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Abstract: Highly sensitive and selective sensing has become more and more important in modern process control and
security related fields. For this purpose, we have designed a novel tunable fiber based external cavity laser system for
sensor applications. The laser consists of a semiconductor optical amplifier (SOA) as a gain medium and of Fiber
Bragg Gratings (FBG) as wavelength selective components. Since the SOA is an inhomogeneous broadening gain
medium, stable multi-wavelength oscillation at the Bragg wavelengths of the FBGs used can be obtained.
In addition, the oscillation wavelengths of the laser can be tuned by applying temperature and strain to the FBGs.
Simultaneous measurements of the FBGs temperature stabilization and tuning of the sensor outputs are achieved. In the
sensor scheme, the two-wavelength components provide narrowband light sources for sensor applications and the
wavelength tuning enables a wide range for target absorption detection.
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methods e.g. by means of relative intensity noise (RIN)
[09] are enabled.
To address a variety of absorption lines with such a
two mode setup, precise tuning of the competing modes
is vital. For this reason current investigation focuses
mainly on the setups’ tuning capabilities. The tuning
mechanism enabled is explained, modeled and compared
to measurement results.
The fiber based setup consists of commercial
devices in the C-band telecommunication range, and is
open to enhancements.
The system consists of two Fiber Bragg gratings
(FBG) to separate the modes, a semiconductor optical
amplifier (SOA), a fiber-coupler, a loop-mirror and an
optical spectrum analyzer.

1. Introduction
Today, modern industrial applications require
precise knowledge of any physical parameter involved
in a fabrication process in order to maintain constant
high quality and reproducibility. Precise sensing is the
key to this knowledge.
For the sensing of trace gases, optical spectroscopy
is most convenient. However, techniques specially
tailored to high sensitivity are required, i.e. photoacoustic spectroscopy [01], opto thermal spectroscopy
[02], multi-reflection cells [03, 04], cavity ring-down
spectroscopy [05] and intra cavity absorption
spectroscopy (ICAS) [06]. Out of these methods ICAS is
the most sensitive approach due to its multi mode
competition. Data evaluation however requires complex
analyzing systems, which is the main reason why ICAS
has not yet been put to practical use in application.
To make ICAS useful for the task mentioned above,
cost effective data evaluation is called for. It has been
shown theoretically that two modes are sufficient for
ICAS [07].
For this reason we have further improved an existing
setup [08], which combines the sensitivity of ICAS and
inexpensive measurement devices by reducing the
number of laser modes to two. In this case optical data
evaluation is significantly simplified and additional
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2. Experimental Setup
Fig. 1 shows the experimental setup for a gas sensor
by using an SOA, one 87:13 fiber coupler, two FBGs,
and a loop mirror. The SOA serves as a gain medium,
and two FBGs as wavelength selective elements. The
SOA (InPhenix IPSAD1501-L213), an inhomogeneous
gain medium, enables stable multi-wavelength
amplification and thereby serves as an optical source.
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where λB is the Bragg wavelength of the FBG,
αf ≈ 8 × 10-7 K-1 the linear expansion coefficient of the
fiber material, ζ ≈ 7.3 × 10-6 K-1 is the thermo-optic
coefficient, ρe ≈ 0.22 is the photo-elastic constant, P11
and P12 are the Pockels strain coefficients,
ε = (αA - αf)∆T is the applied strain, αA = 24.99 × 10-6 K-1
the linear expansion coefficient for the aluminum block
and ΔT is the temperature difference.

Fig. 1: Experimental setup diagram.

It has a high optical gain (20 dB chip level gain at
1550 nm) and low polarization sensitivity (less than
1 dB polarization dependent gain). Owing to the
antireflection (AR) coating design, the facets reflectivity
has been reduced to below -40 dB.
The two FBGs have 99.9% reflection with 3 dB
bandwidth of 150 pm at wavelengths of λl = 1542.0 nm
and λr = 1542.4 nm, respectively. Tab. 1 shows FBG and
SOA specifications from the datasheet.
Component Center
Wavelength
FBGs
1542.3
SOA
1546.7

3. Measurement Results
Fig. 2 shows the laser output taken at the position of
the OSA in Fig. 1. Its main features are the two main
modes: one mode at 1541.98 nm and one mode at
1542.47 nm, referred to as the left and right mode,
respectively. They correspond to the selective feedback
by the “right” and “left” FBG, respectively. Both feature
shoulders on their left slope, which is possibly caused by
additional modes merged into the main modes.

FWHM Reflectivity
(nm)
0.15
99%
64.1
–

Tab. 1: Specification of FBGs and SOA.

The fiber loop mirror attached to the SOA is shown
in Fig. 1. It consists of a loop of optical fiber formed
between the output ports of a directional coupler. For
more information about the loop mirror theory and
application see [10].
To reduce coupling loss and back reflections all the
devices mentioned above are either spliced to each other
or connected with measurement equipment by means of
angle-polished connectors (FC/APC).
Referring to Fig. 1, the amplified spontaneous
emission (ASE) light generated in the SOA propagates
in both directions. When it reaches the coupler 13% of
the light is coupled out and 87% proceeds to the FBGs,
which reflect the light back into the laser cavity at the
center wavelengths of the gratings.
As the whole configuration is fiber based, it is very
open to adding new wavelength selective elements or
enhancements for new target lasing wavelengths.
The output can be tuned by heating the FBGs or/and
stretching them uniformly. For this purpose, the FBGs
are glued across the top of a U-profile aluminum block,
which are heated uniformly using thermoelectric heaters,
creating a temperature distribution in the aluminum
blocks. It is well known that the Bragg wavelength λB,
corresponding to the pitch Λ, is expressed as λB = 2nΛ,
where n is the effective refractive index of the fiber. In
the case of a fiber Bragg grating mounted on an
aluminum block, the shift ∆λB in Bragg wavelength with
changing strain and temperature can be expressed as
[11]
∆𝜆 B
𝜆B

= 1 − 𝜌e ε +

1−
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𝑛2
2

2𝑃11 + 𝑃12

𝛼f + 𝜁 Δ𝑇

Fig. 2: Output spectrum (data points) featuring two main modes
and two side modes as well as Gaussian curves fitted to the data
(solid).

For the two main modes the data was approximated
by Gaussian curves, which are also shown in Fig. 2 and
were used to determine FWHM and center wavelengths
of the lasing modes.
The main modes are both positioned on the left of
the maximum of the SOA’s effective gain curve. This
effective gain curve is the effective gain as measured in
the complete system and includes all wavelength
dependent losses occurring in the setup, such as
differences in coupling ratio for the individual modes or
reflectivity of the loop mirror. Additional losses
resulting from different fiber lengths or inequalities in
FBG reflectance can be neglected. At the position of the
two modes shown in Fig. 2, it has a positive slope. This
results in unequal threshold currents. Laser threshold for
the right mode is 91.5 mA, the left mode reaches
threshold at 92.35 mA. Above threshold the right mode
naturally receives more gain, resulting in slightly higher
intensity.

(1)
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3.1 Line width

3.4 Tuning Range

Line width was measured to be 0.24 nm for both of
the individual oscillating modes. Compared to the
specification of the FBGs, output line width measured is
broader than expected; Tab. 1 shows their FWHM
specification to be 150 pm. However, from application
point of view the most relevant factor is the line width of
the oscillating modes in comparison to a potential line of
an absorbing gas. For the 2ν3 rotational-vibrational band
of hydrogen cyanide H13C14N, a gas commonly used to
calibrate telecommunication lasers in the wavelength
range of our setup, absorption lines have a line width of
15 pm.

The tuning range of the output wavelengths is
mainly dependent on the tuning limitations of the
corresponding FBGs. Fig. 4 shows wavelength
dependent output intensity, while tuning the system.

3.2 Side Mode Suppression Ratio (SMSR)
Aside from the two main modes the spectrum
recorded also features two side modes to the left and to
the right of each of the main two modes. In a typical
operation scenario SMSR is as high as 35 dB, which is a
great improvement over the previous setup in [08].
At higher normalized current they become more
pronounced.

Fig. 4: Output spectrum during thermal tuning of the right mode
from 33°C to 65°C and back.

In this procedure, the left FBG is kept at constant
temperature, which corresponds to an output line at
1541.98 nm. The right FBG is tuned from 33°C to 65°C
and back to 33°C resulting in a shift of the
corresponding wavelength from 1542.47 nm to
1543.51 nm and back at a rate of 0.034 nm/°C.
Tuning with temperature follows a linear relation.
At the beginning of the tuning procedure at 33°C both
modes have equal intensity. The further the right mode
is tuned towards longer wavelengths, the weaker the left
mode becomes. At the maximum mode distance of
1.03 nm a significant difference in intensity is observed.
The reason for this is the gain profile, which clearly
favors the right mode in this wavelength range.
Model calculations of the center wavelengths during
the tuning process using Eq. 1 are plotted in Fig. 5. They
return an expected tuning efficiency of 0.041 nm/°C,
which is slightly higher than the response of
0.034 nm/°C observed in measurement. This difference
results from the simulation not accounting for the
elasticity of the glue used to attach the fiber to the
aluminum profile.

3.3 Tuning Stability
The main achievement of this setup is that it enables
precise tuning of laser emission wavelengths by strain
and thermal effects in the FBGs responsible for the
feedback as shown in Fig. 4. The tuning mechanism
constructed was tested for output response to heating
and investigated for stability. While keeping the left
FBG at its initial position, the right FBG was set to a
target temperature of 65°C. During this process the
output spectra were recorded and the maximum of the
right FBGs reflectivity plotted versus time, as shown in
Fig. 3.

Fig. 3: Tuning stability.

After stabilization time of roughly six hours laser
output reaches a stable value remaining exposed to small
fluctuations on the scale of 10-4 nm caused by influences
from the laboratory environment only. Long term
measurements of a week’s duration have shown that this
value is extremely stable within these fluctuations.
Fig. 5: Hysteresis in tuning.
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Comparing the output wavelength at the end of the [07] E. Lacot, F. Stoeckel, D. Romanini, and A. Kachanov,
measurement with the output wavelength at the
Spectrotemporal Dynamics of a Two-Coupled-Mode
beginning, as emphasized on in Fig. 5, reveals hysteresis
Laser, Physical Review A, 57(5):4019–4025, May 1998.
of 0.025 nm, which is assumed to be caused by [08] H. Krause, J. Sonksen, M. Ahmad, V. Viereck, O.
imperfect thermal properties of the glue applied to attach
Mikami, and H. Hillmer, Aufbau eines faserbasierten
the FBGs to the aluminum block.
Laserresonators mit zwei Fabry-Pérot Kavitäten und
This however will be addressed in a future evolution
einer
gemeinsamen
aktiven
Zone
für
of the system.
Sensorikanwendungen, 109. DGAO Konferenz, B24+,
2008.
[09] H. Krause, J. Sonksen, J. Baumann, U. Troppenz, W.
4. Conclusion
Rehbein, V. Viereck, and H. Hillmer, Rin Spectra of a
We demonstrated a versatile external cavity
Two-Mode Lasing Two-Section DFB Laser for Optical
semiconductor laser system capable of oscillating on
Sensor Application, SPIE Photonics Europe 2008,
two tunable modes at 1541.98 nm and 1542.47 nm for
volume 6997, May 2008.
sensing application.
[10] D. B. Mortimore. Fiber Loop Reflectors, Journal of
Very precise spectral tuning of the modes is
Lightwave Technology, 6(7):1217–1224, 1988.
implemented by means of applying mechanical stress
and thermal energy to the FBGs responsible for selective [11] L. Yu-Lung and C. Han-Sheng, Measurement of
Thermal Expansion Coefficients Using an In-Fibre
feedback on the oscillating modes, resulting in a tuning
Bragg-Grating Sensor, Measurement Science and
range of ~1 nm. A very stable spectrum is obtained after
Technology, 9(9):1543–1547, 1998.
a stabilization time of a few hours. The tuning
mechanism is used to address the specific spectral
positions of target substances to sense.
For a reliable trace gas sensing application,
narrowing of line width and reducing output
stabilization time is highly desirable and the focus of
future work will be laid on this. In future, several of
these sensor units could be combined to cover a broader
spectrum and thereby an increased range of possible
substances detectable.
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