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Narrow-linewidth lasers are essential for various applica-
tions, but are limited by their size, weight, power, and cost
requirements. Here we demonstrate a self-injection locked
diode laser fabricated with a high quality factor fiber Fabry—
Perot resonator, with a 145 Hz free-running linewidth. The
locking scheme is all-fiber for plug-and-play operation.
White frequency noise of 50 Hz?/Hz is measured with
over 42 dB reduction from the low-cost TO-can distributed
feedback laser diode, and shows its wide applications in a
compact and cost-effective way. © 2021 Optical Society of
America
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The narrow-linewidth lasers not only push the frontiers in optics
such as optical clocks and gravitational wave detection [1-3],
butalso enable extensive applications, including high-precision-
laser lidars, coherent optical communications, and distributed
fiber optical sensing [4-6]. These practical applications call for
laser systems with low size, weight, power, and cost (SWaP-C),
which may be achieved by the diode lasers. However, the normal
diode lasers suffer from their relatively broad linewidth. Most
monolithic laser diodes have a limited linewidth at megahertz
level, even with the extra efforts on the chip—scale fabrication
such as distributed feedback (DFB) or Bragg reflector struc-
tures [7—11]. Extend cavity lasers with external feedback can
greatly reduce the linewidth to kilohertz level, and active locking
mechanism can further reduce the linewidth. However, these
techniques involve either bulk-element optical loops or complex
electronics, which add to the SWaP-C and reduce the robustness
of the whole system [12-14].

On the other hand, self-injection locking from an external
narrow-band optical filter can greatly reduce the linewidth of
an existing laser diode [15-19]. No electronic feedback control
is required in this scheme, and significant linewidth reduction
is possible in a compact setup, taking advantage of the fast-
developing microresonator technology. For example, a high
quality factor (Q) up to 10! can be achieved from a whisper-
ing gallery mode (WGM) resonator for self-injection locking
using back scattering inside the resonator, and a narrow spectral
linewidth can be achieved as low as 30 Hz [18]. However, the
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WGM resonators require sophisticated coupling techniques
such as prism coupling or a tapered fiber. Fine alignment of
free-space optics is also required.

In this Letter, we demonstrate a self-injection locked diode
laser using a high- Q fiber Fabry—Perot (FFP) resonator with Q
of 3.95 x 107. Such an FFP resonator is fabricated with com-
mercially available fiber and mounted with ceramic ferrules on
both fiber ends, which can be compatible with standard PC type
fiber connectors for plug-and-play operation in an all-fiber feed-
back loop. The source laser we use is a low-cost DFB diode in a
standard TO-can package for telecom application, powered by
an ordinary constant-current laser driver. A free-running, laser
spectral linewidth of 145 Hz is measured, with white frequency
noise of 50 Hz?/Hz, which is reduced by over 42 dB from the
unlocked DFB laser diode. This result presents a straightfor-
ward and cost-effective way to access an ultra-narrow linewidth
for broad applications requiring high coherence in a compact
package and high robustness.

In the experiment, the FFP resonator is made from highly
nonlinear fiber (HNLF) with a fiber length of 6.8 cm and a
mode field diameter of 4 wm. Both fiber ends are mounted in
ceramic ferrules and finely polished with sub-nanometer surface
roughness. Ten-layer pairs of TiO, and SiO; are then coated
using an ion-assisted deposition method to achieve a reflectivity
of over 99.6% from 1530 to 1570 nm [20]. Plug-and-play oper-
ation can be achieved with commercial ceramic sleeves for fiber
pigtailed connector on both ends, as shown in Fig. 1(a). A tun-
able external-cavity diode laser possessing linewidth of 1 kHz
is used to characterize the FFP resonator by scanning the laser
frequency across the resonances. A fiber polarization controller
is used at the input port to match the laser polarization to one set
of polarization modes of the FFP resonator. At a relatively large
free spectral range of 1.5 GHz, a narrow resonance linewidth
of 4.9 MHz is measured, showing a high finesse of 306 and a Q
factor of 3.95 x 107 Such high finesse is beneficial to achieve
a high linewidth narrowing factor for the self-injection while
keeping the single-mode (SM) lasing.

The experimental setup of the self-injection locked laser with
the FFP resonator is schematically shown in Fig. 2. The source
laser (LD) is a standard telecom DFB laser diode at 1549.1 nm
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Fig. 1.  (a) Cross-sectional drawing of the plug-and-play operation

of the FFP resonator. The inset shows how the ceramic sleeve holds
the ferrules together for both the FFP resonator and the input/output
connector. (b) Characterization of the FFP resonator, transmission
signals when scanning a lower-power narrow-linewidth laser across the
resonances. Inset, zoom-in of one resonance peak.
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Fig. 2.  Setup of the all fiber self-injection locked laser. LD, source
laser; CIR, optical circulator; ISO, optical isolator; OC, optical
coupler.

with a low-cost TO-can package. It has no built-in isolator
(ISO) and is SM fiber pigtailed with an in-fiber output power of
4 mW when driven by an ordinary constant-current power sup-
ply at 36 mA current. The laser emission is injected to port 2 of
a three-port circulator (CIR), with port 3 connecting to an ISO
for better isolating back scattering light from films of the FFP
resonator. It is then launched to a 50/50 optical coupler (OC)
to divide into two parts, where 50% is served as output power of
the laser, and the rest is direct to the input of the FFP resonator.
Here the FFP resonator acts as a narrowband filter, and its reso-
nant transmission feeds back to the laser cavity through port 1
of the CIR, leading to self-injection locking of the source laser.
The overall fiber feedback loop is about 1.25 m long. No active
temperature control or vibration shielding is used for either the
laser diode or the FFP resonator. The output power of the locked
laser is measured to be 1.8 mW with a power meter.

We use delayed self-heterodyne interferometry (DSHI)
to measure the linewidth performance of the self-injection
locked laser. Figure 3(a) shows the measurement setup utilizing
a fiber Mach—Zehnder interferometer (MZI) structure. The
measured beam is equally split into two parts by fiber coupler
Cl1 (50/50). One part is delayed by 13244 m SM fiber, and the
other goes through an acoustic optical modulator (AOM) to
generate a 40 MHz frequency shift for avoiding strong zero
frequency noise. The two parts are recombined by fiber coupler
C2 (50/50) and fed into a photodetector (PD). An electrical
spectrum analyzer (ESA) is used to analyze the beating signal
acquired.

First we measure the spectral linewidth of the source laser
under non-locked case. With a scanning span of 5-75 MHz and
resolution of 100 Hz of the ESA, the radio frequency (RF) spec-
trum of the source laser is shown in the black curve of Fig. 3(b).
Its Lorentz fitting characterizes a 3 dB width of 3.03 MHz,
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Fig. 3. Linewidth characterization. (a) Measurement setup. C1 &
C2, 50/50 fiber coupler. VOA, variable optical attenuator to adjust
the same power in two arms of the DSHI. AOM, acoustic optical
modulator; ESA, electrical spectrum analyzer; PD, photodetector.
(b) Dramatic linewidth reduction of the self-injection locking. Black
curve, RF spectrum of the source diode. Red curve, Lorentz fitting.
Blue curve, RF spectrum of the locked state. (c) Linewidth calculated
from the envelope of sub-coherence self-heterodyne. Blue curve, mea-
sured coherent envelope. Red curve, numerical fitting. Inset, calculated
relationship between the measured linewidth and value of CDSPST at
a 13244 m fiber delay.

which indicates that the spectral linewidth of the source laser
is ~1.52 MHz. Using the same measurement setup, drastic
narrowing of the RF spectrum is observed after self-injection
locking to the FFP resonator [blue curve of Fig. 3(b)]. Indeed,
the locked linewidth is so narrow that it is beyond the non-
coherence limit of a relatively short delaying fiber length of
13244 m. Strong oscillations and a sharp peak are observed after
zooming in on the RF spectrum of the locked state, where the
conventional Lorentz fitting is impossible.

To get a laser linewidth of the locked state, a sub-coherence
envelope comparison based on short delayed self-heterodyne
interferometry (SDSHI) is adopted. This technique was pro-
posed in recent years for ultra-narrow-linewidth measurement
using a fiber delay shorter than its coherent length. The laser
linewidth can be obtained by fitting the strong coherent enve-
lope or comparing the contrast difference between the second
peak and the second through (CDSPST) [21,22]. The coherent
envelope measured (blue curve) and numerical calculated (red
curve) based on the theoretical power spectrum density using
SDSHI are shown in Fig. 3(c). The full envelope is symmetrical;
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Fig. 4. PSD of the frequency noise spectrum of the source laser

(black curve) and under a locked state (blue curve). 8 separation line

is given by S,(f) =8 x In2 x f/m? [24], where f is the Fourier

frequency.

in the picture, it has been frequency offset by 40 MHz to center
the peak at 0 MHz. Auto optimization is done, and the best
fitting is achieved with a laser linewidth set of 145 Hz. This fit-
ting result is consistent with that calculated from the measured
17.8 dB CDSPST, as shown in the curve of calculated CDSPST
versus the laser linewidth in the inset of Fig. 3(c).

The differential phase noise of the laser is also investigated
based on the above DSHI setup with 35 m delayed fiber [23].
Figure 4 shows transformed single-sided power spectral density
(PSD) of the frequency noise of the source laser (black curve)
and under a locked state (blue curve). Under self-injection
locking, both low-frequency 1/ f noise and high-frequency
white noise are well suppressed in the measured frequency range
of 10 Hz-300 kHz, even with some noise spikes occurring
below ~1kHz. These low-frequency spikes may arise from
environmental disturbance, since no temperature controller
or vibration isolation is used in this laser setup. The frequency
noise measures at a constant value of 50 Hz? /Hz above 30 kHz
of the frequency range, showing a noise suppression efficiency
over 42 dB from the source laser. This corresponds to an instan-
taneous laser linewidth of 157 Hz, which is in constant with the
measured 145 Hz laser linewidth. We compare our experimen-
tal results with its theoretical expectation, using the following
equation [25]:

Av= Av - (1)
[1 + (l+a2)1/2ﬁ%:|

where Avg and Av are the spectral linewidths of the laser with
and without self-injection locking, respectively. Q, and Qy
are the quality factors of the FFP resonator and the laser diode
cavity, which are measured to be 3.95 x 10" and 4 x 10,
respectively. o =2.5 is the phase-amplitude coupling factor
of the source laser. B =1.2 x 107 is the power mode cou-
pling factor [25], evaluated from on-resonance transmission
(2.3%) of the FFP resonator and the transmission efficiency
of other elements in the feedback loop. A linewidth reduc-
tion factor of 4.9 x 10° can be calculated for a laser linewidth
limit at 2 Hz. This linewidth limit reveals the potential further
linewidth reduction using the same resonator, and the non-
perfect linewidth may be because of the technical noise in the
current setup such as the electronic noise from the laser driver
and the temperature fluctuation. Our experimental setup is
only operated on an optical table with no shielding, which is
inevitably influenced by environmental noise such as acoustical
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vibration. Even better performance of the laser can be expected
after packaging it and shorting the feedback loops with more
integrated components. Here we choose a 50/50 output cou-
pling, considering a tradeoff between output power and the
linewidth narrowing. A larger output-coupling ratio can be used
with smaller loss in the feedback loop by improving the coupling
efficiency of the FFP resonator or better splicing loss in fibers.
Additionally, a more powerful laser source can be adopted to get
higher output power.

In conclusion, we have demonstrated a 100 Hz level
linewidth self-injection locked laser with a plug-and-play
FFP resonator and no temperature controller. A 145 Hz spectral
linewidth is obtained from the 1.52 MHz non-locked linewidth
of a low-cost TO-can DFB laser diode. The low-frequency
noise level of 50 Hz?/Hz is measured at frequencies above
30 kHz with over 42 dB suppression. In this experiment, we
use a HNLEF-based FFP resonator that is originally designed
for nonlinear optical application. In the future, the SM fiber-
based FFP resonator can be used for an even lower noise limit
and higher coupling efficiency. This method can also be easily
adapted to any other wavelength and fulfills the requirements of
narrow-linewidth lasers in a compact and cost-effective way.
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