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Abstract. We propose a method of stabilizing the center
wavelength of a semiconductor laser using the wave-
length-dependent frequency shift of Stokes wave induced
by stimulated Brillouin scattering in fiber. Due to the non-
linear behavior of fiber to a strong input power, Stokes
wave is generated and its frequency varies in inversely
proportional to the input wavelength over a small wave-
length range of <1 nm. Therefore, we can obtain the size
of the frequency change in Stokes shift due to the variation
from the initial wavelength as an error signal. The wave-
length can be stabilized by adjusting the current or temper-
ature of the semiconductor laser to compensate for the
error signal. In our experiment, 1-pm wavelength stability
was achieved together with a long-term wavelength drift

(>4 h) of 10 pm. © The Authors. Published by SPIE under a Creative
Commons Attribution 3.0 Unported License. Distribution or reproduction of
this work in whole or in part requires full attribution of the original publication,
including its DOI. [DOI: 10.1117/1.0E.55.12.120501]
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1 Introduction

Semiconductor lasers have been recognized as good light
sources because of their small size, light weight, and high
output power with a narrow linewidth. However, wavelength
stabilization has become an important issue in their applica-
tions, such as in dense wavelength-division multiplexing
communications and high-power lasers. This wavelength
variation is due to changes in the refractive index inside the
active region accompanied by fluctuations in the applied cur-
rent or temperature of the laser. Therefore, typical distributed
feedback lasers (DFBs) have an internal thermal electric
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cooler (TEC) inside the package to maintain the temperature
of the laser chip at a specific temperature. However, its role
has limitations in the achievement of long-term stability due
to the aging effect of the active region through incessant
excitation (driving current and device temperature). Further
stabilization methods of locking the wavelength to an
absorption line of gas cells or to the transmission curve of
etalon filters'™ has been reported. However, the possible
wavelengths are predetermined by the available absorption
lines of the gas composition ratio in the cells or the angle,
thickness, and reflectivity of the filters. In particular, the
absorption lines and peaks could be saturated or blurred when
the optical power injected into the cells or the filters is too
high.

We introduce a wavelength stabilization method in this
paper that uses the wavelength-dependent frequency change
in Stokes wave, which is induced by stimulated Brillouin
scattering (SBS) in the fiber. If the wavelength is not
changed, then the peak frequency of the Stokes wave is con-
stant. Otherwise, the frequency is inversely changed depend-
ing on the variation in the center wavelength of the laser. We
can compensate for wavelength variation by monitoring the
amount of peak frequency shift. This method uses SBS-
induced Stokes shift and, therefore, has the advantage of sta-
bilizing arbitrary wavelengths, especially the stabilization of
high-power optical signals.

2 Peak Frequency Detection of Stokes Shift and
Wavelength Control

SBS is a well-known nonlinear process caused by the inter-
action between the pump wave and the Stokes wave in opti-
cal fibers.>® In the case in which strong optical power
(>5 mW) is excited in the optical fiber, SBS is induced as
a form of nonlinear process inside the fiber and most portion
of light generated by SBS is propagated backward due to the
geometry confinement of the fiber. The peak frequency of the
Brillouin scattering light is downshifted due to the Doppler
effect associated with a grating movement at the acoustic
velocity (v,) and the amount of frequency shift (vg) is
inversely proportional to the pump wavelength as shown
below:

Up :2neffva//1pv (1)

where neg is the effective refractive index of the fiber and 4,
is the pump wavelength.’

When typical single-mode fiber (SMF) and a continuous
wave DFB with narrow linewidth are used to induce SBS, the
variation of the frequency shift with respect to the pump
wavelength can be obtained from the first derivative as
below:

%:2.%.@_2.%.%’17 )
di, di, 1, Y
dneff)
ng = negr — 4 ; 3)
g ( e P dﬂp
where n,, is the group refractive index of the fiber. The acous-

tic velocity (v,,) is mainly affected by the elastic characteristics
and the density of the optical fiber.” Therefore, the first term
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Fig. 1 Frequency shifts (vg) corresponding to the pump wavelength
from 1550 to 1551 nm in cases of SMF (square line) and DCF (open
circle line).

on the right-hand side of Eq. (2) can be disregarded and the
equation is approximated by

dIJB n
S22, )
da, 2

The wavelength drift (d4,,) of general semiconductor lasers is
much less than 1 nm and the gain spectrum of SBS is some
hundreds of MHz or narrower. Therefore, the variation of the
frequency shift corresponding to the pump wavelength is
almost constant (in the order of MHz/nm). The amount of
frequency shift depends on the GeO, concentration in the
fiber core. When dispersion compensated fiber (DCF) with
a smaller diameter is used to lower the SBS threshold, the
peak frequency of the Brillouin gain spectrum becomes
lower than that of SMF. For both the SMF and DCF cases,
the dependency of the frequency shift on the pump wave-
length is shown in Fig. 1. The refractive indices and acoustic
velocities used were 1.45 and 5.96 km/s and 1.48 and
5.12 km/s, respectively, from Refs. 5 and 7.

In addition, the variation of the frequency shift of the three
types of optical fiber was experimentally measured in Ref. 8.
In the case of SMF, the above theoretical result is considered
virtually the same as the experimental result in Ref. 8. More-
over, we can easily extract the variation of the frequency shift
because the SBS gain bandwidth is ~50 MHz, which is rel-
atively small compared to that of the Stokes shift (9 to
11 GHz). Therefore, the wavelength change of the semicon-
ductor laser can be monitored by measuring the extent to
which the Stokes shift deviates from the initial value. That
is, by adjusting the injected direct current or temperature of
the semiconductor laser in such a way to always match the
amount of shift in the initial value, we can stabilize the center
wavelength of the laser.

3 Experimental Setup and Results

An experimental setup was arranged to investigate the fea-
sibility of wavelength stabilization using SBS nonlinear
characteristics, as shown in Fig. 2. An InGaAsP-based semi-
conductor laser with the internal TEC was selected as a pump
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Fig. 2 Experimental setup of the proposed system. LD, laser diode;
ISO, isolator; OC, optical coupler; EDFA, erbium-doped fiber ampli-
fier; DCF, dispersion compensated fiber; PD, photodetector; and
EA, electrical amplifier.

source with DC-biased at 60 mA (threshold current: 25 mA).
The output power and the wavelength of the semiconductor
laser (1,) were ~7.35 dBm and 1550.457 nm, respectively.
The wavelength of the laser was controlled using an external
temperature controller with a 0.5-pm wavelength tuning
resolution.

The output was optically isolated to block the reflection
back to the laser and divided into two through OC2: One to
an erbium-doped fiber amplifier (EDFA) with 16-dB optical
gain and the other to OC3 as a reference for beating. The
output of the EDFA was passed through the optical circulator
(insertion loss: 1.5 dB/port) to the DCF for the SBS process.
We used DCF instead of SMF to lower the threshold level for
the nonlinear process because it has a smaller core diameter.
The DCF was angled-connected to remove the Fresnel
reflection from the far end. The length of DCF used was
10 km, and a pump power of 10.51 dBm was injected into
the DCF. The scattered wave in the backward direction (its
peak wavelength was A,) entered back into port 2 and finally
appeared at port 3. This signal was combined with the refer-
ence through OC3 and the beat signal was generated by
using a photodetector. The higher frequency components in
the beat signal were removed by the bandwidth of the elec-
trical amplifier. Then, the lower frequency of the beat signal
(vg = v, — v,) was counted by using a frequency detector
and compared with the initial frequency value of Stokes
shift (v,f) corresponding to the initial pump wavelength
of the semiconductor laser. Finally, the error frequency
(e = vp — Uyp) Was used to change the temperature of the
laser in such a way to maintain the current wavelength at
the initial wavelength value.

The optical spectra of the pump and backscattered lights
and their beat frequency were measured with an Ando AQ-
6315A optical spectrum analyzer with 0.01-nm resolution
and an Agilent E4448A electrical spectrum analyzer, respec-
tively. The wavelength difference appeared to be ~0.08 nm
and the corresponding electrical beat frequency was 9.49 GHz
around 1550.5 nm, as shown in Figs. 3 and 4. Moreover, we
confirmed that the beat frequency decreased as the wave-
length of the semiconductor laser increased. The variation of
the beat frequency was ~ — 7.64 MHz/nm from 1550.15 to
1551.04 nm for the DCF used and was plotted in Fig. 5. To
investigate the impact of pump power and polarization on the
stability, we changed the pump power and polarization
before the DCF but did not observe any fluctuation except
for an output power variation of ~0.1 dB. Because we used a
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Fig. 3 Optical spectra of the pump and Stokes waves.

Electrical power (dBm)

= T T T T T T
9.0 9.2 9.4 9.6 9.8 10.0

Frequency (GHz)

Fig. 4 Beat frequency (vg) between the pump wave and the Stokes
wave.
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Fig. 5 Electrical beat frequency corresponding to the pump
wavelength.

Optical Engineering

120501-3

—=— w/o control
0.012 4 —o— w/ control

g e o S
=3 (=3 (=3 (=3
(=1 (=3 (=3 =3
i< S = &
| 1 1 |

-0.008

Wavelength drift (nm)

-0.012

T T T T T N T N T
0 1 2 3 4

Time (h)

Fig. 6 Wavelength stability of the semiconductor laser when the pro-
posed method is applied (open circle line) or not applied (square line).

pump source with a linewidth of ~1 MHz, which was con-
siderably smaller than ~50 MHz (gain bandwidth), the spec-
tral width of the beat signal was almost determined by that of
the backscattered light, and the peak frequency was not
changed, not limiting the accuracy.

We put the DCF module into the chamber and increased
the temperature from 25°C to 40°C to investigate the influ-
ence of the DCF on the stability under different environmen-
tal conditions (here, temperature fluctuation). A variation of
11.6 MHz was observed for temperature fluctuations greater
than AT = 15°C corresponding to 0.77 MHz/°C. We mea-
sured the frequency variation of Stokes shift with the stabi-
lized light source locked to the HCN gas cell (stability of
<0.8 pm) inside the chamber kept at 25°C to investigate the
influence of the DCF used on the wavelength stability. The
variation was measured to be within 100 kHz and could be
ignored compared to the wavelength variation of the semi-
conductor laser.

The final output of the semiconductor laser was measured
by using an Agilent 86122A multiwavelength meter with
0.1-pm resolution to measure the long-term wavelength
drift, and the wavelength stability was drawn in Fig. 6. In
the case of using only TEC, the stability was increased to
10.0 pm (square line). Meanwhile, the proposed method
showed a stability of 1.0 pm (open circle line), showing a
mean value of ~ —0.13 pm.

4 Conclusion

We proposed a wavelength stabilization method using the
Stokes shift induced by the SBS process in fiber. In general,
the amount of Stokes shift depended on the wavelength of
the semiconductor laser. Comparing the current Stokes shift
with the reference Stokes shift corresponding to the peak
wavelength of the laser to be stabilized allowed us to obtain
information on the wavelength variation, which can be used
as an error signal. The stability of the proposed method was
confirmed to be 1.0 pm, better than that (10.0 pm) of the TEC
case, using the experimental results. This technique is more
suitable for the wavelength stabilization of high-power lasers
that can easily induce nonlinear behavior in fiber.
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