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ABSTRACT 

The detection and measurement of gas properties has become essential to meet rigorous 

criteria of environmental unfriendly emissions and to increase the energy production 

efficiency. Although low cost devices such as pellistors, semiconductor gas sensors or 

electrochemical gas sensors can be used for these applications, they offer a very limited 

lifetime and suffer from cross-response and drift. On the contrary, gas sensors based on 

optical absorption offer fast response, zero drift, and high sensitivity with zero cross 

response to other gases. Hence, over the last forty years, diode laser spectroscopy (DLS) 

has become an established method for non-intrusive measurement of gas properties in 

scientific as well as industrial applications. Wavelength modulation spectroscopy (WMS) 

is derivative form of DLS that has been increasingly applied for making self-calibrated 

measurements in harsh environments due to its improved sensitivity and noise rejection 

capability compared to direct absorption detection. But, the complexity in signal 

processing and higher scope of error (when certain restrictions on operating conditions 

are not met), have inhibited the widespread use of the technique. 

This dissertation presents a simple and novel strategy for practical implementation of 

WMS with commercial diode lasers. It eliminates the need for pre-characterization of 

laser intensity parameters or making any design changes to the conventional WMS 

system. Consequently, sensitivity and signal strength remain the same as that obtained 

from traditional WMS setup at low modulation amplitude. Like previously proposed 

calibration-free approaches, this new method also yields absolute gas absorption line 

shape or absorbance function. Residual Amplitude Modulation (RAM) contributions 

present in the first and second harmonic signals of WMS are recovered by exploiting 

their even or odd symmetric nature. These isolated RAM signals are then used to estimate 



 

the absolute line shape function and thus removing the impact of optical intensity 

fluctuations on measurement. Uncertainties and noises associated with the estimated 

absolute line shape function, and the applicability of this new method for detecting 

several important gases in the near infrared region are also discussed. Absorbance 

measurements from 1% and 8% methane-air mixtures in 60 to 100 kPa pressure range are 

used to demonstrate simultaneous recovery of gas concentration and pressure. The system 

is also proved to be self-calibrated by measuring the gas absorbance for 1% methane-air 

mixture while optical transmission loss changes by 12 dB. 

In addition to this, a novel method for diode laser absorption spectroscopy has been 

proposed to accomplish spatially distributed monitoring of gases. Emission frequency 

chirp exhibited by semiconductor diode lasers operating in pulsed current mode, is 

exploited to capture full absorption response spectrum from a target gas. This new 

technique is referred to as frequency chirped diode laser spectroscopy (FC-DLS). By 

applying an injection current pulse of nanosecond duration to the diode laser, both 

spectroscopic properties of the gas and spatial location of sensing probe can be recovered 

following traditional Optical Time Domain Reflectometry (OTDR) approach. Based on 

FC-DLS principle, calibration-free measurement of gas absorbance is experimentally 

demonstrated for two separate sets of gas mixtures of approximately 5% to 20% 

methane-air and 0.5% to 20% acetylene-air. Finally, distributed gas monitoring is shown 

by measuring acetylene absorbance from two sensor probes connected in series along a 

single mode fiber. Optical pulse width being 10 nanosecond or smaller in the sensing 

optical fiber, a spatial resolution better than 1 meter has been realized by this technique. 

These demonstrations prove that accurate, non-intrusive, single point, and spatially 

distributed measurements can be made in harsh environments using the diode laser 

spectroscopy technology. Consequently, it opens the door to practical implementation of 

optical gas sensors in a variety of new environments that were previously too difficult. 
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GENERAL AUDIENCE ABSTRACT 

The detection and measurement of gas properties has become essential to meet rigorous 

criteria of environmental unfriendly emissions and to increase the energy production 

efficiency. Although a lot of electrical gas sensors has been explored to meet these 

demands, they offer a very limited lifetime and suffer from cross-response and drift. On 

the contrary, gas sensors based on molecular spectroscopy offer fast response, zero drift, 

and high sensitivity with zero cross response to other gases. With the recent boom in 

telecomm sector, low cost diode lasers are now readily available for numerous 

applications. This makes them an excellent optical source for spectroscopy based gas 

monitoring. Hence, measurement of gas parameters using diode lasers (also known as 

diode laser spectroscopy) has become very popular over the last few decades. However, 

the harsh and rapidly changing conditions encountered in most industrial environments 

have inhibited its widespread use. 

This dissertation presents novel strategies for practical implementations of diode laser 

spectroscopy systems. The proposed gas sensing system can simultaneously recover the 

concentration of a target gas and the ambient pressure at ultrahigh speed. It does not 

require any future calibration at installation site, which makes it quite ideal for 

applications like underground mine safety, monitoring combustion cycles in power 

plants, or monitoring leakage in natural gas pipelines. Furthermore, optical pulse 

generated by these diode lasers can be used to collect additional information regarding 

the location of gas leakage. This is demonstrated for measuring methane and acetylene 

gas in 60 to 100 kilopascal pressure range. Also, gas leakage location monitoring is 

proved by acetylene measurement from two sensor probes connected in succession along 

an optical fiber.  



 v 

These demonstrations prove that accurate and non-intrusive measurements can be made 

using the diode laser spectroscopy technology even in harsh conditions. Consequently, it 

opens the door to practical implementation of optical gas sensors in a variety of new 

environments that were previously too difficult. 
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Chapter 1 Introduction 

1.1 Background and Motivation 

With the rapid rise in population, energy demands have increased exponentially in the 

last few decades. Currently coal, natural gas, and petroleum are the primary sources for 

energy production. But the usage of these fossil fuels adversely affects the environment 

because of carbon dioxide (CO2) and other greenhouse gas (such as methane (CH4), 

nitrous oxide (NOx)) emissions. Hence CO2 capture for geological storage and real time 

in situ measurement of synthesis gas (syngas) composition in coal gasification to improve 

the fuel-to-energy efficiencies are getting a lot of attention. Additionally, natural gas 

consumption in the United States is expected to increase by 50% within the next 20 

years  [1]. At the same time, the largest component of the natural gas infrastructure which 

constitutes approximately 400 thousand miles of delivery pipelines are rapidly aging. 

Pipeline failure due to geohazards or third party interference can often lead to business 

loss and large scale environmental damage. Therefore, a reliable and timely detection of 

failure such as hydrocarbon leakage and emission along the pipeline is quite critical. 

Many electrical gas sensing systems have been explored in the past to satisfy the 

requirements of energy industry. However, these electrical sensors are basically on-site 

point sensors with power supplies, offer limited sensitivity or measurement range, and 

cannot survive the hazardous conditions of measurement location. On the other hand, 

spectroscopy based optical fiber gas sensors are highly accurate, offer zero cross-

sensitivity with other gases, and do not require calibration or a power supply at the 

measurement location. Thus Tunable Diode Laser Spectroscopy (TDLS) has gradually 

become an established method for non-intrusive measurements of gas properties for 

industrial and environmental monitoring applications. First applications of this 

technology were seen in mid-infrared (IR) taking advantage of the strong 

rotational/vibrational absorption transition lines present in that range  [2–6]. However, 

this method did not become a popular industry tool until high performance distributed 

feedback (DFB) laser and InGaAs photodiodes became available in near IR range. 
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Working in near IR region allowed researchers to capitalize the low cost and robust 

optical components from the telecomm market, including optical fiber networks for 

remote access to harsh environments  [7,8]. 

Two most common laser spectroscopy methods for single point gas detection are: TDLS 

with direct detection and TDLS with wavelength modulation. In TDLS with direct 

detection, laser frequency is scanned across one absorption line transition by thermal or 

current control. Then, using the non-absorbing sections of the transmitted light intensity 

as baseline, the absolute absorption line shape function is recovered. From this absolute 

line shape function, both concentrations and pressure variations can be compensated 

during measurement  [9–11]. However, this technique is useful only when the selected 

absorption line is sufficiently strong and the resulting absorption attenuation in the 

transmitted intensity has high signal-to-noise (SNR) ratio. For detecting gases with weak 

absorption lines or in high pressure conditions, wavelength modulation is a more suitable 

method. 

In typical TDLS with wavelength modulation (also known as Wavelength Modulation 

Spectroscopy or WMS), the laser frequency is simultaneously modulated by a ramp wave 

of sub-Hz or Hz frequency to the temperature or current control and a sine wave of kHz 

frequency to the current control. This produces multiple harmonics in the transmitted 

intensity which can be detected by a lock-in amplifier (LIA). In other words, WMS 

scheme enables AC detection of absorption profile at selected frequencies, thereby 

eliminating laser and 1/f noise  [12–18]. Due to its inherent noise rejection capability, 

WMS is finding many applications in industrial process control such as high pressure 

coal gasifiers  [19,20], ground test scramjet engines  [21], internal combustion 

engines  [22]. But the higher sensitivity of WMS technique also comes with a penalty of 

increase in complexity of signal analysis and higher scope of error  [16–18]. 

Besides frequency modulation (FM), the sine wave fed to laser current control also 

modulates the laser output power; thus generating a sinusoidal amplitude modulation 

(AM) signal at the receiver. This signal is widely referred to as residual amplitude 

modulation (RAM).  On the other hand, laser FM also produces another set of AM terms 
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at multiples of modulation frequency ( mf ) due to the nonlinear response of absorption 

line shape in optical frequency domain. These terms are referred to as FM-generated AM 

(FM/AM). Without the presence of RAM, measured nth harmonic signal would be purely 

from FM/AM and proportional to nth derivative of absorption line shape function at small 

frequency modulation amplitudes  [23,24]. However, in practical systems, RAM 

contributions to measured harmonic is often significant and produces distortions in all 

harmonic frequencies. Furthermore, measurements at first harmonic frequency is affected 

by an additional background RAM which is independent of gas concentration  [24]. 

Therefore, signal processing for a WMS system is often complex. 

One primary requirement of gas measurement in harsh environment is that the installed 

system should be stand-alone and require zero maintenance or calibration. For a WMS 

system, this is very difficult to realize because of the aforementioned distortion issue. In 

recent past, several researchers have proposed techniques to enable calibration free 

measurements using WMS. By definition, a calibration free measurement system can 

perform absolute measurements of gas concentration and other parameters (e.g. pressure 

or temperature) without any on-site calibration or comparison with a known gas mixture 

or condition. Two distinct methods have been reported in the past to address calibration 

issue, namely: 1) absorption line shape recovery from residual amplitude modulation 

(RAM) and its background value in first harmonic signal  [24–28], 2) measurement of 

second harmonic signal normalized by first harmonic  [22,29–31]. However, both 

methods impose a few limitations on system operating conditions and can often lead to 

erroneous results if these conditions are not met. Although some researchers have tried to 

mitigate those limitations by pre-characterizing all the system parameters with an empty 

gas cell measurement and later iteratively matching the simulated harmonics (from 

HITRAN database  [32]) with measured signals  [33,34], future measurements may show 

errors due to drift from pre-characterization test conditions, temperature variations, and 

aging of laser diode. In this dissertation, an alternative strategy to implement a 

calibration-free system is reported and it does not require any modification to traditional 

WMS design. Moreover, unlike the existing methods, the new approach does not require 

laser diode parameters such as average intensity, intensity modulation amplitude or 
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modulation rate to be known in advance. Thus it is more suitable for practical 

environments where most of the environmental conditions are unknown, the incident 

laser intensity is rapidly varying due to vibration, optical cavity window-fouling, beam-

steering, etc.  

Another focus of this dissertation is to explore the possibility of spatially distributed 

detection of gas properties using diode laser spectroscopy (DLS). The basic principle 

behind distributed fiber optic sensing can be illustrated by an Optical Time Domain 

Reflectometry (OTDR) system. Figure 1.1 shows the schematics of an OTDR system that 

consists of a pulsed laser, a detector, a coupler, and signal processing unit. In this system, 

an optical pulse launched into the fiber and the light is reflected back from a sensing 

location with information about measurand. Assuming the time at which reflected light is 

received is  , the distance to sensing location can be estimated by time of flight (TOF) 

calculation. Thus sensor location s  is given by: 

 
2

v
s


   (1.1) 

where v  is the velocity of light in optical fiber. In this case, spatial resolution of the 

system is determined by the temporal bandwidth of the light pulse. 

 

Figure 1.1. Distributed fiber optic sensing by OTDR method. 

These kinds of distributed fiber optic sensing systems can be divided into two types by 

the spatial continuity of the measurand: (a) fully-distributed sensor, (b) quasi-distributed 
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sensor. A quasi distributed optical sensing system is one in which sensing elements are 

connected in succession at prescribed locations along the fiber. On the other hand, a 

fully-distributed sensor utilizes the entire fiber as the sensing element. Current distributed 

optical sensing technology is only capable of detecting gas with widely tunable external 

cavity lasers and Fabry-Perot interferometers as sensing elements with restricted 

lengths  [35–39]. Furthermore, aforementioned techniques can only work at a fixed 

temperature and pressure conditions as they only measure the peak optical attenuation 

value resulting from gas absorption, not the complete gas absorption response. Thus such 

systems cannot realize calibration-free measurement. Although some researchers have 

used fiber long period grating (LPG) to detect hydrogen in a distributed manner, the fiber 

cladding requires a specialized coating for such sensing to work  [40,41]. So this 

approach is gas specific and is difficult to implement for a long distance applications.  

Clearly, for practical applications like hydrocarbon leakage monitoring for natural gas 

pipelines over several kilometers, the existing methodology is inadequate. Therefore, it 

would be highly desirable to develop a new technology that can permit long-span 

distributed measurement of gas properties using a single optical fiber. 

1.2 Scope of the Dissertation 

The primary objective of this research is to develop novel gas detection techniques using 

diode laser spectroscopy for both single point and spatially distributed monitoring. The 

contents of this dissertation are organized into six chapters. 

Chapter 2: This chapter reviews fundamentals of molecular spectroscopy and dependence 

of absorption response on environmental conditions. This is followed by existing optical 

techniques used for single point gas monitoring and spatially distributed gas monitoring. 

Chapter 3: A strategy to extract multiple gas parameters (concentration, pressure, and 

temperature) from their absorption response is described and then validated by 

simulations. 

Chapter 4: This chapter discusses the current calibration-free WMS system techniques 

and their underlying limitations, describes an alternate strategy to measure absolute line 
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shape function, and demonstrates the efficacy of this alternate approach for calibration-

free measurements by recovering RAM contributions from first and second harmonic 

signals. The simultaneous estimation of concentration and pressure from gas absorption 

response is also demonstrated. 

Chapter 5: A novel approach to realize calibration-free spatially distributed measurement 

of gas parameters by standard telecomm diode lasers is discussed. The method is 

experimentally validated by estimating gas concentration and pressure from measured 

absorbance. Spatially distributed gas monitoring is also demonstrated using multiple 

sensor probes connected along a single mode fiber. 

Chapter 6: This chapter summarizes the entire dissertation and also suggests directions 

for future research. 
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Chapter 2 Optical Gas Monitoring 

2.1 Fundamentals of Molecular Absorption Spectroscopy 

All molecules have quantized rotational and vibrational energy states in gas phase. When 

electromagnetic radiation or a photon interacts with one gas molecules, it can change its 

internal energy. Because these energy states are discrete, only photons that have energy 

equal to the difference in energy levels can be absorbed. Therefore, for an energy 

transition to be triggered, photon wavelength should be: 

 
c

E

h
 


  (2.1) 

where E  is the separation between two molecular energy states in consideration, h  is 

Planck’s constant (6.63 x 10-34 J-s), c  is the speed of light in vacuum, and   is the 

wavelength of photon or incident light. As every chemical compound has its own specific 

molecular structure, the combination of vibration and rotational energy transitions are 

unique to its molecules. Thus these wavelengths of absorption can be used like human 

finger prints for their identification. This scientific measurement technique of studying, 

identifying, and quantifying different materials by light is known as Molecular 

Spectroscopy. 

In general, vibrational energy transitions require high energy photons and occur in the 

visible or ultra-violet region of the electromagnetic spectrum. On the other hand, 

rotational energy transitions occur mostly in the far infrared or microwave region. 

However, photons in the near infrared and infrared range can often trigger an energy 

transition which involves changes in both vibrational state and rotation states. This is 

referred to as rotational-vibrational or ro-vibrational spectroscopy. The wavelengths at 

which energy level transitions occur are called spectral lines or absorption lines. In 

Figure 2.1, the absorption lines for carbon monoxide (CO) and carbon dioxide (CO2) are 

shown overlapped for a wavelength range of 1560 nm to 1580 nm. The distinction 

between their absorption lines is quite clear. 
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Figure 2.1. Absorption line intensity for carbon monoxide (CO) and carbon dioxide (CO2) in the near 

infrared range (1560 nm ~ 1580 nm). 

Although the spectra measured for each absorption line is expected to be infinitely 

narrow, measured results are always broad due to several physical processes. 

Theoretically, absorption response ( )   of a single line can be broken into two parts – 

line shape function 
j  and line strength or intensity 

jS   [42,43]. 

 0,( ) • ( )j j j

j

S        (2.2) 

where 
1




  is the wavenumber and 0, j  is the absorption line center wavenumber of 

thj  transition for the gas molecule in consideration. The following sections take an in-

depth look at the above two parameters and how they affect the intensity and width of gas 

absorption response. 
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2.1.1 Intensity of Line Spectra 

The intensity of absorption line determines the amplitude or peak value of absorption 

response. There are two main contributors to line intensity and these are: transition 

probability and population of energy states. Transition probability is simply the 

likelihood of a molecule making transition from one energy level to another. This varies 

from molecule to molecule based on its three-dimensional shape or spatial orientation of 

chemical bonds between atoms. Additionally, absorption lines or spectra get considerably 

weaker with increasing energy levels. This is attributed to rapidly decreasing population 

density which is often modeled by the Boltzmann distribution. The ratio of population 

between upper energy state and lower energy state is given as: 

 kT

E

Upper

Lower

N

N
e




 

    (2.3) 

where E  is the difference between energy states as before, k  is the Boltzmann constant 

(1.38 x 10^-23 JK-1) and T  is the temperature in Kelvin. 

2.1.2 Width of Line Spectra 

The width of absorption response is governed by the line shape function   and its exact 

shape is determined from three primary broadening mechanisms: (a) Natural broadening, 

(b) Doppler broadening, and (c) Pressure (collisional) broadening. 

2.1.2.1 Natural broadening 

Natural broadening is a consequence of the finite lifetime of the excited state due to 

spontaneous emission. By quantum-mechanical theory, finite life time is equated with the 

precision of the energy (the longer a molecule remains in a particular energy level, the 

more precisely the energy will be defined) [43]. Heisenberg’s uncertainty principle 

describes this mathematically as: 

 
2

'E h f
t

h


   


  (2.4) 
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where 'E  is the uncertainty of the energy level, h  is Planck’s constant as before and t  

is the natural lifetime of the molecule staying in the particular energy level. The spread of 

frequency f  is known as the full-width-half-maximum (FWHM) linewidth from natural 

broadening and the spread in frequency is usually modeled by a Lorentz profile. 

However, natural line width is quite small compared to the other two and is often 

neglected in most practical applications. 

2.1.2.2 Doppler broadening 

Doppler broadening is the result of Doppler Effect, which is the apparent shift in the 

frequency of a signal emitted or absorbed by a body in motion. During spectroscopic 

measurement, the frequency of electromagnetic energy absorbed by a gas molecule 

changes according to the direction and velocity of its motion relative to the radiation 

source. If the molecule moves with a constant velocity towards the electromagnetic 

radiation, the frequency appears higher (blue shift) and hence the frequency at which 

absorption occurs is lower. On the other hand, if the molecule moves away from the 

electromagnetic radiation, the frequency appears lower (red shift) and hence absorption 

happens at a higher frequency. As molecular motion is random, both positive and 

negative frequency shift are possible. The result is a broad line shape function. 

Mathematically, this line shape is described by a Gaussian profile give as: 

  

2

0
0

2 2
• exp 4ln 2( )D

D D

ln  
  

  

  
     

    

  (2.5) 

where D  is the FWHM for the Doppler broadened line shape and can be estimated by 

Eq. (2.6). 

 -1 7

D 0) 7.1623 1(cm 0
T

M
      (2.6) 

Here T  is gas temperature in Kelvin, M  is its molecular mass in grams per mole  [33]. 

Since velocity of gas molecules depends on their kinetic energy, a temperature 
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dependence was expected. However, there is no dependence on gas molecule other than 

its mass. 

2.1.2.3 Pressure or collision broadening 

Collision broadening or pressure broadening dominates at atmospheric pressure (~ 101 

kPa) or higher. Due to the increased pressure, there is an increased likelihood of 

molecules colliding with each other. When another molecules comes closer to the target 

molecule, it perturbs the energy levels of the target molecule, and the absorbed photon 

frequency changes. Therefore, large number of collisions give rise to an increased 

blurring of the energy levels, and the result is a larger spread in frequencies. Since this is 

an extension of the natural broadening phenomena, the line shape function used to model 

the gas absorption is, again, Lorentzian distribution. This profile is given by: 
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   (2.7) 

where C  is the FWHM for collision broadened line shape and can be estimated from 

the gas parameters by Eq. (2.8). 
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   (2.8) 

Here P  is gas pressure, 
j  is the mole fraction of collision partner j , 

j  is the 

collisional broadening coefficient (cm-1 atm-1), and 
jn  is the temperature exponent of the 

collision width  [33].  

2.1.2.4 Voigt profile 

Doppler broadening is the primary broadening mechanism up to 20 kPa gas pressure. But 

beyond 20 kPa, collision broadening begins to dominate. Thus a Lorentzian profile 

becomes increasingly more accurate with increasing pressure. In general, line shape 

function of a single absorption transition is described by a Voigt profile which is a 



 12 

convolution of the two broadening curves  [44–51]. Once, C  and D  have been 

estimated from gas pressure and temperature conditions, the Voigt shape can be 

computed using Eq. (2.9). 

 ) ') ') '( ( (V D C d       




    (2.9) 

Figure 2.2 depicts normalized (unit area under the curve) Gaussian or Doppler profile, 

Lorentz profile, and Voigt profile responses for comparison. When Doppler and Collision 

broadening are both contributing, the wings of the absorption response show a Lorentz 

shape and the core or line center exhibits Doppler behavior. 

 

Figure 2.2. Comparison of normalized Lorentz, Doppler and Voigt line shapes functions  [43] (   is the 

FWHM for the corresponding line shape function and D C     for the Voigt profile). 
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It should be noted that there is no closed form mathematical expression for the Voigt 

shape and it is often computed numerically. Otherwise, analytical approximation 

proposed by McLean et al can be used to evaluate Voigt profile pretty accurately [45]. 

Furthermore, for one atmospheric pressure and higher, C D   and Lorentz distribution 

alone is sufficient to describe the absorption response for most practical applications. 

2.2 Single Point Gas Monitoring 

2.2.1 Tunable Diode Laser Spectroscopy (TDLS) with Direct Detection 

In Tunable Diode Laser Spectroscopy (TLDS), the laser frequency is temperature tuned 

by a ramp wave of sub-Hz frequency such that it scans the known single absorption line 

of target gas. This frequency or wavelength scanning can also be realized by current 

tuning in which case the scanning speed can be several hundred Hz. But this often 

requires a very precise control of laser temperature so that laser center frequency is 

always in close proximity of the absorption line. In either case, laser intensity I  and 

wavenumber   become functions of time. A simple setup for TDLS is depicted in Figure 

2.3. 

 

Figure 2.3. Typical setup for tunable diode laser spectroscopy. 
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The optical beam goes through an open gas cell where it interacts with the target gas. 

Since gas absorption response ( )   is frequency dependent, detected optical signal 

shows an amplitude change in time. The relationship between the input intensity inI  and 

output intensity outI  at a particular wavenumber   is described by the Beer-Lambert law: 

  ( ) 1 ( )Cl

out in inI II e Cl        (2.10) 

where ( )   is the gas absorption response, C  is the molar concentration of target gas, 

and l  is the path length over which light and gas interact. ( )Cl   is referred to as 

absorbance and its maximum value is known as optical depth for the absorbing medium. 

As the laser output is swept across the target gas absorption line, output intensity is 

monitored at the photodetector as a function of time. For a narrow scanning range (< 0.5 

nm), ( )t  is quite linear when the scanning signal (temperature or current) for diode 

lasers is also linear function of time. Hence, absorption response measured in time 

domain ( ( ))t   is equivalent to true absorption response ( )  . By using the non-

absorbing sections of  outI  (or the output intensity expected in the absence of gas 

absorption) to normalize total ( )outI t , absorbance ( ( ))t Cl   can be calculated. A 

detailed discussion on this normalization process is provided in Section 4.3.1. If l  is 

known, gas concentration and other parameters can easily be estimated from absorbance. 

2.2.2 Tunable Diode Laser Spectroscopy (TDLS) with Wavelength 

Modulation 

TDLS with wavelength modulation or also known as Wavelength Modulation 

Spectroscopy (WMS) is a variation to direct detection with TDLS. Instead of using one 

ramp wave for laser frequency scan, additional sine wave of kHz frequency is fed to the 

laser current control. The block diagram for WMS measurements is shown in Figure 2.4. 
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Figure 2.4. Typical setup for wavelength modulation spectroscopy (WMS). 

The sine wave modulation produces both amplitude modulation (AM) and frequency 

modulation (FM) in the laser output. Taking into account these modulation effects, the 

input intensity at a particular wavenumber   can be written as follows: 

( ) ( • cos( ))in I II t     and the output intensity, using Eq. (2.11), is as follows: 

 ( ) • cos( )][ ( ) •[ ]1 )(outI tI ClI        (2.11) 

 where •cos( )t        (2.12) 

Here, m2 f   ( mf  being the sine wave current modulation frequency),   and I  are 

the resulting FM and AM amplitudes,   is the laser center emission wavenumber, I  is 

the average intensity, and  is the phase shift between AM and FM  [24,29]. Since 

absorption response is nonlinear function of  , multiple harmonics are present in the 

intensity outI  measured at the detector. 

It should be noted that quality of WMS harmonic signals are highly dependent on the 

parameter called modulation index, m (where 
( )

2

FWHM of
m



 
  ) and it can be 

adjusted by controlling the amplitude of sine wave fed to the laser current control. For 

0.2m  , the Taylor series expansion model proposed by Duffin et al. can be used to 

express the first harmonic (or 1f) and second harmonic (or 2f) terms present in outI   [24]. 
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As expected the sinusoidal amplitude modulation (AM) of the laser intensity generates an 

amplitude modulation in the measured harmonic. This signal is widely referred to as 

residual amplitude modulation (RAM).  On the other hand, laser FM also produces 

another set of AM terms at multiples of modulation frequency ( mf ) due to the nonlinear 

response of absorption line shape in optical frequency domain. These terms are referred 

to as FM-generated AM (FM/AM). Henceforth, terms proportional to I   and  I   in 

harmonic signal expressions would be referred to as RAM and FM/AM respectively. For 

instance, the first term in Eq. (2.13) is the background RAM which has no dependency on 

gas concentration; second term is an absorption dependent RAM variation; and the third 

term is traditional first derivative signal arising from FM/AM.  Similarly, second 

harmonic signal expression in Eq. (2.14) has the first term from absorption dependent 

RAM and second term from traditional second derivative arising from FM/AM. Notice 

that there is no background RAM present in second harmonic signal which makes it ideal 

for zero reference measurements. However, both harmonics are not true derivatives of 

line shape function, ( )  . 

Compared to TDLS with direct detection scheme, WMS offers superior sensitivity due to 

better noise rejection by harmonic detection. The lock-in amplifier (LIA) is used to select 

and measure one these harmonics in output intensity. In most application, detection at the 

second harmonic is preferred as the derivative-like waveform has much of the baseline 

slope (background RAM interference) and noise associated with the first harmonic 

removed. 

2.2.3 Multiple Gas Monitoring by Tunable Diode Laser Spectroscopy 

(TDLS) with Wavelength Modulation 

In order to perform simultaneous sensing of multiple gases, harmonic detection by WMS 

scheme can be exploited. A simplified block diagram is shown in Figure 2.5 to explain 
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this principle. In this scheme, both carbon monoxide (CO) and carbon dioxide (CO2) gas 

inside the gas chamber can be detected at the same time. DFB Laser 1 is centered at a 

wavelength of 1566 nm. It is temperature modulated by a ramp of frequency f  and being 

current modulated by a sine wave of frequency 1f . Similarly, DFB Laser 2 is centered at 

a wavelength of 1572 nm. It is also temperature modulated by a ramp of f , but the 

current modulation is done by a sine wave at frequency 2f . 2f  is selected such that it is 

not a multiple of 1f   and the ramp frequency 1 2,f f f . The optical signals from the 

two lasers are combined by a coupler and then sent to the gas chamber. The transmitted 

optical signal is collected by a single photo-receiver module and sent to the LIA for 

harmonic detection. This LIA is implemented in LabVIEW software from National 

Instruments. 

It should be noted that this scheme does not require much hardware modification to the 

existing single gas sensing system and minimizes the cost by reducing the use of multiple 

fiber cable and optical receiver modules when several gases need to be monitored. 

 

Figure 2.5. Experiment setup for simultaneous detection of two gases (CO and CO2). 

Figure 2.6 shows an exemplary system configured to simultaneously detect methane 

(CH4), carbon dioxide (CO2), and carbon monoxide (CO) in underground coal 
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mines [52]. Additional or alternative gases could also be selected for detection and 

measuring. One or more gas sensor probes may be used in such a multiple gas monitoring 

system. In this example, two sensor probes are deployed at remote locations for mine 

safety. 

 

Figure 2.6. Designed system for remote monitoring of multiple gases in underground coal mines  [52]. 

A multiple gas monitoring system is an extension of a single gas sensing system. It is 

likewise based on absorption spectroscopy and relies on absorption lines at different 

wavelength bands to detect different gases separately. The system is configured to detect 

and measure absorption lines for each of a plurality of detectable gases, where the 

absorption lines relied upon are selected so as to have no overlap from one gas to another. 

As shown in Figure 2.6, each gas of the plurality of detectable gases is allotted a separate 

laser module. For this exemplary system, the particular wavelengths at which absorptions 

(or conversely, transmittances) may be detected and measured are listed in Table 2.1. 

Table 2.1. Center wavelength for different gases 

Gas Laser peak wavelength (nm) 

Methane 1651 

Carbon dioxide 1577 

Carbon monoxide 1566 
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The laser signals for each of the gas monitoring modules is combined by optical couplers 

and this combined laser signal is then divided by one or more couplers to supply optical 

signal to (a) an input channel of an optical receiver module, (b) a reference gas cell 

(RGC), and (c) each of one or more sensor probes arranged to allow detection and 

monitoring of the gases. In Figure 2.6, both of the two sensor probes are arranged to 

detect all three gases (i.e. CH4, CO, and CO2). 

The combined laser optical signals for a given sensor probe is launched into a single 

mode fiber which runs to that sensor probe. After the optical signal has passed through 

the gas chamber of the gas sensor probe, the optical signals transmitted back from the gas 

sensor probe are routed to an input channel of the optical receiver module where it is 

processed to generate a concentration measurement. It is important to note that besides 

the two sensor channels from remotely located sensor probes, there are two additional 

channels being detected at the optical receiver module in Figure 2.6. These two channels, 

namely Laser and RGC, are used for better gas absorbance recovery1. The Laser channel 

carries the direct optical signal from DFB lasers without interacting with any surrounding 

gases, and RGC channels carries optical signal from gas absorptions in a Reference Gas 

Cell containing fixed mixture (i.e. 4.76% CH4, 47.62% CO, and 47.62% CO2) of gases. 

Figure 2.7 (a) and (b) depict the second harmonic signals simultaneously measured from 

absorptions by carbon monoxide (CO) and carbon dioxide (CO2) respectively using 

experiment setup in Figure 2.5. 

                                                           
1 A discussion on how Laser and RGC signals are used for improved absorbance recovery can be found in 

Appendix A. 
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Figure 2.7. Simultaneously measured second harmonic signal from (a) CO absorption, (b) CO2 absorption. 

First and second harmonic signal from methane (CH4) absorption at three different 

concentrations are shown in Figure 2.8 and Figure 2.9 respectively. 
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Figure 2.8. First harmonic signal from CH4 absorption at different concentrations. 

 

Figure 2.9. Second harmonic signals from CH4 absorption at different concentrations. 

2.3 Spatially Distributed Gas Monitoring 

In the following section, a brief overview of recent developments in spatially distributed 

gas monitoring systems is presented. 
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2.3.1 Spectroscopy Based Distributed Optical Gas Sensing 

Quasi-distributed gas sensing using spectroscopy was first proposed by Zavrsnik et 

al  [35–37]. They used a combination of interferometric mixing and frequency modulated 

continuous wave (FMCW) method to distinguish between different open path micro-optic 

gas sensing units arranged in series. Each sensing unit or cell was constructed using two 

capillaries, two collimating GRIN lenses and a supporting V-groove alignment block. 

With two glass-air interfaces for each cell, it worked like a Fabry-Perot interferometer. 

The time delay between the two reflections, along with the linear frequency ramp of the 

laser source, gave rise to beat frequencies in the mixed output. By using different cavity 

lengths for the interferometers, each individual sensing cell could be identified by its 

power spectrum in the frequency domain. When target gas was present in the cavity, it 

attenuated the amplitude of signal passing through the sensing cell, resulting in a decrease 

in the power spectrum amplitude for a given measurement point. Although this technique 

is not gas specific, it has several other limitations. Firstly, the cell length has to be kept 

unique and smaller than the coherence length of light source for interferometric mixing to 

work. Secondly, frequency output of the diode laser needs to be varied in a linear fashion 

by a linear current ramp. Thirdly, connecting fibers are necessary between two successive 

sensing cells such that their separation is greater than the coherence length of the source 

and two different cells do not interfere. Fourthly, different cell lengths does not 

completely ensure their separation from cross-terms which are the result of undesired 

interference between any two optical paths associated with more than one sensor in a 

system. And finally, unlike single point monitoring with TDLS systems, the recovery of 

full absorption response spectrum, ( )Cl  , is not possible by this approach. Later Guan 

et al modified this design to include a scanning Michelson interferometer to realize quasi-

distributed gas sensing by coherence multiplexing only  [38]. This avoids the frequency 

(wavelength) modulation of the diode laser and allows a narrowband absorption sensing. 

But all other limitations from interferometric mixing still remain. 

Lu et al have proposed another concept of quasi-distributed region selectable gas 

sensing  [39]. Their design uses long propagation fiber, two collimator based gas cell as 

sensing probe, and fiber Bragg grating (FBG) reflector as region selector. The peak 
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reflection wavelength of the FBG is synchronized with the target gas absorption line 

center and it is laid behind the sensing probe to reflect. From this FBG reflection signal, 

the location and species of the leakage can be analyzed. However, this sensor design also 

has several limitations. Firstly, a different absorption line needs to be selected for each 

sensing probe. This can be very difficult to realize by a diode laser which has limited 

wavelength scanning range and broadband source is the only option. Secondly, FBG 

reflection peaks need to wavelength synchronized with target gas absorption lines. So 

multiple gases cannot be monitored with the same sensing fiber. Also, switching to a 

different target gas requires changing all the FBG reflectors. Thirdly, the total number of 

locations at which gas sensing can be done is limited by the wavelength span of the 

source and number of gas absorption lines available in that span. Fourthly, peak 

reflection wavelength of typical FBG at 1550 nm band has approximately 10 pm shift 

over 1 degree C temperature change. This drift can easily desynchronize the FBG 

reflector and absorption line. Therefore, an athermal packaged FBG with passive or 

active temperature compensation is required. And finally, the recovery of full absorption 

response spectrum is not possible by this approach as well. 

2.3.2 Non-spectroscopy Based Distributed Optical Gas Sensing 

Distributed gas sensing by non-spectroscopic technique have been limited to a specific 

gas. Sumida et al. were first to report a distributed hydrogen measurement with fiber-

optics  [53]. They used 100 um silica core and coated with platinum-supported tungsten 

oxide (Pt/WO3) thin film to make the cladding hydrogen sensitive. In the presence of 

hydrogen, WO3 is reduced to tungsten bronze (HxWO3). So the refractive index of the 

thin film cladding also changes since dielectric constant of WO3 and HxWO3 have 

different values. Therefore, optical power propagating through the fiber core gets 

strongly influenced by the change in evanescent field absorption coefficient and 

refractive index of cladding. Then, hydrogen concentration is determined from the 

transmission loss of the fiber-optic sensor. Commercial OTDR instrument is used to 

monitor this fiber transmission loss and location of hydrogen leakage. However, this 

technique is limited by cladding material and cannot be used for monitoring gases other 
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than hydrogen. Also, it cannot measure the full absorption response spectrum for target 

gas. 

Wu et al have reported a three fiber grating based sensing module to U.S. Department of 

Energy which can be used for constructing distributed gas sensing instrumentation [40]. 

The design of the three fiber-grating is explained in Figure 2.10. The sensing module is 

based on a fiber long period grating (LPG) with coated sensing material around the 

grating cladding. The sensing material is specific to the gas (e.g. Pd/SiO2 nanocomposite 

for hydrogen detection and SiO2/SnO2/Pd for carbon monoxide detection) and is 

deposited on fiber gratings by sol-gel process or sputtering. Since the forward 

propagating cladding modes induced evanescent field for the LPG is located at its 

cladding/air interface, changes in the refractive index of above mentioned sensing 

materials influences the LPG’s LP01 mode. In their sensing module, first FBG provides 

initial signal power reference, and second FBG provides a broadband reflection for 

reflectance based sensing. Also, the central wavelength of the FBG1 should be far away 

from the transmission LP01 mode wavelength, while that of FBG2 could be at the same 

wavelength as LPG’s LP01 mode for maximum sensitivity or response amplitude. For 

distributed measurement, several sensing modules can be cascaded along an optical fiber 

and wavelength division multiplexing (WDM) can be used to separate their response at 

the detector. But this approach also has some disadvantages. Firstly, when designed for 

multiple fiber gas sensors in one fiber cable, all LPGs should be separated by at least 10 

nm to avoid any interference and to achieve better transmission peaks tracking. Hence, 

the laser source must have a large wavelength span. Secondly, deposited sensing material 

on LPG needs to be changed when target gas is changed. Thirdly, it cannot measure the 

full absorption response spectrum for target gas. 
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Figure 2.10. Three fiber-gratings based sensing modulus for fossil fuel gas sensing  [40]. 

A distributed hydrogen monitoring based on travelling LPG in single mode fiber has also 

been proposed by Wang et al  [41]. The fiber is coated with a platinum (Pt) catalyst layer 

and travelling LPG is generated by an acoustic pulse propagating along the fiber. The Pt-

coated fiber section is heated by the thermal energy released form Pt-assisted combustion 

of hydrogen (H2) and oxygen (O2). The temperature change from the combustion results 

in a measurable wavelength shift in the transmission spectrum of the travelling LPG. An 

advantage of this system is that it allows the reconstruction of LPG spectrum at any 

location of the fiber. Thus it realizes fully distributed sensing of gas. But this approach 

requires a different coating materials for different gases which increases its complexity. 

Furthermore, a widely tunable laser source is needed to scan and track LPG transmission 

peak. 

In summary, current distributed gas sensing techniques are often complex or gas specific. 

This increases the total cost of the gas monitoring system significantly. Additionally, a 
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recovery of full absorption response spectrum is not possible by any of the above 

methods. As discussed in Section 2.1, gas absorption response ( )  changes significantly 

with pressure and temperature change. Without capturing, the complete absorption 

response, it is very difficult to estimate true concentration for most practical application. 
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Chapter 3 Strategy for Estimation of Gas Parameters from 

Absorption Response 

As described earlier in Section 2.1, measured absorption response ( )   from a gas is 

affected by parameters like pressure and temperature of the environment. Therefore, 

using a Voigt curve fit for absorption response, it is possible to extract these parameters 

besides concentration.  

For TDLS with direct detection, absorption response is obtained from ( )outI t after 

normalizing it by the non-absorbing sections of  outI  (or baseline intensity). On the other 

hand, absorption response for WMS systems can be calculated from 

•cos( ) • ( ) • •cos( )I t I Cl t     term in first harmonic after the RAM and FM/AM 

terms have been separated. The techniques to separate these two terms present in WMS 

harmonics is discussed in Chapter 4. 

3.1 Voigt Profile Fitting 

As there is no closed form expression for Voigt profile given in Eq. (2.9), an analytical 

approximation given by McLean et al is used for this research  [45]. Assuming that laser 

emission wavenumber changes linearly with time, i.e. ( ) startt const t    , due to 

thermal scan, Eq. (2.9) can be rewritten in time domain after some rearrangement of the 

terms. 
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 , 0 0( )t  , and V(X,Y) is given by the analytical expression in Eq. (3.2). 
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Coefficients i iA D  are obtained from the table provided by McLean et al  [45]. 

Following Eq. (3.1) and (3.2), the measured absorption response is least-square fitted to a 

Voigt shape by Levenberg-Marquardt (L-M) algorithm. The four parameters are used for 

the fitting process are , ,L C Da    , and 0t . While collisional broadening width ( C ) 

and Doppler broadening width ( D ) are given a wider range of initial guesses, the other 

two parameters are selected around the peak value and location of measured absorption 

response. After the fitting algorithm converges, gas concentration, pressure and 

temperature are extracted from the final values of ,L Ca  , and D . 

3.2 Estimation of Different Gas Parameters 

3.2.1 Concentration 

Gas concentration is proportional to the amplitude of the Voigt function, i.e. La . With the 

value of La  known from least square fitting, the gas concentration can be easily 

determined. 

3.2.2 Temperature 

Gas temperature can be estimated from fitted value of D  using Eq. (2.6). But this 

method may not yield accurate result if Gaussian broadening is not very prominent. In 

such cases, two absorption lines technique proposed by Goldenstein et al can be used to 

measure gas temperature  [54]. 

3.2.3 Pressure 

Gas pressure can be easily estimated from Eq. (2.8), if temperature has already be 

determined or is nearly constant. Parameters like broadening coefficient 
j  and 

temperature exponent jn  can be obtained from HITRAN database  [55]. Note that under 
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fixed temperature condition, gas pressure is directly proportional to FWHM of measured 

absorbance. However, if information on temperature change is not available, a reference 

gas cell with fixed concentration and pressure of target gas is required for absorbance 

comparison. 

3.3 Simulation Results 

To check the efficacy of parameter extraction by L-M algorithm and analytical 

approximation of Voigt profile in Eq. (3.2), several absorption responses are simulated in 

MATLAB. Gaussian noise is also added to these spectra such that signal-to-noise ratio is 

20 dB to mimic real measurement data. All four parameters ( , ,L C Da    , and 0t ) are 

extracted by least square fitting. Then true parameter values are compared against those 

obtained from curve fitting. The simulation results for three possible measurement 

scenarios are described below. 

3.3.1 Case 1: Doppler width < collision/pressure width 

This situation occurs when gas absorption measurements are done near or above 

atmospheric pressure ( 101kPaP  or 14.7 psi). In such environment, pressure 

broadening or collisional broadening is dominant and temperature induced narrowing is 

not significant. 

Parameters used for simulating absorbance: 00.5, 0.1, 0.2, 1L D Ca t       
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Figure 3.1. Absorption signal with collision broadening dominance. 

The initial guess value of the parameter provided to L-M algorithm, the true value for the 

parameter, the fitted value of the parameter after convergence, asymptotic standard error 

of the parameters (
p , and percentage error in the parameter 100

p

fit value


  are listed 

in Table 3.1. 

Table 3.1. Fitting parameters 

Parameter Initial guess True value Fit value 
p  % error 

La  0.397 0.5 0.536 0.0267 4.9 

D  0.050 0.1 0.118 0.0155 13.1 

C  0.050 0.2 0.183 0.0103 5.7 

0t  0.980 1.0 0.999 0.0012 0.1 
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3.3.2 Case 2: Doppler width > collision/pressure width 

This situation is true for gas absorption measurements at low pressure ( 30 kPaP   or 4.3 

psi). In such conditions, Doppler broadening is dominant due to weak contribution from 

collisional broadening. The final absorption profile is kind of a hybrid response with a 

Doppler center and Lorentz wings. 

Parameters used for simulating absorbance: 00.5, 0.15, 0.1, 1L D Ca t      

 

Figure 3.2. Absorption signal with Doppler broadening dominance. 

The initial guess value of the parameter provided to L-M algorithm, the true value for the 

parameter, the fitted value of the parameter after convergence, asymptotic standard error 

of the parameters ( p , and percentage error in the parameter 100
p

fit value


  are listed 

in Table 3.2. 
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Table 3.2. Fitting parameters 

Parameter Initial guess True value Fit value 
p  % error 

La  0.502 0.5 0.4721 0.0297 6.3 

D  0.075 0.15 0.1463 0.0075 5.1 

C  0.025 0.1 0.1061 0.0074 7.0 

0t  1.000 1.0 0.9998 0.00098 0.1 

3.3.3 Case 3: Doppler width ≈ collision/pressure width 

This case is true for gas absorption peaks near but lower than atmospheric pressure 

(between 30 kPa to 60 kPa). In such environment, Doppler broadening may be 

comparable to Lorentz broadening. 

Parameters used for simulating absorbance: 00.5, 0.1, 0.1, 1L D Ca t       
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Figure 3.3. Absorption signal with equal effect from collisional and Doppler broadening. 

The initial guess value of the parameter provided to L-M algorithm, the true value for the 

parameter, the fitted value of the parameter after convergence, asymptotic standard error 

of the parameters (
p , and percentage error in the parameter 100

p

fit value


  are listed 

in Table 3.3. 

Table 3.3. Fitting parameters 

Parameter Initial guess True value Fit value 
p  % error 

La  0.648 0.5 0.4984 0.0304 6.1 

D  0.050 0.1 0.1002 0.0075 7.5 

C  0.025 0.1 0.1005 0.0070 6.9 

0t  1.000 1.0 0.9994 0.0009 0.1 
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It is evident that Voigt profile fitting parameters can be successfully extracted even from 

a noisy absorption signal with high accuracy under varying pressure and temperature 

conditions. Consequently, target gas concentration, pressure and temperature can also be 

extracted with similar accuracy. In the following chapter, an experimental demonstration 

of gas pressure and concentration estimation from the RAM contributions in WMS 

harmonics is presented. 
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Chapter 4 Strategy for Calibration-free Single Point Gas 

Detection using Diode Lasers 

4.1 Motivation 

Most industrial gas monitoring systems require a setup that can run for extended period 

of time (typically years) without any need for calibration. However, in a traditional WMS 

scheme, calibration becomes necessary as the measured harmonics have contributions 

from frequency as well as amplitude modulation. As explained in Section 2.2.2, without 

the presence of RAM, measured nth harmonic signal would be purely from FM/AM and 

proportional to nth derivative of absorption line shape function at small frequency 

modulation amplitudes  [23,24]. However, in practical systems, RAM contributions to 

measured harmonic is often significant and produces distortions at all harmonic 

frequencies. Furthermore, measurements at first harmonic frequency is affected by an 

additional background RAM which is independent of gas concentration  [24]. Hence, 

signal processing for a WMS system is often complex. 

In this chapter, a simple yet novel strategy is presented to separate RAM and FM/AM 

contributions in measured harmonics. After their separation, a normalization technique is 

discussed to eliminate the dependency of absorption signal on laser parameters like I  

and I . Variations in these intensity parameters may occur over time for reasons like 

laser output intensity change due to aging, collimator misalignment in gas measurement 

cell, optical fiber loss due to bending, optical or electronic gain change in photo-receiver 

circuit etc. Therefore, key to a calibration-free WMS system is to remove influence of 

laser parameters and use the absolute absorption line shape function, ( )Cl  , for all gas 

parameters estimation.  

4.2 Model for Signal from Wavelength Modulation 

Spectroscopy (WMS) 

In conventional WMS, LIA phase (x-axis) is aligned with the RAM term for harmonic 

detection. But due to the phase lag   of FM/AM term from RAM term, LIA measures a 

summation of the RAM term and the projection of FM/AM term on x-axis. Here, we 
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must stress that   is not a constant parameter and is a function of modulation 

frequency mf . For a diode laser, thermally induced FM is intrinsically   out of phase 

with the intensity modulation and further lags it by an additional frequency dependent 

component that can be as large as 0.35  for a modulation rate of 250 kHz  [29,56]. 

Consequently, the contribution of FM/AM term can vary from one modulation rate to 

another, even though all other laser parameters, i.e. ,,I I  , remain the same. 

For further discussion, we examine the two harmonic signal components measured by the 

LIA: In-phase or X-component and Quadrature phase or Y-component. If the reference 

frequency for the LIA is phase aligned with the RAM signal, the X, Y components, and 

amplitude R  for first harmonic can be expressed by Eq. (4.1). 

  1f

2 2

1f

1

1f 1f

f

• ( )1

( ) • • '( ) • • cos

•

1
( ) • • '( ) • • sin

( )2

( )
2

) ) )( ( (

I I Cl
X

Y I Cl

R Y

I Cl

X

 

   

    

 







  
  

 



 

  (4.1) 

Similarly, X, Y components and amplitude R  for second harmonic are expressed by Eq. 

(4.2). 
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  (4.2) 

Note that, in the absence of gas absorption, first harmonic signal amplitude is 0.5 I  and 

it is the background RAM, 0

1fR . Also, X and Y components for second harmonic signal 

are not affected by this background signal. 
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4.3 Existing Methods for Realizing Calibration-free 

Measurement with WMS 

In the following subsections, two most popular calibration-free methods for WMS 

systems are discussed along with their limitations. 

4.3.1 Background RAM estimation from isolated RAM 

As shown in Eq. (4.1), RAM and FM/AM components in first harmonic signal have a 

phase separation  . If the RAM component can be isolated from first harmonic signal, 

its non-absorbing spectral wings can be used to estimate 0

1fR  in the complete laser 

scanning range  [23–26]. This can be done by using some polynomial curve fitting on 

those wings. Then estimated 0

1fR  can be used to normalize measured RAM signal for 

finding an intensity independent absorption profile, i.e. 0

1f 1f 1f' / 1 ( )R ClR R     . 

Researchers at University of Strathclyde have proposed many techniques to recover or 

measure isolated RAM signal from first harmonic, namely, FM/AM nulling with 

appropriate lock-in amplifier phase selection  [24]; phasor decomposition  [25]; 

background RAM suppression  [27]; and phase quadrature modulation frequency 

operation  [51]. However, this background RAM estimation method has several 

limitations. Firstly, in the presence of nearby absorption peaks from the target gas or 

other background gases, estimated background RAM would be incorrect. Secondly, 

wavelength scanning range of the diode laser must be wide enough to cover the full 

absorption profile and some additional spectrum where gas absorption is completely 

absent. For such large laser wavelength tuning range, variations in parameters such as 

)( ( )I t , ( ( ))I t  and ( )t  is large and often nonlinear. Thus curve fitting does not 

always give a good estimate on their behavior. It is possible to use separate detection 

channels for measuring the nonlinear changes in laser intensity and frequency without 

any gas interaction. But, in that case, any variation in  )( ( )I t  and ( ( ))I t  due 

disturbance at the gas measurement cell channel cannot be correctly estimated. Therefore, 

this approach is only suitable for measuring gases with well isolated absorption lines in 

low atmospheric pressure conditions. 
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4.3.2 First harmonic normalization for WMS 

Most widely used techniques to get a calibration-free WMS system is second (2f) 

harmonic measurement with first harmonic (1f) normalization. This technique was 

pioneered by Cassidy and Reid for second harmonic signal measurement in turbulent 

atmospheric conditions  [5]. Several decades later, researchers at Stanford University 

used the same principle for measuring second and higher harmonic signals to achieve a 

calibration free measurement system in high pressure gas chambers  [29–31,33,34]. This 

normalization approach works well even for pressure broadened absorption lines where 

the laser cannot be tuned to the non-absorbing spectral wings of harmonic signal. 

However, their method requires a pre-characterization of the laser to estimate all of its 

parameters, i.e. ,, ,II    ,  before any measurement. Although laser pre-

characterization is not difficult, variations in these parameters due to several factors such 

as drift from pre-characterization test conditions, temperature variations, physical damage 

or bending in the optical fiber connecting the laser, detector and gas measurement cell, 

and aging of laser diode would cause errors in future measurements. In fact all operating 

conditions, including modulation frequency ( mf ), need to remain fixed during 

measurement cycle. Another important limitation to this method comes from the interplay 

of RAM and FM/AM contributions to the measured WMS harmonics. To understand this 

issue, we have to examine the concept behind first harmonic normalization. 

At low optical depth ( 0.05Cl  ) and zero FM/AM contributions, first harmonic signal 

amplitude is a good approximation of I  as  1f 0. ( )5 1 0.5IR Cl I      (See Eq. 

(4.1) for details). Therefore, normalizing the second or higher harmonics by the first 

harmonic signal amplitude will remove any common perturbation in I . This is very 

useful concept, because any optical intensity change at the gas measurement cell due to 

vibrations, optical misalignment, bending of connection fibers, or variations in detector 

gain is estimated in real time from 1fR . Naturally, if higher harmonics are normalized by 

this approximated I , some error is added in the process. This error is the highest at the 

absorption line center and is equal to the maximum value of Cl  (also known as optical 

depth)  [29].  
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But in most practical WMS systems, it is incorrect to ignore FM/AM contributions. For 

instance, if /I I  is small and 1| cos( ) |  , FM/AM term could be comparable or even 

larger than RAM term in the first harmonic. As the values of /I I  and   can easily 

show large variations from one diode laser to another for the same target   value, it is 

impossible to avoid this problem altogether. Furthermore,   dependency puts a 

restriction on modulation frequency ( mf ) as they are interdependent. Figure 4.1 shows 

simulated values for the ratio of first harmonic signal amplitude ( 1fR ) and background 

RAM ( 0

1fR ) as /I I  and   parameters are changed. For this simulation, ( ( ))t   is 

assumed to be a Lorentz shape with FWHM=0.138 cm-1, WMS system modulation index, 

0.11m   and absorption optical depth, max 0.05Cl  . All the remaining parameters are 

experimentally obtained from a DFB laser diode (Inphenix Inc., Model IPDFD 1602-

1110). For first harmonic normalization method to work correctly, values of 0

1f 1f/R R  

should be between 0.95 and 1 (optical depth being 0.05). However, it is evident from 

Figure 4.1 that changes in laser operating conditions can add huge errors to this first 

harmonic normalization process.  

Several important observations can be made from Figure 4.1. Firstly, first harmonic 

signal is inherently asymmetric about absorption line center even though Lorentz shape is 

symmetrical in nature. Hence, higher harmonics normalized by the first harmonic will 

always be distorted. Secondly, amount of distortion depends on phase shift,  , which is a 

function of modulation frequency, mf . Thirdly, this normalization error will grow rapidly 

as /I I  gets smaller than 0.1. Therefore, it is vital to separate the FM/AM contribution 

from first harmonic signal before using it for normalization of higher harmonics. In the 

following section, we investigate a simple technique to achieve this goal. 
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Figure 4.1. First harmonic signal to background RAM ratio (a) at different intensity parameters with 
0220  , (b) at different AM-FM phase difference   with / 0.1I I  . 

4.4 Processing Harmonic Signal from WMS for Calibration-

free Measurement 

It is clear that first harmonic normalization method has distinct advantages over 

background RAM estimation method for realizing a robust calibration free WMS system. 

But it is absolutely essential to isolate the RAM signal for first harmonic normalization to 

correctly work. One possibility is to apply the lock-in amplifier phase selection method 

proposed by Duffin et al to measure isolated RAM contributions only  [24]. However, 

this scheme results in a reduction of detected signal amplitude and is highly dependent on 

the phase difference,  , which can easily change when modulation frequency is 

changed  [29,56]. Similarly, background RAM suppression method proposed by 

Chakraborty et al, although useful, takes many additional optical components like a fiber 

delay line of appropriate length for the chosen modulation frequency, variable optical 
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attenuator, and polarization controllers to work  [27]. Another possibility is to operate the 

laser diode at its phase quadrature modulation frequency, where 090   (making RAM 

and FM/AM contributions orthogonal to each other), and measure pure RAM signal. But 

this frequency is typically >1 MHz for diode lasers which increases the costs of 

photodetector and associated electronics  [28]. Since we aim to apply WMS scheme for 

simultaneous sensing of multiple gases, which will be detected at different modulation 

frequencies, it is essential to find a signal recovery scheme that requires least 

modification to conventional design and has minimal dependence on modulation 

frequency. 

4.4.1 RAM recovery with symmetry approach 

Here, we investigate a simple algorithm to recover RAM from X-component of first 

harmonic. For isolated absorption lines (lines that have negligible broadening 

contribution from nearby absorption line transitions), absorption profile ( )   follows a 

Lorentzian or Voigt shape which is symmetric by nature. Furthermore, Eq. (4.1) shows 

that RAM and FM/AM terms nearly follow ( )   and '( )   shapes respectively. In 

Figure 4.2, we have shown the response of ( )   and its derivatives calculated from 

Lorentz distribution provided in Eq. (2.7). A quick examination of the plot reveals that 

( )   is even symmetric about 0 0    axis and its derivatives also have similar 

properties (i.e. even or odd). This means that harmonic signals are always a sum of even 

and odd terms. For example, in first harmonic signal expression, RAM term is even 

symmetric about 0 0    axis and FM/AM term is odd symmetric about the same axis. 

Hence, if the symmetry axis can be accurately located in the measured signal, it is 

possible to separate RAM and FM/AM term in data processing. 
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Figure 4.2. Absorption profile ( )   and its derivatives at optical depth=0.05 with 
10.0074cm   

(Note that extrema locations of '( )   or "( )   can be used to estimate C ). 

One simple method to find the symmetry axis is to use direct absorption signal from the 

sensor before it goes to a lock-in amplifier. Theoretically, 0 0    axis location is same 

as the position of absorption peak in time domain. If direct absorption signal and X, Y-

components of harmonics are measured concurrently, symmetry axis can be located by 

applying a low pass filter on the former and finding absorption peak position. However, 

when direct absorption signal is noisy or gas absorption is weak, this technique fails. 

Therefore, we give a signal correlation method to locate this symmetry axis by using only 

lock-in amplifier signals. 

From Eq. (4.1), it is clear that X-component is significantly distorted by the contributions 

from RAM and FM/AM. But Y-component is purely from FM/AM. Hence, after the X 

and Y signals at first harmonic frequency have been digitally sampled, the algorithm 

described in Figure 4.3 can be used to recover RAM and FM/AM at the same time. 
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Ideally, 0   axis should be at the zero crossing of the Y-component if )( ( )I t  is 

constant. However, experimentally measured Y-signal does not show this property due to 

several reasons; (a) )( ( )I t  is not constant and may have a nonlinear response in time 

domain, (b) noise from vibration and laser intensity fluctuations, (c) contributions from 

higher order derivatives ignored in the simple Taylor series model at low modulation 

index  [24]. Therefore, we select the midpoint of maximum and minimum locations for 

Y-component as a first guess for the symmetry axis (see Figure 4.4(b)). Using this axis, 

even and odd parts are separated from X-component. Then odd part of X is correlated 

with Y to estimate R-squared (
2R ) value. To check if the match is optimum, axis location 

is moved by several data points to both left (negative shift) and right (positive shift) of 

initial guess and calculated 
2R  values are plotted (see Figure 4.5). Once symmetry axis is 

correctly located for a maximum
2R , RAM and FM/AM are separately computed 

knowing that 1f EvenRAM X  and  
0.5

2

O1f

2

dd/FM AM Y X  (Both positive and 

negative sign should be considered). 
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Figure 4.3. Flowchart of algorithm to recover RAM and FM/AM from first and second harmonic signals. 
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Figure 4.4. (a) X-component, (b) Y-component with maximum and minimum, (c) Computed even 

contribution (Half maximum points marked) in X or RAM, and (d) Computed odd contribution in X for 

simulated first harmonic signal. 
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Figure 4.5. R-squared value vs. shift in data points for simulated first harmonic. 

4.4.2 RAM normalization for absolute line shape function 

From Eq. (4.2), X-component of second harmonic signal consists of only '( )   and 

"( )   terms which are odd and even symmetric respectively. Therefore, following the 

algorithm in Figure 4.3, it is easy to split RAM and FM/AM contributions. Otherwise the 

symmetry axis located in the recovery of first harmonic RAM can also be used to recover 

second harmonic RAM, if both harmonics were measured concurrently. After RAM 

contributions from the first and second harmonic signals are available, first derivative of 

absolute absorption line shape function, i.e. '( )Cl   can be computed using Eq. (4.3). 
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  and   remain fixed after the laser diode operating conditions are decided. 

Consequently, the WMS system is now calibration free with no dependency on laser 

intensity change over time. 

4.5 Experimental Validation: Simultaneous Measurement of 

Concentration and Pressure 

4.5.1 Designed components for experiment 

4.5.1.1 Gas sensing cell (sensor-probe) 

The gas cell or sensor probe is an open cavity for light and gas interaction. It uses two 

collimators on both ends for guiding light without significant power loss. In order to 

minimize the interference between the two surfaces of a protection window, two wedge 

angle windows are also used in the design. The interference between the window and 

other optical components were removed by tilting the windows with 10 degree. This is 

shown in Figure 4.6. 

 

Figure 4.6. Tilted window and collimators in sensor probe. 

The cross-section view of the sensor probe is shown in Figure 4.7. It has two stage dust 

filters for protection from dust and other debris in underground mines. 
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Figure 4.7. Sensor probe with dust filters in place  [57]. 

The gas can flow from top coarse filter to the bottom coarse filter. The coarse filter can 

block most of the big size particles and the fine filter would block fine particles larger 

than 40µm. The window for the coarse filter is large to increase the response time. Figure 

4.8 shows the fabricated sensor probe along with the dust filters and optical fiber 

connections from the collimators. 
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Figure 4.8. Fabricated sensor probe (disassembled). 

4.5.1.2 Laser driver circuit 

Laser controller circuit includes TEC driver (HTC1500, Wavelength Electronics Inc.) and 

current driver (PLD200, Wavelength Electronics Inc.) whose exemplary control circuits 

can be obtained from vendor website. 

4.5.1.3 Photo-receiver circuit 

Each optical receiver module contains Trans-impedance amplifier (TIA) with adjustable 

bias and gain, and analog filter. Figure 4.9 shows the circuit design used to achieve these 

steps. The photodetector is operated in photo-voltaic mode to eliminate the possibility of 

dark current  [58]. VBIAS pin is used to offset the mean of photo-diode current generated 

from average laser intensity. This is necessary because average laser power carries no 

information about gas absorption and unnecessarily limits the amplifier gain. The gain of 

the TIA is determined by feedback resistor RF which can be switched by solid-state relay 
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switches. This helps in measuring gas absorption signals that is changing exponentially 

(Refer Eq. (2.10)) with concentration. The bandwidth of the TIA is controlled by both RF 

and CF. The exact values for various circuit elements in the TIA are selected by following 

some excellent literature available on this topic  [59–62]. Finally, a 3rd order analog filter 

is placed between the TIA and output port to remove additional high frequency noises. 

 

Figure 4.9. Photo-detection and trans-impedance amplifier (photodiode in photovoltaic mode). 

4.5.2 RAM recovery for first harmonic using symmetry 

The experiment setup for measuring gas concentration and pressure using WMS scheme 

is described in Figure 4.10. In order to validate the proposed RAM signal recovery 

method, first harmonic signals from CH4 absorption are measured for two different 

methane-air mixtures at approximately 1% and 8% concentration levels with a 5.5 cm 

long open gas cell. At a concentration of 8%, estimated optical depth is about 0.17 and 

thus assumption for linear approximation in Eq. (2.10), i.e. 0.05Cl  , is not valid. 

However, since the maximum percentage error in this exponential to linear 

approximation is only 1.6% and ( )Cle    is symmetric about the same 0   axis as 

( )  , the proposed approach works reasonably well. But we must emphasize that it is 

better to keep optical depth smaller than 0.05 and for high concentration measurements, 

light-gas interaction length l  can be reduced to avoid exceeding this limit. 
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Figure 4.10. Experiment setup for harmonic signal measurement. 

As show in Figure 4.10, the gas cell is kept inside an enclosed quartz vacuum chamber 

where pressure could be varied with a rotary vane pump and the temperature in the 

chamber remained constant at room temperature. After the lock-in amplifier (Stanford 

Research Systems, Model SR810) outputs are sampled (rate=10k) by an A/D card (NI, 

Model USB 6211), RAM signal is recovered using the algorithm presented in Figure 4.3. 

The R-squared plot for measured harmonic signal at 97 kPa from 8% methane-air 

mixture is shown in Figure 4.11. Due to nonlinear laser intensity response and other 

background signals in Y, maximum correlation was reached at data point shift=4, not 

zero. The measured X, Y component as well as the even and odd contributions recovered 

from correct axis split of X-component for 1% and 8% methane-air mixtures have been 

depicted in Figure 4.12 (a) and (b) respectively. It is clear that symmetry approach works 

well in recovering RAM and FM/AM components at both concentrations. 
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Figure 4.11. R-squared value vs. shift in data points for experimentally measured first harmonic. 
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Figure 4.12. (a) X and Y-component (left), extracted  even and odd contributions in X (right) for measured 

first harmonic signal at 1% methane concentration, (b) X and Y-component (left), extracted  even and odd 

contributions in X (right) for measured first harmonic signal at 8% methane concentration. 

The above harmonic measurement process is repeated at different chamber pressures for 

8% methane-air mixture and the estimated FWHM value from RAM is plotted against the 

reading from a digital pressure gauge (MTI Corp., Model EQ-DVPG-LD). As FWHM 

value for a collision broadening dominated absorption profile is directly proportional to 

gas pressure (see Eq. (2.8) for explanation), a linear relation between the two measured 

parameters is expected. However, the chamber we used for the experiment allowed only 

negative atmospheric pressure (less than 100 kPa), where contributions from Doppler 

broadening could not be ignored. Therefore, expected values of absorption FWHMs are 

first calculated using Eq. (2.6), (2.8), and HITRAN data for pressures 0 - 100 kPa. Figure 

4.13 shows expected FWHM obtained from a Voigt profile approximation of absorption 

profile ( )    [45]. It is evident that overall FWHM has a strict linear relation with 

pressure in the range 60 to 100 kPa. Note that the FM amplitude  is set to be 0.0074 
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cm-1 in the experiment such that modulation index m  remained less than 0.2 over this 

pressure range. 

 

Figure 4.13. Calculated FWHM vs. pressure at 296 K using HITRAN data. 

The FWHM and optical depth estimated from recovered first harmonic RAM signals are 

plotted against measured pressure in Figure 4.14 (a) and (b) respectively. Each 

measurement point for these plots is obtained from an average of ten consecutive 

absorption scans. From the linear relation between experimentally measured FWHM and 

pressure, it is evident that recovered 1fRAM  is pretty accurate. Error bars have also been 

indicated in the same plots. The accuracy of gas pressure estimation by this approach 

estimated to be ±0.73 kPa in the range 60 to 100 kPa. It should be noted that FWHM 

values have been indicated in seconds as they are calculated from harmonic signals 

measured in time domain. Figure 4.14 (b) indicates the optical depth ( maxCl ) estimated 

from these recovered first harmonic RAM signals. Expected optical depth from HITRAN 
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data simulation is also depicted in the same plot for comparison. It is apparent that optical 

depth estimated from 1fRAM  deviates from HITRAN simulation in low pressure range. 

We believe that methane, being a lighter gas compared to air, escapes faster during 

vacuuming process and thus reducing Cl  value. To verify this phenomenon, optical 

depth measured from direct absorption signal at the photo-detector has been shown in the 

same plot. As directly measured optical depth closely follows that obtained from 1fRAM , 

the accuracy of symmetry approach is proved. 

 

Figure 4.14. (a) FWHM of gas absorption profile, and (b) Estimated optical depth from RAM component in 

measured first harmonic signals vs. gas pressure at 8% methane concentration (error bars are evaluated 

from ten consecutive scans). 

4.5.3 Calibration free measurement by RAM normalization 

In order to validate the RAM normalization method proposed in Section 4.4.2, harmonic 

signals from CH4 absorption are measured for a 1% methane-air mixture at different 
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optical transmission loss values in the sensor probe. X, Y-components of first and second 

harmonics signals are calculated by a software lock-in amplifier (LabVIEW program) 

after sensor signal is digitized by the A/D card. Using the symmetry method of Figure 

4.3, 1fRAM  and 2fRAM  have been recovered. Finally, 
2f,NormalizedRAM  is calculated 

according to Eq. (4.3). 

 

 

Figure 4.15. (a) Recovered RAM components from measured first and second harmonic signals, (b) 

Normalized second harmonic RAM. 

Figure 4.15 (a) depicts the results from RAM recovery when optical transmission loss 

was approximately 16 dB. Also, it is obvious that  2f, NormalizedRAM  signal in Figure 4.15 

(b) has almost no distortion and is very close to ideal '( )   shape. Therefore, its extrema 

locations can be used to calculate absorption FWHM, C  (See Figure 4.2), without any 

difficulty. The amplitude of 2f, NormalizedRAM  and the optical depth estimated from it are 
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shown in Figure 4.16 (a) and (b) respectively when optical transmission loss changes by 

12 dB. The amplitudes of corresponding first and second harmonic RAMs are also shown 

for comparison. Note that Figure 4.16 (a) only shows the AC amplitude for 1fRAM  

signal, i.e.  DC or baseline has been subtracted for the plot. Although 1fRAM  and 2fRAM  

are both changing with transmission loss, 
2f, NormalizedRAM  and its corresponding optical 

depth remain unchanged. This indicates that this new technique is independent of laser 

intensity parameters and thus suitable for realizing a calibration-free WMS system. 

 

Figure 4.16. (a) Amplitudes of recovered first harmonic RAM, second harmonic RAM, and normalized 

second harmonic RAM, (b) Estimated optical depth from normalized second harmonic RAM with varying 

optical loss in the sensor probe. 

4.5.4 System sensitivity and measurement range 

The accuracy and sensitivity of gas sensor system is tested for methane (CH4) monitoring 

by comparing its measured concentration value with a gas chromatograph (Shimadzu, 
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Model GC-2014) reading. A partial pressure based mixing and dilution technique was 

used for preparing different concentration mixtures2. Figure 4.17 depicts the true methane 

concentration plotted against the measured concentration by the sensor with error bars 

from ten measurements. It is evident that the sensor system tracks the true concentration 

accurately and has a linear relation with it. It can measure CH4 concentration from 0.01% 

(i.e. 100 ppm) to 50% in real time and satisfies the lower explosive limit (LEL) criteria 

(5% concentration) on commercial methane sensors. The sensor accuracy estimated to be 

±60 ppm or 1.6% of mean reading (whichever is greater). 

 

Figure 4.17. Performance of methane (CH4) concentration measurement system for 100 ppm to 500,000 

ppm (error bars are evaluated from ten consecutive sensor readings). 

4.6 Advantages and Limitations 

                                                           
2 A discussion on preparing different gas concentration mixtures using their partial pressure and dilution 

technique can be found in Appendix B. 
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4.6.1 Advantages 

An alternative strategy to implement a calibration-free system without any modification 

to traditional WMS system design is presented. This new method exploits the symmetry 

present in harmonic signals to recover RAM contributions and estimate absolute line 

shape function. After absolute line shape has been determined, gas concentration or 

pressure can be calculated without any reference mixture. Furthermore, unlike the 

existing WMS techniques, the new approach does not require laser diode parameters such 

as average intensity, intensity modulation amplitude or modulation rate to be known in 

advance. It also avoids performing any extensive simulation of line shape function (using 

HITRAN database) to match the measurement. In addition to these benefits, RAM 

recovery based on symmetry and normalization technique also suppresses intensity 

fluctuations during measurement. Passing the digitized harmonic signals through low 

pass filter (cut off frequency must be higher than frequency bandwidth of absorption 

profile) removes any high frequency noise which can make symmetry axis determination 

erroneous. Although very low frequency perturbations can still pass through, 

mathematical correlation ensures an accurate estimation of symmetry axis (Note that 

accuracy of axis location is determined by the step size in which guessed locations are 

moved left/ right and hence sampling frequency used during digitization is kept 

sufficiently high). The impact of remaining low frequency perturbations in optical 

intensity and its influence on 2f, NormalizedRAM  can be modeled as follows. 

Since laser frequency   is linearly scanned by thermal or current tuning, ( )I t  primarily 

shows a linear response in time with some mean value 0I . Therefore, ( )I t  can be 

expressed as 0 Scan( ) ( )I t I tI  , where Scan ( )I t  is an odd function about symmetry 

axis.  Also, for small modulation index, ( )I t  remains nearly constant, i.e. 0( )I t I   . 

For a typical WMS system, the above equations are approximate representations of laser 

intensity change with time. Let us treat any deviation from these equations (such as any 

nonlinear response of laser for ( )I t  or ( )I t , or intensity variations in the gas  

measurement cell  due to mechanical disturbance) as noise. Now, the laser intensity 

response can be expressed by Eq. (4.4). 
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where 1( )N t  and 2 ( )N t  are time varying low frequency noises. 

Since noise response is random in time, it should be treated as a sum of even and odd 

functions with respect to symmetry axis, i.e. 
Even Odd

1,2 1,2 1,2( ) ( ) ( )N t N t N t  . From Eq. 

(4.1), (4.2) and with some algebra, it is easy to show that recovered RAM contributions 

from the X-components of first and second harmonic will be expressed by Eq. (4.5) and 

(4.6) respectively. 
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It is apparent that recovered RAM signals from first and second harmonics are affected 

by the same sets of odd or even noise signals ( Odd

1N  and Even

2N ). Therefore, 

normalization of second harmonic RAM by first harmonic RAM helps in reducing the 

influence of laser intensity fluctuations. 

Furthermore,
2

| ( ) 1| '( ) "( )
2

Cl Cl Cl


          (see Figure 4.2). So if we 

neglect the last two terms in Eq. (4.5) and (4.6), and estimate 2f, NormalizedRAM , it is 

identical to that derived in Eq. (4.3). 
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4.6.2 Limitations 

For RAM recovery from even-odd splitting of harmonic signal to correctly work, 

absorption profile, ( )   needs to be symmetric in shape. As discussed earlier, gas 

pressure ( P ), temperature (T ), and strength ( S ) of the absorption line transition being 

interrogated determine the shape of ( )  . If the target line transition is completely 

isolated from the influence of nearby line transitions or the neighboring transition lines 

are spectrally equidistant from target line transition, ( )   will be symmetric in shape. In 

the near infrared region, i.e. 1560 - 1580 nm, carbon dioxide (CO2) and carbon monoxide 

(CO) have over twenty such line transitions available  [32]. Also for methane (CH4), 

three well isolated lines are available in 1647 – 1655 nm range. But unlike CO and CO2 

absorption lines, CH4 lines are blended by closely packed secondary peaks. For example, 

the primary transition line at 1650.961 nm has three secondary peaks at 1650.958 nm, 

1650.955 nm, and 1650.948 nm respectively  [32]. This is graphically shown in Figure 

4.18 (a). Nevertheless, the absorption profile simulated at 100 kPa pressure and 296 K 

temperature using Eq. (2.2) and (2.7) shows excellent symmetry. This symmetric shape is 

also verified by a Lorentz curve fit of overall absorption profile in Figure 4.18 (b) and (c). 

Note that, broadened profiles from all four line transitions contributing to this overall 

absorption profile are also indicated by blue dashed lines in the same figure. 
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Figure 4.18. (a) Methane absorption line transitions near 1651 nm, (b) Methane absorption profile 

simulated at 100 kPa and 296 K using HITRAN data with Lorentz fit to verify its symmetry, (c) Residuals 

for the fit (difference between corresponding data points). 

It is also important to remember that shape of ( )   is decided by gas pressure and 

temperature. For closely packed line transitions of CO and CO2, pressure broadened 

neighboring transition lines will distort the target transition line. Therefore, symmetry of 

( )   should be verified for pressures exceeding 200 kPa. But for blended transition lines 

of CH4, the line shape functions of the four transitions are fairly narrow at pressures 

below 60 kPa. Thus their individual contributions make the overall absorption profile 

asymmetric at pressures below this value. However, CH4 absorption profile remains fairly 

symmetric in low to moderate pressure range, i.e. 60 kPa to 1000 kPa, as confirmed by 

Figure 4.18 (b). However, if symmetry approach is applied to an absorption profile near 

or slightly above the recommended pressure and temperature range, the recovered RAM 

components from both first and second harmonic will be partially incorrect. Also, RAM 

recovered from first harmonic will be less affected by the asymmetry as compared to that 
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recovered from second harmonic since the former has a large background RAM 

associated with it. 

Another limitation on the proposed method for calibration-free WMS system is the 

restriction on modulation index ( 0.2m  ). But this can be overcome if higher order 

derivatives are to be considered to generate correction factors for recovered RAM  [24]. 

Alternatively, Fourier series expansion model for WMS system can be used to devise a 

strategy similar to the proposed one for separating RAM component from first and higher 

harmonic signals by exploiting the symmetry in absorption profile  [14,16,63]. 
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Chapter 5 Strategy for Calibration-free Spatially Distributed 

Gas Detection using Diode Lasers 

5.1 Motivation 

An increasing number of gas pipelines are being constructed in remote regions affected 

by harsh environmental conditions. In the absence of regular monitoring, geohazards or 

third party interference often result in pipeline failures leading to large leaks or even 

explosions. Consequently, there is a growing demand for a system that is capable of 

detecting and monitoring such hydrocarbon leakage along the pipeline. In Section 2.3, we 

discussed about the limitations of current technology and how they are difficult to 

implement in practical applications. Moreover, unlike single point gas monitoring 

system, existing distributed gas sensing methods cannot measure the full absorption 

response spectrum ( )  . As explained in earlier chapters, full absorption response can be 

used to make the gas sensing system calibration-free and estimate gas parameters like 

pressure and temperature in addition to concentration. In this chapter, a new method for 

spectroscopic measurements is discussed which can address the aforementioned issues 

and can also be applied for distributed sensing. 

5.2 Frequency Chirped Diode Laser for Spectroscopic 

Measurement 

A diode laser’s peak emission frequency is determined primarily by the energy band gap 

of the semiconductor material and then by the junction’s temperature and current 

density  [64]. The laser emission frequency tunes with temperature because both the 

optical path length of the cavity and the wavelength dependence of the gain curve change 

with temperature. In general, an increase in temperature also increases the laser cavity 

length which results in a decrease in emission frequency. But the exact temperature 

dependence of the laser characteristics varies substantially for different models and types 

of lasers. In addition to dependence on temperature, the laser emission frequency also 

depends on the injection current. Changes in the injection current can affect the diode in 

two ways: (1) change the junction temperature for the diode because of Joule heating, (2) 
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change the carrier density which also changes the index of refraction of lasing medium. 

Both these effects will result in a transient variation in laser emission frequency which is 

referred to as frequency chirp [65–69].  

For time scales longer than about 1 µs the current tuning can simply be thought of as a 

way to change the temperature rapidly, because the carrier density contribution to the 

index of refraction tuning is relatively small  [64,68]. So when a step-function pulse is 

applied as injection current, Joule heating will decrease the laser emission frequency with 

time. The opposite behavior will be observed when laser driving current is reduced 

rapidly. So the output electric field from a modulated semiconductor diode laser can be 

expressed as Eq. (5.1). 

 1 0 0( ) ( )exp[ ( )]E t E t j t j t     (5.1) 

Here 0 ( )E t  is the modulated amplitude, 0  is the initial laser emission frequency, and 

( )t  is the modulated optical phase. The modulated laser emission frequency can be 

written as 

 
0

( )
( )

d

d

t

t
t


     (5.2) 

For a step-function pulse modulation as the injection current, the amplitude or intensity 

modulation of the diode laser field is also approximately a step-function if the transition 

time of the modulation pulse is smaller than the relaxation time of the diode laser. But the 

emission frequency ( )t  responds in two steps: (1) frequency switching (  jumps from 

continuous mode frequency 0  to 1  at the time 0t  when the pulse is applied); (2) 

dynamic frequency shift or chirp (  rapidly change from 1  to 2  which is a new 

steady state value [70]. This behavior is depicted in Figure 5.1. 
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Figure 5.1. When the injection current is modulated by a step-function pulse from high to low, the diode 

laser emission frequency is first switched from its initial value 0  to 1  and then quickly shifted to 2  

within the time duration of 1 0t t  [70]. 

However, for modulation time scales shorter than 100 ns, the temperature rise from Joule 

heating is small enough such that the carrier density effect is the dominant contributor to 

frequency chirp  [64,68]. It is well know that in diode lasers, the refractive index changes 

with the carrier density  [71–73]. When the carrier density varies, due to pump current 

variation or due to the stimulated emission depleting the carrier density, the refractive 

index change will affect the effective guide mode index and cause a spectral shift. For 

small-signal sinusoidal modulation (with a DC bias above threshold), the electron or 

carrier density both increases and decreases with the modulation. Hence the observed 

frequency chirping is bidirectional. However, if a short (several nanosecond or smaller 

duration) square pulse is applied as injection current, the optical pulse is generated only 

during the time in which the electron density is decreased by the process of stimulated 

emission. This is because of the nature of relaxation oscillation in optical pulse 

generation under fast and deep modulation. In this case, the reduced carrier density 

results in an increased refractive index in the active region. The result is an increase in 

optical path length for the laser cavity and emission frequency shifts to a smaller value. 

Consequently, under pulse modulation, there is no oscillation of frequency chirping as in 

the case of sinusoidal modulation; instead, the frequency chirping is unidirectional and 

monotonically decreases as a function of time during the optical pulse  [65]. Regardless 
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of the frequency chirp mechanism, there are two classifications for this transient behavior 

exhibited by semiconductor diode lasers: (1) Frequency up-chirp or blue shift, (2) 

Frequency down-chirp or red shift.  

Since laser frequency or wavelength chirp is a transient response, it can be used to rapidly 

scan an optical resonance in wavelength domain. Absorption response ( )   of gases like 

methane (CH4), carbon dioxide (CO2), carbon monoxide (CO), acetylene (C2H2) typically 

follow a Lorentzian or Voigt profile in optical frequency domain  . At atmospheric 

pressure and room temperature conditions, the Full-Width-Half-Maximum (FWHM) 

width for these absorption curves lie in the range 4 ~ 7 GHz (e.g. 4.17 GHz for CH4 

absorption at 1650.96 nm, 3.78 GHz for CO absorption at 1563.09 nm, 6.98 GHz for CO2 

absorption at 1577.36 nm  [55]). As this narrow range can be scanned by diode laser 

frequency chirp, spectroscopic detection of such gases is possible without any current or 

temperature tuning of wavelength applied to the laser like TDLS systems. This makes the 

new frequency chirped diode laser spectroscopy (FC-DLS) orders of magnitude faster 

than existing approach. Moreover, if diode lasers in the near Infrared (IR) region are used 

for frequency chirping and the injection current pulse duration is small enough, it is 

possible to realize a spatially distributed gas detection system along a single mode optical 

fiber. 

Figure 5.2 shows the contrast between conventional wavelength scanning principles used 

for diode laser spectroscopy and the new frequency chirp based scanning. Here 0  is the 

wavelength at which gas absorption response peak appears. Although wavelength 

scanning is not linear during the chirp, the detection process can be ultrafast. Typical 

speed for conventional continuous wave (CW) wavelength scanning is few seconds to 

tens of millisecond. On the other hand, pulsed diode laser baser wavelength chirp 

scanning can be several millisecond (thermal chirp) to several nanosecond (carrier 

density variation). 
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Figure 5.2. Conventional wavelength scanning for TDLS system using continuous wave (left) vs. injection 

current pulse generated wavelength chirp based scanning for FC-DLS system (right). 

Now, a few important conditions should be satisfied for making laser frequency chirp 

spectroscopy work. Firstly, the maximum value of short current pulses fed to the laser 

diode should be sufficiently above the threshold (typically 80 mA or more for 

commercial DFB lasers used in telecommunication). This ensures that frequency chirp 

interval is wide enough to capture full absorption response spectrum ( )  . Secondly, the 

temperature and DC bias current (if not zero) conditions of the laser should be reasonably 

stable so that its mean emission frequency does not drift with time and frequency chirp 

interval covers the target gas absorption line. Thirdly, measured absorption response at 

the photodetector will be distorted in time as frequency chirp is a nonlinear scanning 

process. So, if absolute laser line shape function is desired for additional information 

such as gas pressure or temperature along with its concentration value, this temporal 

distortion needs to be corrected. Therefore, laser emission frequency of wavelength must 

be recorded in real time during the measurement. The following section discusses how to 

obtain frequency chirp from telecomm lasers and track their emission wavelength chirp in 

time. 
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5.3 Laser Emission Wavelength Tracking 

For recovering correct absorption line shape function ( )   from FC-DLS, it is important 

that to track laser wavelength or frequency variation in real time so that distortions dues 

to nonlinear ( )t  can be removed in data processing. This wavelength tracking can be 

accomplished by an interferometer with small Free Spectral Range (FSR). A single mode 

fiber Michelson interferometer with Faraday mirrors was used for this purpose as it can 

easily be connected to fiber pigtailed diode lasers and does not suffer from polarization 

fading exhibited by fiber interferometers. The interferometer used in the experiment is 

depicted in Figure 5.3. 

 

Figure 5.3. Michelson interferometer with Faraday Rotator Mirrors (FRM). 

In this research, only positive injection current pulse of duration between millisecond to 

nanosecond is used. For a 1 ms pulse, diode laser exhibits frequency down chirp because 

of the thermal effect described in Section 5.2. In order to measure the frequency chirp 

generated from thermal effect for spectroscopy, a DFB laser diode from NEC 

Corporation (Model No. NX8570SD654Q-55) was used. The emission wavelength is 

near 1563 nm and suitable to capture carbon monoxide (CO) line transitions in the near 

Infrared. Figure 5.4 shows experiment setup for measuring wavelength chirp exhibited by 

DFB laser diode. The interferometer used in this setup has a free spectra range of 222 

MHz or 1.81 pm near the wavelength of laser operation. 
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Figure 5.4. Measurement setup for diode laser chirp with 1 ms injection current pulse. 

Figure 5.5 shows the frequency or wavelength chirp exhibited by the diode laser for a 

millisecond injection current pulse. Tektronix function generator (Model no. AFG3252) 

is used to generate square pulses and laser diode controller from Newport (Model no. 

6100) is used to drive the DFB laser diode in pulse mode. The TEC controller circuit 

keeps the laser temperature stable at 29.68 degree C. The current is switched from 0 mA 

to 140 mA for 1 millisecond duration at a duty cycle of 90% for the pulse train. Figure 

5.5 (a) shows the interferometer fringes as a function of time. It is evident from the 

rapidly changing fringe density that the wavelength chirp is nonlinear in time domain. 

Assuming that Optical Path Difference (OPD) between the two arms of the interferometer 

is constant for the short interval in which laser in ON, it is easy to calculate the laser 

emission wavelength with time3. The result from this calculation is shown in Figure 5.5 

(b) and (c). It is clear that the wavenumber ( )t  change is mostly nonlinear for duration 

of the pulse and hence measured absorption response ( ( ))t  is expected to be distorted 

in time. 

                                                           
3 A discussion on using fringe density to estimate laser wavelength can be found in Appendix C. 
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Figure 5.5. (a) Michelson interferometer fringes with peak locations marked, (b) Estimated laser peak 

emission wavenumber vs. time, (c) Estimated laser emission wavelength vs. time (Total wavelength chirp 

during the pulse is 379.6 pm or 46.6 GHz). 

In order to measure the frequency chirp generated from carrier density change for 

spectroscopy, a DFB laser diode from JDSU Corporation (Model No. CQF935/808-

19550) was used. The emission wavelength is near 1533 nm and suitable to capture 

acetylene (C2H2) line transitions in the near Infrared. Figure 5.6 shows experiment setup 

for measuring wavelength chirp exhibited by this diode laser. The interferometer used in 

this setup has a Free Spectra Range (FSR) of 2.55 GHz or 20.4 pm near the wavelength 

of laser operation. Although smaller FSR yields a more accurate wavelength 

measurement, it had to be kept large for this system. Because for large Optical Path 

Difference (OPD) between two arms of the interferometer, nanosecond pulses fail to 

interfere due to different time of arrival at detector. A voltage pulse generator from 

AVTECH Electrosystems (Model No. AVI-V-2L-P-VTA) is used to drive the diode laser 

that has an effective input impedance of 50 Ω. The generator has a maximum pulse 
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repetition frequency of 100 kHz and a rise/ fall time less than 500 ps. The repetition rate 

is controlled by a TTL signal generated by a function generator. A laser diode mount 

(Model No. LM14S2) with bias Tee adapter from Thorlabs is used to feed RF pulse 

signal to the internal bias Tee of the diode laser module. The internal temperature of the 

laser is kept fixed at 21.45 degree C by a thermoelectric temperature controller (Model 

No. TED200C) from Thorlabs. The pulse generator generates a voltage pulse of 

amplitude 14 V which switches injection current from 0 mA to 280 mA for 5 nanosecond 

at a repetition frequency of 100 kHz. 

 

Figure 5.6. Measurement setup for diode laser chirp with 1~20 ns injection current pulse. 

Figure 5.7(a) shows the interferometer fringes as a function of time. Assuming that 

Optical Path Difference (OPD) between the two arms of the interferometer is constant for 

the short interval in which laser in ON, it is easy to calculate the laser emission 

wavelength with time4. The result from this calculation is shown in Figure 5.7 (b) and (c). 

Unlike thermal chirp, wavenumber ( )t  change due to carrier density change appears 

mostly linear for duration of the pulse. This may be due to the large FSR of the 

interferometer which fails to capture rapidly changing wavenumber at the beginning of 

pulse. 

                                                           
4 A discussion on using fringe density to estimate laser wavelength can be found in Appendix C. 
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Figure 5.7. (a) Michelson interferometer fringes with peak locations marked, (b) Estimated laser peak 

emission wavenumber vs. time, (c) Estimated laser emission wavelength vs. time (Total wavelength chirp 

during the pulse is 141.2 pm or 18.04 GHz). 

5.4 System Design for Spectroscopic Measurement by 

Frequency Chirped Diode Laser 

5.4.1 Spectroscopic measurement using millisecond laser pulse 

To demonstrate spectroscopic measurement using laser frequency chirp technique, 

absorption response from 47.6% carbon monoxide (CO)-air mixture with peak at 1563.09 

nm was measured by the experimental arrangement shown in Figure 5.8. The laser signal 

is split into two paths using an optical coupler. A fiber Michelson interferometer with 

FSR of 222 MHz is placed in one of the arms to track laser wavelength variation in real 

time while the other arm is used for spectroscopy application. A high power laser diode 

from NEC Corporation (Model No. NX8570SD654Q-55) is used for this application. The 
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current is switched from 0 mA to 140 mA for 1 millisecond duration at a duty cycle of 

90% for the pulse train. Note that threshold current for this laser diode is 30 mA. 

 

Figure 5.8. Experiment setup for measuring carbon monoxide (CO) absorption signal by laser frequency 

chirp with millisecond pulse. 

Figure 5.9 (a) shows the CO absorption signal observed when laser diode temperature is 

stabilized at 29.68 degree C. Square wave modulation signals are generated from a 

function generator (Tektronix, Model AFG3252) and fed to driver from Newport (Model 

6100) for driving the laser. The pulse duration is kept at 1 ms for this experiment. At this 

low modulation frequency, generated frequency chirp is from Joule heating or thermal 

effect. The temporal behavior of this chirp is recorded by the Michelson interferometer 

and Figure 5.9 (b) shows the fringe pattern over time. The nonlinear response of ( )t  

slightly distorts the measured absorption response ( ( ))t  in time domain. After laser 

emission wavenumber has been calculated from the interferometer data, this distortion in 

absorption response is corrected by spline interpolation in MATLAB. Figure 5.10 (a) 

shows the estimated wavenumber as a function of time. The absorption signal before and 

after distortion removal are depicted in Figure 5.10 (b) and (c) respectively. Next the 

absorbance ( Cl ) is calculated by normalizing the absorption signal,  0 (1 ) lI C  , 

with its baseline intensity (or optical intensity in the absence of gas absorption), 0I ,  

similar to background RAM estimation method in WMS  [24–26,74]. Figure 5.11 shows 

the measured optical depth and its Lorentz profile fit. It is evident that the distortion in 
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measurement signal has been corrected. The estimated absorbance can be used to make 

gas parameter measurements. 

 

Figure 5.9. (a) Detected optical pulse with CO absorption (pulse signal has been inverted at the balanced 

detector) response, (b) Fringes from Michelson interferometer to measure the laser wavelength variation in 

time domain. 
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Figure 5.10. (a) Wavenumber chirp estimated from interferometer fringes, (b) Measured spectroscopy 

signal for carbon monoxide (CO) with distortion in time domain, (c) Distortion corrected spectroscopy 

signal for carbon monoxide (CO) in wavenumber domain. 
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Figure 5.11. Measured absorbance from thermal frequency chirp spectroscopy of carbon monoxide (CO). 

5.4.2 Spectroscopic measurement using nanosecond laser pulse 

To demonstrate spectroscopic measurement using laser frequency chirp technique with 

nanosecond pulse, absorption response from different gas mixtures were measured with 

the experimental arrangement shown in Figure 5.12. A wavelength tracking 

interferometer is not used in this setup as laser frequency chirp is approximately linear as 

shown in Figure 5.7 (b). 
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Figure 5.12. Experiment setup for measuring gas absorption signal by laser frequency chirp with 

nanosecond pulse. 

Mixtures of methane (CH4)-air at three different concentration levels were used to check 

the performance FC-DLS gas sensor. A diode laser from Inphenix Corporation (Model 

No. IPDFD1602-1110) was used to record methane absorption response with peak at 

1650.96 nm. The laser temperature was set to 22.18 deg C by thermoelectric temperature 

controller from Thorlabs (Model No. TED200C). The injection current was switched 

from 0 mA to 70 mA for several nanoseconds at a repetition frequency of 100 kHz. Note 

that the threshold current for this diode laser is 5 mA. Figure 5.13 shows the voltage 

pulse measured at the photodetector for approximately 5%, 10%, and 20% methane-air 

mixtures with a 6.35 cm long cavity gas cell. It is evident that with increased 

concentration of methane, the absorption signature becomes stronger in the detected 

pulse. The optical pulse in the absence of any gas is used as a baseline intensity signal to 

make self-calibrated estimation of the absorbance, Cl . Note that, due to large optical 

depth values in this experiment, optical intensity is given by exponential relation (Eq. 

(5.3)) instead of  the linear approximation in Eq. (2.10). 
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In this case, gas absorbance was calculated by Eq. (5.4). Figure 5.14 shows the calculated 

absorbance along with theoretically expected Lorentz profile. 

  , ,/( ) l ( )og ( )e out no gas out with gast Cl I t I t    (5.4) 

 

Figure 5.13. Nanosecond laser frequency chirp spectroscopy of methane (CH4) at different concentration 

levels. 
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Figure 5.14. Extracted methane (CH4) absorbance from laser frequency chirp spectroscopy at different 

concentration levels. 

To find the baseline intensity (i.e. optical pulse without any gas interaction), one can use 

two separate optical channels and photodetectors for measuring with and without gas 

conditions. But a simpler solution is to operate the system in reflection mode and 

measure the baseline intensity pulse and pulse with gas absorption information by the 

same detector. This design is shown in Figure 5.15. Henceforth, the reflected optical 

pulse used for estimating baseline intensity is referred to as reference pulse.  

This reference reflection pulse is generated by a mirror while the reflection pulse with gas 

absorption is generated by the gas sensor or cell. As the reference pulse travels a shorter 

distance compared to sensor pulse, they can be separated in time domain. Figure 5.16 

shows the two pulses detected on such a system. There is an 83 ns delay between the 

sensor pulse and reference pulse which corresponds a path difference of approximately 

8.5 meters along a single mode. For this experiment, the target gas was acetylene (C2H2). 

Its absorption peak, located at 1532.83 nm, was measured by a diode laser from JDSU 
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Corporation (Model No. CQF935/808-19550). The laser temperature was set to 17.41 deg 

C by a thermoelectric temperature controller from Thorlabs (Model No. TED200C). The 

injection current was switched from 0 mA to 290 mA for several nanoseconds at a 

repetition frequency of 100 kHz. 

 

Figure 5.15. Experiment setup for measuring acetylene (C2H2) absorption signal by laser frequency chirp 

with reference reflection pulse. 



 82 

 

Figure 5.16. Measured reflection pulse train from laser frequency chirp spectroscopy of acetylene (C2H2). 

Reference reflection pulse arrives first at the detector followed by reflection pulse from gas sensor. 

Next the absorbance, Cl , is calculated by normalizing the sensor pulse with absorption 

by a scaled copy of the reference pulse. In Figure 5.17 (a) the isolated reference pulse is 

shown. Figure 5.17 (b) depicts the situation when reference pulse has been properly 

scaled and aligned with the sensor pulse. Signal cross-correlation approach is used to 

align these two pulses in time domain and the non-absorbing sections of both pules are 

used to estimate required scaling factor. Due to large optical depth values in this 

experiment, Eq. (5.4) was used to for calculation by replacing 
, ( )out no gasI t with aligned 

and scaled reference pulse.  

Figure 5.18 depicts the calculated absorbance with theoretically expected Lorentz fit. It is 

clear that measured gas concentration from optical depth ( maxCl ) is independent of 

optical intensity. In other words, new high speed FC-DLS system is capable of making 
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calibration-free gas absorbance measurements like conventional WMS systems. Hence, it 

can be used for long-term applications in harsh environments. 

 

Figure 5.17. (a) Isolated reference reflection pulse, (b) Reflection pulse from gas sensor and a scaled copy 

of reference reflection to act as baseline intensity. 
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Figure 5.18. Measured absorbance from nanosecond frequency chirp spectroscopy of acetylene. 

To test the sensitivity and accuracy of nanosecond frequency chirp spectroscopy system, 

absorption optical depth was measured by changing acetylene concentration near the gas 

cell. This gas cell has 6.35 cm long open cavity for light-gas interaction. The system 

setup is same as that shown in Figure 5.15. But the gas cell is kept inside a quartz vacuum 

chamber so that it can be exposed to different acetylene concentration levels. Partial 

pressure based mixing and dilution technique is used to change acetylene-air mixture 

ratio inside the chamber5. Optical pulse train measured at each gas concentration level 

corresponds to an average of 100 consecutive scans. The absorption response Cl  is 

estimated by using Eq. (5.4) and replacing , ( )out no gasI t with aligned and scaled reference 

reflection pulse. Figure 5.19 (a) shows the recovered absorption signal from three such 

measurements at 5.93%, 4.24% and 2.91% acetylene concentrations. Then Lorentz curve 

                                                           
5 A discussion on preparing different gas concentration mixtures using their partial pressure and dilution 

technique can be found in Appendix B.  
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fit is used over the experimental data to reduce the noise and estimate maximum 

absorbance or optical depth ( maxCl ) in a robust manner. Finally, experimentally 

measured optical depth is plotted against the gas concentration inside the chamber for 

0.41% to 20.6% acetylene mixture. This response curve is shown in Figure 5.19 (b) with 

error bars from ten sensor readings. From the linear relation between measured optical 

depth and gas concentration, it is evident that spectroscopic measurement by FC-DLS 

method is quite accurate. The accuracy of this system is about ±300 ppm or 1.4% of 

sensor reading (whichever is greater). The sensitivity is about 4000 ppm, but it can be 

improved with a more stable laser pulse and by increasing the number of laser scans used 

for averaging at each concentration level.  

 

Figure 5.19. (a) Absorption response curves at different concentration levels of acetylene, (b) Optical depth 

vs. acetylene concentration levels. 

Gas pressure measurement using FC-DLS technique is demonstrated by placing the gas 

cell from Figure 5.15 in a sealed vacuum chamber and controlling the chamber pressure. 
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Acetylene absorbance is measured for a pressure range of 73 to 100 kPa. Figure 5.20 (a) 

shows the recovered absorption signal from three such measurements at 76 kPa, 82 kPa, 

and 97 kPa. Lorentz curve fit is used over the experimental data to reduce the noise and 

estimate FWHM of absorbance ( Cl ) in a robust manner. Experimentally measured 

FWHM is plotted against the chamber pressure for approximately 4% acetylene-air 

mixture. This response curve is shown in Figure 5.20. (b) with error bars from ten sensor 

readings. It should be noted that FWHM values of absorbance have been indicated in 

nanoseconds as they are calculated from harmonic signals measured in time domain. 

From the linear relation between experimentally measured FWHM and pressure, it is 

evident that recovered absorbance from FC-DLS is quite accurate. The accuracy of gas 

pressure estimation by this approach estimated to be ±1.03 kPa in the range 73 to 100 

kPa. But it can be improved with a more stable laser pulse and by increasing the sampling 

rate for digitization. Because the change in FWHM of absorbance due to pressure 

variation is small and hence larger number of samples near the absorption peak make 

tracking these changes easier.  
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Figure 5.20. (a) Absorption response curves at different gas pressure levels for acetylene, (b) FWHM of 

absorbance vs. gas chamber pressure. 

5.5 Demonstration of Spatially Distributed Gas Sensing 

As frequency chirp spectroscopy is carried out by nanosecond optical pulses, this 

technique can be used to interrogate multiple sensing elements connected in succession 

along one optical fiber. Furthermore, the diode lasers used for demonstrating frequency 

chirp spectroscopy operate in the telecomm optical wavelength band (near 1550 nm), and 

thereby suffer less than 0.2 dB/km attenuation along a single mode silica fiber. Hence, by 

using traditional OTDR technique, spatial location of each gas sensing element can be 

estimated with a single detector.  

In Figure 5.21, the basic design of quasi-distributed gas sensing by FC-DLS is explained. 

A diode laser with suitable emission wavelength for the target gas is driven by injection 

current pulses to generate a frequency chirp. This laser pulse is delivered to a single mode 

fiber via an optical circulator. Several miniature gas sensing elements are serially 
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connected along this single mode fiber and the minimum physical separation between 

them is decided by the spatial resolution achievable by the laser interrogator. Each 

sensing element reflects a small portion of the laser pulse and transmits the rest along the 

fiber. All reflected pulses are collected by a photodetector and converted to voltage 

waveforms. A high speed oscilloscope records these voltage waveforms and their times 

of arrival. One reference reflection pulse is used to perform calibration-free measurement 

of gas concentrations for all the sensing elements. 

 

 

Figure 5.21. Principle of quasi-distributed gas sensing with frequency chirped diode laser spectroscopy. 

Time of flight (TOF) calculation for determining spatial location of different sensing 

elements is explained in Figure 5.22. Let sensor 1 and 2 be located 1L  and 2L  distance 

away from the reference reflector respectively. The reflection pulses from these two 

sensor will arrive at different time. If 1t  and 2t  are the relative time of arrivals for 

sensor 1 and 2 respectively, their spatial locations relative to the reference reflector can 

be calculated by  

 1,2 1,2
2 eff

c
L t

n
   (5.5) 

where 1.4682effn   is the effective group index of refraction for SMF-28 fiber from 

Corning.  
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Similarly, spatial resolution for the sensor system is given by Eq. (5.6) where PW  

represents the width of the voltage pulse measured at photodetector. If laser injection 

current has 10 ns pulse width, the spatial resolution is approximately 1 meter. 

  
2 eff

c
Wd

n
P   (5.6) 

 

Figure 5.22. Spatial location estimation for the sensing elements from their times of arrival. 

In order to demonstrate spatially distributed gas measurement by FC-DLS, the 

experimental arrangement in Figure 5.23 is used. Fiber optic couplers with 90/10 power 

splitting ratio and fiber pigtailed mirrors are used to generate partial reflection from each 

gas sensing element. The sensing elements are 6.35 cm long gas flow cells with optical 

collimators at both ends and are filled with target gas acetylene. The optical fibers 

connecting these elements in series are represented as ‘fiber coil’ in the diagram. DFB 

diode laser from JDSU Corporation (Model No. CQF935/808-19550) is used as the light 

source. The laser operating condition is same as that used for single point acetylene 

detection in Section 5.4.2. 
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Figure 5.23. Experiment setup for quasi-distributed gas sensing with frequency chirped diode laser 

spectroscopy. 

The voltage pulse train measured at the detector are shown in Figure 5.24. After each 

pulse is isolated and properly aligned in time domain by signal cross-correlation, 

appropriate scaling factor is applied on the reference pulse to obtain a baseline intensity 

for all sensor signals. Figure 5.25 shows all three isolated pulses and their baseline 

intensities obtained from the reference pulse. Then the absorbance value is calculated by 

using Eq. (5.4). It should be noted that the pulse from sensor 2 records absorbance from 

both sensor 1 and 2 as they are connected in succession and light reflected from sensor 2 

passes through both sensors. Therefore, absorbance calculated sensor 1 pulse needs to be 

subtracted from the absorbance calculated from sensor 2 pulse to measure the correct gas 

concentration at sensor 2. Figure 5.26 shows the absorbance values recorded at sensor 1 

and 2 after this subtraction has been carried out. A Lorentz curve fit is also provided on 

the experiment data that can be used for more robust estimation of concentration. 
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Figure 5.24. Measured reflection pulse train for spatially distributed measurement of acetylene. Reference 

reflection pulse arrives first followed by the two reflection pulses from two serially connected gas sensors. 
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Figure 5.25. (a) Isolated reference reflection pulse, (b) Reflection pulse from gas sensor 1 and scaled 

reference reflection to matching the background, (c) Reflection pulse from gas sensor 2 and scaled 

reference reflection to matching the background. 
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Figure 5.26. (a) Absorption response from gas sensor 1 with Lorentz fit, (b) Absorption response from gas 

sensor 2 with Lorentz fit. 

5.6 Advantages and Limitations 

5.6.1 Advantages 

One of the key advantages of distributed gas sensing by FC-DLS approach is that it uses 

low cost and robust optical components from the telecomm market. Moreover, using 

single mode telecomm fiber and diode lasers operating near 1550 nm wavelength, a 

sensing span of several kilometers can be easily realized. Another advantage is that FC-

DLS system is not specific to particular gas, but can be applied to any gas that has decent 

absorption strength in the near infrared region. Gases like acetylene, methane, carbon 

monoxide, carbon dioxide, hydrogen sulfide, and nitric oxide can be monitored in a 

distributed manner using the proposed system by simply changing diode laser source. In 

other words, the same chain of sensor probes can be used to simultaneously monitor 

multiple gases by using wavelength-division-multiplexing (WDM) and launching the 



 94 

combined light from all diode lasers in the sensing fiber. FC-DLS also allows one to 

capture the full absorption response spectrum ( ( )Cl  ) without any on-site calibration. 

Hence, besides gas concentration, information like its temperature and pressure can be 

estimated by applying the curve fitting methodology described in Chapter 3. Finally, a 

spatial resolution of 1 meter or lower can be realized due to the narrow pulse width used 

in this system. 

5.6.2 Limitations 

Unlike TDLS with wavelength modulation, frequency chirp spectroscopy is not a single 

frequency detection. Without lock-in amplifier noise rejection in the system, a wide 

bandwidth of noise is captured at the detector. One of the primary source of noise in this 

system is laser injection current jitter which can translate to intensity as well as 

wavelength fluctuations. Laser intensity noise generated from this pulse jitter is simply 

added to the absorption response. If this noise is not in the same frequency band as the 

desired absorption signal, it can be removed by a digital filter. However, wavelength 

fluctuations due to pulse jitter can distort the shape of absorption response ( ( )Cl  ) as it 

is a nonlinear function of  . These distortions are often impossible to correct and can 

only be slightly reduced by curve fitting (Lorentz profile or Voigt profile) the 

experimental data. An ideal flat top current pulse can avoid these wavelength and 

intensity jitters. But in practical applications, voltage or current pulse generators always 

present some oscillations in their output. 
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Chapter 6 Conclusions and Future Work 

6.1 Conclusions 

In this work, commercial telecomm laser diodes have been used to achieve single point 

and spatially distributed gas sensing. Single point monitoring is accomplished by 

wavelength modulation spectroscopy (WMS) as it provides better signal-to-noise ratio, 

and hence better sensitivity to trace gases compared to TDLS with direct detection. Being 

calibration-free is the key for applying any gas sensing technology in practical industrial 

environments. However, existing techniques for calibration-free WMS impose multiple 

limitation on system operating conditions and lead to erroneous measurements if those 

conditions are not met. In some cases, extensive pre-characterization of diode laser 

parameters is needed to simulate the expected harmonic signals in real time and 

iteratively match with those obtained from measurement. But this is not suitable in 

applications that are intended for long-term applications, because future measurements 

may show errors due to drift from pre-characterization test conditions, temperature 

variations, or aging of laser diode. All these limitations are mitigated by a new signal 

processing algorithm for measured harmonics. By exploiting the symmetric nature of 

absorption response and its time derivatives, RAM contributions are successfully 

extracted from the WMS harmonics. Then second harmonic RAM term is normalized by 

the RAM term in first harmonic to recover gas absorbance. This new RAM normalization 

process is more robust and stays unaffected by changes in /I I  value or other laser 

operating conditions, it adds great flexibility to field installation of WMS gas monitoring 

system such as replacing a laser diode or switching modulation frequency for 

accommodating additional target gases. Furthermore, the normalization process yields the 

absolute absorption line shape function which can be used to predict several gas 

parameters like concentration, pressure, and temperature by applying Lorentz/ Voigt 

fitting.  

Based on the above mentioned algorithm, RAM contributions in the measured first and 

second harmonic signals from 1% and 8% methane-nitrogen mixture have been 

recovered. The same method is used to compute the optical depth (maximum value of 
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absorbance, Cl ) and FWHM of absorbance in time domain while pressure varies from 

60 to 100 kPa. These experimental results demonstrate the simultaneous estimation of gas 

concentration and pressure from its absorption response. RAM normalization technique is 

also experimentally validated by changing the optical transmission loss by 12 dB in the 

system. Even though amplitude of first and second harmonic signals change by 12 dB 

due to optical intensity change, the normalized amplitude of second harmonic RAM 

remained constant. This experimentally validates that proposed signal processing 

algorithm has achieved a calibration-free gas sensor. 

Additionally, spatially distributed gas monitoring is accomplished by new frequency 

chirped diode laser spectroscopy (FC-DLS) with direct detection. Diode lasers are 

operated in pulse mode by applying an injection current pulse of nanosecond duration. As 

a result of this current modulation, laser emission frequency is chirped. After keeping the 

laser mean emission frequency fixed (by keeping laser temperature constant), chirp 

interval is used to automatically scan the absorption spectrum of target gas and measure 

its absorbance. Since the laser pulse has a very narrow temporal width, traditional OTDR 

technique is then used to estimate the spatial location of sensor using time-of-flight 

calculation. 

The feasibility of FC-DLS method is experimentally demonstrated by measuring 

absorbance ( Cl ) for approximately 5%, 10%, and 20% methane-air mixture using a 6 

nanosecond injection current pulse. Since gas mixture is kept at room temperature and 

atmospheric pressure, absorption response is expected to follow a Lorentz profile. This 

theoretical prediction is verified by a curve fit on experimental data. It is also shown that 

FC-DLS technique can realize calibration-free measurement of gas properties by 

operating the sensor system in reflection mode and using a reference optical pulse (pulse 

not interacting with target gas) for sensor signal normalization. Absorbance measured by 

this approach is self-calibrated and can easily be applied in industrial environment. 

Furthermore, the ability to measure full absorption response, ( )Cl  , can be used to 

estimate multiple gas parameters like concentration, pressure, and temperature by 

applying Lorentz/ Voigt fitting. An acetylene-air mixture for 5000 ppm to 200,000 ppm 

concentration levels has been used to prove the accuracy and sensitivity of FC-DLS gas 
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sensor. The experimental demonstration of spatially distributed gas monitoring is also 

carried out by measuring acetylene absorbance from two sensor probes connected in 

series along a single mode fiber. With a 10 nanosecond laser pulse, a spatial resolution of 

1 meter has been shown. 

Diode laser spectroscopy based gas monitoring methods described in this dissertation are 

quite flexible and can be easily implemented to detect single or multiple gas species by 

choosing diode lasers of suitable wavelength. At the same time, the sensor system can be 

kept low cost as it operates in the standard telecomm wavelength band and optical 

components are readily available. For example, FC-DLS is quite attractive approach for 

distributed hydrocarbon leakage monitoring along natural gas pipelines. The optical 

power attenuation coefficient for standard single mode fiber is very low and a sensing 

span of several kilometers is easy to realize. In addition to these benefits, both WMS and 

FC-DLS schemes are calibration-free systems and hence excellent choice for long-term 

applications in harsh industrial environments where gas concentrations needs to be 

measured under varying pressure or temperature and frequent maintenance is not an 

option. 

6.2 Recommendations for Future Work 

The experiment results have demonstrated that the proposed FC-DLS technique shows 

great promise in achieving quasi-distributed gas measurement. But there are number of 

challenges which need to be addressed for this technology to become more practical. 

6.2.1 Injection current pulse 

In the experiments, a voltage pulse generator has been used to indirectly modulate laser 

injection current. Ideally, a flat-top pulse is preferred to keep the laser frequency chirp 

monotonic in time. But voltage output of the nanosecond pulse generator has a lot of 

fluctuations in its value as can be noticed in Figure 6.1. Consequently, laser injection 

current is not ideal and measured gas absorption response is affected by both intensity 

and frequency (or wavelength) fluctuations which are extremely difficult to correct. 

Therefore, improving the injection pulse quality should be major task in the future.  
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Figure 6.1. Voltage pulse used for modulating laser injection current. 

6.2.2 Wavelength tracking for nanosecond laser pulse 

The absorption response, ( )  , measured from FC-DLS is always distorted as laser 

emission wavenumber,  , is a nonlinear function of time. As described in Section 5.4.1, 

this distortion can be corrected by tracking the time dependence of laser frequency. The 

fringe density of a Michelson interferometer has been used to track this frequency chirp 

during the laser pulse interval. However, accurate measurement needs a very low free 

spectral range (FSR) for the interferometer and this FSR cannot be reduced without 

increasing the optical path difference between its two arms. On the other hand, large path 

difference increases the time delay between the pulses in two arms of the interferometer 

and makes it difficult for them to effectively interfere. Thus wavelength tracking method 

needs to be improved or optimized for laser pulse width and optical path difference in the 

interferometer. 
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6.2.3 Tapered single mode fiber as gas sensing element 

Although distributed gas sensing has been demonstrated using two collimator based 

open-cavity gas cells as sensing elements, it is much more convenient if these mini sensor 

probes can be part of the single mode fiber that delivers the optical pulse. Tapered optical 

fibers are good candidate to realize this. The procedure for making such structure by 

‘heating and stretching’ has been outlined by Knight et al  [75]. In Figure 6.2, a tapered 

structure fabricated from standard telecomm fiber (SMF-28, Corning) is shown. It has 

maximum transmission loss of 2 dB in 1520 ~ 1570 nm wavelength range and the 

narrowest section of the tapered structure has a diameter of about 1 µm. Because of such 

narrow waist, the fiber core is no longer significant in the taper region, and the light 

travels in the fundamental mode along the waveguide formed by the silica waist 

surrounded by air. On reaching the other end of the waist, the light remaining in the waist 

is returned to the guided mode in the fiber core. As a result, when taper waist is small, the 

fundamental mode will have an evanescent tail extending significantly out into the free 

space surrounding the taper. This evanescent field can also be observed in the structure 

shown in Figure 6.2 when taper fiber has been coupled to a red laser ( 635 nm  ) diode. 
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Figure 6.2. Fabricated taper fiber structure from single mode fiber (SMF-28). Notice that evanescent field 

is observable near the tapered region as the fiber has been coupled to a red laser diode. 

The evanescent field surrounding the taper structure can be used to interact with gas 

molecules and hence the taper fiber can be used as a miniature gas sensing element for 

spatially distributed gas sensing by FC-DLS. This is experimentally validated by placing 

the tapered fiber structure inside a quartz vacuum chamber and exposing it to 

approximately 15% acetylene-air mixture. Figure 6.3 depicts this arrangement. The 

experimental setup described in Figure 5.15 is used for measuring acetylene absorbance. 

Figure 6.4 (a) plots the measured optical pulses with and without the presence of 

acetylene near the taper fiber. The absorbance value estimated from this experiment is 

shown in Figure 6.4 (b). It is clear that absorbance follows a Lorentzian profile. But, 

because of very small light-gas interaction length (about 1 cm), the amplitude of 

absorbance or sensor sensitivity is quite low. So further investigation is needed to make 

tapered fiber based distributed gas monitoring system practical. 
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Figure 6.3. Fabricated tapered structure placed inside the quartz vacuum chamber for gas detection. 
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Figure 6.4. (a) Measured pulse from FC-DLS using tapered single mode fiber with and without acetylene, 

(b) Calculated absorption response with Lorentz fit. 
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Appendix A – Signal Processing for TDLS systems 

For TDLS systems, Laser signal and RGC signals are used for more accurate absorption 

signal recovery. Since the laser intensity also changes when its emission frequency is 

scanned by TEC control, optical signal without any absorption is useful for absorbance 

calculation. This baseline signal is referred to as Laser signal in Figure 2.6. Because of 

the sinusoidal nature of optical intensity change by TEC tuning, laser output is simply 

described by 0 0( ) sin( )II tt I   . The RGC signal is used for self-calibration of the 

sensor system from a known concentration mixture. It also helps improving the 

concentration accuracy by linear regression. 

Figure A.1 shows a simplified block diagram to describe signal processing scheme for a 

single probe. Voltage signals at receiver board from Laser signal, RGC signal, and Sensor 

signal are denoted as V1, V2, and V3 respectively. For reference, typical waveforms 

measured as V1, V2, and V3 are depicted in Figure A.2. 

 

Figure A.1. Signals collected at different channels for a single sensor-probe. 

In Figure A.1, 1 2 3, ,R R R  are the optical coupling ratios for three channels. 2 2,l C  are 

optical path length and target gas concentration in reference gas cell respectively. 

Similarly, 3 3,l C  are optical path length and target gas concentration at sensor probe. 

2 3,L L  are optical path losses in reference gas cell and sensor probe respectively. 

1 2 3, ,G G G  are the gains of trans-impedance amplifiers used for laser, RGC, and sensor 
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channel respectively. 2 3,DC DC  are the biasing offsets added to RGC and sensor channel. 

Laser channel has zero bias applied to it. 

 

Figure A.2. Typical waveforms on three channels. 

The signal processing algorithm works in the following way. 

Step-1: Scaling 
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Step-2: Shifting 
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Step-3: Normalization 
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Step-4: Absorbance calculation 
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After the absorbance is determined for reference gas cell and sensor probe, unknown 

concentration can be calculated using 

 2 2
3

3

sensor

RGC

C
AC l

l A


 
 
 

  

The optical loss ratios 321 1,L L  are calculated using the sinusoidal background (non-

absorbing sections) that all the three waveforms 1 2 3, ,V V V  have. 
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Appendix B – Gas Mixture Preparation 

In order to get an accurate calibration curve for the gas sensor system and check its 

sensitivity, it was necessary to subject the sensor probe to several known concentration 

mixtures of methane. Nitrogen (N2) and methane (CH4) were mixed in different 

proportions to create various methane concentration mixtures in the vicinity of sensor 

probe. The designed sensor probe was kept in an air tight quartz chamber (see Figure 

B.1) to avoid any leakage. Also, polyethylene vacuum tubing was used to safely dump 

the methane mixture in the laboratory fume hood when the chamber was emptied. A 

partial pressure based mixing and dilution technique was utilized to achieve different 

concentration mixtures. 

 

Figure B.1. Gas chamber for sensor testing and calibration (Note: Sensor probe is inside the quartz vacuum 

chamber). 
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Partial pressure of a gas in a gas mixture is defined as the hypothetical pressure of that 

gas if it alone occupied the volume of the mixture at the same temperature. Moreover, 

Dalton’s law states that in a mixture of non-reacting gases, the total pressure exerted is 

equal to the sum of the partial pressures of the individual gases. Mathematically, the 

pressure of a mixture of non-reactive gases can be defined as a summation of partial 

pressures, 
1

total

N

i

iP P


  , where iP  is partial pressure of thi  gas. 

From ideal gas law, partial pressure can be expressed by 
6

•
10

total i
i total i

P
P

C
P    where  

i  is the mole fraction and iC  is the concentration of thi  gas in parts per million (ppm). 

By using the digital vacuum gauge, it is possible to accurately measure the pressure 

inside the gas chamber. From these pressure readings, the partial pressure and hence the 

concentration for methane can be determined. 

Once a fixed concentration is mixed, further lower concentrations mixtures can be 

prepared by careful dilution of the chamber with Nitrogen (N2) or ambient air. It should 

be noted that the methane concentration in ambient air is less than 5 ppm and thus can be 

ignored while diluting the gas chamber mixture. 

The basic setup for this scheme is shown in Figure B.2. The steps involved in this scheme 

are as follows. 
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Figure B.2. Setup for sensor probe calibration (Note: Sensor probe is inside the quartz tube gas chamber). 

Mixing gases by their partial pressure: 

1) Keep the 3-way switching valve in 12 state, so that the gas mixer output is 

directly dumped in the fume hood. 

2) Vacuum the connection tubes and the gas chamber by keeping valve-2 in OFF 

and valves 1 &3 in ON position. 

3) After the digital vacuum gauge reads around -95 kPa, turn OFF valve-3 and shut 

down the vacuum pump. Note that, before vacuuming, the chamber was filled 

with ambient air (N2, O2, and barely any methane). 

4) Flow pure methane through the gas mixer mass flow controllers into the fume 

hood. Allow the mixer to flow for 4 to 5 minutes so that there is not any other gas 

present in the gas mixer connection pipes. 
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5) Change the 3- way switching valve from 12 to 13 state. 

6) Flow methane into the chamber till the vacuum gauge reads -90 kPa. Immediately 

turn OFF valve-1. 

7) Open valve-2 (one to two turns) to let the ambient air get inside the chamber. 

Close the valve as soon as the vacuum gauge reads 0 kPa. 

8) Now, partial pressure for methane is 5 kPa and 95 kPa for other gases. So the 

concentration of methane in the chamber is
5

5% 50,000
(5 95 )

kPa
or ppm

kPa kPa



. 

 Dilute the mixture to achieve lower concentration: 

1) Turn on the vacuum pump and turn ON valve-3. 

2) Open valve-1 by a small amount (Do not exceed one turn) and allow the chamber 

pressure drop gradually. 

3) Turn OFF valve-1 as soon as the digital vacuum gauge reads -30 kPa. 

4) Shut down the vacuum pump. 

After vacuuming, the partial pressures inside the chamber the following: methane = 70 

kPa x 5 %= 3.5 kPa, Other gases = 70 kPa x 95 % = 66.5 kPa 

5) Open valve-2 (one to two turns) to let the ambient air get inside the chamber. 

Close the valve as soon as the vacuum gauge reads 0 kPa. 

The new partial pressures are the following: methane = 3.5 kPa, Other gases = 100-3.5 

kPa=96.5 kPa. So the concentration of methane in the chamber 

is
3.5

3.5%
(3.5 96.5 )

kPa

kPa kPa



. 

By repeating the Dilution step, lower concentrations can be reached. However, for this 

scheme to work, several precautions must be taken. 
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 Precautions: 

1) A fan must be present inside the chamber for mixing the air while running the 

vacuum pump for ‘Dilution’ step. Experimental evidence suggest that all the gas 

molecules (including methane) do not exit the chamber at the same rate. 

2) Valve-1 should be not be opened by a small amount while performing ‘Dilution’ 

step. Here, the idea is that the fan must mix the gases very well before the vacuum 

pump sucks them out of the chamber. Slower vacuuming rate is better. 

The digital vacuum gauge has an accuracy of ±1 kPa. Hence it is better to start with a 

higher partial pressure of methane. This will reduce the chances of calculated 

concentration being too far from actual concentration. For example, starting with a 

methane concentration of 500,000 ppm is more accurate than starting with 50,000 ppm. 

Because 500,000 ppm mixture will require a starting partial pressure of 50 kPa for 

methane while 50,000 ppm mixture will require a starting partial pressure of 5 kPa. 
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Appendix C – Wavelength Estimation from Interferometer 

Fringes 

It is well known that wavelength chirp due to injection current pulse is a monotonically 

increasing function because of electron density reduction by stimulated emission process. 

In other words, wavenumber   monotonically decreases in time. 

The fringe pattern observed in the optical intensity at the photodetector of a Michelson 

interferometer can be expressed by  0 0( ) 1 cos(2 ( ) )tI t I OPD   , where 0I  is the 

average intensity, 
1

( )
( )

t
t




  is the wavenumber, OPD  is the optical path difference 

between the two arms of the interferometer, and 0  is the initial phase. 

The wavenumber change between consecutive fringes is 
1

1
n n

OPD
      

(negative sign as   is decreasing with time). For a free spectral range of 222 MHz, OPD 

is approximately 46 cm. As these peak positions have been located in time domain (see 

Figure 5.5 (a)), 1n nt t t    is also known. Thus 
0

lim
tt t

d

d

 

 





 can be evaluated as time 

step size t  is very small. Once 
d

dt


 has been evaluated in MATLAB, it can be 

numerically integrated to calculate ( )t . The constant of integration is the mean laser 

emission wavenumber c  for the specific operating conditions (temperature and injection 

current) of the diode laser. c  can be accurately obtained if the laser wavelength chirp 

scans across a known gas absorption line. For example, absorption peak for carbon 

monoxide (CO) at 1563.09 nm can be used for the fringe pattern in Figure 5.5 (a) to 

calculate the wavelength chirp with time. Similarly, absorption peak for acetylene (C2H2) 

at 1532.83 nm can be used for the fringe pattern in Figure 5.7 (a). 
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