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a b s t r a c t

We study self-injection locking of DFB laser obtained with a feedback loop that comprises a ring optical
fiber cavity. The cavity is tuned to operate in the under-coupled, critically coupled, and over-coupled
regimes. The laser operation is found to depend on the cavity coupling regimes. For the locked laser the
experimental dependences of the transmitted and reflected from the ring cavity powers are well de-
scribed by the analytical expressions for the ring cavity only. The best laser stability is observed with
critical coupling. In this case the laser power is accumulated inside the cavity providing strong feedback
for laser locking and leading to significant narrowing of the laser emitting spectrum. Reduction of the
laser linewidth more than 1000 times is demonstrated with the ring cavity operating in under-coupled
and critically coupled regimes.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Further linewidth narrowing of DFB lasers operating at single
frequency are of great research interest due to many potential
applications [1–4]. The spectral performance of available DFB laser
sources could be significantly improved through the use of self-
injection locking mechanism [5]. To provide the effect a part of the
optical radiation emitted by the laser should be returned back into
the laser cavity. This relatively simple method is important for
design of cost-effective laser sources demanded by optical fiber
communication and sensing [6–8]. The physical events which
were observed with optical feedback varied from linewidth nar-
rowing with weak feedback to irregular chaotic oscillations with
strong one [6].

Traditional self-injection locking configuration, which is uti-
lized to improve the spectral property of DFB laser, comprises a
narrowband pass optical filter inside the weak feedback loop [5].
Current progress in this topic is associated with the use of micro-
cavity techniques [9,10]. By applying optical whispering-gallery-
mode resonators, semiconductor lasers with linewidths typically
of few hundreds Hz (down to 0.6 Hz, as reported recently [10]) are
possible in a rugged, compact, external-cavity configuration. A
huge Q-factor of cavities used in such systems (�1011) is not
flexible for tuning. Alternatively, all-fiber cavity approach based on
long, but relatively low-Q-factor cavities (Fabry–Perot [7] or ring
ones [12,13]) is able to provide the similar laser linewidth em-
ploying low-cost fiber configuration built from standard telecom
components. Such solutions are of particular interest for RF-gen-
eration and Brillouin sensing, since the same fiber configuration is
able to generate additional waves, providing very high stability in
the differences between the generating frequencies [8,12]. The
transfer characteristics of the fiber cavities used in different con-
figurations are altered and the minimal laser linewidth is as well
varying from tens of kHz [11] down to hundreds of Hz [13].
However, the effect of the fiber cavity characteristics on the effi-
ciency of self-injection locking in DFB laser has not been in-
vestigated, yet.

In this work, a low-loss optical fiber ring resonator built from
standard telecom components is used as a narrowband filter.
Optical waveguide resonators are intensively studied for number
of very different applications including signal modulation, optical
filtering, dispersion compensation, fiber lasers, wavelength
switching and others [14–19]. The optical transfer characteristics
of the ring resonator strongly depend on the coupling factor.
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Usually three different regimes of the cavity coupling are con-
sidered: under-coupling, over-coupling and critical coupling [14–
17]. We compare self-injection locking of DFB laser achieved with
a feedback loop comprising a ring fiber optic cavity operating at
different coupling regimes. Although the laser locking has been
achieved in all coupling regimes, we demonstrate that the critical
coupling is able to provide the superior laser line narrowing in
combination with operation stability.
2. Experimental results and discussion

Experimental configuration of DFB laser employing self-injec-
tion locking through a fiber-optic ring resonator (FORR) is shown
in Fig. 1. The MITSUBISHI FU-68PDF-V520M27B DFB laser with
built-in optical isolator operates at the wavelength �1534.85 nm.
Built-in optical isolator with optical isolation of about 35 dB pre-
vents the influence of unwanted back reflections on laser perfor-
mance. Without built-in optical isolator, the DFB laser became
sensitive to any extremely weak randomly altering reflections
from splices, connectors or Rayleigh backscattering. On the other
hand a strong reflection or feedback leads to complicate dynamic
of the DFB laser output such as periodic or quasi-periodic oscil-
lations, and chaos [6,20]. So, built-in optical isolator completely
eliminates uncontrolled weak reflections and Rayleigh scattering
and restricts the strong feedback at the same time. This double
effect allows studying only the influence of controlled feedback
through the FORR on self-injection locking phenomenon at stable
regime. The output radiation of the DFB laser is passed through an
optical circulator OC, an optical coupler C1, polarization controller
PC1 and launched into a fiber-optic ring resonator. The FORR
consists of variable rate coupler (VRC), fixed coupler C2 and con-
tains L-m length of standard SMF-28 fiber. The outputs ports A, B
and C, with 5 GHz detectors are used for the monitoring of the
power of the DFB laser, the reflected and transmitted cavity
powers, respectively. Optical isolators (OI) prevent back reflections
from the fiber components and detectors that could affect the laser
behavior. The optical switcher (OS) is used to switch on/off the
optical feedback in the configuration that returns the power
transmitted through the FORR back into the DFB laser cavity. The
coupler C1 is used to monitor the output power, polarization
stability and polarization states of the DFB laser.

When the DFB laser frequency is scanned continuously, the
power at the reflected port B exhibits sharp minima each time the
laser frequency meets the resonance condition of the ring cavity.
Every minimum in the trace of the reflected power is accompanied
by a peak in the trace of the power circulating inside the cavity.
Fig. 1. The experimental configuration; OC – optical circulator, PC – polarization
controller, C – coupler, OI – optical isolator, OS – optical switcher, VRC – variable
ratio coupler, and FORR – fiber-optic ring resonator.
The circulating power increases until the optical losses inside the
ring fiber became equal to the power income from the laser.
Generally, the behavior of the FORR is very similar to a linear
Fabry–Perot cavity, so ports B and C are equivalent to the reflected
and the transmitted ports of the linear cavity, respectively.

In the configuration shown in Fig. 1 the FORR is used as a
narrowband optical pass filter included into the feedback loop
providing self-injection locking. The total length of the ring cavity
is �4 m that corresponds to a free spectral range (FSR) of
�50 MHz.

Let us assume that the fibers and the couplers inside the FORR
are free from polarization coupling and birefringence. In this case
the complex field amplitudes ER and E2 in steady state are ex-
pressed as [14,16]

E k E j k E1 1 1R in1 1 1 1γ= − ( − − ) ( )

E k E j k E1 1 2in2 1 1 1 1γ= − ( − − ) ( )

where κ1 is the power coupling coefficient and γ1 is the intensity
loss of the variable ratio coupler in a linear scale.

Conservation of energy requires the electric fields E1 and E2 to
be related as

E E jexp 3P1 2α ω τ= (− ) ( )

E E 41
2

2
2α= ( )

where ωP is the optical angular frequency, τ is the loop delay time,
and α is the power transmission coefficient of the fiber loop.

The power transmission coefficient α includes all losses inside
the fiber loop:

k1 10 5L
2

/100 2α = ( − ) ( )α ζ γ−( + + )

where α0 is the attenuation coefficient (dB/m) of the fiber, L is the
length of the cavity, ζ (dB) is the losses in connectors inside the
loop, γ2 (dB) and k2 are the intensity loss and power coupling
coefficient of coupler C2, respectively.

Let us express the fields inside and outside the FORR as a
function of input electric field Ein. After some algebraic manip-
ulations with Eqs. (1)–(4) the fields E1, E2, ER can be written as
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The output complex field amplitude Eout is defined as

E j k E 9out 2 2= − ( )

In the experiment we measure the intensitiy of the reflected
optical radiation at port B and intensity of the transmitted through
FORR radiation at port A. In order to validate the experimental
data, we find the analytical expressions for the reflected and
transmitted intensities. From Eqs. (6) to (9) the expressions for the
reflected IR and transmitted Iout intensities normalized on the in-
put intensity Iin can be shown as



Fig. 3. Reflected (a) and transmitted (b) powers versus coupling coefficient k1.
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At the resonance ωPτ¼m2π, where m is an integer, the in-
tensity inside the loop and the output intensity Iout reaches a
maxima:
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and the reflected intensity IR gets the minimum value:
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The coupling regime is defined by the relation between the
coupling coefficient and the losses inside the cavity. When the
coupling coefficient k1¼1�α(1�γ1), k1o1�α(1�γ1) or
k141�α(1�γ1), the cavity operates in the critical coupling, un-
der-coupling, and over-coupling regimes, respectively [16].

With the critical coupling condition:

k 1 1 141 1α γ= − ( − ) ( )

the reflected power IRmin
becomes equal to zero and all input

power is accumulated inside the ring cavity.
Once the DFB laser frequency comes to resonance with the

FORR, the DFB laser is locked to the FORR mode. This leads to the
suppression of the temporal fluctuations of the powers recorded at
ports C and B. The stable power at ports B and C is observed during
relatively long time intervals which are interrupted by short-time
jumping caused by mode hopping. Fig. 2 shows typical oscillo-
scope traces for transmitted and reflected powers at the critical
coupling regime. Qualitatively the same time-behavior was regis-
tered for the under-coupling and over-coupling regimes, but with
Fig. 2. Typical oscilloscope traces for transmitted and reflected powers at critical
coupling regime.
shorter stable intervals.
The stable time intervals of 10–30 s with 0.2–0.4 s unstable

breaks are typical for the critical coupling regime for unprotected
FORR in common lab environment. In the meantime the temporal
stability for the under-coupling and over-coupling regimes usually
was less and equal to �5–15 s in our experiment.

In Fig. 3 the dependences of the normalized transmitted and
reflected powers on the coupling coefficient k1 measured at ports
B and C are shown in comparison with the data obtained from Eqs.
(12) and (13). The following parameters are used for estimations:
k2¼0.01, γ1¼γ2¼0.1 dB, ζ¼0.2 dB and α0¼0.17 dB/km. The re-
flected power reaches zero at k1¼0.08, that corresponds to the
critical coupling. In the experiment we tune the variable rate
coupler VRC to get the ring cavity to operate at the three different
regimes: under-coupling, over-coupling and critical coupling.

Both the experimental and calculated dependences for re-
flected powers exhibit minimum at k1¼0.08. Experimentally,
however, we never reach zero for the transmitted power in the
critical coupling regime, in spite of careful polarization adjust-
ment. We suppose that this effect is due to undesirable polariza-
tion coupling and small birefringence of the fiber constituting the
FORR that make impossible to get a complete destructive inter-
ference by means of the variable rate coupler. As a result all



Fig. 4. Linewidth of the resonance mode of FORR versus coupling factor k1.

Fig. 5. Delayed self-heterodyne spectra of the locked DFB laser for the critical
coupling.

Fig. 6. Linewidth of the locked DFB laser versus coupling factor k1.
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experimental points for over-coupling regime lies above the the-
oretical curve (see Fig. 3a). Nevertheless, normalized experimental
and calculated transmitted powers perfectly coincide (see Fig. 3b).

The finesse of the resonance peak of the FORR is defined as the
ratio of the resonance peak spacing to the frequency bandwidth
that is

fFSR/ 15= Δ ( )

where FSR¼c/nL¼1/τE50 MHz is the free spectral range of the
FORR and Δf is the full-width at half-maximum (FWHM) of the
loop intensity.

For our direct coupled configuration of the FORR with addi-
tional coupler C2 Δf can be found from Eqs. (12) to (14) by the
same procedure as in Ref. [16] for the simple cross-coupled optical
ring resonator. For our resonator, the FWHM of the cavity mode
can be estimated as
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Fig. 4 shows the linewidth dependence of the FORR resonance
mode Δf on the coupling coefficient k1 calculated from Eq. (16).
For the critical coupling k1¼0.08 Δf¼0.77 MHz and the finesse

65.8= .
In the experiment we use a delayed self-heterodyne technique

to measure the linewidth of radiation emitted by the laser at port
A. An all-fiber spliced Mach–Zehnder interferometer with a 15 km
delay fiber in one arm and 25 MHz phase modulator supplied by
polarization controller in the second arm is used for this purpose.
The beat signal from the interferometer is detected by a 1 GHz
photodiode and RF spectrum analyzer. With assumption that the
line shape is Lorentzian, the delayed self-heterodyne spectrum
width is simply twice measured laser linewidth [21]. The line-
width at half-maximum of the free running DFB laser is estimated
to be equal to 2.55 MHz.

Self-injection locking results in a drastic reduction of the laser
linewidth. Fig. 5 shows the delayed self-heterodyne spectra of the
locked laser for the critical coupling k1¼0.08. It should be noted
that the delay length equal to 15 km is too short to obtain the
incoherent mixing which is required in the delayed self-hetero-
dyne technique. For the 2.5 kHz linewidth the length of the delay
fiber should exceeds 20 km. However, the error due to shorter
delay fiber can leads to visible large-scale oscillation in self-
heterodyne spectra and to an increase of the estimated linewidth
in comparison with actual one [21]. For that reason, the actual
linewidth of the locked laser with critical coupling does not exceed
the measured value equal to 2.5 kHz.

Fig. 6 presents the linewidth of the locked DFB laser versus the
coupling factor k1. The laser linewidth strongly depends on
the coupling conditions; it reduces more than 1000 times in under-
coupling and critical coupling regimes, but much less in over-
coupling regime. Let us emphasis that linewidth of the locked laser
is significantly less than the width of the cavity mode (see Fig. 4).
So, we cannot conclude that the laser linewidth is completely
defined by the pass-band of the filter. However, the behavior of the
experimental dependence of the laser linewidth shows that it
demonstrates similar tendencies (see Figs. 4 and 6).

The locking phenomenon was experimentally recorded for all
coupling regimes but the critical coupling provides more stable
locking regime. We believe that the locking stability can be further
improved by utilizing fully PM fiber spliced configuration and
temperature stabilization of the FORR.

3. Conclusion

We have utilized low-loss fiber optical ring resonator with an
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ordinary SMF-28 communication fiber and directional couplers as
a high finesse filter for the self-injection locking of the DFB laser.
By varying the coupling coefficient, we have compared the laser
locking with FORR operating in the under-coupled, critically cou-
pled, and over-coupled regimes. For the locked laser, the trans-
mitted and reflected powers from FORR are in good agreement
with the theoretical estimations. The critical coupling provides
higher feedback powers leading to better locking and also delivers
superior narrowing of the laser linewidth. We have demonstrated
that locked DFB laser generates single-frequency radiation with
linewidth less than 2.5 kHz as the FORR operates in the critically
coupled regime. The laser linewidth increases significantly in the
over-coupled regime. We believe that these results are important
for designing new single frequency lasers employing self-injection
locking phenomena, including lasers based on advanced micro-
cavity techniques.
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