhibiting much better stability and reproducibility. However,
a limited dynamical range of the piezo-stretcher possesses restraints on
the laser operation as well. When the limit is exhausted the phase must
be reset and a jump of the control signal destabilizes the system. The use
of an additional thermal control applied to the whole laser configuration
allows to handle the laser frequency drifts making the laser operation
permanently stabile.

6. Conclusion

In conclusion, we have experimentally demonstrated a single-mode
sub-kilohertz Brillouin fiber ring laser just splicing a commercial DFB
laser and a few standard telecom components. The laser delivers a
continuous wave narrowband radiation at pump and Stokes frequencies,
simultaneously. The DFB laser diode is optically locked to the resonance
frequency of the 11.33-m length fiber optic ring resonator providing
~10 000 times Lorentzian linewidth narrowing down to ~400 Hz. The
pump laser operation is perfectly stabilized by active optoelectronic
feedback driven by a simple microcontroller. Accumulation of the pump
laser radiation inside the ring cavity forces the ring cavity to operate as
the continuous wave Brillouin laser delivering the Stokes light with
Lorentzian linewidth of ~75 Hz above the pump power threshold of
~1.5mW. The relative intensity noise of the Stokes radiation is <-90
dB/Hz, and the phase noise is <-100 dBc/Hz for RF frequencies >30
kHz. Such characteristics are of interest for many laser applications,
including high-resolution spectroscopy, phase coherent optical com-
munications, distributed fiber optics sensing [35,36], coherent optical
spectrum analyzer, and microwave photonics.
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