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Characterization of a single-frequency
bismuth-doped fiber power amplifier with a
continuous wave and modulated seed source at
1687 nm
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In this paper, we report the performance of a bismuth-doped fiber amplifier at 1687 nm. This wavelength region
is particularly interesting for laser-based spectroscopy and trace gas detection. The active bismuth-doped fiber is
pumped at 1550 nm. With less than 10 mW of the seed power, more than 100 mW is obtained at the amplifier’s
output. We also investigate the signal at the output when a wavelength-modulated seed source is used, and present
wavelength modulation spectroscopy of methane transition near 1687 nm. A significant baseline is observed in the
spectra recorded when the fiber amplifier is used. The origin of this unwanted background signal is discussed and
methods for its suppression are demonstrated.  ©2020 Optical Society of America
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1. INTRODUCTION

Molecular spectroscopy in the infrared spectral region plays
an important role in numerous applications, from environ-
mental monitoring to gas leak detection. Various near- and
mid-infrared optical sources are used in laser-based spectros-
copy, including, e.g., optical frequency combs for broadband
measurements [1,2] or pulsed sources (based on optical para-
metric oscillators [3] or solid-state devices such as Er:YAG
lasers [4]) for differential absorption LIDAR (DIAL). However,
highly sensitive optical-based gas-sensing applications usually
rely on compact and narrow-linewidth single-frequency laser
diodes (for wavelengths below ~ 3 pum) or interband/quantum
cascade lasers (for wavelengths longer than ~ 3 pm). In optical-
based gas detection, the near-infrared region (compared to
the mid-infrared) offers weaker molecular transitions but also
less expensive lasers and detectors, and a variety of fiber-based
components. Additionally, in many cases, one can use optical
fiber amplifiers to increase the optical power emitted from
single-frequency laser diodes. For example, it was demonstrated
that erbium-doped fiber amplifiers (EDFAs) may be used to
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improve the performance of quartz-enhanced photoacous-
tic spectroscopy (QEPAS) [5-7] or extend the measurement
range in stand-off detection using wavelength modulation
spectroscopy (WMS) [8,9]. Unfortunately, the gain bandwidth
of EDFAs is limited to 1525-1620 nm, and they cannot be
effectively used at longer wavelengths where various molecules
have their rovibrational transitions, including methane (some
useful absorption lines are near 1645 nm [10], 1651 nm
[11-13], 1653 nm [14—16], 1666 nm [17], or 1674 nm [18]),
ethane (near 1684 nm) [14,19], or acetone (near 1690 nm) [20].

Raman amplifiers may be used to obtain gain beyond
1620 nm. However, although they can provide high output
powers [21], they also have several drawbacks. For example,
Raman amplifiers require use of a very long fiber (up to few
kilometers), which often leads to problems with stimulated
Brillouin scattering. They also must be pumped at properly
chosen wavelengths and have relatively narrow gain bandwidth.
Thulium-doped fiber amplifiers may also be used for wave-
lengths below 1700 nm [22]. Unfortunately, their saturation
power in this spectral region is limited, e.g., output power of
less than 50 mW was recently demonstrated in [23]. As we have
demonstrated in our previous work, higher output powers may
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be achieved with bismuth-doped fiber (BDF) [24]. BDF-based
amplifiers (BDFAs) can be used to provide gain between 1150
and 1450 nm [25-28] and, more importantly, from 1600 to
1800 nm [29,30]. This makes BDFAs potentially an interesting
tool in some gas-sensing applications, including photoacoustic
spectroscopy or remote detection of leaks.

In this paper, we analyze the performance of a BDFA at
1687 nm, where we target the P(6) transition in the 2v3 band
of methane. This absorption line is well isolated from other
atmosphere compounds such as water vapor or carbon dioxide,
making it suitable for open-path methane sensing even with
very long optical paths (e.g., hundreds of meters and more).
In the first part of this paper, the impact of the pump power on
the output power is analyzed using a continuous wave (CW)
seed source. In the second part, we investigate the performance
of the amplifier with a current-modulated seed laser diode.
Spectroscopy of methane is demonstrated and the impact of
the BDFA on the residual amplitude modulation (RAM) is
discussed.

2. EXPERIMENTAL SETUP

The experimental setup is presented in Fig. 1. The active fiber
was pumped at 1550 nm using a distributed feedback (DFB)
laser diode (output power of approximately 10 dBm) amplified
with an erbium/ytterbium-doped fiber amplifier (EYDFA;
BKtel, model GOA-$320, maximum output power 32 dBm).
The output power of the EYDFA was controlled using a com-
puter. The BDF used in this work was previously introduced in
[24]; it has a step-index refractive index profile (0.06 difference
between the core and the cladding), core diameter of 2.2 pm,
and cut-off wavelength near 1.4 pm. BDF length was selected
to make sure that most of the pump power will be absorbed
and the entire fiber will be pumped. With Bi concentration
below 0.1 mol.%, this resulted in a 90 m long piece of fiber
(approximately 95% of absorption at 1550 nm). As in our
previous work [24], the pump light and amplifier output signal
were coupled in and out of the BDF using a broadband optical
circulator. Its transmission at 1687 nm was measured to be
approximately 70%. An additional fiber-based isolator was
placed between the BDF and the seed laser to block all unab-
sorbed pump light. The seed laser was a discrete mode (DM)
laser diode (from Eblana Photonics) which was driven using a
compact laser driver integrated with a temperature controller

(from Wavelength Electronics, model LDTC0520). A power
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Fig. 1. Schematic diagram of the experimental setup (ISO, optical
isolator; CIR, optical circulator; LD/TC, laser driver with temperature
controller).
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meter (from Thorlabs, model PM 100D with S132C sensor) was
used to measure the output power.

3. EXPERIMENTAL RESULTS
A. BDFA Output Power

Figure 2(a) shows how the output power of the amplifier
depends on the pump power with 7.67 mW emitted from the
seed laser. As the pump power was gradually increased from
16 dBm (~ 40 mW) to 29 dBm (~ 795 mW), a linear increase
of the output power was observed. For the highest pumping
power, 107 mW at 1687 nm was measured at the output. This
corresponds to a gain of approximately 11.4 dB and an efficiency
of ~13.5%. As shown in Fig. 2(b), the output power becomes
saturated at the input power of approximately 5 mW.

For higher pumping powers, the performance of the ampli-
fier was impeded by the stimulated Brillouin scattering (SBS)
that occurred inside BDFE. The presence of SBS was confirmed
by measuring the output spectra near 1550 nm for different
pumping powers (shown in Fig. 3). Two signals are visible; the
first one is near 1549.95 nm, and its amplitude is proportional
to the pumping power level. The presence of this signal may be
explained, e.g., by the back-reflections of the pump radiation
from the splice between the BDF and circulator. The second
signal is near 1550.02 nm; it is barely visible for low pumping
powers, butitsamplitude dramatically increases when the pump
power exceeds ~ 700 mW. This nonlinear power dependence
as well as frequency shift with respect to the pump wavelength
are typical for SBS [31], and were also observed in our previous
studies for similar pump power levels [24].

B. BDFA Output with a Modulated Seed Source

As mentioned earlier, one potential application of fiber ampli-
fiers may be standoff gas detection in which a laser beam is sent
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Fig.2. (a) Output power versus pump power measured for the seed

laser power of 7.67 mWj; (b) output power versus input (seed laser)
power for different pump powers.
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towards some topographic target, the back-scattered light is
measured, and appropriate signal processing is used to retrieve
information about molecular absorption in the laser’s path.
This type of detection typically uses the WMS technique, in
which the laser diode is wavelength-modulated at frequency
- Subsequently, the signal from the photodetector is recorded
and its componentat2 X f,, is retrieved, usually using lock-in
(phase sensitive) detection [32,33]. When the absorption at
the molecular transition center is less than ~ 10%, the ampli-
tude of this second-harmonic signal is proportional to both
molecular concentration and optical power that reaches the
detector. Usually, in order to remove the dependence on the
optical power level, the average optical power is also measured
(by detectinga DCor 1 x f,, component of the signal from
the detector), and it is used to normalize the 2 f WMS signal.
Consequently, a power-normalized 2 f WMS signal (often
called 2 f/1 £ WMS) is obtained and its amplitude depends
only on molecular concentration [34]. Power normalization
witha 1 x f,, component is sometimes preferable because it
allows use of an AC coupled detector.

Wavelength modulation required for WMS is typically
achieved through current modulation of the laser diode. The
additional ramp signal is also often used in order to record
the full 2 £ WMS spectrum [35]. Unfortunately, changes to the
driving current not only affect the wavelength emitted from the
laser but also its output power. The output power versus laser
current characteristic of the laser diode used in this work is
shown in Fig. 4(a), and is almost linear; thus, the power modula-
tion at its output is basically a replica of the current modulation.
However, as shown in Fig. 2(b) and (in more detail) in Fig. 4(a),
the output power dependence of a BDFA on its input power
is not linear. As a result, the power modulation at the output
of the amplifier will change as the laser diode’s wavelength is
tuned [as shown schematically in Fig. 4(a) and experimentally in
Fig. 4(b)], affecting both harmonics (first and second) typically
used for WMS measurements.

To demonstrate this effect, the output of the amplifier was
passed through a 10 cm long glass cell containing methane
(at the concentration of 5%, balanced with nitrogen) placed
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Fig. 3.  Optical spectra near 1550 nm for different pump powers.

The back-reflected pump signal is visible near 1549.95 nm. For higher
pump powers a Stokes wave appears, frequency-shifted by ~ 9.13 GHz
(both wavelengths are indicated with dashed lines).
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between two GRIN collimators and focused onto the detec-
tor (Thorlabs, model PDA10CS2). A Virtual Bench device
(National Instruments) was used to modulate the seed laser’s
current with a 2.5 kHz sinusoid (15 mA peak—peak) and an
additional ramp signal for wavelength scanning (from 25 to
87.5 mA). The same instrument was used to acquire the signal
from the photodetector. The lock-in (phase-sensitive) detection
of the second-harmonic WMS signal was performed using a
custom LabVIEW program.

Figure 5 presents the 2 f WMS spectra acquired without and
with amplifier (at two different pumping powers). When only
laser diode is used (without BDFA), the obtained spectrum is
identical to that simulated using data from HITRAN database
(also shown). However, when BDFA is used, a significant base-
line appears which results from the nonlinear transfer function
of theamplifier.

Because baseline dominates in the lower-input-power part
of the spectrum, its impact can be reduced when the injection
current and temperature of the seed laser are chosen appropri-
ately. However, when more effective and broadband suppression
of the baseline is needed, two approaches may be implemented.
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Fig. 4. (a) Output power versus seed laser current for the laser only

and laser amplified by BDF (pumped at 22 dBm). It is shown sche-
matically that due to nonlinearities of its transfer function, the fiber
amplifier will introduce distortions to the output power modulation.

(b) Modulated signals for low and high seed laser bias current, when
BDFA is pumped at 22 dBm.
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Fig. 6.  Second-harmonic signals obtained with the seed laser only

and with the amplifier pumped at 27 dBm after subtraction of the
baseline.

The first approach involves an additional sensing path (with no
gas sample) which may be used to separately record the baseline
only. This signal may be subsequently used to subtract the base-
line from the original 2 /" WMS spectrum. As shown in Fig. 6,
this approach may be very effective. Unfortunately, it requires
the second photodetector and lock-in amplifier.

The other baseline removal approach relies on the fact that
the 2 £ WMS signal from the methane sample and the baseline
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Fig. 7.  Second-harmonic signals obtained with BDFA pumped at

28 dBm for two different lock-in amplifier phase settings. The proper
choice of the demodulation phase results in baseline-free 2 £ WMS
spectrum at the price of reduced signal amplitude.

Vol. 59, No. 6 / 20 February 2020 / Applied Optics 1561

are phase-shifted with respect to each other. As a result, it is pos-
sible to adjust the lock-in amplifier phase so that the baseline is
removed while the spectroscopic signal is still visible. An exam-
ple is shown in Fig. 7, where 2 f WMS spectra recorded for two
different phase settings are shown. A phase of 2.82 rad provides
the maximum signal amplitude but with the baseline present in
the background. When the phase is changed to 1.59 rad, the sig-
nal amplitude is reduced by approximately 55% but the baseline
is not present anymore. This tradeoff may be acceptable in some
applications in which accuracy and long-term stability (which
may be affected by the baseline drifts) are more important than
the detection limitand precision.

4. CONCLUSIONS

In this paper, the performance of a bismuth-doped fiber power
amplifier near 1687 nm was presented and analyzed. An out-
put power of 107 mW was obtained for the input power of
7.7 mW and pump power (at 1550 nm) of almost 800 mW.
This is approximately 33% higher output power than reported
in [24], where BDFA operation at 1651 nm was analyzed. The
performance presented in this paper was primarily limited by
the stimulated Brillouin scattering at the pump wavelength and
relatively low transmission (~ 70%) of the optical circulator
used for out-coupling the amplified signal at 1687 nm.

Compared to other potential sources used for methane detec-
tion in this spectral region, the presented fiber-amplified source
offers several advantages when certain gas-sensing techniques
are used. The output power of approximately 100 mW would
not be high enough for DIAL measurements (in which pulsed
sources with high pulse energies are required [3,4,37]), but it
may be very useful in stand-off detection that relies on light
backscattered from solid targets [8]. It may also be combined
with sensors that use photoacoustic spectroscopy for concentra-
tion detection [6,7]. Methane absorption lines near 1.6-1.7 m
are approximately 30 times weaker than the strongest infrared
transitions near 3.3 um. This explains why, in [38], the detec-
tion limits of 127 ppb (for 3.5 mW) and 10.7 ppb (for 2 mW)
were obtained for the near- and mid-infrared sources, respec-
tively. However, because signal amplitude in photoacoustic
spectroscopy scales with optical power [5-7], fiber amplifiers
such as those presented in this work should enhance the signal
amplitude in the near-infrared QEPAS and improve detection
sensitivity, despite the large difference in line strength.

In the second part of the paper, the performance of the ampli-
fier with the current-modulated seed source was analyzed. We
have demonstrated that due to nonlinearity of the amplifier’s
transfer function, the sinusoidal signal is distorted after passing
through the amplifier. This distortion affects not only the out-
put signal amplitude but also its harmonic content, resulting
in the presence of the baseline when wavelength modulation
spectroscopy with the second-harmonic detection is used. Two
approaches that enable removing this baseline were experimen-
tally demonstrated. It is also worth mentioning that this issue
will not be that critical in techniques which can benefit from
higher optical power provided by the amplifier but in which the
measured signal amplitude does not rely directly on amplitude
modulation (e.g., in chirped laser dispersion spectroscopy [39]
or quartz-enhanced photoacoustic spectroscopy).
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