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Abstract 

The simulation approach of TDLS has been proven in this 

study to improve spectrometer sensitivity by modifying the 

wavelength of a DFB tunable laser diode using a sinusoid 

signal. Because the laser's driving current has been set, the 

wavelength of the laser diode will shift in tuning limits to 

around 0.02 nm in the Mid Infrared Area (MIR) region for a 

poisonous gas Methane CH4. 
The sensitivity of TDLS was tested at a constant 

concentration of 0.5ppb and a constant length of the open 

path (the distance between the laser source and the 

retroreflector) of 100m. After writing a MATLAB algorithm 

to set the correct wavelength in the MIR region, frequency 

domain measurements were performed to extract the second 

harmonic as an indication of gas presence. The precise wave 

length of methane gas in the MIR area is (3290.987nm). It 

should be noted that for all gas types measured at L = 100 

m, the gas concentration ranged from N = 0.05 to 0.5 ppm in 

0.2 steps. 
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1. Introduction 

Monitoring and detection of atmospheric gas concentrations has become extremely valuable as a result of global warming and 

climate change. Despite the fact that the typical background level of methane (CH4) (1.89 ppm) in the earth's atmosphere is 

nearly 200 times lower than that of CO2 (400 ppm), CH4 contributes 25 times more to the greenhouse effect per mole than 

CO2 [1, 2]. As a result, rapid, quick, and exact monitoring of trace greenhouse gas of CH4 is critical. Chemical processes [3-6] and 

optical spectroscopy [7-9] are two methods for detecting methane. 

 Optical spectroscopy for gas detection is based on the Beer-Lambert rule [10-12], which states that light attenuation is 

proportional to the effective length of the sample in an absorbing medium and the concentration of absorbing species. 

According to this theory, the emission wavelength of the narrow-linewidth diode laser is scanned over the target gas absorption 

line, and due to the advantage of high spectrum resolution, tunable diode laser absorption spectroscopy (TDLAS) has become 

an effective technique for the rapid and online analysis of gas component concentration  [13-22]. The most prevalent TDLAS 

sensing techniques are direct detection and wavelength modulation spectroscopy [23, 24]. 

In comparison, wavelength/frequency modulation spectroscopy is less susceptible to the effects of background noise and is 

better suited for identifying trace gases. Furthermore, modulation spectroscopy is commonly employed for gas detection 

because to its high signal-to-noise ratio (SNR) [25, 26]. The primary approaches in modulation absorption spectroscopy are 

wavelength modulation spectroscopy (WMS), frequency modulation spectroscopy (FMS), and two-tone frequency modulation 

spectroscopy (TTFMS). Because each approach has advantages and disadvantages, they have all been used to detect methane 

in various situations. Following an introduction to methane absorption characteristics and current advancements in tunable 

diode lasers (TDLs), this paper presents recent advances in methane detection utilizing modulation spectroscopy. The spherical 

top of the CH4 molecule belongs to the tetrahedral point family. 

It has four basic vibration modes, which are as follows: ν1 = 2913 cm-1, ν 2 = 1533.3 cm-1, ν3= 3018.9 cm-1, and ν4 = 1305.9 

cm-1 [27]. The two bending vibrations are 2 (asymmetric) and 4 (symmetric), whereas the two stretching vibrations are 1 

(symmetric) and 3 (asymmetric) [28]. The gap between successive resonances is approximately 1500 cm-1 [29]. The 23 band near 

1670 nm and the ν2 + 2ν3 band near 1300 nm are primary overtone rotational-vibrational  combination bands in the near-

infrared region (1100-1800 nm) [30]. 
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Fig 1: describe MID-infrared absorption spectra of gases [31] 

 

2. Theory (Simulations) 

The Beer-Lambert Law underpins models of light 

absorption by gases. [32]: 

 

  (1) 

 

Where Io is the fundamental incident intensity of IR laser 

light received by the photodiode in the absence of gas. The 

incident intensity was modulated using a sinusoidal 

waveform, as shown in Eq. 2. 

 

  (2) 

 

where mA is the DC offset;  mA is the 

threshold current;  mA is the amplitude of the sine 

wave;  Hz is the modulation frequency; 

 mW/mA is the differential efficiency (the 

direct relation constant that convert the laser current to the 

laser power);  mm2 is the active area of the 

photodiode. A narrow bandwidth beam of the laser light was 

generated and swept through the absorption peak of 

methane, carbon monoxide gases.  

Depending on the weather conditions in the Martian 

atmosphere, the pressure is only a few millibars, with a 

mean pressure of roughly 730 Pa = 7. 3 millibar [32]. Doppler 

broadening dominates and the line-shape of the absorption 

cross-section  becomes Gaussian, as shown in Eq. 3.  

 

  (3) 

 

If we substitute Eq. (3-2) and Eq. (3-3) in Eq. (4-1) we get: 

 

   (4) 
 

 and  (mW/mm2) are the intensity of incident light and 

transmitted light, respectively;  is a factor to convert the 

unit from ppm to cm-3 as follows [33] 

 

3.  Factor Calculation for Methane GAS 

, where M is the molecular weight 

of methane gas, so , NA is 

the Avogadro number (cm-3/ppm), As a result, 

, and;  (parts 

per million) is the gas concentration; and  m is the 

light path length through the gas. In Eq. (4), C = 1E-20 cm2 

is the cross-section area of the absorption peak of methane 

gas and its variance nm over the wavelength range 

which appears in the term of .  in 

mid IR is the initial value of the scanning wavelength of the 

diode laser;  is the AC current waveform used to 

adjust the wavelength of emitted light from the laser, with 

is the amplitude of the sine wave; nm/mA 

is a modulation factor; fo = 500 Hz is the modulation 

frequency; t is time in seconds; and FWHM= 0.07 in MIR 

[34] and  [35] is the peak value of the 

absorption spectrum of methane gas in MIR region [36].  

  

4. Methane gas absorption peak in the MIR spectral 

region 

Fig 2 shows the absorption signal of methane gas at tuning 

current of laser diode (79.90 mA) and wavelength (3290.987 

nm). Because the frequency of the light wave matches the 

vibrational frequencies of the methane gas at this 

wavelength, the absorption peak is placed exactly in the 

middle of the sine wave, meaning that the gas has absorbed 

the whole energy of the sine wave. The concentration of 

methane gas has been set at 0.5 ppb, and the length of the 

open path spectrometer has been set at 100m. 

 

 
 

Fig 2: The absorption peak of methane gas in mid infrared region 

at tuning current of laser diode (79.90mA) and the wavelength 

(3290.987 nm). 
 

In comparison to Fig 3, there is no absorption signal in the 

time domain. Because the wavelength of the laser diode 

does not match the frequencies of the vibrational energy 

states that can absorb laser light energy. 
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Fig 3: Absence of methane gas in mid infrared region absorption peak at 

tuning current of laser diode (81.31 mA) and wave length (3291.001 nm) 
 

The second harmonic was extracted as a gas presence 

indicator using MATLAB code and a fast Fourier 

transformation (FFT). Fig 4 depicts the fast Fourier 

Transform (FFT) chart for the time domain data shown in 

figure. When the fundamental frequency is 500 Hz and the 

second harmonic is 1000 Hz, the value of the second 

harmonic appears to be significant (0.18 mW/m2), implying 

that most of the light energy has been absorbed. 

 

 
 

Fig 4: Fundamental frequency of methane gas in mid infrared 

region at 500 Hz and the absorption peak at 1000 Hz 
 

Fig 5 shows the fundamental frequency and the value of the 

second harmonic. When the wavelength value is a little off 

from the desired wavelength value, the second harmonic 

appears to have been reduced (that is, there is no absorption 

peak for the methane gas in the mid infrared region). 

 

 
 

Fig 5: Fundamental frequency of methane gas in mid infrared 

region at 500 Hz and the amount of the second harmonic reached 

about zero at 1000Hz 
 

Using a MATLAB code, the amount at the operating current 

of a laser diode (LD) that may generate a maximum second 

harmonic value was calculated, and it was discovered that 

the relationship has a maximum peak and a minimum valley 

at current values of 79.90 mA and 81.31 mA, respectively, 

as shown in fig 6. 

 

 
 

Fig 6: The variation of the second harmonic with the tuning current 

of methane gas in mid infrared region 
 

The spectrum wavelength was then adjusted in 0.02 nm 

increments to increase the sensitivity of the tunable diode 

spectrometer (TDLS). That was the fundamental goal of this 

endeavor. According to MATLAB code, the relationship has 

a maximum peak and a minimum valley at wavelengths of 

3290.987 nm and 3291.001 nm in the mid infrared, 

respectively as shown in fig 7. 

 

 
 

Fig 7: The wavelength spectrum of methane gas in mid infrared 

region has a one peak at (3290.987 nm) in the mid infrared 

 

Fig 8 displays the relationship between the second harmonic 

and gas concentration at the needed value of the laser diode 

produced current and at the right wavelength (3290.987 

nm). The connection appears to be linear, and the gas 

concentration's minimum value was (0.05 ppb). 

 

 
 

Fig 8: Relation between second harmonic and gas concentration of 

methane gas in mid infrared region 
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5. Conclusions 

The TDLS modeling approach was used in this study to 

improve the sensitivity of the spectrometer by changing the 

wavelength of a DFB tunable laser diode using a sinusoid 

signal. Because the laser's driving current has been tweaked, 

the wavelength of the laser diode will shift in tuning limits 

to around 0.02 nm in the NIR region. This was done to test 

the sensitivity of the TDLS spectrometer in these spectrum 

frequency regions. The simulated measurements of the CH4 

gas indicated the same minimum gas concentration but at 

different wavelengths of the DFB tunable laser diode. 

Whereas in the NIR zone, the precise wavelength was 

3290.987nm and the drive was around 79.90 mA. 
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