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Ultrastable Laser Wavelength Locking Technique
Optimized for WMS-Based Methane Detection

Yaopeng Cheng , Fupeng Wang , Jinghua Wu, Rui Liang, Qiang Wang , Yubin Wei,
Jiachen Sun , Qian Li , and Qingsheng Xue

Abstract—Fixed wavelength modulation spectroscopy
(FWMS) featured as that wavelength is modulated around
a constant value instead of a dynamic scanning ramp in
the standard wavelength modulation spectroscopy (WMS).
To eliminate the influence of center wavelength drift on
absorption measurement in the FWMS system, a software-
based proportional–integral–derivative (PID) controller is
developed to lock the laser wavelength at methane line
1653.72 nm for CH4 detection in this study. Moreover, two
crucial parameters of PID, gain and integral time, are opti-
mized to improve the laser wavelength locking performance.
As a result, the laser wavelength is locked to the target CH4
line with a 1σ fluctuation less than 406 kHz (better than
3.7 × 10−3pm) with a robust 100% locking success rate, which is the best result reported so far to our knowledge.
Based on the wavelength locked FWMS CH4 sensor, linearity is tested to be R2

= 0.998 in a low concentration range
of 0–1000 ppm. The detection sensitivity is 52 ppb at 0.1 s and could be improved to 36 ppb if the integration time is
extended to 1.4 s. Compared with standard WMS, CH4 detection stability is improved by five times.

Index Terms— Laser wavelength locking, methane detection, proportional–integral–derivative (PID), wavelength mod-
ulation spectroscopy (WMS).

I. INTRODUCTION

TRACE gas detection is indispensable across a wide
range of industrial applications, such as food safety,
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medical diagnostics, combustion processes, and environmental
monitoring [1], [2], [3], [4]. Tunable diode laser absorp-
tion spectroscopy (TDLAS), nowadays, is dominant among
various gas detection techniques due to its robustness, long
service life, high selectivity, and high sensitivity. In a direct
absorption spectroscopy (DAS) system, there are generally two
approaches to enhance its detection sensitivity. The straight-
forward one is to increase the absorption path length. On the
one hand, cavity-enhanced absorption spectroscopy (CEAS)
and cavity ring-down spectroscopy (CRDS) have demon-
strated a high sensitivity performance [5], [6]. On the other
hand, multipass cells are developed, leading to a minimum
detection limit (MDL) of parts per million (ppm) or parts
per billion (ppb) level for CH4, C2H2, NH3, and so on
[7], [8], [9], [10], [11], [12]. In addition, the gas absorption
lines in the mid-infrared (MIR) region are, in general, three
orders of magnitude stronger than the ones in the near-
infrared (NIR) band [13], [14]. Thus, MIR tunable light
sources, such as interband cascade laser (ICL) and quan-
tum cascade laser (QCL), have been employed in TDLAS-
based systems [15], [16], [17], [18], [19]. Furthermore, the
wavelength modulation spectroscopy (WMS) technique with
lock-in amplifier is proposed to enhance the detection sen-
sitivity by virtue of its excellent noise rejection performance.
Thus, the WMS technique has been widely applied to all kinds
of absorption spectroscopy trace gas sensing systems. Apart
from the DAS, indirect absorption spectroscopy (IDAS) has
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developed rapidly in recent decades such as photoacoustic
spectroscopy (PAS) [20], [21], [22], [23], [24], [25], pho-
tothermal spectroscopy (PTS) [26], [27], [28], [29], and light-
induced thermoelastic spectroscopy (LITES) [30], [31], [32].
In an IDAS-based experiment diagram, the WMS technique
is also applicable and preferred. Therefore, great importance
ought to be attached to the improvement of WMS technique
since the WMS technique plays a vital part in both DAS and
IDAS systems.

There are two main working modes for a WMS-based
system: standard wavelength scanning mode (standard WMS)
and fixed wavelength mode (FWMS). In the former one,
a scanning ramp in low frequency is used to realize wavelength
scanning with a certain bandwidth, which aims to cover one
or more absorption lines of target gas. Meanwhile, a higher
frequency sinusoidal signal is superimposed on the scanning
ramp to modulate the laser source. Harmonic signals are
generated from the interaction between the modulated light
and target gas molecular and detected by a photodetector.
Commonly, the 2nd harmonic signal is measured by a lock-in
amplifier to retrieve the concentration of target gas. The
advantages of standard WMS mode are apparent. First, the
measured results are insensitive to the wavelength drift effect
because you can always find the absorption center by aim-
ing at the 2nd harmonic peak, and the influence of power
drift concurrent with wavelength drift could be eliminated
by the 2 f /1 f calibration technique [33]. In addition, more
absorption-related information can be detected because the
intact absorption line shape is scanned, for example, the gas
concentration, pressure, and temperature. Thus, most of the
WMS-based gas sensing systems prefer to choose the standard
mode. However, because a low-frequency ramp is used to scan
the line shape, there is merely one effective data point in a
scanning cycle to predict gas concentration. This would reduce
the response speed of gas sensor. Increasing the scanning
frequency is an optional method for higher response speed,
but this requires a lock-in amplifier to increase the 3-dB
bandwidth of its low-pass filter so that the scanning frequency
can pass smoothly without any signal reduction and distortion.
Unfortunately, the 3-dB bandwidth is the pivotal parameter for
lock-in amplifier to obtain a high signal-to-noise ratio (SNR) in
which increasing the 3-dB bandwidth is equivalent to reducing
SNR, that is to say, there is irreconcilable contradiction
between response speed and noise rejection in the standard
WMS mode. By contrast, in the fixed wavelength mode,
theoretically speaking, the center wavelength of laser source is
fixed at the absorption line center of target gas by a constant
driving current. Then, a higher frequency sinusoidal signal is
applied at the same time to realize the wavelength modulation
around the center wavelength. Consequently, the 2nd harmonic
output is a constant value (dc signal), which corresponds to
the maximum of the 2nd harmonic curve measured in the
wavelength scanning mode, and the output of this working
mode is enough for applications that only aim to measure gas
concentration. As a result, the FWMS mode has advantages
as follows. First, the low-pass filter of lock-in amplifier can
be further compressed because of the dc output, which is
helpful to improve the SNR. Second, more effective data can

be recorded in a given time instead of only one effective data
point every scanning cycle in the standard WMS method.
Then, the cumulative averaging algorithm can be further
employed to enhance the SNR by reducing the random noise.
Third, the nonlinearity of the wavelength response of laser
sources was reported to distort the harmonic signals, bringing
in undesired absorption-independent noise [34]. Obviously,
the standard mode suffers from the influence of this kind of
nonlinearity; however, the FWMS mode does not. Fourth, the
thermal stability and service life of the laser diode are likely
to be improved if the laser was driven by a relatively constant
current instead of operating in a large dynamic range [35].
Finally, the fixed wavelength mode enables the system to make
full use of the photodetected signal and the dynamic range of
electronic circuits [35]. Therefore, the FWMS technique is
selected to develop our CH4 sensor in this study and can be
extended to other gas detection.

However, the laser wavelength would drift with variations
of ambient conditions in practice, especially the environmental
temperature [36]. Moreover, the aging of the laser electronic
components can cause drifts on wavelength as well [37], [38].
Such aging effects are uncontrollable, so a simple stabiliza-
tion of the environmental parameters is yet insufficient. The
intractable laser wavelength drift is prone to take a toll on
the detection sensitivity of FWMS-based gas sensing systems.
Therefore, an active wavelength locking technique is strongly
required. In the field of laser technology, wavelength locking
(mode locking) is usually needed and researchers have paid a
lot of effort on it [39], [40], [41]. However, most of these
strategies are not applicable to TDLAS-based gas sensing
systems. As to the field of gas detection, a proportional–
integral–derivative (PID) controller has been introduced to
stabilize the laser wavelength at the absorption center [42].
However, to our knowledge, the influence of different PID
parameters on the performance of wavelength locking has
never been studied in a TDLAS-based gas sensing system.

In this article, we develop a PID-based negative feedback
controller to lock the center wavelength of laser at the target
gas absorption line, realizing a 100% locking success rate.
In addition, the parameters of PID controller are evaluated
in detail, further improving the stability of laser wavelength
locking to an exciting level. The optimized laser wavelength
locking technique is verified in an FWMS-based CH4 sensing
system, a sensitivity of 35 ppb at 1.4-s integration time, and
linearity (R2

= 0.998) in a low concentration range of 0–
2000 ppm that are achieved. All the functions mentioned
above are realized and optimized based on a LabVIEW-driven
platform in this study. In the next step, efforts would be
paid on transplanting the ultrastable laser wavelength locking
technique to microcontroller units (MCUs) so that it can be
easily applied to gas sensing systems.

II. METHODOLOGY

A. Principle of WMS
To explain the principle of our proposed wavelength locking

technique used in the FWMS system, we have to briefly intro-
duce the WMS strategy first. The basic process of WMS-based
trace gas detection is shown schematically in Fig. 1. In a WMS
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Fig. 1. Schematic of the WMS-based trace gas detection. PD: photode-
tector. LIA: lock-in amplifier. 1f: 1st harmonic. 2f: 2nd harmonic. 3f: 3rd
harmonic.

system, light modulation can be readily achieved through
the injection current modulation by virtue of the tunability
and modulation capability of the distributed feedback (DFB)
lasers. This procedure brings about the combined simultaneous
modulation of the laser frequency (i.e., wavelength modula-
tion) and laser optical power (i.e., intensity modulation). The
modulated laser frequency response and intensity response can
be, respectively, expressed as

ν (t) = νc (t) + 1ν · cos (ωt) (1)
I0 (t) = Ic (t) + 1I · cos (ωt − 1ϕ) (2)

where 1ν is the frequency modulation depth that is the
maximum excursion of ν(t) around νc(t) the central frequency
of modulation, Ic(t) denotes the optical intensity at the central
frequency, 1I is the intensity modulation amplitude, ω is the
angular frequency of modulation, and 1ϕ denotes the phrase
shift between the frequency modulation and the intensity
modulation. It is noteworthy that the frequency modulation
is expected to probe the absorption information, while the
intensity modulation is an unwanted side effect that distorts
the harmonics and is hence usually referred to as residual
amplitude modulation (RAM) in the literature [43], [44].

The WMS technique is based on the light absorption by the
molecules of the target gas and the transmitted light follows
the well-known Beer–Lambert law, namely:

I (ν) = I0 (ν) · exp
[
−S (T ) · g (ν, ν0) · P · C · L

]
(3)

where S(T ) is the intensity of the transition line at temperature
T , g(ν, ν0) is the absorption line shape function, P is the
gas pressure, C is the concentration of target gas, L is the
absorption path length, and I0(ν) denotes the intensity of
incident light. As shown in Fig. 1, the wavelength-modulated
laser beam is tuned to cover the absorption line of target
gas. After passing through the gas cell, the photodetected
signal contains absorption-induced harmonics. The specified
harmonic signal can be demodulated by means of synchronous
detection using a lock-in amplifier. The 1st, 2nd, and 3rd

harmonics can be written, respectively, as

V1 = Ic H1 cos (ωt) S (T ) PC L

+
1
2
1I H0 cos (ωt − 1ϕ) S (T ) PC L

+
1
2
1I H2 cos (ωt + 1ϕ) S (T ) PC L (4)

V2 = Ic H2 cos (2ωt) S (T ) PC L

+
1
2
1I H1 cos (2ωt − 1ϕ) S (T ) PC L

+
1
2
1I H3 cos (2ωt + 1ϕ) S (T ) PC L (5)

V3 = Ic H3 cos (3ωt) S (T ) PC L

+
1
2
1I H2 cos (3ωt − 1ϕ) S (T ) PC L

+
1
2
1I H4 cos (3ωt + 1ϕ) S (T ) PC L (6)

where Hn is the nth Fourier expansion coefficient of the
absorption line shape function. The concentration of the target
gas is retrievable since the harmonic signal is directly propor-
tional to the absorption. Commonly, the detection is shifted to
a higher frequency, typically the 2nd harmonic, where the 1/ f
noise is reduced and the amplitude of the harmonic signal does
not decrease too much with the rise of the harmonic order.

B. Laser Wavelength Locking Strategy
Theoretically, in pure wavelength modulation free from

RAM, the even-order harmonic curves are symmetric about
the absorption line center, whereas the odd harmonic values
are zero at the center of the absorption line as shown in
harmonic curves of Fig. 1. It is customary to use the zero
intersection of the 3rd harmonic signal as a reference point
to determine the absorption line center. However, as shown
in the zoomed inset of Fig. 2(a), a slight shift between the
zero intersection and the absorption line center will occur as
long as the laser has RAM. As a result, the laser cannot
be locked exactly to the line center if still using the zero
intersection as the reference point. Thus, we have to refind
the true reference point from the 3rd harmonic signal for
wavelength locking. The true reference point is determined
as follows. Considering that the 2nd and 3rd harmonic curves
can be collected synchronously as shown in Fig. 2(a) and the
symmetry axis of the 2nd harmonic curve corresponds to the
centerline of absorption profile, we choose the intersection of
this symmetry axis and the 3rd harmonic curve as the reference
point [“set point” in Fig. 2(a)]. To verify the feasibility of
using this “set point” for wavelength locking, a preliminary
experiment is performed based on a standard WMS mode CH4
sensing system. In this experiment, a constant concentration
of CH4 sample is provided to hold stable gas absorption, and
the 2nd and 3rd harmonic signals are saved synchronously
for 3 h. The 2nd harmonic amplitude and 3rd harmonic
“set point” are calculated and recorded, which are plotted in
Fig. 2(b) and (c), respectively. As shown in Fig. 2(b), the 2nd
harmonic amplitude drifts due to several reasons, including
laser power drift, laser wavelength drift, and other absorption-
independent fluctuations. However, the value of the “set point”
keeps constant as shown in Fig. 2(c), which means that the
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Fig. 2. (a) Representative 2nd and 3rd harmonic curves measured under RAM effect. (b) Long-term measured 2nd harmonic amplitudes in a 3-h
period. (c) Long-term measured SPs in a 3-h period.

determined “set point” is steady enough a reference point to
lock the laser wavelength at the absorption line center.

As explained above, the “set point” has been identified
successfully in the first step. If we keep measuring the 3rd
harmonic signal and comparing it with the “set point” and then
manage to make the detected 3rd harmonic value approach the
“set point” by adjusting the laser driving current dynamically,
the laser wavelength would be stabilized at the absorption
center of target gas. This process is termed laser wavelength
locking, and a PID controller is usually employed in this
process. At any given moment, the PID controller calculates
the error signal by subtracting the real-time measured 3rd
harmonic signal (RM) from the “set point” value (SP) and then
feedbacks a correction value, i.e., the manipulated variable
(MV), in a bid to control the RM to approach the SP. The
theoretical model of a PID controller is expressed as follows:

u p (t) = Kc · e (t) (7)

u I (t) = u I (t − 1) +
Kc

Ti

(
e (t) + e (t + 1)

2

)
1t (8)

u D (t) = −Kc
Td

1t
(RM (t) − RM (t − 1)) (9)

where u p(t), u I (t), and u D(t) are proportional term, integral
term, and derivative term, respectively; Kc, Ti , and Td are three
important parameters of every PID controller, called controller
gain, integral time, and derivative time, respectively; e(t) is the
real-time calculated error signal; and 1t is the sampling time.
The summation of these three terms constitutes the MV as a
feedback value to adjust the laser driving current as expressed
in the following equation:

MV = u P (t) + u I (t) + u D (t) . (10)

III. EXPERIMENTAL SETUP

Most of the current TDLAS-based CH4 sensors are devel-
oped by exploiting the overtone band of CH4 near 1650 nm

Fig. 3. Simulated absorption coefficient from 1648 to 1660 nm of 1-ppm
CH4, 4% H2O, 2000-ppm CO2, and 10-ppm NH3 at 1 bar and 296 K.
Shadow zone: wavelength output range of the current laser diode in our
laboratory is 1652–1657 nm.

due to the matured semiconductor laser and detector technolo-
gies in the NIR region. Fig. 3 shows the simulated 1-ppm
CH4 absorption coefficient in the range of 6020–6070 cm−1

according to the HITRAN database. Considering that H2O,
CO2, and NH3 are the major interfering components in the
1650-nm band, absorption coefficients of these three species
are also simulated in Fig. 3. Water vapor concentration in the
tropics can reach up to 4%; the maximum allowable average
concentration of CO2 for human breathing is 1.5% [45]
and the maximum allowable concentration of indoor NH3
is 0.2 mg/m3 (≈0.26 ppm) according to the Chinese stan-
dard GB/T1883-2002. For a better comparison between the
multispecies in the same y-scale, 1-ppm CH4, 4% H2O,
2000-ppm CO2, and 10-ppm NH3 are simulated in Fig. 3.
From Fig. 3, 1653.72 nm (6046.96 cm−1) and 1650.96 nm
(6057.08 cm−1) are two ideal choices for CH4 detection.
However, 1650.96 nm is beyond the operating range of the
current laser diode in our laboratory, so 1653.72 nm is chosen
to validate and optimize the process of laser wavelength
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locking in this study. Accordingly, a DFB semiconductor laser
(DFB-1653-N-SM, Wuhan 69 Sensing Tech, China) emitting
at 1653 nm is utilized as the light source in the experimental
system. The experimental setup is configured, as shown in
Fig. 4. A LabVIEW-driven DAQ card (USB 6361, National
Instruments, Austin, TX, USA) is employed, based on which
functions, including signal generation, data acquisition, lock-in
detection, and PID controlling, are programmed in LabVIEW
language to serve this study. First, a 4-kHz, peak-to-peak 0.6-V
sinusoidal signal is generated from the AO-0 port of DAQ
card to realize the wavelength modulation. Besides, a 1.86-V
offset is added to the sinusoidal signal to roughly tune the
laser center wavelength to the CH4 absorption center. The
voltage signal from the AO-0 port is transmitted into current
to drive the DFB laser by a commercial driver (LDC501,
Stanford Research Systems, Sunnyvale, CA, USA) with a
25-mA/V conversion ratio; meanwhile, the laser’s operating
temperature is controlled by LDC501 as well to 29.6 ◦C. The
laser output beam is split by a 1 × 2 coupler and coupled into
a sensing cell (3-m optical path length Herriott gas cell) and
a reference cell (a miniatured gas chamber integrated with PD
#2 filled with constant concentration CH4). The transmitted
light is converted into the current signal by two fiber-coupled
photodetectors PD #1 and PD #2. The output photocurrent
from PD #1 and PD #2 is transmitted into a voltage signal
by transimpedance amplifier (TIA) and then recorded by two
analog-to-digital converter (ADC) channels (AI-0 and AI-1)
of the DAQ card, respectively. The ADC-collected signals
are subsequently processed by the LabVIEW-based software
platform. The absorption signal from the sensing cell is
demodulated by LIA #1 to obtain the 2nd harmonic signal for
methane concentration calculation, while the absorption signal
from the reference cell is demodulated by LIA #2 to extract the
3rd harmonic signal for wavelength locking. As demonstrated
in Section II-B, the 3rd harmonic signal acts as an input to the
PID controller for laser wavelength locking operation. In the
experiments, the CH4 sample gas used in the sensing cell is
supplied by a gas mixing system, comprised of a customized
mixing chamber, two flowmeters, 99.999% pure nitrogen, and
0.1% methane gas.

IV. EXPERIMENT RESULTS

Based on the experiment system as demonstrated above,
a PID controller is developed and optimized to realize the
ultrastable laser wavelength locking function. The detailed
procedures for the realization of laser wavelength locking are
introduced in this Section IV-A. The laser wavelength locking
performance is evaluated and compared by adjusting the PID
parameters in this Section IV-B. The long-term stability of
the laser wavelength locking is investigated in Section IV-C.
Finally, the gas detection performance of the optimized laser
wavelength locked WMS system is assessed through a CH4
concentration detection experiment in Section IV-D.

A. Realization of the Laser Wavelength Locking
In the very beginning, before turning on the FWMS system,

a period of standard wavelength scanning mode is performed

in 10-Hz scanning frequency so that we can determine the
SP value in advance following the method introduced in
Section II-B. As a result, the SP is measured to be −2.8 mV,
which means that the RM value should be −2.8 mV if the
laser wavelength is accurately locked to the center of CH4
absorption line. However, as described in the second paragraph
of Section III, a 1.86-V offset is applied to LDC501 to
roughly set the laser wavelength close to the CH4 absorption
line center, but not precisely. As a result, the RM (red
triangle in Fig. 5) is far away from the SP of −2.8 mV
in the beginning. Fig. 5 shows the laser wavelength locking
process from turning on the PID controller. The difference
between the initial measured 3rd harmonic value and the SP
is calculated as initial error δin. At this moment as labeled
in a red triangle, the PID controller is turned on, and the
RM starts to approach the SP. When the RM arrives at the
SP of −2.8 mV, it means that the laser wavelength has been
locked to the CH4 absorption center at 1653.72 nm. With
the feasibility validated, it is time to quantitatively evaluate
the laser wavelength locking performance under different PID
parameters. In the end, an optimal group of PID parameters
is expected to achieve an ultrastable laser wavelength locking
result.

The blue arrow marked in Fig. 5 denotes the moment that
the RM first reached the SP. The time from turning on the PID
controller to the arrival at the SP is defined as the locking time
τL . However, the initial error δin from every locking operation
may be slightly different in practice, so the locking time τL
cannot represent the locking efficiency authentically. To pro-
vide a fair comparison, the locking time τL is normalized
by the initial error δin to define the normalized locking time
τNor for the following optimization, indicating the efficiency
of laser wavelength locking. In addition to the efficiency,
stability and accuracy are still evaluated in the optimization
study. As shown in Fig. 5, a hundred seconds after it first
reached the SP, and the RM is practically steady near the SP.
From this point on, the 3rd harmonic signal is recorded for
5 min, as highlighted in a yellow rectangle in Fig. 5. Based
on the 5-min collected data, a statistical analysis is performed
to calculate the mean value and standard deviation (SD).
We use the SD to indicate the stability of wavelength locking.
As for the accuracy, steady-state error (SE) is calculated as the
difference between the mean value and the preset SP value,
which reveals the deviation of the locked wavelength away
from the target wavelength [46]. Note that the SD and the
SE appeared in Section IV-B are all converted from voltage
to picometer (pm) unit via a transfer coefficient between the
3rd harmonic signal and the laser wavelength. The method to
determine the transfer coefficient is introduced in detail in the
Appendix.

B. Optimization of the Wavelength Locking Performance
In most cases, the laser wavelength locking technique is

proposed to reduce the influence from minor and flat dis-
turbances of environment. In such a condition, the controller
gain and integral time are pivotal to the locking performance,
yet the derivative time can be dismissed since it is used
to mitigate sudden change and severe fluctuation. In this
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Fig. 4. Schematic of PID-based laser wavelength locking and methane detection system. TIA: transimpedance amplifier. DAQ: data acquisition
card. PD: photodetector. LIA: lock-in amplifier. PID: proportional–integral–derivative controller. MV: manipulated variable.

Fig. 5. RM after turning on the PID controller (low Kc was chosen to
obtain this figure so that the dynamic process can be displayed easily).

second, wavelength locking efficiency, stability, and accuracy
are quantitatively analyzed under different PID parameters,
including the controller gain and integral time.

In the first step, the PID controller gain is changed from
0.01 to 0.5 to evaluate its influence on the result of laser
wavelength locking; meanwhile, another two parameters of
PID controller, integral time and derivative time, are set to be
0.016 and 0.001, respectively. Fig. 6 shows the relationship
between the wavelength locking performance and controller
gain Kc. As Kc decreases, the SD falls, indicating that the
stability of locking is improved. However, due to the inelim-
inable noise of the circuits, the SD approaches a constant value
with further decreasing Kc less than 0.1. In addition, both the
SE and τNor take on an inverse relationship with Kc, which
means that raising Kc is conducive to improve the locking
accuracy and efficiency. As a result, Kc is optimized to be
0.05, considering that the SD does not improve greatly with

Fig. 6. Relationship between the laser wavelength locking performance
and the PID controller gain. SD: standard deviation. SE: steady-state
error. τNor: normalized locking time.

Kc less than 0.1 and the SE and τNor escalate badly when Kc
is tuned below 0.05.

It should be noted that the PID controller will be disabled
if the controller gain surpasses the upper limit of 0.5 in our
experiment, the laser wavelength locking fails in the shadow
area in Fig. 6. As shown in Fig. 2(a), there are two interfer-
ence points that have the same value with the SP on both sides
of the “set point.” If the controller gain is set larger than 0.5,
the initial feedback MV of PID will be so large that the RM
jumps to the region beyond the interference points. However,
the monotonicity nearby the interference points is contrary to
the “set point” area, which would disable the PID controller.
To deal with this problem, a threshold is measured in advance
and added to the output of PID controller to make sure that
the feedback MV is always within a prescribed boundary.
As a result, a 100% laser wavelength locking success rate
is achieved in our experiment.

The relationship between the laser wavelength locking per-
formance and integral time Ti is shown in Fig. 7. In the
experiment of this section, the controller gain is fixed at
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Fig. 7. Relationship between the laser wavelength locking performance
and the integral time of the PID controller. SD: standard deviation. SE:
steady-state error. τNor: normalized locking time.

0.05 and the derivative time is still 0.001. Ti rises from
0.004 to 0.2, causing a regular change in the laser locking
performance. On the one hand, the larger Ti brings about the
smaller SD, i.e., the higher stability. However, the stability is
not enhanced remarkably with Ti more than 0.04. On the other
hand, Ti is proportionate to the SE and τNor, which implies that
it is beneficial to reduce Ti for high accuracy and efficiency.
Overall, Ti is finalized to be 0.04 so that the three sides of the
laser wavelength locking performance are in a satisfied level
in the meantime.

To summarize briefly, smaller controller gain and extended
integral time would lead to lower SD but higher SE and τNor.
According to this evaluation, the parameters of PID controller
are optimized as: the controller gain is 0.05, the integral time is
0.04, and the derivative time is 0.001. Based on the parameters,
we expect to achieve an ultrastable laser wavelength locking
result.

C. Long-Term Stability of the Laser Wavelength Locking
Since the laser wavelength locking technique is developed

to eliminate the wavelength drift of FWMS system, a specified
experiment is carried out to study the long-term stability of the
laser wavelength locking. The 3rd harmonic signal is recorded
for 3 h to assess the wavelength drift of FWMS free running
mode and the stability of laser wavelength locked mode. For
better comparison of wavelength stability, the measured 3rd
harmonic value is transferred into picometer by the method
introduced in the Appendix. In the laser wavelength locked
mode, three groups of PID parameters are applied for com-
parison.

When the system works in the pure FWMS mode with
the PID controller turned off, an obvious wavelength drift
is observed, as shown in Fig. 8(a). In the period of 3-h
data collection, an approximately 2.66-pm wavelength drift
occurs. Based on our experiment experience, the wavelength
always drifts to a single direction in a few hours. However,
considering the environmental fluctuation, it would drift back
and forth if we extend the time window to several days.
Afterward, the PID controller is turned on and the laser
wavelength locking function is activated. The laser wavelength

locked results from three groups of PID parameters are shown
in Fig. 8(b)–(d). In this long-term experiment, τNor is far
smaller than the detection time, so the parameter of τNor is
dismissed in comparison. Locking stability and accuracy (i.e.,
the SD and SE) is investigated and compared. First, the PID
parameters are set as Kc = 0.4, Ti = 0.016, and T d = 0.001,
and its results are plotted in Fig. 8(b); the SD and SE turn
out to be 4.47 × 10−2 and 3.47 × 10−4 pm, respectively.
Second, the parameters are changed to Kc = 0.05, Ti =

0.016, and T d = 0.001 and reconduct the laser wavelength
locking operation. As a result, the SD falls nearly by half
to 2.41 × 10−2 pm and the SE slightly increases to 4.06 ×

10−4 pm, as shown in Fig. 8(c). In the last group of parameters
as Kc = 0.05, Ti = 0.04, and Td = 0.001, the SD is reduced
significantly to 3.7 × 10−3 pm, while the SE sharply grows
to 2.06 × 10−3 pm, as shown in Fig. 8(d). Fortunately, it is
the SD instead of the SE that plays a decisive role in the
sensitivity of an FWMS-based gas sensing system because the
laser wavelength fluctuates around the target CH4 line corre-
sponding with the SD value, contributing to the 1σ of the 2nd
harmonic signals and consequently undermining the sensitivity
and MDL. Therefore, the last group of PID parameters used in
Fig. 8 is chosen as the best option and applied to the methane
detection experiment in Section IV-D. Comparing the results
of Sections IV-B and IV-C, the conclusions are consistent. The
optimized PID parameters prove its high stability in a long-
run wavelength locking. The laser wavelength is locked to the
target CH4 line with a fluctuation less than 406 kHz (better
than 3.7 × 10−3 pm), which is the best result reported so far
to our knowledge.

D. CH4 Detection Based on the Wavelength Locked
FWMS System

After the optimal PID parameters are determined, the exper-
iment system as shown in Fig. 4 can work in three modes:
standard WMS mode, FWMS mode, and wavelength locked
FWMS mode. In the standard WMS mode, a 10-Hz scanning
sawtooth superimposed with a 4-kHz sinusoidal signal from
channel AO-0 is used to drive the DFB laser by LDC501. As a
result, a 2nd harmonic curve is measured in every scanning
cycle of 0.1 s so that the 2nd harmonic amplitude is collected
with a 10-sample/s rate for absorption calculation. In the
FWMS and wavelength locked FWMS modes, the 2nd har-
monic output of lock-in amplifier is a dc value instead of a 2nd
harmonic curve. So, the sampling rate is no longer limited by
the 10 Hz scanning frequency and averaging algorithm could
be applied as well. However, due to the limited computational
capacity of our software diagram, the averaging algorithm has
not been implemented in the system, as the extensive averaging
time would cause the PID locking loop to collapse. On the
other hand, to give a fair comparison with the standard WMS
mode, the sampling rate of 2nd harmonic dc value is also set
10 sample/s in the wavelength locked FWMS mode.

Fig. 9 shows the measured results in different CH4 con-
centration when the system works in the wavelength locked
FWMS mode. Fig. 9(a) presents the result of the consistency
analysis by increasing and decreasing the CH4 concentration
in the range of 50 to 1000 ppm. A linear fit is performed
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Fig. 8. Laser wavelength offset from the absorption line center in 3-h detection. (a) Free running. (b) Kc = 0.4, Ti = 0.016, and Td = 0.001.
(c) Kc = 0.05, Ti = 0.016, and Td = 0.001. (d) Kc = 0.05, Ti = 0.04, and Td = 0.001.

Fig. 9. Methane detection based on the ultrastable laser wavelength
locked FWMS system. (a) Second harmonic amplitudes in different CH4
concentrations. (b) Linear response of methane detection.

and an R-square of 0.998 is achieved as depicted in Fig. 9(b),
and a sensitivity of 34.5 µV/ppm is realized. In addition to
the basic linearity test, the wavelength locked FWMS mode
is expected to have better stability over standard WMS mode
in our opinion. So, a comparative experiment is conducted
between the standard WMS and wavelength locked FWMS
modes based on the system in Fig. 4. In the experiment,
50 ppm CH4 sample is continuously measured over 1 h in
both modes, respectively, the results are displayed in Fig. 10.
A maximum drift of 1.04 ppm is observed in standard WMS

Fig. 10. Comparison of CH4 detection stability between (a) standard
WMS mode and (b) wavelength locked FWMS mode.

mode, which is equivalent to 2.1% drift in a concentration
of 50 ppm. However, only 0.2 ppm drift is measured in the
wavelength locked FWMS mode, and the stability is improved
by 5 times.

As mentioned in the first paragraph of this section, the
averaging algorithm has not yet applied to further improve the
detection sensitivity due to the running limitation of software
program. To explore the best sensitivity in FWMS mode bene-
fited from the optimized ultrastable wavelength locked system,
a commercial lock-in amplifier (MFLI, Zurich Instrument,
Zürich) is temporarily adopted instead of the LIA#1 in Fig. 4
to measure the CH4 concentration in sensing cell so that a large
amount of data can be saved and averaged. In a concentration
of 50 ppm CH4 sample, the measured result is recorded over
5 minutes with a sampling rate of 1674 Sample/s. Based on the
collected data, the Allan–Werle deviation analysis is performed
to investigate the minimum noise level. As shown in Fig. 11,
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Fig. 11. Allan deviation analysis.

the Allan deviation indicates that the sensitivity is 52 ppb at
0.1-s integration time and can be improved to 36 ppb if the
integration time is extended to 1.4 s, and the instrumental drift
dominates later on.

V. DISCUSSION

An ultrastable laser wavelength locking technique is devel-
oped and validated in a methane detection system. To sum
up, this article mainly talks about two contents. One is the
PID optimization process, in which we find out how different
PID parameters affect the laser wavelength locking stability,
accuracy, and efficiency. Based on these conclusions, we can
set PID parameters reasonably according to different appli-
cation scenarios. For example, if the environmental factors
change violently, then higher Kc and lower Ti should be set
so that the PID controller can timely respond to the violent
wavelength fluctuations. If the environment drifts slowly, then
lower Kc and higher Ti should be fine because PID controller
does not need high response speed in this condition. The
laboratory environment belongs to the latter, so Kc and Ti
are optimized to 0.05 and 0.04 in this study, respectively.
As a result, the laser wavelength is stabilized to a great level
with a 1σ fluctuation less than 406 kHz (better than 3.7 ×

10−3 pm). Another important content in this article is to
study the improvement on CH4 detection in an FWMS-based
system. As the laser wavelength is always stabilized at the
CH4 absorption line center, the influence from wavelength
drift can be eliminated. As a result, the drift of CH4 detection
coming from the wavelength drift can be suppressed as well.
Compared with the standard WMS system, CH4 detection
stability is improved by five times by the wavelength locked
FWMS system. Furthermore, the low-pass filter of lock-in
amplifier can be further compressed, and in the experiment
of Fig. 11, the lock-in bandwidth of MFLI is compressed
to 10 Hz. In addition, the Allan deviation results show that
the CH4 detection sensitivity is 52 ppb at 0.1-s integration
time and could be improved to 36 ppb if the integration time
was extended to 1.4 s. We list a series of recently published
studies about CH4 detection in Table I for comparison. This
work requires the shortest integration time while reaching
the sub-ppm level sensitivity. The comparison shows that the
advantage of wavelength locking technique is very obvious.

TABLE I
COMPARISON AMONG RECENTLY REPORTED WMS-BASED CH4

SENSORS

Fig. 12. Third harmonic curve of the reference cell acquired from
the wavelength-scanning WMS mode. Inset: dependence of the 3rd
harmonic signal amplitude on the voltage offset of the laser scanning
ramp.

Limitations still exist in this study. First, considering
the interference from H2O and CO2 on CH4 detection,
1650.96 nm may be a little better choice compared with
1653.72 nm employed in this wavelength locked study. How-
ever, 1653.72 nm would also be a good choice for a standard
WMS system in which intact harmonic curves are expected
because weak CH4 absorption peaks close to 1650.96 nm
would distort the baseline of harmonic curves if 1650.96 nm
is chosen in a standard WMS system. Second, the stability
of locked wavelength analyzed in this study is calculated
by 3rd harmonic signal as demonstrated in the Appendix
instead of measuring it directly by wavemeter or etalon.
The reason is that measuring wavelength stability in such
high level of sub-picometer is a complicated work in itself.
From another perspective, the Appendix demonstrates a high-
precision method for measuring wavelength stability. Third,
limited by the computational capacity of our software diagram,
the averaging algorithm has not been applied to the system,
as the extensive averaging time would make the PID locking
loop collapse.
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Fig. 13. Wavelength response toward driving current measured at a
laser operating temperature of 29.6 ◦C.

In the future study, we will make efforts to optimize the
software program so that averaging algorithm can be added
into the system without breaking the PID controlling loop.
In addition, bandpass filter circuit and gain circuit are expected
in front of DAQ to increase the dynamic range of useful
signal. In the last resort, all functions displayed in the dashed
box of Fig. 4 should be migrated to an MCU for convenient
application in engineering.

APPENDIX

In this section, the transfer coefficient between the 3rd
harmonic signal and the laser wavelength (1A3 f /1λ) is
elaborated in depth. In the first step, let us first figure out
the transfer coefficient between the 3rd harmonic signal and
the voltage offset of the laser scanning ramp (1A3 f /1V ).
As demarcated by a yellow rectangle in Fig. 12, the 3rd
harmonic signal only fluctuates marginally at the center of
the 3rd harmonic curve since the laser wavelength is locked
at the absorption line center by the PID controller. Thus, the
voltage offset of laser scanning ramp from 1.855 to 1.863 V is
chosen, and the center of the 3rd harmonic curve is measured
correspondingly. A liner fit is performed with an R-square of
0.999 and 1A3f/1V is equal to 1509 mV/V.

In practice, the voltage of laser scanning ramp is con-
verted into current by the LDC501 with a transfer coefficient
(1I/1V ) of 25 mA/V to drive the laser. Thus, the converted
driving current is from 46.375 to 46.575 mA. The wavelength
response toward the driving current at 29.6 ◦ laser operating
temperature is measured in advance, as shown in Fig. 13.
Although the wavelength response shows a nonlinear relation-
ship in a broad current range, in a narrow range close to the
CH4 absorption center, the wavelength response (1λ/1I ) can
be described by its linear approximation and is derived to be
14.7 pm/mA. Finally, 1A3 f /1λ can be deduced as follows:

1A3 f

1λ
=

1A3 f

1V

/
1I
1V

/
1λ

1I
= 4.106 mV

/
pm (11)

by which the SD and SE of the 3rd harmonic signal can
be successfully converted from voltage to picometer unit.
Therefore, during the laser wavelength locked period, the laser

wavelength can be reflected by the 3rd harmonic signal due
to its quantitative relationship with the 3rd harmonic signal.
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