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Sub-100-Hz DFB Laser Injection-Locked to PM
Fiber Ring Cavity

Ivan S. Panyaev, Pavel A. Itrin, Dmitry A. Korobko, and Andrei A. Fotiadi

Abstract—L ow-noise lasers are invaluable tools in applications
ranging from precision spectroscopy and displacement
measurements to the development of advanced optical atomic
clocks. Although all these applications benefit from reduced
frequency noise, some also demand a low-cost and robust design.
In this work, we introduce a novel and practical concept of a
simple, single-frequency laser that utilizes a ring fiber cavity for
self-injection locking of a standard semiconductor distributed
feedback (DFB) laser. Contrary to previously reported solutions,
our laser configuration is fully spliced from polarization-
maintaining (PM) single-mode optical fiber components. This
results in an adjustment- and maintenance-free narrow-band
laser operation with significantly enhanced stability against
environmental noise. Importantly, continuous-wave (CW) single-
frequency laser operation is achieved through self-injection
locking, while the low-bandwidth active optoelectronic feedback
serves exclusively to maintain this regime. Operating with output
powers of ~8 mW, the proposed fiber configuration narrows the
natural Lorentzian linewidth of the emitted light to ~ 75 Hz and
ensures phase and intensity noise levels of less than — 120 dBc/Hz
(>10 kHz) and -140 dBc/Hz (>30 KkHz), respectively.
Furthermore, the thermally stabilized laser exhibits a frequency
drift of less than ~ 0.5 MHz/min with a maximal frequency walk-
off of <8 MHz. We believe that translating this laser design to
integrated photonics in the near future could dramatically lower
costs and reduce the footprint in various applications, including
ultra-high-capacity fiber and data center networks, atomic
clocks, and microwave photonics.

Index Terms—narrow-band fiber lasers, self-injection locking,
fiber ring cavity, laser linewidth

. INTRODUCTION

Recently, ultra-narrow-band light sources have emerged as
pivotal components in advancing optical communication

[1-3], optical precision measurement [4-8], and signal
synthesis [9], owing to their extended coherency length and
minimal phase noise. The laser linewidth, a critical parameter
for characterizing the coherence of a laser light source, has

This paragraph of the first footnote will contain the date on which you
submitted your paper for review. This work is supported by the Ministry of
Science and Higher Education of the Russian Federation (#075-15-2021-581,
concept) and Russian Science Foundation (#23-79-30017, experiment).
A.AF. is supported by the European Union’s Horizon 2020 research and
innovation program  (Individual ~Fellowship, H2020-MSCA-IF-2020,
#101028712).

I. S. Panyaev, P. A. Itrin and D. A. Korobko are with the Ulyanovsk State
University, 42 Leo Tolstoy Street, Ulyanovsk, 432017, Russia; A. A. Fotiadi
is with Optoelectronics and Measurement Techniques Unit, University of
Oulu, 90570 Oulu, Finland and University of Mons, 7000 Mons, Belgium,
corresponding author.

garnered significant research attention [10, 11]. A variety of
narrow-band laser configurations have been proposed,
utilizing either active optoelectronic feedback [12, 13] or
passive optical feedback [14]. In the context of optoelectronic
feedback, the narrowing of the laser linewidth primarily
hinges on laser frequency stabilization technology. This
technology relies on the electrical circuit's capability to offset
the frequency disparity between the laser and the reference
frequency. However, this type of laser frequency stabilization
is technically challenging and often cost-prohibitive for more
widespread laser applications.

The optical feedback method utilizes the self-injection
locking mechanism, offering a significant enhancement in the
spectral performance of standard DFB lasers [15-17]. To
achieve this effect, a portion of the optical radiation emitted by
the laser passes through an external cavity, which acts as a
narrow-band filter, before being reintroduced into the laser
cavity. This process lowers the laser threshold at the ring
resonant frequency, leading to a marked reduction in laser
linewidth [18-22]. In this context, a longer cavity length is
beneficial for improving the laser's linewidth, making ring
cavities based on optical fibers [23] an appropriate choice. A
laser with a kHz linewidth can be constructed simply by
integrating a standard distributed feedback (DFB) laser diode
with several passive telecommunication components [24-26].
While the linewidth of a typical free-running DFB
semiconductor laser varies from a few MHz to tens of MHz
[27], self-injection locking via an external fiber ring cavity can
narrow the laser's linewidth to just a few kHz, or even less.
This efficient approach facilitates the design of cost-effective
narrow-band laser sources using standard laser diodes,
positioning them as an attractive alternative to traditional laser
systems that utilize active feedback [28-33].

This technique, however, presents a significant drawback.
Owing to the small intermode distance and the extended
feedback loop, it's highly susceptible to fluctuations in both
configuration parameters and environmental conditions [34].
When the laser locks onto the ring cavity resonance, it starts
operating at the ring resonant frequency, adjusting to its
gradual shifts. Yet, influenced by environmental vibrations
and thermal dynamics noise, the laser frequency deviates from
the external cavity resonance. This deviation can ultimately
lead to mode hopping, where the locked laser frequency
oscillates between the external ring cavity modes, temporarily
undermining the laser's stable operation [35]. To address this
issue, various strategies have been pursued to stabilize the
laser operation within the self-injection locking regime.
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Relying solely on optical feedback, stable laser operation
typically persists for just a few seconds. However, by
meticulously controlling the laser diode current and
temperature, in conjunction with regulating the temperature of
the entire fiber setup, one can prolong stable laser operation to
several tens of minutes or even longer [36]. Nonetheless, these
stabilization techniques are intricate and tend to be more
expensive.

Recently, we demonstrated a laser stabilization concept that
achieves significant DFB laser linewidth narrowing through
self-injection locking to an external fiber ring cavity. In these
laser configurations, the locked laser frequency is stabilized to
the cavity resonance via the active control of phase delay in
the optical feedback fiber that returns light to the DFB laser
cavity [37]. To this end, the optical feedback fiber is equipped
with a phase-shifter [38]. This device continuously adjusts the
laser phase to compensate for any mismatches between the
DFB laser's operating frequency and the ring cavity resonance
caused by environmental noise. In the active optoelectronic
feedback circuit, the optical power detected from one of the
laser outputs can act as the error signal used by a cost-
effective USB-DAQ card controlling the phase shifter.
Importantly, in contrast to previously reported lasers with
optoelectronic circuit feedback, our approach hinges on the
linewidth narrowing effect solely induced by the self-
injection-locking mechanism. The active feedback is utilized
just to maintain the laser's operation within the self-injection-
locking regime. As a result, our method is considerably less
resource-intensive in terms of feedback circuit bandwidth,
complexity, and memory allocation compared to traditional
optoelectronic systems associated with fiber lasers [39, 40].

Over the past several years, this innovative approach has led
to significant advancements, achieving sub-kHz laser
linewidths and paving the way for advanced applications such
as distributed fiber sensors [41]. We have also introduced a
series of Brillouin lasers using the same mechanism. In these
dual-wavelength configurations, an external fiber ring cavity
serves two primary functions: it acts as a narrow-band filter,
facilitating self-injection locking of the DFB laser, and as a
medium for Brillouin scattering [42-48], generating Stokes-
shifted optical waves. Notably, our recent Brillouin laser
configuration [49] employs a fiber ring cavity constructed
from a single fiber coupler, departing from the traditional use
of two couplers. This approach gives the system both
simplicity and an enhanced cavity Q-factor. Through the
application of thermal control to the entire laser configuration,
we have achieved stable laser performance, ensuring
continuous, mode-hopping-free operation. When pumped with
a standard DFB laser diode, this configuration emits a sub-
100-Hz laser linewidth at the Brillouin frequency. Although it
does so with sub-milliwatt output power, the primary DFB
laser emits power of ~5 mW with a linewidth close to 400 Hz.
This characteristic makes the laser especially suitable for dual-
wavelength applications, such as distributed fiber Brillouin
sensing [50-52]. However, for applications that rely on a
single-wavelength laser and need a sub-100-Hz laser
linewidth, this configuration may not be the most practical

choice. Furthermore, this laser setup, constructed from
standard optical fiber, requires meticulous adjustments to
maintain its desired operational mode. Even with these
adjustments, it remains sensitive to prolonged environmental
changes and often requires periodic recalibrations.

In this work, we address these limitations and demonstrate a
robust sub-100-Hz single-wavelength continuous-wave (CW)
laser source. This source employs a standard DFB laser diode
self-injection-locked to an external ring fiber cavity. Unlike
previously reported solutions, our new laser configuration
comprises exclusively polarization-maintaining (PM) fiber
components. To minimize the operational linewidth, we have
managed to build the PM laser configuration using a fiber ring
cavity spliced from a single fiber coupler. This simplified all-
PM-fiber laser design renders the laser more resistant to
external perturbations and environmental noise. It also
eliminates the need for polarization controllers within the
cavity, making the laser configuration robust and adjustment-
free. Based on this, we experimentally investigate and verify
the proposed narrow-band PM fiber laser solution,
demonstrating control and tuning of the laser linewidth down
to 75 Hz. We successfully achieved an ultra-narrow linewidth
laser with phase and intensity noise reduced to — 120 dBc/Hz
(>10 kHz) and —140 dBc/Hz (> 30kHz), respectively.
Additionally, we elucidate the physical mechanisms
underlying laser stabilization, linewidth narrowing, and phase
noise reduction. This paves the way for precise control over
laser spectral and polarization characteristics under conditions
of controllable coherence.

Il. LASER CONFIGURATION

The experimental laser setup built from standard telecom
components is shown in Fig. 1. A standard DFB laser diode
(Mitsubishi Electric Corp., FU-68PDF-V510M67B) supplied
by a -30 dB built-in optical isolator generates radiation with a
maximal power of ~15 mW at ~ 1552 nm (Tq=25°C) in
linear polarization. The laser radiation passes through the
optical circulator (OC), 99/1 fiber coupler (C1), optical
isolator (Ol), polarization beam splitter (PBS), variable
attenuator (VAR ATT), delay fiber with the inserted phase
shifter (PS) and again circulator (OC) returns back into the
DFB laser cavity thus providing passive optical feedback to
the DFB laser operation. The fiber ring cavity serving as a
narrow-band optical pass filter is a part of the optical feedback
loop. It is spliced from the 99/1 PM coupler (C1) with ~11.33
m of a standard PM fiber (Nufern PM1550-XP). The
polarization beam splitter redirects a part of the laser power to
the laser output and a fast photodetector that is a part of the
electronic feedback circuit. The circulator and optical isolators
prevent the DFB laser from undesirable back reflections from
the fiber faces. The most sensitive part of the laser
configuration (red marked area in Fig. 2) is placed into a foam
box, protecting the system from environmental noise. The
laser operation is monitored by a fast photodetector (PD,
Thorlabs DET08CFC, 5 GHz, 800 - 1700 nm).

Although, the laser configuration shown in Fig. 1 looks like
a single-wavelength version of the one reported in Ref.[49],
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several crucial solutions have been implemented to improve
qualitatively the laser performance. The new configuration is
entirely spliced from PM fiber components. The robust PM
laser design excludes polarization controllers, making the laser
adjustment-free and more suitable for practical applications.
To enable the operation of optical feedback loop in this case,
the fixed distribution of the light polarization state over the
laser configuration is imposed directly by proper splicing of
the PM fiber components. In particular, the ring fiber cavity is
built by splicing the ends of the fiber PM coupler with the
rotation of their birefringence axes by 90° (as marked by a
cross in Fig. 1). Figure 2 shows the images of the splicing
process with the Fujikura FSM-100P splicing machine. Two
left images show the alignment of the fiber ends with rotation
of the birefringence axes by 90° before splicing, whereas two
right images show the spliced fibers. So, the fiber ring cavity
is formed by two PM fiber segments of the same length (~ 5.5
m) optically connected by the coupler C1 on one side and
spliced together with the birefringence axes rotated by 90°
relative to each other on the other side. When the DFB laser
light circulates in the fiber ring cavity, its polarization state
undergoes a rotation by 90° after each round trip, i.e., the
radiation polarized along the slow PM fiber axis after a round
occurs polarized along the fast fiber axis and versa.

For the CW laser light circulating inside the ring cavity, the
optical power is averaged over polarizations and equally
shared between the fast and slow fiber axes, making a minor
difference between them. However, when the light is extracted
from the ring through the coupler, only one of the polarization
components (that coincides with the DFB laser polarization
state) interferes with the DFB laser radiation at the coupler
output. The polarization beam splitter (PBS) specified with the
polarization extinction ratio > 23 dB separates two
polarization components and redirects them into two
individual PM fiber outputs, each polarized along the slow
fiber axis. The light in the first fiber with the polarization state
coinciding with the DFB laser is split between the laser output
and a fast photodetector that provides an error signal
employed by the optoelectronic feedback circuit. The second
fiber containing the light with the polarization initially
orthogonal to the DFB laser is the fiber delay line equipped
with the phase shifter (PS). At the end, it is spliced with the
optical circulator (OC) to inject the light into the DFB laser
cavity in the polarization of the DFB laser thus preventing the
polarization switching inside the laser cavity. The portion of
the power injected into the DFB laser cavity is controlled by
the variable attenuator (with attenuation up to 60 dB).
Typically, the variable attenuator is set to a transparency level
of 30% or higher.

The optoelectronic feedback circuit helps the laser to
maintain the laser operation in self-injection-locking regime.
The thermo-optical fiber phase shifter (Phoenix Photonics
VPS150-15-PM-2-1) inserted into the fiber feedback loop is
driven by a low-cost USB Multifunction DAQ (based on the
Arduino board) connected with a PC. With the voltage applied
to the phase shifter, the DAQ continuously tunes the phase
delay in the optical feedback loop trying to minimize the error

signal provided by the photodetector. It is worth noting that
the use of the fiber phase-shifter based on thermo-optical
effect is helpful due to its low cost and extended dynamical
range ~1507 rad. In contrast to the mechanical piezo-activator
used in our previous experiments [38, 49], it does not
introduce acoustic vibrations that have been found to impair
the laser performance characteristics. An additional thermal
control (also based on the Arduino board) is applied to the

laser box stabilizing it at ~30+0.01°C to keep the phase-
shifter within its dynamic range.

I1l. LASER OPERATION AND STABILIZATION

The principle of the self-injection locking mechanism with
filtered optical feedback is explained in [15-17]. The isolation
afforded by the built-in DFB laser isolator emerges as a
crucial parameter in the laser models [23]. To enable a stable
injection locking, the isolation should typically range between
-25 and -35 dB, which aligns with the standard isolation of
single-stage optical fiber isolators. A simplified view of the
laser operation is illustrated in Fig. 3. The laser configuration
is thought as the DFB laser optically coupled with two
external fiber cavities marked by green and yellow
backgrounds, respectively. The light emitted by a DFB laser
passes the fiber ring cavity and the optical feedback loop. It is
injected back into the DFB laser cavity, forcing the DFB laser
to emit at v, =v,, where v, is one of the ring cavity resonant

frequencies. For stable operation, the laser frequency v,

should be simultaneously resonant in two cavities: the ring
cavity (v, ) and the coupled cavity comprising the DFB laser

cavity and feedback loop (v 5,r5), i€, V| =Vg =V p,ps- The
phase shifter tunes the position of the frequency v g, q
relative v, according to the applied voltage. The laser vicinity

to the resonance is monitored through the laser pump power
detected by the photodetector, producing the error signal. As
the laser system approaches the resonance, the laser light
circulating inside the cavity exhibits a strong enhancement in
its power, resulting in an increase in the feedback signal and a
decrease in the power detected by the photodetector. The laser
operation becomes unstable when the environment noise
affecting the laser configuration fibers violates the
equality v, = v, . The task of the active feedback circuit is

to maintain the equality, minimizing the error signal detected
by the photodetector.

In general, there are two cases when mode-hopping in the
laser occurs. The first is a mechanical vibration, such as a flick
on the laser box, that causes short-time perturbations of the
laser power. To protect the laser configuration from
mechanical vibrations, it is enclosed in a foam box. The
second is an extended temperature drift. While the active
feedback circuit operates to counteract temperature drift, the
voltage applied to the phase shifter could exhaust its dynamic
range (~150xn rad). In this case, for further operation, the
phase delay induced by the phase shifter should be reset by an
integer number of 27t. Such a jump destabilizes the laser in the
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same way as the flick on the box. To avoid destabilization, the
phase shifter's working point should always be maintained
within its dynamic range. It is achieved with the additional
thermal stabilization of the laser box. It is worth noting that in
this ensemble, the voltage applied to the phase shifter could be
simultaneously used as an error signal for getting advanced
thermal control.

IV. EXPERIMENTAL RESULTS

A. Active stabilization technique

With the laser configuration shown in Fig. 1 the output
power is monitored by the photodetector. The signal from the
photodetector is also used as an error signal for the operation
of the optoelectronic feedback circuit. Figure 4 highlights the
work of active optoelectronic feedback circuit by
demonstrating oscilloscope traces recorded simultaneously
with the laser output power (error signal) and active feedback
voltage applied to the phase shifter. Figure 4 (a) compares the
dynamics of laser power before and after the active
optoelectronic circuit is switched-on (at the moment of T=0 s).
For the laser operating without active feedback (T< 0 s) no
driving signal is applied to the phase shifter (Uc = const) and
the DFB laser frequency is not locked to the ring cavity.
However, its dynamical behavior already drastically differs
from the behavior of the free-running DFB laser, since the
passive optical feedback provided by the robust PM fiber
configuration forces the DFB laser to operate preferably in
self-injection locking regime. The recorded power fluctuations
with typical time scale of a few seconds are caused by
environment noise affecting the mutual positions of the optical
feedback loop and ring cavity resonances, v, 5. and v,

respectively. The absence of narrow spikes in the oscilloscope
trace ensures mode hopping free laser operation in the
observed regime.

At T ~ 0 s the active feedback is turned on and the voltage
applied to the phase-shifter starts to control the laser
operation. The challenge addressed to the active
optoelectronic feedback circuit is to keep the signal recorded
by the photodetector as low as possible applying the suitable
driving voltage to the phase shifter. So, the active
optoelectronic feedback circuit forces the laser to operate at
the laser frequency strongly locked to the high-Q ring cavity
resonance thus decreasing the laser output signal. One can see
that just after the active circuit is on, the laser power exhibits
an exponential decrease down to its new level thus
highlighting a transition to the stabilized laser operation.
Figure 3 (b) shows the details of the transition process timing
a couple of seconds. In the stabilized laser operation regime,
the laser power fluctuations are completely suppressed.

The active optoelectronic feedback circuit works against the
environmental noise (acoustic and temperature) that is
destabilizing the system, affecting the mutual positions of the
cavity resonances (v; and v ;. ). Any deviations of the

DFB laser frequency v, relative to the ring cavity resonant
frequency v, increase the laser output power recorded by the
photodetector. The electronic feedback circuit controls the

voltage applied to the phase shifter maintaining the laser
power detected by the photodetector at its minimal value. One
can see that at T > 0 s the DFB laser frequency is locked to the
ring cavity resonance, enabling a stable laser operation.

A particular experiment has been performed to characterize
the laser resistance to external perturbations on the laser
configuration. Such events may cause mode-hopping in the
laser which in turn destabilizes the laser operation. We have
determined time constant characterizing the response of the
feedback mechanism to the extensive system disturbances.
Figure 4(c) highlights the effect of four short pencil kicks on
the laser board. Its zoom in the interval of 1.7 - 1.9 s is shown
in Figure 4(d). When the configuration is perturbated, it
exhibits a variety of dynamical behaviors that is partially
counteracted by the active feedback circuit. Clearly, the
system behaves as a high-pass filter, since high frequency
acoustic perturbations cannot be compensated by the slow
optoelectronic feedback. Following these perturbations, the
laser pump power (and so the laser frequency) makes a
number of stochastic fluctuations until recoils and returns to
the original point in an exponential decay manner. The typical
time constant of the feedback mechanismis z, ~0.2s .

A specific feature of the laser configuration comprising a
ring cavity built from a single coupler is that the optical laser
power decreases when the laser gets locked to a ring cavity
mode [49]. Figure 5 compares the laser configuration output
power as a function of the laser diode current obtained with an
open (green line) and closed (blue line) ring cavity. The red
line shows the similar characteristics of the free-running DFB
laser. One can see that incorporating the DFB laser into the
PM fiber configuration causes 27% losses of laser power due
to interconnects between the fiber components. The same
happens when the DFB laser is out of resonance with the ring
cavity; ~73% of the DFB laser power is emitted through the
laser output. Approaching the system to the resonance
increases the DFB laser power circulating inside the ring
cavity. This increased power is equally shared between light in
both polarizations. As a result, the power of the optical
feedback signal directed by the polarization beam splitter to
the delay fiber increases, whereas the power redirected to the
laser output decreases. In this case, approximately 70% of the
residual DFB laser power is emitted by the stabilized laser
configuration; ~30% of the residual laser power is spent on the
operation of the optical feedback, partially due to its
conversion to the orthogonal polarization.

It is worth noting that this laser behavior matches the
current understanding of the self-injection locking mechanism
in DFB lasers, predicting that the feedback signal is
maximized when the laser gets locked to a cavity mode.
Specific polarization management used in the PM fiber laser
configuration clearly shows that although the laser output
power is decreased, the power of the optical feedback signal
with orthogonal polarization increases. The same happens in
the laser configuration built from non-PM fiber components,
where the polarization mapping over the configuration is
provided by precise adjustment of two polarization controllers.
In those cases, the optical feedback signal is a part of the laser
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configuration output possessing the polarization state
orthogonal to that of the DFB laser. Whether the polarization
distribution is not taken into account, it looks like the injection
locking is accompanied by a decrease in the optical feedback
signal, provoking a misunderstanding [49].

B. Self-heterodyne optical spectra

A delayed self-heterodyne technique [53-55] has been
employed to measure the linewidth of radiation emitted by the
laser at different stabilization regimes. An all-fiber
disbalanced Mach-Zehnder interferometer with a 50.5 km
delay fiber and 80 MHz acousto-optic phase modulator
supplied by polarization controller is used for this purpose.
The beat signal from the interferometer is detected by a ~5
GHz photodiode and RF spectrum analyzer (FSH8, Rohde &
Schwarz).

Figures 6 compares the experimental self-heterodyne
optical spectra recorded with the free-running DFB laser (a)
and with the DFB laser stabilized to operate in self-injection
regime by active optoelectronic feedback (b). The shown
spectra are centered around ~ 80 MHz and averaged over 10
realizations each. One can see that self-injection locking
causes more than 1000-fold narrowing of the laser spectrum.
To proceed the measured data, we use the method based on
the decomposition of the self-heterodyne spectra into Gaussian
and Lorentzian contributions. In this approach, the laser’s line
is thought to be Gaussian in the range near the top, and
Lorentzian in the wings [54]. Long delay fiber results in
considerable broadening of the self-heterodyne spectrum due
to the 1/f frequency noise. The convolution with the acquired
1/f noise causes overestimation of the natural laser linewidth,
if it is estimated from the 3-dB width of self-heterodyne
spectrum as commonly used. Since, the 1/f noise contributes
Gaussian broadening mostly pronounced near the top of the
laser spectrum, the estimation by the -20 dB width of self-
heterodyne spectrum is closer to the natural laser linewidth,
however, the result is still overestimating. The measured self-
heterodyne spectrum is actually the Voigt function, i.e., the
convolution of the Lorentzian and Gaussian spectra. The
Lorentzian and Gaussian contributions are evaluated by fitting
the measured self-heterodyne spectrum by the Voigt profile.
Figure 6 shows the fitting Voigt profiles obtained using the
algorithm described in Ref. [55]. 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 linewidth Aw, is a half of

the Lorentzian width (FWHM) w_
spectrum and the Gaussian component Aw is Ji/z times
the Gaussian linewidth (FWHM) w; of self-heterodyne

spectrum [54]. Therefore, the Gaussian laser linewidths are
found to be ~1.4 MHz for the free laser and narrower than
~2.5 kHz for the stabilized laser. The natural Lorentzian laser
linewidths are ~430 kHz for the free laser and narrower than
~75 Hz for the stabilized laser.

of self-heterodyne

C. Noise performance

Figure 7 compares the noise performance of the free-
running and actively stabilized self-injection locked DFB-
lasers. Figure 7 (a) shows the relative intensity noise (RIN) of
the lasers measured in 10 Hz — 1 MHz frequency range. In
fact, the RIN is the power spectrum density (PSD) of the
intensity fluctuation expressed as the Fourier transform of the
autocorrelation function of power fluctuations normalized to
the mean power signal:

S, () =é I (8P(t) SP(t+7))exp(i2z fr)dz @)

—o0

Here Si(f) is the one-sided PSD, P is the mean value of the
laser power, 3P(t) is the power deviation from the mean value,
f is the noise frequency, zis the delay time.

To evaluate the RIN, laser power traces of 100
milliseconds, containing 10 million points, are recorded using
a digital oscilloscope (Agilent MSO9404A) and subsequently
processed using Eg.l. The running averages of these
distributions for both the free-running and actively stabilized
self-injection locked DFB laser are represented by the red and
blue lines, respectively. One can see that incorporating the
DFB laser into the fiber configuration impairs the RIN value
of the free-running DFB laser by only 1-2dBc/Hz. We
believe that this is attributable to the relatively slow response
time (on the order of milliseconds) of the active feedback
circuit which counters the laser power fluctuations. This
impairment has only a minor effect on the laser output RIN
that is mainly determined by the noise performance of the
laser power supply. Beyond 10 kHz, the active stabilization
circuit maintains the RIN of the laser below — 130 dBc/Hz. At
low-frequencies (less than 2.5 kHz, i.e., in time scales longer
than the response time of the phase shifter), a reduction in
relative intensity noise is observed compared to the free-run
DFB laser.

Figure 7(b) shows the one-sided power spectral density
(PSD) of phase noise, recorded with an RF spectrum analyzer
(R&S FSP40) in the range of 1 — 100 kHz. These PSDs have
been measured using the self-heterodyne method [56-58],
relying on the interferometer described in the previous section
but with 1-km delayed fiber. Beyond 30 kHz, one can see that
the active stabilization circuit maintains the phase noise of the
pump radiation below — 130 dBc/Hz. Across this range, the
phase noise from the actively stabilized laser is substantially
(by up to ~35dBc/Hz) lower than that of the free-running
DFB-laser. Within the utilized RF spectrum range, the noise
generated by the feedback loop has a negligible impact on
laser performance. However, it becomes noticeable at
extremely low frequencies (less than 1 kHz, as seen in the
inset). The marked enhancement in laser performance, when
compared to previous works [37, 38, 49], can be attributed to
the filtering effect in the high-Q-factor ring cavity, as well as
the increased stability of the laser configuration due to its PM
fiber design, thermal control and vibro-isolation.
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D. Frequency drift

Subsequent experiments explore the impact of thermal
stabilization of the laser configuration as a whole.
Environmental temperature fluctuations are the primary source
of laser instabilities in the self-injection locking regime. When
the temperature noise forces the resonant frequency of the
high-Q fiber ring cavity to drift, the DFB laser frequency drifts
in tandem. To counter the laser frequency drift, the insulated
box containing the laser configuration is supplied with a
thermal stabilization circuit, maintaining the temperature of

the laser box at a predetermined value ~30+0.01°C.

To evaluate the frequency drift in the stabilized self-
injection locked laser, we used a beat signal combining the
laser output with an etalon narrow-band sub-kilohertz source
(TeraXion Inc.). The etalon laser is specified to operate at
close frequency with a laser linewidth of 6 kHz and frequency
drift better than ~ 1 MHz/min. The RF signal analyzer (R&S
FSP40, 40 GHz) permanently monitors the radiofrequency
(RF) beat spectrum. Figure 8(a) presents a typical RF
spectrum recorded with an acquisition time of 20 ms. The
spectrum exhibits a pronounced peak at ~ 1.5472 GHz with a
width of 6 kHz, primarily determined by the TeraXion laser
linewidth. Figures 8(b) and (c) depict the time evolution of the
beat spectrum peak frequency for approximately 1 hour,
recorded for thermally non-stabilized (c) and stabilized (d)
laser boxes. These data are compared to the absolute
temperature permanently monitored in the laser box. One can
see that, without thermal stabilization, the laser operation
frequency closely reproduces the temperature variations. The
laser frequency and temperature change in an anti-phase
manner, ensuring the proportionality between the changes
with the factor of ~ -1.33 GHz/°C. So, the beat signal
frequency drift is entirely determined by the drift of the
environmental temperature in the laser box. It is estimated to
be ~4 -5 MHz/min and comparable to the frequency drifts
reported with the self-injection locked lasers earlier.

The temperature control reduces the beat frequency drift as
shown in Fig. 8(b) by an order of magnitude, down to ~ 0.5
MHz/min. It is lower than the frequency drift specified by the
used commercial laser. One can check that, in this case, the
change in beat frequency with temperature superposes two
qualitatively behaviors - a slow positive monotonic increase
and a faster anti-phase response to temperature fluctuations (as
~ -1.33 GHz/°C) that are contributed by two different laser
sources — the commercial and experimental lasers,
respectively. This analysis reveals that the absolute self-
injection-locked laser frequency deviation range is better than
8 MHz. We believe this range can be further reduced, at least
by an order of magnitude, by supplying the laser configuration
with more precise thermal control.

V. DISCUSSION

We have introduced a simple narrow-band laser
configuration based on a DFB laser coupled to an all-fiber ring
cavity that operates in the self-injection-locking regime. A
low-cost USB-DAQ is used to stabilize the laser system

preventing mode-hopping. Importantly, the self-injection
locking mechanism ensures continuous coupling between the
DFB laser and the external fiber ring cavity, enabling
exceptional low-noise narrow-band lasing. Unlike previous
laser designs, the new laser configuration is entirely spliced
from PM fiber components. Furthermore, similar to Ref. [49],
we employed a fiber ring cavity constructed (and subsequently
integrated into the configuration) using just one fiber coupler,
instead of the two couplers utilized in many earlier
configurations. Such a cavity design potentially reduces
optical losses in the ring cavity (by a factor of two compared
to [38], offering an enhanced Q-factor.

Thanks to the new laser design, the performance
characteristics of the laser have been significantly improved.
The laser's Lorentzian linewidth has been reduced to
approximately 75Hz from the 400Hz measured earlier in the
same manner. To the best of our knowledge, this is the
narrowest laser linewidth reported for DFB lasers that are self-
injection locked to an external fiber cavity [33]. The PM
laser's performance is impressive, especially considering that
no expensive components were used for stabilization. The
laser output power of approximately 8 mW allows for
potential scaling with external amplifiers. The laser's
operational frequencies are firmly locked to the ring cavity
resonances, and the drift observed in our experiments is
primarily influenced by environmental temperature variations.
By applying thermal control to the entire laser configuration,
we've reduced the laser frequency drift to roughly 0.5
MHz/min, ensuring absolute fluctuations of the laser
frequency are less than 8 MHz. Earlier, the limiting factor was
the mechanical piezo-actuator, which produced acoustic noise
in the feedback fiber loop. Replacing the piezo-actuator with a
thermo-optical phase shifter eliminated this acoustic noise,
further minimizing the laser noise and frequency drift.
Utilizing the PM fiber configuration negates the need for
polarization controllers, making the laser setup more robust
and adjustment-free. Compared to a non-PM configuration,
the laser's noise performance improved by ~ 10 dBc/Hz and
~50 dBc/Hz for the measured RIN and phase noise PSD,
respectively.

In general, our results enhance the understanding of the
self-injection-locking mechanism in semiconductor lasers,
offering novel avenues for manipulating and controlling their
properties. In particular, we have explained the specific
operations of the feedback mechanism in laser configurations
comprising a ring cavity built from a single coupler. Prior
examinations of the non-PM laser setup [49] have emphasized
its distinct differences from other configurations. In most laser
configurations, the feedback signal is maximized when the
laser is synchronized with a cavity mode. However, in setups
with a single coupler cavity, the laser output used for feedback
takes its minimum value. This has led to questions about
whether the same mechanism governs the laser's self-injection
locking. We have analyzed this mechanism in the PM fiber
configuration, finding no contradictions between the observed
feature and our current understanding. In the PM fiber
configuration, the laser output power is divided by
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polarization between two channels, and only one is used for
optical feedback, enabling the DFB laser's self-injection
locking. Thus, when the laser locks to the ring cavity mode,
the optical feedback signal maximizes like other laser
configurations, even though the total laser output power (in
both polarizations) could reach its minimum. The same takes
place in the setup built from non-PM fiber components, where
the consistent polarization mapping across the configuration is
provided by the precise adjustment of two polarization
controllers. The optical feedback signal is the component with
a polarization state orthogonal to the DFB laser's polarization
state. Its power increases when the laser is locked to the ring
cavity. However, the total laser power recorded by the
photodetector at the laser output decreases, leading to some
confusion. It may seem as though the injection locking results
in a reduction in the optical feedback signal. However, our
new experiments with the PM laser configuration have
explained that this is not the case.

VI. CONCLUSION

In conclusion, we have implemented an active feedback loop
utilizing a low-cost USB-DAQ in a configuration where a
DFB laser is self-injection-locked to an external all-fiber ring
resonator. Notably, the laser configuration is entirely spliced
from polarization maintaining (PM) single-mode optical fiber,
which offers significantly improved stability against
environmental noise. Our findings enhance the understanding
of the self-injection-locking mechanism in semiconductor
lasers, paving the way for new possibilities in manipulating
and controlling their properties. The newfound capability to
generate a sub-100 Hz laser linewidth is particularly appealing
for a myriad of laser applications, including high-resolution
spectroscopy, phase coherent optical communications,
microwave photonics, coherent optical spectrum analyzers,
and distributed fiber optics sensing — especially in phase-
OTDR acoustic sensing. We believe our findings will
stimulate design of PM fiber-based Brillouin laser
configurations enabling further progress in laser linewidth
narrowing. Looking ahead, adapting the proposed laser design
to integrated photonics [22, 59-65] promises to dramatically
reduce both costs and footprints across various applications,
from ultra-high-capacity fiber and data center networks to
atomic clocks and microwave photonics.
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Figure 1. Schematic illustration of the experlmental configuration; OC — optical circulator, C1 — optical PM fiber coupler (both axes working), Ol — optical
isolator, PBS — polarizing beam splitter, VAR ATT - variable attenuator (0 — 60 dB), PS — phase shifter, C2 and C3 — non-PM single-mode fiber couplers, PD1
and PD2 — photodetectors, USB-DAQ — microcontroller, AMP — electric amplifier. DSHI — delayed self-heterodyne interferometer. The highlighted area
bounded by the dashed line indicates the thermal stabilization box. On the right is shown the orientation of the fiber birefringence axes on either side of the
splice.
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Figure 2. Images of the PM fibers spliced with rotation of their birefringence axes by 90° relative to each other inside the ring fiber cavity (as marked by a cross
in Fig. 1) before [(a) and (b)] and after splicing [(c) and (d)].
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and slow (blue) axes.
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Figure 5. Power characteristics of the free-running DFB laser (red line), the laser configuration with open
stabilized to operate in the self-injection locking regime (blue line).
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Figure 6. Delayed self-heterodyne spectra of the free-running DFB laser (a) and the DFB laser stabilized to operate in the self-injection locking regime (b). The
measured spectra (black) and their fitting Voigt profiles (red dotted line) with the Gaussian (w ) and Lorentzian (w, ) linewidths (FWHM) used as the fitting

parameters.
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Figure 7. Phase (a) and relative intensity (b) noise of the free-running DFB laser (red lines) and the DFB laser stabilized to operate in the self-injection locking

regime (blue lines).
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Figure 8. Measurements of the laser frequency drift. (a) RF beat spectrum acquired for ~20ms; (b, c) evolution of the RF beat spectrum peak frequency measured
without (b) and with (c) active stabilization for 60 minutes (black curves) shown in a comparison with the instantaneous temperature (red curves).
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