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ABSTRACT

Multiplexing is a very important issue for fiber optic sensors. It enhances the system
utilization and the competitiveness of fiber sensors against conventional technologies.
Although, multiplexing techniques for optical fiber sensors have been proposed and
theoretically studied over the last 20 years, implementations in chemical (gas) sensors
context are rarely reported experimentally. It is believed that an increasing attention will
focus in this area in the coming years. The main objective of this project is to develop and
investigate multi-point gas detection systems for quantitative measurement. Two different
multiplexing systems for fiber optic gas sensors, one named time-division-multiplexed
(TDM) system, the other frequency modulated continuous wave (FMCW) system, are
investigated theoretically and experimentally in this project.

In our systems, quantitative measurement of gas concentration based on wavelength
modulation spectroscopy (WMS) and second-harmonic detection are demonstrated by
applying low-frequency wavelength modulation to an external-cavity tunable diode laser.
The tunable laser operating at 1.53 ¢ m region is used to detect acetylene (C,H,) based on
direct absorption through the use of micro-optic cells. A time-division multiplexed
three-sensor system with a forward-coupled ladder topology have been implemented and
experimentally tested. The experimental system using micro-optic cells of length 25mm
have demonstrated sensitivity of 81 ppm/+/Hz . The crosstalk between the sensors was
found to be -30 dB. Power budget analysis shows that a sensor network consisting of 90
sensors could be realized with the same multiplexing topology. The performance of such a
networked system has been examined in terms of shot noise limit, inter-channel crosstalk
and detection sensitivity.

Apart from the TDM techniques, we also applied a frequency modulated continuous



wave (FMCW) technique for multiplexing optical fiber gas sensors. The sensor network is
again of a ladder topology and is interrogated by the same tunable laser. For the FMCW
system, the optical delays of each channel are carefully designed in order to satisfy the
basic requirements that will be discussed in the following chapters. The system
performance in terms of detection sensitivity and crosstalk between sensors was
investigated and found limited by the coherent mixing between signals from different
channels. The system performance can be improved significantly by use of appropriate
wavelength modulation/scanning coupled with low pass filtering. Computer simulation
shows that an array of 37 acetylene sensors with a detection accuracy of 2000ppm for each
sensor may be realized. A three-sensor network of ladder topology is experimentally
demonstrated for the detection of acetylene gas. A minimum detectable concentration of
270 ppm/ JHz is obtained with 25mm gas cells under atmospheric pressure which
corresponds to a minimum detectable absorbance of 1.48x10™* /+/Hz . The crosstalk
between the sensors is below -20 dB.

With the theoretical and experimental justifications, the relative advantages and
disadvantages of the TDM and FMCW systems can be summarized as follows. TDM
system works with a simple concept where simple circuitries are employed for either
encoding or decoding. It shows excellent system tolerance compared with the FMCW
system. For the TDM system, the performance is mainly affected by the extinction ratio of
the optical switch that can be simply improved by using a double M-Z type modulator or
switch. In contrast, the performance of the FMCW system is heavily influenced by a
number of factors such as the biases of the fiber delays, the settings of the triangular
chirped carrier and the linearity of the VCO. Deviations from the optimized values of the
above parameters would cause a raise in inter-channel crosstalk and unwanted

interferometric signals (noise). If a highly coherent light source is used and no noise



suppression techniques are implemented, the sensitivity and the crosstalk of the FMCW
system are definitely worse than that of the TDM system. However, these unwanted
interferometric signals can be effectively suppressed by using a low coherent source and
specified signal processing techniques, therefore the FMCW system would have superior
performance because of its better optical power utilization where a continuous optical
signal is fed into the network instead of the optical pulses used in the TDM system. Better
signal-to-noise ratio would be obtained with the FMCW system since the detected signal
would be greatly enhanced compared with the optical-power-related noise (shot noise).
The FMCW system is shown to have a better sensitivity when the performance of the

system is shot-noise (“quantum’) limited.
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Chapter |  Introduction

CHAPTER1 INTRODUCTION

1.1 Project Motivation and Contributions

The increasing global concern over the environment has become a vital part of most
Governments’ policy. A number of nations have passed legislation to deal with
environmental hazards and control. In 1997, Kyoto Protocol was issued which is an
international agreement struck by 159 nations attending the Third Conference of Parties
(COP-3) to the United Nations Framework Convention on Climate Change (held in
December 1997 in Kyoto, Japan) for reducing worldwide emissions of greenhouse gases.
These emissions primarily result from electricity use, transportation, industrial processes and
deforestation. To perform this task, exhausted gas monitoring is indispensable. Gas sensors,
especially optical sensors, are likely to play a key role here. According to a 1997 report from
Frost and Sullivan (Mountain View, CA) entitled World Fiber-Optic Sensor Markets, world
market for fiber-optic chemical sensors, mainly the gas types, totaled $34 million in 1995
and is expected to grow to $109 million by 2002. Demand will be driven by environmental

monitoring devices, leak detectors, and medical equipment, particularly blood/gas analyzers.

So far, most fibre optic chemical sensor systems are single point sensors and hence
their competitiveness is lowered due to the high cost of the optical system. Apparently, the
cost-per-sensing-point can be reduced by multiplexing a2 number of point sensors in a
quasi-distributed manner where expensive optical components such as light source can be
shared. However, the realization of a multi point system requires technical advances in
several aspects such as network design and optimization, novel signal processing schemes
for signal demultiplexing and demodulation. This project addresses these issues and

concentrates on developing novel techniques for signal processing and optical and electronic
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system design and implementation. The project focuses on a particular type of gas sensors,
i.e., acetylene sensors. The basic principle may however be applied for other absorption

based sensors or chemical sensors in general.

The successful completion of this project would contribute to the sensing technologies
for chemical (gas) analysis which are important for either environmental monitoring or
industrial control process. The multiplexed system would allow significant reduction of cost
of the optical sensor system in terms of cost-per-point and would allow the optical fibre
sensors to compete with conventional catalytic sensors with additional benefits such as
improved safety, remote and passive sensing, and selective sensing as it can be tuned to the

spectroscopic properties of the sample gas.
For this research, the main contributions may be summarized as follows:

1. A time-division multiplexed (TDM) sensor system with a forward-coupled ladder
topology has been investigated for which quantitative measurement of gas
concentration based on wavelength modulation spectroscopy (WMS) and
second-harmonic detection is performed. Theoretical analysis shows that the minimum
detectable gas concentration is mainly limited by the direct interferometric effect of the

first order coherent crosstalk. It sets the limit of around 1800ppm with the time delay of

300ns for an= -30 dB and N = 100. The minimum detectable gas concentration of 50

ppm may be achieved by using a double Mach-Zhender intensity modulator (aez= -60
dB). By using proper filtering techniques, the unwanted interferometric signals can be

further reduced to 1.8 ppm foro:e2 =-30dB and N =100.

2. The sensor system uses single path 25mm absorption cells and has demonstrated

sensitivity of 81 ppm/«/ Hz . The crosstalk between the sensors was found to be -30 dB.
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Power budget analysis shows that a sensor network consisting of 90 sensors could be

realized with the same multiplexing topology.

3. Frequency modulated continuous wave (FMCW) technique has been applied for the
first time on multiplexing optical fiber gas sensors. Theoretical analysis of the system
performance in terms of detection sensitivity and crosstalk between sensors was
investigated and found limited by the coherent mixing between signals from different
channels. Simulation resuits showed that the system performance can be significantly
improved by use of appropriate wavelength modulation/scanning coupled with low
pass filtering. It is theoretically possible to realize a 37-sensor array with detection

accuracy of better than 2000 ppm.

4. A three-sensor network in ladder topology by the use of frequency-modulated
continuous wave and wavelength modulation spectroscopy techniques is
experimentally demonstrated for the detection of acetylene gas. A minimum detectable
concentration of 270ppm/VHz is obtained with 25mm gas cells under atmospheric
pressure which corresponds to a minimum detectable absorbance of 1.48x10™. The

crosstalk between the sensors is below -20 dB.

1.2 Thesis Outline

This thesis documents the research program that was performed during the
investigation of fiber optic multiplexed systems for gas concentration measurements, and
describes the various phases of the experimental work, in addition to reviewing relevant
literature that was acquired during the course of the study. This thesis is organized as

follows:

In chapter 2, an overview of the background on fiber optic gas sensors is given. Several
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demodulation techniques, multiplexing schemes and network topologies are discussed.

In chapter 3, the experimental work on a single sensor system is described. Also,
optimization of the modulation index for wavelength modulation technique is presented

mathematically and this is shown to be correct by way of experiment.

In chapter 4, a multi-sensor system with time-division multiplexing is theoretically
studied. Investigation with computer simulations on the system performance in terms of

shot-noise limit, detection sensitivity and crosstalk are reported.

Chapter 5 discusses the experimental arrangement of the three-sensor TDM system. The

results of the experimental study on that system are presented.

Chapter 6 describes theoretical aspects and practical design considerations of the
FMCW gas sensor system. Basic principle and performance analysis of the system are

presented.

Chapter 7 presents the experimental work for the realization of a three-sensor system
with the FMCW approach. The system performance in terms of sensitivity and crosstalk are

discussed.

Chapter 8 gives general conclusions and several recommendations for the further work.

1.3 Publications

The publications arose within the period of research study for the degree of Ph.D:
Journal Publications:
(1) H.L. Ho, W. Jin, and M.S. Demokan, "Sensitive, multipoint gas detcction using TDM

and wavelength modulation spectroscopy," Electronics Letters, Vol.36, No.l4,
pp-1191-1193, 2000.
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of a fibre-optic gas sensor network addressed by FMCW," IEEE Photonics Technology
Letters, Vol.12, No.11, pp.1546-1548, 2000.

H.B. Yu, W. Jin, H.L. Ho, K.C. Chan and et al., “Multiplexing of optical fibre gas
sensors with an FMCW technique,” Applied Optics, Vol.40, No.7, pp.1011-1020, 2001.

C.C. Chan, W. Jin, H.L. Ho, D.N. Wang and Y. Wang, “Improvement of measurement
accuracy of FBG sensor systems by use of gas absorption lines as multi-wavelength
references”, Electronics Letters, Vol.37, No.12, pp.742-743, 2001.

C.C. Chan, Y.J. Gao, K.T. Lau, H.L. Ho, L.M. Zhou and W. Jin, “Characterization of
crosstalk of a TDM FBG sensor array using a laser source”, Optics and Laser
Technology, Vol.33, No.5, pp.299-304, 2001.

C.C. Chan, W. Jin, HL. Ho, and M.S. Demokan, “Performance Analysis of a
Time-Division-Multiplexed Fiber Bragg Grating Sensor Array by Use of a Tunable
Laser Source,” IEEE Journal of Selected Topics in Quantum Electronics, Vol. 6, No.5,
pp.741-749, Sept 2000.

H.L. Ho, A.B. Rad, C.C. Chan and Y.K. Wong, “Comparative studies of three adaptive
controllers,” ISA Transactions, 38, pp.43-53, 1999.

H.L. Ho, W. Jin, C.C. Chan, Y. Zhou and X.W. Wang, “A fiber Bragg grating sensor
for static and dynamic measurands”, Sensors and Actuators A (Physical), Vol. 96, No.1,
pp-21-24, 2002,

Y.L. Hoo, W. Jin, HL. Ho, D.N. Wang, “Evanescent wave gas sensing using
microstructure fiber,” Optical Engineering, Vol. 41, No.1, pp.8-9, 2002.

Conference Papers:

(10) H.L. Ho, W. Jin, H.B. Yu, K.C. Chan and M.S. Demokan, " Sensitive, multi-point gas

detection using FMCW and WMS," OFS2000, 14® International Conference on Optical
Fiber Sensors, pp.420-423, 2000

(11) H.L. Ho, W. Jin and M.S. Demokan, "Time division multiplexed gas sensing system

with a forward-coupled ladder topology," ICSC2000/ SPIE Vol.4077, pp.7-10, 2000.

(12) H.L. Ho, W. Jin and M.S. Demokan, "Quantitative measurement of acetylene by using

external cavity tunable diode laser," SPIE Vol.3852, pp.124-133, 1999.
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(13) H.B. Yu, H.L. Ho, W. Jin, Y.B. Liao and Y.H. Li, “Remote multipoint fiber optic gas
sensors using a FMCW technique and a tunable laser,” SPIE Vol.4220, pp.44-53, 2000.

(14) W. Jin, H.L. Ho, C.C. Chan and K.C. Chan, “Effect of interferometric noise in fiber
Bragg grating sensors using tunable laser sources,” SPIE Vol.3330, pp.272-283, 1998.
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CHAPTER 2 BACKGROUND REVIEW

2.1 Introduction

Optical techniques in absorption spectroscopy are widely used in conventional chemical
(gas) analysis by employing bulk-optical systems [1]. Due to the rapid development of
optical fiber technology, optical fiber sensors based on these techniques have attracted
significant attention in the past ten years [2-5] because of their importance in applications
such as environmental monitoring, biomedical sensing, and industrial process control. As
mentioned by many other authors, these sensors or systems offer a number of notable
features and advantages in chemical/gas sensing. They include remote detection capability,
safety in hazardous environments, immunity to electromagnetic interference and so forth. A
number of important gases around NIR region, including methane, acetylene, carbon dioxide,
carbon monoxide, hydrogen sulfide, ammonia, etc, have been detected and excellent
detection sensitivities have been obtained [6]. In this chapter, the foundations of absorption
spectroscopy, such as the origin of absorption spectra, the lineshapes and absorption strength
determination, will be reviewed. In addition, classification of fiber optic gas sensors and
possible demodulation and multiplexing techniques suitable for fiber optic gas sensors will

be summarized.

2.2 Molecular Absorption Spectroscopy

Optical methods for the identification of chemical species are well known [1] and were
widely used long before advent of modemn fiber optics. Most of these techniques are based
on measurement of the absorption of radiation by the chemical species. This approach
permits the identification and quantitative measurement of different compound by their

specific molecular structure and absorption strength.
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2.2.1 Absorption spectra

The experiments in the early part of this century by Planck, Bohr and Einstein showed
that the energy of a microscopic system such as an atom or a molecule is quantized [7]. In a
certain approximation, we may resolve the total energy of a molecule into the sum of
electronic, vibrational, and rotational energy [8]. These three major forms of energy may be

summarized in a single energy level diagram as shown in Fig. 2.1(a).
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Fig. 2.1 (a) Schematic view of the manifold of energy levels: electronic, vibrational
and rotational; (b) Vibrational-rotational energy transitions.

Transitions between different energy levels can take place by either energy absorption
or emission. Corresponding to different type of’ transitions, the molecule absorption spectra
can be classificd into four categories[9]: rotational spectra, vibrational spectra,
vibrational-rotational spectra and electronic spectra. Gas molecules have a number of
absorption lines corresponding to electronic transitions as well as vibrational-rotational
transitions. However, almost all electronic transitions of molecules are located in the visible
and ultra-violet wavelength regions, therefore the wavelengths involved are too short for gas

detection with the use of silica optical fiber. Hence, we would be interested in gas absorption
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at near-IR region, i.e., 0.8-1.8 um, the low loss region of the silica fiber, where vibrational or
vibrational-rotational spectra could be dominant. Fig 2.1 (b) shows a typical energy level
diagram for the fine structure of vibrational-rotational energy transition. In most cases,
vibrational and rotational energy levels are indicated by the quantum numbers v and J

respectively. The energy state prior to the absorption of radiation is described by

double-primed, v’ and J”; the energy state after absorption will be designated by the
single-primed symbols v'and J'. The fundamental vibrational energy change is a transition
from v’= 0 to v'=1, so Av = v- v’ = +1, which corresponds to the fundamental vibrational

absorption band. Absorption spectra due to transitions from v =0 to higher states (v’ =2,

3, ...), called overtones, may also exist and located approximately at the multiples of the

fundamental frequency.

When a molecule changes its vibrational state, it may also change its rotational energy,
and therefore a series of absorption lines due to rotational transitions are superimposed. The
changes in rotational quantum number, J, associated with these rotational transitions can be
presented as

AJ = J'-J" .1)

Energy transitions for which AJ = 0 are called Q-branch transitions. The transitions
where AJ = +1 are R-branch and those where AJ = —1 are P-branch transitions.
However, for polyatomic molecules, the molecular absorption spectra is frequently more
complicated and guided by different selection rules for the transitions in different radiation

regions. Further details are given by reference [10].
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2.2.2  Spectra linewidth broadening

The linewidth of the absorption lines acts as an important consideration in gas
concentration measurements especially for the system using wavelength modulation
technique. The ratio between the amplitude of wavelength modulation and the linewidth of

the absorption line should be optimized, and, this will be presented in section 3.3.1.

In general, absorption of electromagnetic radiation by a chemical species takes place at

well-defined wavelengths (1) or frequencies (f) defined by:

E,—E ==—=If 2.2)

where E,-E), is the difference in energy levels of an energy transition, 4f is the photon energy
required to induce the transition, /4 is Planck's constant and c is the free space velocity of
light. In practice, a range of frequencies will be effective in producing a spectral transition.
The frequency range defines the linewidth (or absorption width) and is affected by several
contributions and also experimental conditions. Amongst the main contributors are the

natural linewidth, Doppler broadening and collisional broadening [7]:

o Natural linewidth: According to Heisenberg’s uncertainly principle[11], the energy of a
state is only precisely defined if the lifetime of that state is infinite. If the lifetime is
finite, then there will be a corresponding uncertainty in its energy. The lifetime of a
ground state may well be essentially infinite, but that of an excited state will depend on
the Einstein 4 coefficient of spontaneous emission. This limitation, which is not
dependent on the experimental conditions of temperature, pressure, etc., represents the
irreducible minimum linewidth of any spectroscopic transition. But, in fact, the natural

linewidth makes a negligible contribution under most experimental conditions.

 Doppler broadening: The Doppler effect [12] produces a shift in observed frequency of a
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wave motion when the source and the observer are in relative motion. In the gas phase,
there will be a distribution of molecular velocities, in different directions. These
velocities produce small shifts in the observed frequency of a spectral line, and hence
line broadening. At pressure below about 10 torr, the line shape and width are essentially
defined by Doppler broadening arising from random thermal motion of the gas
molecules. The absorption lines usually have Gaussian shapes, with typical tens to

hundreds of MHz linewidth.

o Collisional or pressure broadening: Collisions have the effect of reducing the lifetimes of
excited states (quenching) and can thus make a contribution to the measured absorption
spectra linewidth. For quantitative measurement, the pressure in the gas cell is definitely
important in high sensitivity detection especially for pressure above 100 torr. The
absorption lines, in that case, are defined by the Lorentzian function. This applies to gas
samples under atmospheric pressure. The pressure broadening linewidths are typically
around several GHz at ambient pressure, which are about two orders larger in magnitude

than pure Doppler broadening linewidth.
2.2.3 Measures of absorption strength

Thus far we have concentrated on the frequencies and the lineshapes (linewidths) of
atomic and molecular transitions. Besides having characteristic absorption spectrum, the
strength of the gas absorption lines can serve as an additional aid to perform quantitative
measurement of gas concentration. Absorption is characterized by the Beer-Lambert law
[8,13]. For light of intensity /, incident on a cell of length / containing a chemical species
which has an absorption line or band at specific frequencies, the output intensity / is given

by:

13
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I=1,10" (2.3)

where N is the concentration of the sample gas in molecules cm™, / (cm) is the cell length
and ¢ is the molar extinction coefficient (or sometimes referred to as the peak absorption

cross-section). Some spectroscopists prefer to use the equivalent expression:
I =1I,exp[-a,IN] (2.4)

where a,, is the (molar) absorption coefficient of the absorbing material. In practical gas
measurements, gas concentration is often expressed in terms of the fraction (percentage or
parts per million) of the gas within a fixed volume. Assume that N, is the total number of
molecules per cm’, the concentrations of the sample gas in ppm (C) and in molecules cm™ (V)

are related by
C= (_AL) 2.5)

For pure gas at atmospheric pressure N=Np, C=100% or 10°ppm.
The Beer-Lambert law may be re-written as
I = I, exp|[- 2a,IC] (2.6)

wherea, = a,N,/2 is called amplitude absorption coefficient of the sample gas. The value

of a, depends on the type of gas (through Npand @) and the specific absorption line

(through @) chosen to perform the measurement. In this thesis, Eq.(2.6) will be used. The

absorbance of the sample is given by
A= log(%) =¢lIN =0.434a, IN =0.868a,/C 2.7

The most important practical consequence of this equation is that when / and I, are known,
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the calculated absorbance 4 is directly proportional to the concentration C or N, thercby

yielding a linear calibration.

It is important to point out, however, that there are practical limitations to the ap-
plicability of the Beer-Lambert (BL) law, or, in particular, the linear dependence of

absorbance on concentration:

1. The bandwidth AA of the incident beam should be very narrow, ideally approximating
monochromatic radiation. Deviations from perfect BL behavior increase as A4 increases,
but are particularly severe when AA is greater than the spectral width of the absorption
band of the absorbing species. Such deviations result in a nonlinear calibration for the
sensor, which, although acceptable in some instances, results in a sensitivity that falls off

with concentration and a consequent reduction in the useful measurement range.

2. Deviations from perfect BL behavior are also observed in highly absorbing or highly
scattering media. Both of these effects yield a very limited linear range for the
absorbance-concentration relationship. Furthermore, high concentrations of the absorbing
species can also result in measurement problems due to reactions or complexation taking
place. In such circumstances the optical characteristics of the absorbing material will

differ significantly from those observed at low concentrations.
2.24 Detection sensitivity

In general, the sensitivity of a system for absorption measurement is defined in terms of
the minimum detectable absorbance Amn, corresponding to (absorption) signal power
(proportional to the square of the signal amplitude) equal to the noise power within the
detection bandwidth (signal to noise ratio =1). As the noise power increases with detection
bandwidth, the value of A, also increases with detection bandwidth. In many cases, the

system noise can be regarded as white within the frequency range of interest, and the noise
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power is proportional to the detection bandwidth (B). The minimum detectabie absorbance
Amin is thus proportional to the square root of B. For the purpose of comparison, the
sensitivity of the system is often expressed in terms of a normalized minimum detectable
absorbance Amin /B with unit 1//Hz . The parameter Amin /VB is independent of the
detection bandwidth, the interaction length and absorption coefficient (determined by the

type and the specific absorption line of the gas being measured).

For a particular gas, the sensitivity is often expressed in terms of the fraction (ppm) of

the gas (C) within a fixed volume. They are related through Eq.(2.7), i.e.,

o | VHz —( I)A INHz (2.8)

0.868a;,

For ease of comparison, in some literatures, the detection sensitivity is also expressed in

terms of minimum detectable concentration for a unit interaction length (1 cm):

C../NVHz=C,l/JHz —[ ]A /Hz (2.9

0.868 ¢,

For a particular absorption line of acetylene gas (the line at 1330.37nm), the value of a, is

estimated to be 0.252cm™ (see section 2.2.5). The relations between Cow/VHz

Coin/VHz and A /Hz are

IJHz = C /NHz = ﬂA 1JHz (2.10)

It should be mentioned that in some cases, the noise may not be regarded as white within the
detection bandwidth, and the detection sensitivity would not be proportional to the square

root of bandwidth anymore. However, Eq.(2.9) and Eq.(2.10) will still hold but with

Cuin /VHz, Cp/NHz and A, /vHz,replaced, respectively, by C,. , Co, and A4 __
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2.2.5 Gas species with absorption in near-infrared region

Near-infrared spectroscopy (NIRS) [10] is the measurement of the wavelength and

intensity of the absorption of near-infrared light with a sample. NIR light spans

approximately the 800 - 2500 nm (12,500 - 4000 cm™') range and is energetic enough to

excite overtones and combinations of molecular vibrations to higher energy levels. This is

especially true for compounds containing N-H, C-H and O-H groups. For optical fiber

chemical (gas) sensors, molecular species with absorption band around the NIR region

[14,15] and falling within the transmission window [16] of optical fiber are listed in Table

2.1

Absorption
Molecule Descriptions
Wavelength (um)
Oxygen 0 0.761 Strong oxidizer, supports and vigorously
accelerates combustion
Nitrogen dioxide NO, 0.800 Greenhouse gas
Hydrogen Fluoride  HF 1.330 Toxic, colorless, extremely corrosive
Hydrogen Bromide HBr 1.341 Highly toxic, colorless
Water Vapor H,0 1.365 -
Acetylene C:H, 1.530 Extremely flammable
Hydrogen iodide HI 1.541 Highly toxic, colorless
Ammonia NH; 1.544 Toxic, irritating and destructive to
tissues
Carbon Monoxide CO 1.567 Combustion product, toxic, colorless
Carbon Dioxide CO, 1.573 Main greenhouse gas
Hydrogen Sulfide H,S 1.578 Toxic, colorless, flammable
Methane CH, 1.651 Flammable, greenhouse gas
Hydrogen Chloride HCI 1.747 Toxic, colorless, extremely irritating

Table 2.1 Molecular species with absorption around NIR

2.2.6 Absorption spectrum of acetylene (C;H;) at 1.53um

Acetylene is chosen as the gas sample in our measurements because of its wide
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applications and suitable absorption wavelength (within the tuning range of the laser we use).
It is a colorless, non-toxic but narcotic gas, and is highly flammable. Basically, it acts as the
fuel gas and provides a high flame temperature in the oxygen enriched environment. It is
widely used in the welding industries. Apart from the explosive and flammable concern in
the industrial application, it is also an engine exhaust gas and a gaseous discharge from the
electrical power transformer oil. More recently, the instrument grade acetylene is used as the
optical wavelength reference in various optical instruments. Figure.2.2 shows acetylene
absorption spectrum taken by using a tunable laser source and a photodetector with
wavelength range of 1518nm to 1545 nm. It was measured with 2 2.5 cm long C;H; gas cell

filled to a pressure of 760 torr (atmospheric pressure).

099} M 1
098 4
i}
& 097} 4
E
8
= 0.96 9
°
o
N
£ oss| ]
2z
0941 4

0.93} .

'92 1 2 1 L 1
0 1520 1525 1530 1535 1540 1545

Wavelength (nm)

Figure 2.2.  Absorption spectrum of acetylene (5% concentration or C=0.05) in the
wavelength range from 1518 to 1545 nm measured with the tunable laser
of resolution = 0.0inm for a 2.5cm long C>H, gas cell at atmospheric
pressure.
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These regular absorption lines can be attributed to the first overtone of
vibrational-rotational absorption of H-C=C-H molecules [15]. The group of absorption lines
in the shorter wavelength region at around 1.52 um belongs to the P branch of the
vibrational-rotational modes and the group of absorption lines in the longer wavelength

region at around 1.53 pum belongs to the R branch.

In this thesis, we use the absorption line of acetylene at 1530.37nm (the marked line in

Fig,2.2). The absorbance of this line for 5% concentration and for 2.5cm interaction length

A

——=0252cm™.
0.868/C

can be obtained as 0.0274 from Fig.2.2, giving a value of a,=

2.3 Classifying Fiber Optic Sensors for Chemical (Gas) Sensing

Optical techniques for chemical analysis are well established. For spectroscopic
applications or gas concentration measurement, it is necessary to use an absorption cell
(sensor) which allows an optical path to be attained through the gas species. In addition, the
terms extrinsic and intrinsic are sometimes applied to fiber optic gas sensors. Extrinsic
sensors are those in which the optical fiber merely acts as a light guiding link between the
measurement point and the interrogating and display electronics; intrinsic sensors are where
the fiber, probably in some modified form, is the sensing transducer such as evanescent wave
sensors that will be discussed in Section 2.3.3.

As far as sensor construction is concerned, the fiber optic sensors used in environmental
monitoring can broadly be divided into three categories: open path absorption sensors, fiber

optrodes and evanescent field sensors.
2.3.1 Open path absorption sensors

Open path sensors are where the fiber performs a purely passive role in transferring

light to and from an absorption cell. The fiber provides a convenient way to access the cell in
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remote or multiplexing systems, but plays no part in chemical sensing. Fig 2.3 illustrations
the typical construction of the open path sensors. In Fig 2.3(a), a lens is used to collimate the
output light from the fiber and, and after passing through the cell, a second lens focuses the
light into the output fiber. The cell may typically be 10-50 cm in length. Using this type of
construction, Tai et al. [17] demonstrated a sensor for both methane and acetylene with a
sensitivity of Sppm/vHz and 3ppm/ JVHz, respectively. Fig 2.3(b) shows how the path
length can be doubled by placing the cell at the end of the fiber and using a reflective coating
to return the light back along the same path. The combination of fiber optics and
bulky-optics in the cells as described is undesirable. The cells are relatively bulky, and care
must be taken to ensure accurate alignment between the lenses. Improvement can be gained
through the use of micro-optic cells, as illustrated in Fig 2.3(c). In the micro-optic cell, the
bulk lenses are replaced by miniature gradient-index rod lenses (GRIN lens) and the cell is

made compatible with fiber optic connector technology.

(a) Input Fiber . " f Output Fiber

/:k_- )ﬂ
.................... 2
Input Fiber o y,
A 2
(b) / 4
____________________ 4

Output Fiber Lens Reflector
T e —
(C) //=* ______ l I '"-’:'ﬂ
GRIN rod lens

Fig 2.3 Open path absorption sensors
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2.3.2 Fiber optrodes

Fiber optrodes (or optodes) are where the working sensor chemistry (involving, for
example, absorbing or fluorescent dyes) is formed directly at or on the fiber tip. These
sensors are particularly suitable for sensors based on indicator dye systems (either absorption
or fluorescence) and optrodes have been developed for pH [18], carbon dioxide, oxygen [19],
etc. Fig 2.4(a) shows a typical construction for an optrode for use in environmental
monitoring to sense acidic or basic gases such as carbon dioxide. A gas-permeable membrane
is used to contain the working chemistry at the end of the fiber, which consists of a
pH-sensitive dye in a bicarbonate solution. Another form of a fiber optrode is illustrated in
Fig 2.4(b), where the indicator dye is covalently immobilized in a polymer film, porous glass

bead or ion-exchange membrane that is attached to the end of the fiber.

Gas permeable polymer
with
carbonate solution

Fiber core
| \
@ = _
C e
'''' Gas diffusion
Fiber core
\
L \‘. N Membrane
(b) -_— N attached to
0 N fiberend

Fig2.4 Fiber optrodes
2.3.3 Evanescent wave sensors

Evanescent wave sensors [20] are where interaction with the chemical occurs within the
evanescent field region of the optical fiber. In this case, the fiber plays the most direct role in
the sensing process. Typical examples of fiber construction for evanescent field sensors are
shown in Fig. 2.5. The simplest and cheapest is the plastic-clad silica (PCS) multimode fiber

(Fig. 2.5(a)). The plastic cladding can easily be removed over a suitable fiber length
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exposing the core and allowing access to the evanescent field. PCS fibers are commonly
used in the sensors based on indicator dyes, such as pH sensors. However, the disadvantage
of this sensor type is that the sensitivity is dependent on the mode distribution and hence on
launching condition and external disturbances. Using single mode fibers may over come this
problem. But, single-mode fibers have core diameters of only a few microns surrounded by a
relatively thick cladding, and so removal of the cladding to gain access to the evanescent
field results in a very fragile filament. For this reason, two possible protocols may be used.
In Fig 2.5(b), the single-mode fiber is first mounted in a curved slot cut in a quartz block and
the top surface is then polished to remove the cladding region on one side of the fiber. The
disadvantages here are the procedure is time consuming and only short length of fiber can be
treated. In Fig. 2.5(c), the fiber is made from a conventional preform but half the cladding
region removed. Hence, the fibers pulled from the preform with a D-shaped cross section,
allowing continuous access to the evanescent field. Again the disadvantages are the limited
commercial availability of D-fiber [20,21] and the problems associated with splicing and
connecting.

Polymer or sol-gel coating
containing indicator dye

e S

(a) & Multimode fiber /
Plastic cladding

Polished cladding

(b) ; o
Quanz block I

Flat
surface

(©)

Core Cladding

Fig 2.5 Evanescent field sensors
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2.3.4 Multi-pass absorption cell

When absorption coefficients are low or enhancement on detection sensitivity is
required, multi-pass cells may need to be used. Two basic designs of multi-pass absorption

cells are commonly used in absorption spectroscopy: White cells [22] and Herriott cells [23].

White cell, as the name implies, was originally designed by White, and is most
commonly used in laser absorption spectroscopy instruments. The mirror arrangement and
beam paths are shown in Fig. 2.6(a). A "standard" Herriott cell is shown in Fig. 2.6(b),
which consists of two identical spherical mirrors with the same focal length whose curved
surfaces face each other with a common optical axis. The optical beam is injected through a
hole in one mirror and is reflected back and forth a number of times before exiting from the
same hole. The spacing between the mirrors determines the actual number of passes. Unlike

the White cell the beam remains essentially collimated throughout its traversal of the cell.

(@)

(b)

Fig 2.6 Multi-pass absorption cells: (a) White cell; (b) Herriott cell.

Most multi-pass cells were developed for use in laboratories and hence, for field
applications, multi-pass cells have shown that they can become unstable and mechanical

stability control becomes extremely important.
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2.3.5 Advantages of fiber optic chemical sensors

The advantages of fiber optic chemical sensors are freedom from electromagnetic
interference, having wide bandwidth, being compact, having geometric versatility and
offering economy. In general, the fiber optic sensor is characterized by high sensitivity when
compared to other types of sensors. It is also passive in nature due to the dielectric
construction. Specially prepared fibers can withstand high temperature and other harsh
environments. In telemetry and remote sensing applications it is possible to use a segment of
the fiber as a sensor while a long length of the same or another fiber can convey the sensed
information to a remote station. Deployment of distributed and array sensors covering
extensive structures and geographical locations is also feasible. Many signal processing
devices (splitter, combiner, multiplexer, filter, delay line etc.) can also be made of fiber
elements thus enabling the realization of an all-fiber measuring system. Recently a photonic
circuit [24-26] has been proposed where integrated optics components or signal processing
elements were used to achieve miniaturization, batch production, economy and enhanced

capabilities.

2.4 Sensitive Modulation and Detection Techniques for Optical Absorption

Sensors

Routine absorption measurement can be made by measuring the change in intensity of
the laser power transmitted through the gas as the laser wavelength is tuned across the
absorption feature of interest. This direct detection method is the most basic technique and is
useful at high concentrations of gas. Here we summarize some of the various techniques for
sensitive absorption measurement. For most of these techniques, either wavelength or
frequency modulation is implemented and the modulation frequency would be up to

hundreds Megahertz.
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In the laboratory, these modulation techniques have made it possible to detect
absorbance below 107/+/ Hz . This sensitivity, when combined with path lengths through an
absorbing sample of several tens of meters, translates into parts-per-million to

parts-per-billion detections for many molecular species.
2.4.1 Wavelength modulation spectroscopy

The first method, wavelength-modulation spectroscopy (WMS) [27,28], has been used
with tunable diode-laser sources since the late 1960s. In WMS with diode lasers, the
injection current is sinusoidally modulated as the laser wavelength is tuned through an
absorption line. In general, only the first- and second-harmonic signals are recorded, and
they are proportional to the first and second derivatives of the absorption line shape. For
weak absorptions, the signals are also proportional to the concentration of the absorbing
molecular species. Modulation frequencies in the kilohertz or lower region have traditionally
been used for sensitive spectroscopic detection, and absorbance, 4, as weak as 10°/JVHz
have been measured in field [29,30]. The detail of this method will be discussed in section

3.3.
24.2 Frequency modulation spectroscopy

In the early 1980, a related spectroscopic method - frequency modulation spectroscopy
(FMS) - was developed [31,32]. The differences between FMS and WMS are slight, they
actually are two limiting cases of the same technique. In FMS, the laser is modulated at
much higher frequencies than normally used in WMS, typically in the radio-frequency (RF)
region. Modulation and detection are performed up to hundreds MHz or several GHz because
the laser excess-noise at this frequency range is negligible, so that better signal-to-noise
ratios can be achieved. In controlled laboratory experiments using short optical paths the

high frequency techniques have been shown to be capable of quantum limited sensitivities of
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around 1 x 107/+/Hz [33]. The high frequency modulation schemes arc more complex and

costly than WMS. They are more demanding of laser performance and pose problems with

coupling of modulation power into the laser and with avoidance of RF pickup.
24.3 Two-tone frequency modulation spectroscopy

A third method of diode-laser modulation spectroscopy is a simple variation of FMS:
two-tone frequency modulation spectroscopy [34,35]. TTFMS requires diode-laser
modulation at two distinct radio frequencies with detection at the difference between the two
applied frequencies. This method offers the advantage that arbitrarily large modulation
frequencies can be applied to the laser, detection at the lower-beat frequency allows for the

use of relatively low-bandwidth detectors and demodulation circuitry.

2.5 Multiplexing Techniques and Network Topologies

From the point of view of cost, a single optical gas sensor system is not really attractive
due to the high cost even though its sensitivity is practically better than other conventional
sensors. Hence, sensor multiplexing must be implemented in order to reduce the
cost-per-sensing-point. Multiplexed and distributed optical-fiber gas sensing systems offer an
extra level of information gathering over a large area. The potential of applications in

environmental monitoring such as petrochemical engineering is immense.

Muttiplexing techniques {36] may be performed in space, time or frequency domain and
these methods are referred to respectively as Spatial Division Multiplexing (SDM), Time
Division Multiplexing (TDM) and Frequency Division Multiplexing (FDM). FDM has a
number of variations. One of its variations, Frequency Modulated Continuous Wave (FMCW)
technique is discussed here because it is more suitable for gas sensor multiplexing and has

been experimentally demonstrated in this project. Furthermore, Wavelength Division
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Multiplexing (WDM) is omitted since gas absorption measurement is wavelength-dependent

and light sources with specific waveleng?hs are required for different gases.

In general, multiplexing involves the concept of network topology. The topology of a
fiber optic sensor network is strongly determined by the desired method of sensor
modulation and interrogation. Three major network topologies will be discussed in
combination with TDM systems due to their universality and their applicability to multiplex

gas absorption sensors.
2.5.1 Spatial division multiplexing (SDM)

A number of fiber optic sensors, each with its individual input and return fiber links,
may be combined into simple network by operating these sensors with a common light
source and a multiple detector array. This way of addressing sensors via separate fiber links
is termed Spatial Division Multiplexing (SDM) and is shown schematically in Fig. 2.7. This
configuration offers the advantage that the signal returned from each sensor is analyzed
separately so that sensor crosstalk is not an issue. Placing each sensor on a different fiber
also minimizes the risk of system failure due to a break in the fiber network and improves
the overall system reliability. A SDM system employing micro-optic cell has been used to

measure the concentration of methane and has been reported by G. Stewart [37].

Alternatively, instead of multiple-source or detector arrangements, a single source or
detector in combination with fiber switches or one-to-V and N-to-one couplers may be used.
Synchronous fiber switching, that is, successively connecting a single source and single
detector to individual sensors, is also conceivable. The use of switching functions on a
time-sharing basis adds a time-division multiplexing feature to the system. The disadvantage
of the SDM system is that it is considerably more expensive than other multiplexing systems

because it uses more couplers and detectors/switches.
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Fig2.7 Spatial-division-multiplexing system for fiber optic gas sensors

2.5.2 Time division multiplexing (TDM)

One of the most straightforward techniques for multiplexing of fiber sensors, and
indeed, the first passive discrete-sensor network proposed by Nelson et al [38] uses time
division multiplexing to address a number of fiber sensors arranged in a network with
different delays from the source and detector. In such a system, a short-duration pulse of light
input to the network produces a series of distinct pulses at the output. These pulses represent
time samples of the sensor outputs interleaved in time sequence, as depicted in Fig 2.8,
which shows three different sensor topologies, i.e., normal ladder, forward ladder, and star
[39). The required duration of the input pulse is determined by the effective differential
optical delay (7) between the fiber paths to the sensor elements, and repetitive pulsing of the

system allows each sensor to be addressed by simple time-selective gating of the detector.

26



Chapter 2 Background Review

modulator

T T
Tunable O ,If-?\ @
laser diode

3 gas sensors
l Laser control I a
)

v

Demoadnuc:ation ; optical | JUUL. .11 \_/ N\t XOJ

F
=
5

|
3
-
J

N

— — C—
interrogation unit detector k, k, ky
(@
modulator I T T T
Tunable | ) O O
laser diode < <
1
Laser control
1 kN-I kN—.’ kl
Dem:d:(lilatlon B Optical N
. . L detector -—
interrogation unit
(b)
dulat IxN star ——
modulator .
coupler
Tunable _ﬂ.. (g J—
laser diode —E a— —~ Reflective
sensors
Laser control l aon 1
v
Demodt(xilation Optical
. and | detector
interrogation unit
(c)

Fig. 2.8 Time-division-multiplexing gas sensor systems using (a) return coupled ladder
topology, (b) forward coupled ladder array and (c) reflective star topology.
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One consideration in these types of array topologies is the balancing of the optical
power returned for each sensor in the system. In a return coupled ladder array configuration,
as shown in Fig. 2.8(a), pulsed light from a laser is coupled to an input fiber bus, which feeds
light to each sensor element in the array. In order to couple an equal power level to and from
each sensor the input distribution and recombination coupler splitting ratios have to be set to
a certain predetermined value. These coupling values are trivial to determine for a system

without excess loss, and are given by (for the j-th coupler in the ladder) [40]:

1

= e— 2.11
7 N-j+1 1)

where N is the total number of sensors in the system.

Additional losses due to splices and couplers leads to the need to skew the distribution
in coupling ratios to compensate these effects. This type of compensation works well for
small numbers of sensors (i.e. <10), larger arrays become problematic due to the very small
coupling ratios required, and the tolerances to within which the coupling ratios have to be set.
To overcome this, a sensor array configuration based on a forward-coupled array topology
have been implemented. In this system, illustrated in Fig. 2.8(b), the array is configured such
that all the sensor signals pass through the length of the array in either the input or output bus.
Consequently each sensor channel experiences a similar loss, and improved uniformity in the
sensor signals produced is attained using the standard coupling ratios defined in the above
equation. For the reflective star arrangement (Fig. 2.8(c)), adequate power branching can be
accomplished by setting the splitting ratio of the 1:N splitter at 1/N for all output ports. The
forward ladder TDM network was investigated in this project, and a detailed theoretical

analysis and experimental study are given in Chapter 4 and Chapter 5, respectively.
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2.5.3 Frequency modulated continuous wave technique

The concept of frequency-modulated continuous-wave (FMCW) technique originally
developed for microwave frequency radar, [41], has been applied to laser diode light sources
coupled to fiber-optic interferometers, as illustrated by earlier work [42]. The basic principle
of FMCW technique is the mixing of two signals originating from the same linearly chirped
source, one signal following a sensing path, while the other acting as a reference. The two
signals are then mixed. The time delay between the signal from the sensing path and the
reference signal gives rise to a beat frequency at the mixer output. The beat frequency is
proportional to the time delay when the frequency excursion of the signals is fixed. The
amplitude of the signal at the beat frequency is proportional to the corresponding measurand.
If different delay lines are added into the sensing channels, the signals from these channels

can thus be separated in the frequency domain.

In addition, FMCW technique is characterized by its way of signal detection - coherent
or incoherent - and by the characteristics of the modulation of light. Coherent systems
modulate the frequency of the light; the light from the sensor is superimposed with the
reference light wave and then detected by a photo detector. Incoherent systems modulate the
intensity of light. The light from the sensing channel is detected by a photodetector and then
electronically mixed with the reference signal. Incoherent FMCW technique has been used in
our system for gas sensor multiplexing. A more detailed description is given in Chapter 6 and

the experimental work is presented in Chapter 7.

2.6 Chapter Summary

In this chapter, a systematic overview of fiber optic gas sensor systems has been
presented. It is obvious that fiber optic sensors for chemical analysis offers a number of

notable features and advantages compared with conventional sensing methods. Although
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excellent performances of single sensor systems using sensitive detection techniques given in
section 2.4 have been reported by many authors, articles about the integration of these
techniques into multi-sensor systems are rarely published. Furthermore, multiplexing is a
very important issue in order to enhance the applicability and competitiveness of fiber
sensors. Hence, in the following chapters of this thesis, our work on system multiplexing will

be described.
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CHAPTER 3 SINGLE-SENSOR GAS DETECTION SYSTEM

3.1 Introduction

A prior task to actualize multiplexing techniques onto fiber optic gas sensor is to
examine the system performance and the sensitivity of a single-sensor system. For gas
concentration analysis, an exploration of the limits on the detection of small changes in the
light intensity is of fundamental and practice importance. As discussed in Section 2.4, a
variety of sensitive modulation and detection techniques have been used in absorption
spectroscopy, but they are really variations of the same technique with the differences arising
from the detection frequencies, the depth of modulation and the number of modulation tones.
Although one- or two-tone FM techniques at MHz frequencies have been used to achieve the
sensitivity equivalent to an absorbance of the order of 10”/v/Hz , WMS is used here. As the
project motivation stated in Chapter 1, the intentions of sensor multiplexing are cost
reduction per sensing point and information gathering over a large area, mostly, for
environmental monitoring or leakage detection. Hence, we try to strike a proper balance
between the sensitivity and the cost. WMS is preferred because of its robustness and
simplicity compared with the high frequency modulation schemes that are more complex and
costly than WMS. Actually, WMS with minimum detectable absorbance of 10°%/vHz is
sufficient for most real-world applications. In the following sections, a mathematical
derivation of WMS and optimization of the modulation factor are presented (Section 3.2).
Under such a scheme, a single-sensor system is constructed and experimentally tested
(Section 3.3). Further, in Section 3.4, noise analysis for our system is presented. F inally, a

chapter summary will be given.
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3.2 Wavelength Modulation Spectroscopy and Second Harmonic Detection

For WMS, harmonic detection is employed which produces a second derivative signal
of the gas absorption line and results in a significant improvement in signal-to-noise ratio
(SNR) since the noise at frequencies other than that of reference are rejected and do not
affect the measurement. For this application, a sinusoidal modulation is impressed on the
optical wavelength of a tunable diode laser while the center wavelength is slowly ramped

over the absorption line of interest (as illustrated in Fig.3.1).

Gas
absorption

line
2nd harmonic
signal
Laser
spectrum

==2£  Wavelength modulation

Slow Scan

Fig. 3.1 Wavelength modulation spectroscopy (WMS)

The signal output is processed by, in general, a lock-in amplifier referenced to the
modulation frequency. The absorption strength is related to amplitude of the second

harmonic signal and can be recovered from the second harmonic amplitude.

3.2.1 Modulation Amplitude Optimization

Consider a tunable laser source whose linewidth is much narrower than the linewidth of
the gas absorption line. Assume that the wavelength (frequency) of the laser is modulated

sinusoidally, i.e.,
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V=V,,+V,, sinat 3.1

Modulation of laser wavelength is usually accompanied with a residual intensity modulation,
the intensity of the output light from the laser may be expressed as

1,(t)=1,[1+nsin o] (3.2)

where /, and v,,represent, respectively, the average laser output intensity and the average
laser frequency. v,, is the amplitude of the frequency modulation and n is an intensity

modulation index. @ is the angular frequency of the modulation.

When the modulated laser light is passing through the transmission-type gas cell with
the interaction length of L and with a gas sample of the concentration C , the output light

intensity obeys the Beer-Lambert law as stated in Section 2.2.3 and may be written as
1(t) = 1, [1+ psin ot) exp[- 2a(v,,, +v,, sin ot )CL] (3.3)

where the absorption coefficient of the gas will also vary with the frequency of laser light.

In practical applications, we are mostly interested in the measurement of small gas
concentrations, and residual intensity is usually very small. Considering these facts, we may

assume that — 2¢ (v )CL << land n<<1. I(t) may then be approximated as

1) = 1,1+ psinex - 2a(v,, +v,, sinar)CL] (3.4)

where the approximation of exp[— 2a(v)CL]z 1-2a(v)CL has been used and the

higher-order terms have been neglected.

Normally, most of our measurements are under atmospheric pressure, which ensures
that the gas absorption line is collision broadened and the line shape is given by the

Lorentzian distribution, i.e.,
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alv)= — (3.5)

where o, is the absorption coefficient for pure gas at the center of the absorption line, and

v, and &v are respectively the center frequency and the half-width of the absorption line.

Equation (3.4) can be rewritten as
2a,CL

. 2
V,p =V, +V, Sinwt
LO g Lm
1+
ov

I®)=1,|1+nsinwt -

(3.6)

In the case of the average wavelength of the laser corresponding to the center of the

absorption line, (ie., v,, = v,), 1(t) can be rewritten as

(3.7)

20 CL
IO)=I)|1+nsinot ———2———
@ "l: g 1+x25in2wt:,

where x=v,, /[év.

1(1) , as expressed in Equation (3.7), can be expanded into a Fouries series with the

magnitudes of the first and second harmonic of

1, =17, (3.8)
I, = 2ka,CLI, (3.9)
with
(3.10)
‘o 2[2+x2 —2J(l+x2)]= 2L/(1+x2)—l]2

0+ x?) x2S+ x?)

It should be noted that the amplitude of the second harmonic signal contains

information about C, the gas concentration we are trying to measure; that is why we are
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interested in the second harmonic of /(z).

In order to maximize the second harmonic signal (i.e. the & value), x should be
adjusted to a value of 2.2 for which the modulation amplitude is 2.2 times half of the
linewidth of the gas absorption line. A comparison between the calculated value and the
experiment results is conducted by using the experiment setup presented in the next section

and is shown as Fig.3.2.

0.4
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Fig. 3.2  Proportionality factor, k, versus modulation index, x.

3.3 Experimental Setup and Results

The generic fiber optic sensor system consists principally of a light source, a
photodetector, the sensing element, control electronics and output signal processing unit. The

most critical component is the laser to be used as the light source.

3.3.1 Tunable laser

Widely tunable laser sources are desirable for spectroscopy as well as other applications.

The ideal tunable laser sources should provide high stability, high power, low frequency
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noise and tunability through the entire gain bandwidth without mode hops. There are several
tuning approaches that can be considered. DFB/DBR lasers provide compact narrow
linewidth operation, but are only available at limited wavelengths and have limited tuning
range. Solid state and dye lasers produce large tuning ranges at high power but are typically
large frame lasers that can be difficult to use. External-cavity diode lasers (ECDL) are one of
the most suitable lasers to use in our system because they can provide a variety of
wavelengths with a moderate tuning range, very narrow linewidth, and high frequency
stability in which the wavelength selection and tuning functions are external to the semi-

conductor structure. The maximum tuning range of ECDL can be up to 240 nm [1,2].

A New Focus (Model 6262) ECDL [3] is used as light source in our systems where a
diode laser is placed in an external cavity with a grating in a Littman configuration [4]. The
wavelength of the laser can be tuned between 1518nm to 1580nm with a linewidth of 300
kHz. The grating serves as the wavelength-selective output coupler. The narrow linewidth is
a result of the highly dispersive nature of the grating, which forces the laser to oscillate in a
single longitudinal mode at any given setting. Adjusting the angle of a feedback mirror with
respect to the grating tunes the output wavelength. There are two methods of doing this: a
DC motor provides rapid (>10 nm/s) coarse tuning over the entire tuning range of greater
than 60 nm. Fine wavelength adjustment is achieved with a stack of piezoelectric crystals.
This piezo stack provides the user with the ability to modulate the output wavelength with

frequencies as high as 2 kHz with a wavelength modulation range of + 30 GHz.

3.3.2 Micro-optic gas cell

Fig. 3.3 shows a single-pass gas cell designed for the gas detection systems. The cell
consists of two pigtailed Gradient-Index (GRIN) lenses aligned with each other and glued on

a mechanical holder and the distance between the lenses is 25 mm. The insertion loss is
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below 1dB (typically 0.7dB). For intensity-based measurement systems, back reflection is an
important factor that may cause degradation in system sensitivity. The back-reflection of the
GRIN lens used here is around -40 dB. In fact, GRIN lenses or collimators with back
reflection as low as -65 dB are commercially available for which angle-polished facets and

advanced anti-reflection coating are employed.

GRIN lenses

Output intensity (7)

Input intensity ( ,) E

Fig.3.3  Photo of a gas cell

3.3.3 System arrangement

The single-sensor system for detecting acetylene concentration is illustrated in Fig 3.4.
The tunable laser was operated under a stable temperature of 18 °C and a constant injection
current of 70mA. The laser wavelength was coarsely tuned to an absorption line around

1530.37nm (6534.4 cm™) and modulated sinusoidally to apply the WMS technique with

second harmonic (2f) detection.

Light from the laser was guided to the gas cell through a single mode optical fiber.
Light passes through the gas cell containing acetylene at atmosphere pressure and was
received by a photodetector. The detector output was lock-in detected at 2f with a DSP

lock-in amplifier (Standford Research System SR830) which was connected to a personal
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computer through GPIB interface for data acquisition. The time constant and the filter slope
of the lock-in amplifier were set to 300ms and 12dB/oct respectively. The output would be
more steady if a longer time constant is used. A high resolution sawtooth function was
generated by the AD/DA card in the computer and was scanned from -2.5V to +2.5V with
each step of about 1.2 mV. This sawtooth signal was combined with a sinusoidal signal and
applied to the low frequency modulation input port of the tunable laser to provide
wavelength sweeping and modulation. The wavelength tuning/modulation are achieved by
using a piezoelectric transducer (PZT, which is included in the ECTL package) that makes
adjustments in the tuning mirror angle. The maximum laser modulation frequency is limited
by the movement of the mechanical parts in the tuning mechanism and is specified to be 2
kHz by the manufacturer. However, the modulation efficiency would reduce when the
modulation frequency is increased. In our experiment, the modulation (sinusoidal) signal was
set to an amplitude of 2.4 V,, with a frequency f = 200 Hz which corresponds to a +

14.3GHz variation of the laser frequency.

E I cavi Absorption cell
xternal cavity )
tunable laser | S| Detector
Signal
generator
C//\/L Lock-in amp.
GPIB
- AD/DA
Computer

Fig. 3.4 Experimental setup of the single sensor system with WMS.
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3.3.4 Optical fringe elimination

In most tunable diode laser absorption spectroscopy systems (TDLAS), optical fringes
are superimposed on the measured spectrum. These result from unwanted etalons formed by
reflections and scattering in the optical system. The external-cavity diode laser used in our
systems is the main troublemaker for the output power oscillation. The wavelength tuning
curve of Newfocus ECDL is shown in Fig. 3.5 where the output power oscillate sinusoidally
up to 20% with a fringe spacing of about 0.34 nm. These fringes may be reduced by careful
optical design and adjustment, but it is usually difficult to reduce the fringe amplitude to a
level much below that equivalent to an absorbance of 10%/+/Hz . Other methods for fringe
reduction must be found. These techniques can be categorized as follows: (i) mechanical
modulation or dithering of the etalon spacing [5] (ii) modified modulation schemes [6] and
(iii) background subtraction. The first two techniques are effective only at removing fringes
with a period less than the absorption linewidth since the modulation amplitude needed to
remove longer period fringes would also smear the absorption lineshape and reduce its peak
height. For a stable system, a background spectrum would display the same etalon fringes
that can act as a base line for measurements. Subtraction of this base line would then remove
the fringes. Real systems however are subject to thermal drift, so that in the time between
taking the sample spectrum and the background spectrum the fringes will have drifted and
cancellation will not be perfect. Thus the success of background subtraction depends on the
thermal and mechanical stability of the system. For real-time detection, an electronic
noise-canceling circuit [7] can be implemented to reduce these background signals as well as

other noises.
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Fig.3.5 Wavelength tuning curve of New Focus Model 6262 ECDL

3.3.5 Performance of the single sensor system

For the purpose of testing the system performance and comparing with the sensitivity
achieved by WMS, we have performed a routine absorption measurement made by
measuring the change in intensity of the laser power transmitted through the gas as the laser
wavelength is directly tuned across the absorption line without modulation around
1530.37nm of 9344ppm acetylene. Fig 3.6 shows the normalized differential output with fine
scanning and off-line background subtraction where the SNR is estimated to be ~ 4. The
minimum detectable gas concentration corresponding to SNR=1 is 2336ppm, equivalent to
an absorbance of 1.2x10~. By this method, it is apparently difficult to achieve the sensitivity

equivalent to an absorbance of 10*/+Hz . Hence, the single-sensor system with WMS

technique as stated in Section 3.3.3 is implemented here.
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Fig. 3.6 Absorption spectrum of acetylene (9344ppm) around 1530.37nm
with background signals suppression.

For the gas detection system with wavelength modulation, the background signals were
also suppressed by using off-line data subtraction with the personal computer. Fig. 3.7 (a)
and (b) show respectively the lock-in detected f and 2f signal around 1530.37 nm when the
gas cell is filled with 9344 ppm C,H,. The signal-to-noise ratio is measured from the second
harmonic signal to be 125. This SNR was obtained by repeatedly measuring the peak
amplitude of the second harmonic signal for 100 times and was equal to the ratio between the
mean and the standard deviation of the measured peak amplitude. It is obvious that a much
higher sensitivity can be achieved compared with the routine method. The minimum
detectable concentration was calculated to be 9344ppm/125 = 75ppm/ VHz with the
25mm-long gas cell. or 1.9ppm.m. The sensitivity in terms of the minimum detectable

absorbance per v Hz was calculated to be 4.1x10” /VHz .
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Fig.3.7 Absorption signals of acetylene detected with a 25mm gas cell and
background suppressed. (a) Lock-in detected fundamental signal; (b)
Lock-in detected second harmonic signal.

3.4 System Sensitivity Limitation

In WMS the output signal is directly proportional to the laser power, incident on the
detector. The sensitivity of the system depends on the achievable signal-to-noise ra,tio..
Basically, the main contributions to noise are the laser excess noise, the detector shot noise
and the thermal noise. The laser excess ﬁoise decreases with increasing frequency and
because of this dependence it is often referred to as 1/ f noise. In contrast, the shot noise
and the thermal noise do not depend on frequency and are said to have a white noise
spectrum. Thermal noise arises from the random velocity fluctuations of the charge carriers

in the load resistor of the photodetector and it is often referred to as Johnson noise. Shot
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noise is caused by the random generation of electrons by the photodetector due to the
random arrival of photons. For most fiber sensor systems, thermal noise is found to be much
lower (~10dB) than the shot noise [9]. Also, the relative importance of these noise
components depends on the operating frequency and on the laser power. For WMS using
second-harmonic detection laser excess-noise may dominate. Hence, shot noise and I/ f
noise would be considered in turn. Furthermore, the unwanted interferometric signals may
also exist due to the reflections along the path of transmission. It may set the limit to the
minimum detectable gas concentration of our system. The sensitivity limit due to various

noise sources will be calculated with a detailed mathematical analysis.

3.4.1 Shot-noise-limited sensitivity

The minimum detectable concentration limited by the shot noise may be calculated as
follows. When the wavelength of the tunable laser is tuned to the specific absorption line, the

second harmonic signal current may be written, from Eq. (3.9), as

iy, = 2kar,CLRP 3.11)

where P is the optical power at the photodetector and R is the responsivity of the
photodetector. The rms shot noise current with the detection bandwidth B is conventionally

expressed as

i =.2gBRP (3.12)

5

where ¢ is the charge of an electron.

The shot noise equivalent gas concentration using the second harmonic detection
technique can be obtained by setting the second harmonic signal given by Eq. (3.11) to be

equal to the shot noise contribution (Eq. 3.12) and can be expressed as
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%:kaloL 2 3.13)
For calculating the shot-noise limit, the parameters of our system are k =0.34 (from Fig. 3.2),
0,=0.252 cm’'(for that line of acetylene at 1530.37nm), L=2.5cm, P=0.05mW, and R=1 A/W.
In such a case, the detection sensitivity in terms of minimum detectable absorbance limited
by the shot noise is about 1.02x10"/Hz (equivalent to 0.2 ppm / JHz ). In fact, the
experimental result for our single sensor system is 2 to 3 orders of magnitude worse than the
shot-noise-limited sensitivity. Hence, it is evident that the system is not limited by the shot

noise.

3.4.2 Flicker noise

It is well-known that substantial improvements of detection limits were obtained by
introducing high-frequency modulation for laser absorption spectroscopy. A number of
literatures [8] suggest the frequency related noises are responsible for the limited sensitivity

of the systems with wavelength modulation performed at the frequency less than 100 kHz.

REHGTT 58 BEv BYRTURT FORURLD
Arsias e
1 -aa 1
GBY
- O - l kHZ ............... f
................ d
i
i
LS
1
4 . I
h 3 u I
g '
IS 1R AT
. E . . E
S o B A% on b
FULSEIUE RRN \gu Wi
HER T 1 T U T
BF Ot g
“iza 1 X ! J
cvamt pll
sYat = |

e e e

Fig. 3.8 Noise spectrum at frequency <10 kHz
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The power spectrum of this noise falls off rapidly with frequency and is thus called “1/f
noise”. Flicker noise may include the laser excess noise, noise due to a lack of an ohmic
contact at the detector electrodes,etc. A noise spectrum obtained with a simple system where
the Newfocus tunable laser is directly connected to the photodetector without any
wavelength modulation is shown in Fig. 3.8. It is seen that the //f noise becomes

predominant at low frequency. The empirical expression for the noise current is [9]

: B

3.14
7 (3.14)

i, =RP o,

where P is the optical power, R is the responsivity of the photodetector, o, is a system
dependent constant defined as the excess noise at 1-Hz bandwidth and 1-Hz frequency, B is
the detection bandwidth and fis the detection frequency. Similar to the calculation in Section

3.4.1, the I/f-noise limited sensitivity can be determined by setting the second harmonic
signal current given by Eq. (3.11) to be equal to i, (Eq.3.14) with &= 1x10"°, f=200

Hz. The sensitivity in terms of minimum detectable absorbance is calculated as

9.04x107/VHz (=~ 1.65 ppm/« Hz ) which is about 10 dB larger than the shot-noise

limitation.

3.4.3 Sensitivity limit due by unwanted interferometric signals

The use of tunable ECDL, which provides high power within narrow spectral width and
a large tuning range, would basically enhance the sensitivity and the selectivity for the gas
detection system. However, the highly coherent nature does introduce problems such as the
interferometric signals arising from coherent reflections. Reflections can occur at fiber
connectors, fiber-cell joints (cell surfaces), and so forth and which would interfere with the

signal wave. These unwanted interferometric signals could be larger than the source and
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detector noises and might set a limit on the sensor performance. As shown in Fig. 3.9, the
first-order reflections are directly fed back into the source, thus we may assume they have no
effect on system performance when a proper isolator is used at the laser output port. The
second-order reflection (reflection caused by a pair of reflective points along the fiber),
however, can reach the photo detector and will affect the system performance. In the light
output of the system, in addition to a primary beam, many second-order waves resulting from
second-order reflections may exist. The second-order reflections can be divided into two
different categories: (1) reflection pairs across the cell, (2) reflection pairs before or after the
cell. We have consider only the first case. The second category can be considered in the

same way and similar results can be obtained [10].

—, Asaploncll T |
Reflection pts.// a, a,
Ist order reflected wave G—d’ > Signal wave

2nd order reflected wave

Fig. 3.9 Second-order reflection pairs in a single-sensor system

To study these interferometric signals, the laser light output can be represented with its

electric field as

E, (1) = [Io(l + ”Sinwt)]uz exp[jZJZ(V,_ot +V,, J;sin wudu)} 3.15)

When passing through the gas cell, the signal wave at the detector may be expressed as

E (t)=[1,(1+nsinwr)]* xexp[-a(v,o +v,, sinwt)CL]

) . (3.16)
x exp[ jZﬂ(th +v,, £sm coudu)]

where we have neglected the phase modulation term ¢(v) resulting from changes of
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refractive index of the gas sample because it is very small for low gas concentrations. The

magnitude of @(v) increases with gas concentration and interaction length. The signal
intensity can be calculated with 1(t)= <|E(tl2> and is given by Eq. (3.3). For the case (1),
reflection pairs across the cell, the reflected wave may be written as,

E@)=nn [10 (1+7sinw(t - r))]”2 X exp[— 3a(v,, +v,, sin ot - r))CL]

. (3.17)
x exp{ jZﬂ[vw (t-7)+v,, j: sin wudu]}

where r; and r; are the reflection coefficients of the two reflection points and 7 is the time
delay between the signal wave and the reflected wave. The total light intensity may be

written as
()= <[Es ()+E, (z]2> (3.18)

The total light intensity at the output detector, I(z), may be divided into three parts:

E,(t)2> , the

intensity of the signal wave <|Es (t]2>, intensity of the reflected wave, <

mixing term between the signal wave and the reflected wave. The intensity of the reflected
wave is of a smaller magnitude compared with the other two terms and may be neglected.
We consider only two terms: signal term and the mixing term (unwanted interferometric
signals), which induces errors in the measurement. The signal intensity is given by Eq. (3.16)

and the intensity of the interferometric signal may be expressed as

1,(t)=2Re(E, ()E," (1))

=2r, r, 1[I+ nsino(t - )] [t + psinwe]
x exp{- [3a(vw +v,, sinoft -7))+av,, +v,, sincot)]CL} (3.19)

d -
x cos{Zn[v T Vi, I sin wudu]}
-
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For low modulation frequency such as that used in our experiment (200 Hz) and the
limited time delay between the signal wave and the reflected wave, we may use the

approximation
[1+nsinalt - 2)]"*[1+ 7sinar]"? = 1+ psin or (3.20)
and for small gas concentration, i.e., a(v)CL << 1, we may assume
exp{- [3a(vw +v,, sina(t-7))+alv,, + v,, Sin a)t)]CL} =1 (3.21)
Hence, ,(¢) may be approximated as
1(t)= 2nr,1,(1+nsin a;t)cos[y/ +{¢'sin a)t] (3.22)

where w =2zv,,7and { =2av, 7.

In the derivation of Eq. (3.22), we assumed that sin(%) ~ % and w(t—%) =@t

for wr<<I1 and thus,

272V 1 fsin oudu = ¥ sin(g)zl) sin a)(t - %) (3.23)
3 P

4rv T .
x M| " |sin oot
® 2
={sinwt

By using Bessel functions, cos[w +¢'sin cot] in Eq. (3.22) can be expressed as

cosly + ¢ sinax]= cosylJ, (¢)+ 27, (¢ )eos 201 + 2, (¢ )cos 4et +-+-]

(3.24)
—siny[2J,(¢)sinwt +2J,(¢)sin3er + 2J,(¢)sin Seot + -]
According to the above expansion, the second harmonic of / n (t) can be found as
L0y ()= 21,1 [2cosy/ , (¢ Yeos 201 - 2y sinyd, (£ )sin 2] (3.25)
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For simplicity, we assume 7 =r, = r. Considering the fact that 77 <<l (as the Newfocus
6262 tunable laser with wavelength modulation of +14.3GHz, 7 is about 0.023), the second

term may be neglected. The relative measurement error &, due to unwanted interferometric

signal can be found by dividing 7, ,,, (t) by I, byasgivenin Eq.(3.9) and expressed as

_ 120y (1) _ 2IC°5WJ2(4)|
Oon == — =21 | karoCL | (3:26)

To determine the system sensitivity, the relative measurement error is set to be equal to 1.

We can obtain the minimum detectable concentration as:

‘/E'L I,(¢) (3.27)

ICmin |rms = kaa

where we have used the rms value of cos ¥ as % . For the case of reflection pairs before or

after the cell, the above solution of minimum detectable concentration is valid based on the

stated assumptions during the derivation.

Fig.3.10 shows the calculated minimum detectable concentrationlC limited by the

min Irms

unwanted interferometric signal as functions of the overall reflection coefficients #* and the

amplitude of wavelength modulation v, where reflections occur at the surfaces of the
GRIN lenses within the gas cell with a, =0.252cm’’, L=2.5¢cm, 7=1.67x 10"°sec, k and {are

the functions of the amplitude of wavelength modulation as stated in Eqs (3.10) and (3.22)
respectively. Fig. 3.11 shows the calculated minimum detectable concentration as the

function of the wavelength modulation amplitude v,, only with the reflection coefficient

of -40 dB. Examination of Eq. (3.27) and Fig.3.11 shows that the magnitude of the

interferometric signals depends on the Bessel function J,({). Hence, it may be possible in
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principle to eliminate the interference effects by choosing an appropriate amplitude of the
wavelength modulation. In practice, there might be multiple reflection points in the systems

that will reduce the possibility to set J,(¢)=0. From the simulation results in Fig.3.11, the
ICrinl,,, is around 60ppm with v, ~ 14.3 GHz. This simulated sensitivity is in good
agreement with our experimental result (75Sppm) as presented in Section 3.3.5. This good
agreement indicates that the sensitivity of our system is limited by the unwanted
interferometric signals due to reflections occurring at the gas cell. |Cmi,,]m can also be

reduced by increasing the modulation amplitude. This result may help to reduce the

measurement error in systems within multiple pair of reflection points.

Minimum detectable concentration (ppm)

= . -

oncoon.
%s{daj 300

Fig. 3.10 The calculated minimum detectable concentration limited by the
second-order coherent reflection as functions of the overall
reflection coefficients »* and the amplitude of wavelength

modulation v, .

53



Chapter 3 Single-sensor Gas Detection System

Minimum detectable concentration (ppm)

Vi s
0 5 10 15 P P

Amplitude of wavelength modulation (GHz)

Fig.3.11 The calculated minimum detectable concentration as the
function of the wavelength modulation amplitude v, with the

reflection coefficient of -40 dB.

3.5 Chapter Summary and Conclusions

In this chapter, gas detection using WMS technique with second-harmonic detection is
presented theoretically and experimentally. A single-sensor system is experimentally tested
and a sensitivity in terms of minimum detectable absorbance of 4.1x10™ /v/Hz is obtained.
The sensitivity limitations due to various noise sources are considered. Shot noise, thermal
noise, //f flicker noise and unwanted interferometric signals due to coherent reflections are
examined. We found that, for our system, the measurement error in gas concentration is
mainly due to the unwanted interferometric signals and set the limit to the system sensitivity.
In contrast, the sensitivity limitations due to the //f noise, thermal noise and shot noise are 2
and 3 orders of magnitude lower than that of the unwanted interferometric signals. The
performance of the system may be improved by using anti-reflecting optical components

such as angled connectors and GRIN lenses with AR-coating. The signal-to-noise ratio can
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be further enhanced by using a longer time-constant (smaller detection bandwidth) lock-in

detection and digital signal processing[11].
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CHAPTER4 PERFORMANCE ANALYSIS OF TDM SYSTEM

4.1 Introduction

Gas sensors based on wavelength modulation spectroscopy technique has demonstrated
practical absorption sensitivity of 10 in 1-Hz bandwidth. However, the commercial
acceptance of these sensors was poor due to complexity and high cost. The commercial
viability of this technique may therefore be enhanced if a number of sensors in an optical
fiber network can share the expensive components which dominates the costs.
Correspondingly, lower operational and maintenance costs per sensing point may be
achieved. For sensor multiplexing three important aspects should be considered: the sensor
principle, the network configuration and the sensor addressing technique. In practice, not all
configurations or techniques can be implemented for addressing certain type of sensors. The
feasibility of the systems may greatly depend on the principle of measurement. For example,
wavelength division multiplexing [1] is difficult to be applied on gas sensors based on
absorption spectroscopy due to the wavelength dependence of the gas absorption. In various
techniques of multiplexing, time-division is the most popular and straightforward technique
that can be used for the interrogation of gas sensors. In this chapter, a2 multi-sensor system
with time-division multiplexing is studied. The results of a theoretical investigation on the
performance of the system are reported in this chapter. An analysis of the performance as
limited by shot noise is presented in Section 4.2. Crosstalk caused by incoherent and
coherent effects due to the finite extinction ratio of the optical intensity modulator (switch) is
discussed in Section 4.3. Formulas that relate the crosstalk level to the extinction ratio of the
switch, the modulation parameters and the optical path difference between sensing channels
are derived. With real system parameters, the predicted performance of our experimental

system in terms of detection sensitivity and crosstalk are also given.
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4.2 General Description for the TDM Gas Sensor System

Fig 4.1 shows the simplified block diagram of a multiplexed gas sensor system. The
system uses time-division addressing and a forward-coupled ladder topology. For optical
pulse generation, light from the tunable laser source is modulated in intensity, through the
use of an external intensity modulator. The period and the pulse width can be adjusted by
changing the settings of the electrical pulse generator. Pulsed light is then coupled to the
input fiber bus and evenly diverted to the N gas sensors in the forward-coupled ladder array.
The splitting ratios of the distribution and recombination couplers are predetermined and are

given by [2]:
1

k,=—on— 4.1
7 N-j+1 1)

where k; represents the coupling ratio of the j-th coupler as indicated in Eq.(4.1), for

j=12,....N-1.
Intensity
Tunable modulator n
laser —
A
Pulse
generator

Photodetector

Lock-i

Second harmonic output

A1 abpa ,_Jj
Computer

Fig. 4.1 TDM gas sensor system

Here, the forward-coupled topology is preferred over the normal ladder array

configuration as it is more tolerant to the coupling ratios of the couplers required for
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balancing the sensor performance [2], With this topology, all the sensor signals pass through
the length of the array, and each sensor channel, consequently, experiences a similar loss. In
our system, it is assumed that the optical path differences between adjacent channels are the
same. 7 is the time-delay difference between adjacent sensors. If the period (7,) and width

(AT ) of the input optical pulse satisfy the conditions

T2 AT T 2Nt 4.2)

P

then the pulses from different channels can be distinguished in the time domain when they
arrive at the photodetector and can be separated by electronic switching after photodetection

(as shown in Fig. 4.2).

AT output signal dueto
h— optical power leskage
when the switch is OFF .
signal from
l sensor 1
1 . —_———m—————- > t
| |
! 1 T
| |
: : signal from
! v o 0 o sensor 2
1 1 AN
— ; —
| T I
| |
I |
| | signal from
| : ______ sensor 3
] >

Fig. 4.2 Pulse trains from different channels after photodetection.

With the implementation of the wavelength modulation technique, the pulse train from
a selected channel acts as an information carrier where the modulation signal as well as the
information on gas concentration is carried by the envelope. The useful signal can then be
extracted by lock-in detection of the pulse train at the second harmonic of the modulation

frequency with a lock-in amplifier.
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4.3 Shot-noise-limited Sensitivity

In this section, the detection sensitivity of the TDM system limited by the shot noise is

determined. We assume that the peak power of the input pulses is P, and the power loss

associated with cach individual sensor channel is the same and equals to ,. The peak
power of each received pulse will be a,zPo / N*. The average optical power for each sensing

a,’P, AT

channel and the total average optical power at the receiver will then be N T and

2
a, P, AT . . . .
’—N"—ﬁ‘— respectively. The shot noise current at the detector output is proportional to the

)
square root of the total average optical power at the photodetector. Assuming that an ideal
electric switch is used as the demultiplexer and that the electric switch is synchronized with
the optical switch, the root-mean-square (rms) amplitude of the shot-noise current, after

switching (demultiplexing), for each individual sensing channel may be expressed as [3]

, 2qRBalP, AT
s = ‘/"N—Z’T— 43
P

where R is the responsivity of the photodetector, ¢ is the electron charge and B is the
detection bandwidth. Consider a gas sensing system that uses wavelength modulation where
the laser wavelength is aligned to the center of the gas absorption and the second harmonic
signal is used as a measure of gas concentration, the rms value of the second-harmonic signal

current for an individual sensor may be written, using Eq.(3.11), as

2
b me = v2 Rhat,CL %50 AT (4.4)
2o NT T,
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where C is the gas concentration, L is the interaction length (the length of the gas cell), and &
is a constant as defined in Eq.(3.10) in Chapter 3. The gas absorption line is assumed to be
collision broadened with a Lorentzian shape and a, is the absorption coefficient for pure
gas at the center of the absorption line. The shot-noise-limited detection sensitivity using the
second harmonic detection technique can be obtained by setting the second harmonic signal
given by Eq.(4.4) to be equal to the shot noise contribution given by Eq.(4.3) and can be

expressed as

£ (4.5)

The optimal result is obtained when AT =7 and NAT=N-7=T , » and the

shot-noise-limited detection sensitivity can then be written as

a,CL N?

lig
VB k\Ra'P

(4.6)

Fig. 4.3 shows the simulation result of the shot-noise-limited performance as a function

of sensor number where the real parameters used in our system are substituted into Eq. (4.6).
The parameters are P,=1 mW, a,"=0.8, ¢=1.6x10"°C, R=1 A/W, a,=0.252cm, L=2.5cm.

For a sensor array with as many as 50 sensors, the detection limit is below 8 ppm/ VHz . ltis
clear that the sensitivity of the sensor array decreases as the number of sensors increases but
it is still within an acceptable limit for relatively large values of N. Of course, we will again
show that the shot-noise-limited sensitivity cannot be achieved due to other larger noise

factors.
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Minimum Detectable Concentration (ppm)
&
1
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Number of Sensors

Fig.4.3 The shot-noise-limited performance of the TDM system
as a function of sensor number.

4.4 Crosstalk and Noise Analysis

In practice, other noises may well exceed the shot noise level and set a limit to the
system performance. A major limiting factor for the system shown in Fig.4.1 is the crosstalk
between different sensors caused by the non-ideal optical switch (intensity modulator) used
for input pulse generation. A practical optical switch has limited extinction ratio, this is,
when the switch is in the OFF state, there is still a small amount of light passing through the
optical switch (see Fig.4.2). The extinction ratio [5], which is defined as thc ratio of the low

power level (P, when the switch is OFF) and the high power level (Py, when the switch is
ON), ie., a;=10log(P,/P,) [17], is of the order of -30 to -35 dB for a single

Mach-Zehnder type switch and can reach -60dB for a cascaded switch consisting of two
Mach-Zehnder interferometers [6]. In this section, we analyze the effect of this limited

extinction ratio on the performance of the multiplexed system.

Assuming that the wavelength of the laser is modulated sinusoidally at low modulation
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frequencies (e.g., less than 100 kHz), the laser light output electric field will be [7]:
E@t)= [10 (1+7sin (at)]"z exp[jZﬂ(th +v,, '[:sin wudu):l 4.7

where /, and v, represent, respectively, the average laser output power and the average

laser frequency. v,,is the amplitude of the frequency modulation and 7 is an intensity

modulation index. @ is the angular frequency of the modulation.

Assuming a square pulse amplitude modulation with an extinction ratio «?, the electric

field after the optical intensity modulator may be expressed as

E@)=[1,(1+nsine)]"? exp[ j27r(th +v,, J: sin wudu)] (4.8)

1 for mT, <t<mT, +AT, switch ON
* a, exp(jop) for mT,+AT <t<(m+1)T,, switch OFF

p?

where m=0,1,2,.... and ¢ is a phase difference between the ON and the OFF states that is
caused by the optical switching [5]. The insertion loss of the switch has been omitted in the

analysis as it can be regarded as a reduction in the input power.

The output electric field from the sensor array will be a summation of electric fields

from all the individual sensors, i.e.,
N
E,()=) E,(t) 4.9)
i=l

with E, (t) givenby
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E, @)= %[10 (1 +7sino( -ir))]"* xexp[-a(v,, +v,, sinw( - ir))C,L]

| (4.10)
x expli j27t(VL0 t-it)+v,, J:Hr)sin a)udu)} x expljo, (1)]

1 Jor mT, +itr<t<mT, +it+AT, switch ON
X
a, exp(jg) for mT, +it+AT <t<(m+1)T, +it, switch OFF

where a(v)is an amplitude absorption coefficient of the gas and ¢,(¢) is a random time
varying phasor that is due to changing environment. Under atmospheric pressure, the gas
absorption line is collision broadened and the line shape is given by the Lorentzian
distribution. The gas absorption also induces refractive index changes and therefore phase
changes of light wave when it passes through the gas cell. However, under the condition of
low gas concentration such that a(v )CL << 1, the phase variation caused by gas

absorption can be neglected.

In the following, we look at the demultiplexer output corresponding to channel i and
study the performance limitation of channel i (sensor /) caused by crosstalk from other

sensors. To simplify the analysis, we use the following approximations:

nsino(t —it)=nsinot 4.11)
alv,, +v,, sino(t -it)) = a(vw +v,, sinwt) (4.12)

These approximations are useful in simplifying the analysis, and will be accurate for
iwr <<n/2, i=1,2...N-1. This approximation will set an upper limit on the delay time (or
maximum optical path length difference) allowed between individual sensors. For low
frequency wavelength modulation, the optical path length difference allowed for satisfying
this condition (iwr <<n/2) can be very long. For example, in our experiments, the
modulation frequency is less than 2kHz. Assume (N-/)w7r < /10 (18 degree), for f~2kHz,
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we have (N-1) 7 =1/(20f) < 25ps, corresponding to fibre length of Skm. This is significantly
larger than the maximum path length difference (between the first and the last sensing
channel) occurring in our network and may be already longer than the coherence length of

the light source.

Using the above approximation, Eq.(4.10) can be expressed as

E,(t)=~ %[Ia (1+nsiner)]’? xexp[-a(v,, +v,, sinar)C,L]
. (4.13)
X exp[ j27r(vw (t —i 2’) +V, E Hr)sin a)udu)] X exp[/'(p,. (t)]

1 Jfor mT,+ir<t<mT, +ir+AT, switch ON
* a, exp(jip) for mT, +it+AT <t<(m+1)T, +iz, switch OFF

The light intensity output from the sensor array can be calculated from Eqs.(4.9) and

(4.13) and may be divided into four categories:

the signal light intensity of channel i, I, (t)= <|E,-,, (t12>;

e the light intensities from other channels (incoherent crosstalk), / ine ()= Z<IE o (t12>

where j=1,2,---N(j#i);

e terms of mixing between the electric field of channel i and the other channels (first order
coherent crosstalk), 7, (c)= 22 Re<E,.o (t)-E ja'(t)> where j=1,2,---N (j #i) and

“Re” represents the real part;

e terms of mixing between the electric fields from channels other than channel i
(second order coherent crosstalk), i.e., Ii_co_z(t)=ZZRe<Emo(t)-E,m'(t)> where

n =1,2,---N( m>nm#in ¢i).
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Assuming that an ideal electric switch is used and synchronised with the input optical

switch, the demultiplexed output for the sensor i will consist of the light signals only within

the time interval, mT, +ir<t<mT , +it+AT . The light signal within this time slot

includes the four categories mentioned above. The signal intensity of channel i within this

time interval may be expressed as

1,0 =(E,0f)

2
= %Iu (1+nsinwt)x exp[- 2a(v,, +v,, sinw?)C,L]

4.14)

With the second harmonic taken as the output signal, for low gas concentration such that

a(v)CL << 1, the average signal intensity can be obtained from the above equation and
the second-harmonic signal is expressed, using Eq.(3.9), as

a2
L2 =2ka,C,L—E ], (4.15)

4.4.1 Incoherent crosstalk

The incoherent crosstalk is due to the optical power leakage from other channels to the

channel that is measured. The incoherent crosstalk may be expressed as

L e () = i <|Ejo(t)l2>

jebjwi
(4.16)
al N
~a; le L,(1+psinor)x Zexp[— 2a(v,, +v,, sin a)t)CjL]

j=L =i

The second harmonic amplitude of the incoherent crosstalk can be obtained from
Eq.(4.16) by neglecting the effect of intensity modulation and the effect of gas absorption,

and can be expressed as
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N 2
[, 30 e () = 2kaa( Y, ]Laf %’—21,, (4.17)

J=l,j#i

By setting the signal given by Eq.(4.15) equal to that given by Eq.(4.17), we obtain the
detection sensitivity in terms of minimum detectable gas concentration limited by incoherent

crosstalk (signal-to-noise ratio of 1) as

[Ci.min ],-,,c = aez ZN:CJ = a: (N - l)Cmax (418)

j=lj=i
where Cya. represents the upper limit of gas concentration. Above this limit, alarm signal

will be given. For simplicity, we assume that they are the same for all the sensors. The

minimum detectable gas concentration limited by incoherent crosstalk increases linearly with

sensor numbers and is proportional to the extinction ratio a’: . Fig. 4.4 shows the sensor

performance limited by the incoherent crosstalk.
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Fig. 44  The incoherent crosstalk level of TDM ladder sensor array.

Assuming that the maximum measurable gas concentrations for all the sensors in the

array are the same and Cp. = 5%, for a commercial available single Mach-Zhender type
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intensity modulator with the extinction ratio of -30 dB (lee2 =10), crosstalk of below 1000

ppm can be achieved with the maximum sensor number of 20. For double Mach-Zhender

type intensity modulator of extinction -60 dB, the detection limit can be as small as 2 ppm.

It should be mentioned that the measurement error due to incoherent crosstalk is not
random and in fact has a fixed relation (Eq.(4.17)) with the gas concentrations from other

channels. It may therefore be corrected by using the measured gas concentrations.

4.4.2 First order coherent crosstalk

The first order coherent crosstalk is due to the coherent mixing between the signal wave

and the leakage from other channels and may be expressed as

Ies(0)= 23X Re(E, (- E,," ()

2
=2a, %’2—10(1 +775in @t )x ZN:exp[— a(v,o +v,, sinwi)C, + C, )L]

j=h i

X cosl:27z(v,_o i~jr+v im f_-: sin a)uduJ + ¢]

a} : N .
~2a, FIO (1+nsinwt)x Zexp[— a(v,o +v,, sinwt)C, + C, )] 4.19)

Jj=lj=i
xcos|p, . +&,; sinwt + ¢]

where ¢ =2av,(i- jlr+0,()-0,(), (4.20)
o= Vi o @i 4.21)
) w 2

The second harmonic of 7, ,, can be derived from Eq.(4.19) and expressed as
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2
a
Ii.Zn).co.l (t) = zae N_lzl

4

2cos(¢i'j +@)J, (¢,,)sin2w 4.22)
X Z + VSin(¢i,j + ¢)[JI (g[,j) =J3 (gl,j)]cos 201
j=l,jzi
-2ka,(Ci+C))L [Jo(§ A= Ja(S, ,»)]cos(¢,., ;T P)sin2wt

where J,, J), ..., Jsare Bessel functions of the first kind. The three terms in the brackets in
Eq.(4.22) may be regarded as having different origins. The first term is directly caused by the

interferometric effect, the second term is proportional to the intensity modulation, and the

third term is proportional to gas concentrations. All these three terms are functions of )

ij?
that vary randomly with environment, and therefore set a limit to the detection sensitivity of

the system.

By setting the signal given by Eq.(4.15) to the noise amplitude given by first term in
Eq.(4.22), we can calculate the detection sensitivity set by the first order direct

interferometric effect:

[Coma L =222 3 12, c0s(6,, +9) (4.23)

ka,L ;575

As ¢, includes a random time-varying phasor ¢,(t)~¢ (1), it is logical to take the rms

value of the l,Ci.min L}_, ,1e,

[Comal, J2a, Y I, (4.24)

ka,L\ ;57
The detection sensitivity limited by the intensity-modulation factor can be obtained in a
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similar way by the use of Eq.(4.15) and the second term in brackets in Eq.(4.22) and is

expressed as

[Ci.min ]w'|‘,-m, = \/_5%\/ Z[ Jl (;,_,) _‘IJ (gi,j )] : (425)

jelj=i

The detection sensitivity set by the gas-concentration-related crosstalk can be obtained

by use of Eq.(4.15) and the third term in brackets in Eq.(4.22) and expressed as

[Cominl, . SV20, cm\/ I )V )] (4.26)

J=lj#i
where C; tend to zero for the system performing low gas concentration measurement.

Now, the Eqs. (4.24), (4.25) and (4.26) can be used to evaluate the sensitivity limits as
set by the first order coherent crosstalk. Fig. 4.5 shows the system sensitivity limited by the

direct interferometric effect as a function of the time-delay difference between adjacent

channels (calculated from Eq.(4.24)) with a,=0.252, L=2.5cm, k=0.34, a=400m, vi,=14.3

GHz and @,=0.031 which corresponds to an extinction ratio of -30dB. The upper, middle
and lower curves in the figure correspond to the results for the sensor numbers, N, of 100, 20
and 3 respectively. Obviously, the performance can be greatly improved by increasing the

delay between sensors. These results are expected because, the modulation index as

ij

defined in Eq.(4.21) can be approximated as ¢ . 2 27v,, (i— j)r. An increase in 7 will

increase the value of ¢, and would in general result in a decrease in J(¢ .;)- When the

high frequency modulation is used (e.g. 100 MHz), the above approximation may not hold

and ¢,  may vary periodically with increasing time delay because of the sinusoidal function
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in Eq.(4.21). From the simulation, for ae2= -30dB and N =100, the minimum detectable gas
concentration is around 1800 ppm with the time delay of 300ns. It can be further reduced to

60 ppm by using a double Mach-Zhender intensity modulator (oze2 = -60dB).

x 10

2 L 13 L
— N=3
18} — N=20 [
N=100
16F g
1.4 ]
124 .

Minimum detectable concentration {(ppm)

0 50 100 150 200 250 300 350 400 450 500
Time delay between adjacent sensors (ns)

Fig.45  Minimum detectable gas concentration calculated from Eq.(4.24)
versus the time delay between sensor channels for N= 3, 20 and 100
respectively.

Apart from the direct interferometric effect, the system performance may be limited by
the other two factors, the amplitude-modulation-effect and the gas-absorption-related effect,
as stated in Eqs. (4.25) and (4.26). The simulation results are shown in F ig. 4.6 and Fig. 4.7
respectively. Similar characteristics as that for the direct interferometric effect are obtained,
except the magnitude is much smaller. They also can be reduced by increasing the time delay

between the sensors.
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Fig. 4.6

Fig. 4.7

Minimum detectable concentration (ppm)
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Minimum detectable gas concentration limited by gas-absorption
effect and calculated from Eq.(4.26) versus the time delay between
sensor channels for N = 3, 20 and 100 respectively.
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4.4.3 Second order coherent crosstalk

Second order coherent crosstalk is caused by the mixing of signals from the channels

other than that we wish to measure. It can be expressed as

L) =23 Re(E,,, (1) E,,' (1))
2 N N
~2a,’ %IU (+7sinwt)x Y Y expl-alv,, +v,, sinwr)C, +C,)L]

m=1,m#i n>m,n#i

(4.27)

":sinwudu) +¢,(0)-0, (I)J

X cos[Zfr(vw (m- n)r +V,, I

2 0 2 Y Y .

2, —L1,x ) Zcos[cﬁm +¢, . sinmt)
N m=1,m#i n>m,n#i

In the above equation, we have neglected the effect of intensity modulation and the effect of

gas absorption, as they are much smaller compared with the direct interferometric effect. The

second harmonic of the crosstalk may be written as

I L f icos¢ Jo(¢ .. Jeos 20t (4.28)
i20,c0,2 e Nz o mnY 2\ mn .

m=1,m&i n>m,n#i

The detection sensitivity limited by the second order coherent crosstalk can be obtained by

use of Egs. (4.15) and (4.28),

2 2 N N
V2a, x| > Y, (4.29)

aokL m=lmzi n>mni

[Ci.min ]m‘z',.m

Comparing the second-order with the first-order coherent crosstalk, the second-order
crosstalk effect is proportional to @, instead of a,; however, there are (N2 -3N +2)/2
terms for the second-order effect instead of N terms for the first-order effect. F ig. 4.8 shows

the minimum detectable gas concentration limited by the second-order effect as a function of
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time-delay differences between adjacent channels. The minimum detectable gas
concentration for N = 100 is about 540 ppm with 7= 300ns, v,, = 14.3 GHz, a,’=1x102,

k=0.34 and L = 2.5 cm. It is about 3.4 times smaller than the first-order crosstalk.
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Fig. 4.8 Minimum detectable gas concentration limited by second-order
coherent crosstalk as stated in Eq.(4.29)) versus time-delay
difference and number of sensors.

4.5 Other Considerations on System Performance

In section 4.4, the mathematical model of signal transmission within the sensor network
was developed. Predictions on the system sensitivity in terms of inter-channel crosstalk and
the crosstalk-induced noises were given. The simulation results show that the system
performance is severely limited by the extinction ratio of the optical intensity modulator
(switch) used for pulse amplitude modulation. In practice, the system performance could be
much better than the theoretical prediction using the above model. The reasons are as

follows.
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4.5.1 Low-pass filtering
From the equations in Section.4.4, it can be seen that the minimum detectable gas
concentration is always proportional to cos(g, ;T9) where ¢, consists of the phase

difference between the light signals from channel i and channel j and a random phase change.

After taking the rms value of the equations, such as Eq.(4.23), [cos(¢,.,j+¢)Jm would be

equal to l/ V2. In practice, if the laser wavelength (frequency v,,) is scanned linearly
across the gas absorption line, cos(g, ;1#) would vary periodically with time. If the time

delay 7, is sufficiently large that variation of phase in the cosine term is over many times of

7z, cos(@,;+ @) would vary much faster than the absorption signal and can therefore be

removed by using a low pass filter. This indicates that sensitivity could be enhanced by
combining the wavelength scanning with the use of a low pass filter. With harmonic

detection, the lock-in amplifier may be regarded as a narrow band-pass filter. Hence, the

sensitivity-limited factor related to the cosine term may be much smaller than 1/ J2.
Simulations show that the value of cos(@,; +¢) may be reduced 30dB for a 1Hz detection

bandwidth[8], giving a minimum detectable gas concentration due to unwanted
interferometric effect of 1800ppm/1000=1.8ppm/+Hz for a 100 sensor network with a pulse

modulation of 30dB extinction ratio.

4.5.2 Polarization effect

In section 4.4, we have actually assumed that the polarisation states of different sensor
channels are the same. In practical systems using single mode optical fibers, the polarisation
states in different channels may be different and may change randomly with environmental

disturbances. The effect of the different polarisation states is to reduce the magnitude of the
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mixing terms as given by Eqs. (4.24) and (4.29), which in turn reduces the magnitude of the
coherent crosstalk. A factor cosg,; (i,j=1,2,N,i= j) may be inserted into the
equations, to account for the polarisation effect. Here g, ; represents an angle between the

polarisation vectors of channel i and channel j. If we assume @;; varies randomly and

independently with one another, the RMS value of the lower detection limit given by Egs.

(4.24), (4.25), (4.26) and (4.29) should be multiplied by a factor of 1/+/2.

4.5.3 Coherence of light source

In the mathematical derivations, we have also assumed that the source coherence length
is very long, longer than the optical path difference between the first sensing channel and the
last sensing channel. In practice, the source coherence is limited. However, the external
cavity laser diode used in our experiment has a linewidth of 300 kHz corresponding to a
coherence length of 666 m. Coherence control [9] may be implemented in order to degrade
the coherence of the laser source. For the case of limited coherence length, not all the signals
from other channels can induce the coherent related crosstalk. Thus, the coherent crosstalk

should be reduced compared with the case of infinitely long coherence length.

4.6 Chapter Summary

The performance of a TDM addressed gas sensor array of forward ladder topology has
been theoretically examined. It has been found that the system performance strongly depends
on the extinction ratio of the optical intensity modulator used. From the simulation results, it
can be seen that the minimum detectable gas concentration is mainly limited by the direct

interferometric effect of the first order coherent crosstalk. It sets the limit of around
1800ppm with the time delay of 300ns for aez= -30 dB and N = 100. The minimum

detectable gas concentration of 50 ppm may be achieved by using a double Mach-Zhender
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intensity modulator (ae2= -60 dB). By using proper filtering techniques, the unwanted

interferometric signals can be further reduced to 1.8 ppm fora,2= -30 dB and N = 100. This

value is even smaller than that of a single-sensor system in which the performance is limited
by the coherent reflections occurring within the gas cells as discussed in Section 3.4.3. In
fact, some practical considerations listed in Section 4.5 were not accounted for in our
simulations. The predicted performance of the system would thus be the worst case and

further enhancement is possible.
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CHAPTERS EXPERIMENTAL IMPLEMENTATION OF TDM GAS
SENSOR SYSTEM

5.1 Introduction

In Chapter 4, we reported the results of our theoretical investigation on the TDM gas
detection system using a forward-coupled ladder array topology. It was found that the system
performance is limited by the extinction ratio of the optical intensity modulator. The
measurement error caused by the induced (or leakage) signals from other channels can be
classified into two categories: incoherent crosstalk and coherent crosstalk. The measurement
error due to incoherent crosstalk is the sum of the light intensity leaked from other channels
where, for a particular channel, fractions of the gas concentration signals from other sensors
are detected. This type of crosstalk does not vary with the environment and the portion of
signal leakage between the channels is determined by the extinction ratio of the optical
switch. In contrast, the coherent crosstalk would cause fluctuation of signal power which is
named as “unwanted interferometric signal” in Chapter 4. The fluctuation is nearly random
in nature with unpredictable environmental variations. It may contribute noise to the system.
The influence of coherent crosstalk on system performance strongly depends on the
signal-extraction (demodulation) method used after photodetection. These two categories of
measurement errors, i.e., crosstalk and signal fluctuation are experimentally investigated
with a three-sensor TDM array. The maximum number of sensors that could be multiplexed

is determined by the power budget analysis and is also reported.

5.2 Experimental Setup

Fig. 5.1 shows the three-gas-sensor system using time division addressing with a

forward-coupled ladder array. This system is the same as the system proposed in Chapter 4
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but with N = 3. An external cavity tunable laser (New Focus Model 6262) was used as the
source of the system. The laser wavelength was coarsely tuned to an absorption line around
1530.37 nm and modulated sinusoidally to apply the WMS technique with second harmonic
detection. The rms value of the second harmonic (2f) signal current for an individual sensor
is expressed as 2k a ,CLI, where a, is the absorption coefficient for pure gas at the center
of the absorption line, C is gas concentration, L is the length of gas cell and I, is the average
optical power corresponding to each sensor. The & value is defined as Eq.(3.10) in Chapter 3
which is a function of x where x is the modulation index and is equal to the ratio of the
wavelength modulation amplitude over the linewidth of the absorption line. The 2f signal
was found to be maximized when the wavelength modulation signal was set to an amplitude

of 0.85V,.ms which corresponds to about 2.2 times the linewidth of the absorption line.
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Fig. 5.1  Experimental setup of the three-sensor system using
time division addressing

The light from the tunable laser source was pulsed by using a single-polarization

intensity modulator. A polarization controller was used before the intensity modulator for
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optimizing the launched power. The pulse width was fixed at 200 ns and the repetition rate
was set as 500 kHz. The pulse width and the repetition rate can be adjusted by changing the
pulse generator settings. The optical path difference between sensors is 60m long which
gives a 300 ns delay. The splitting ratios, k) and k;, of the couplers are chosen to be 66:33 and
50:50 respectively (according to Eq. 4.1) in order to balance the power level from the three
Sensors.
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Fig. 5.2 Pulses from the three channels after photodetection. (a) within
one period, (b) within ten periods
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Fig. 5.2 (a) and (b) shows the pulses from the three channels after photodetection in one
period and multiple periods respectively. An electronic switch is then used to separate the
pulses from the three sensors after a DC-coupled photodetector. The switch is controlled by
the synchronized pulses from the pulse generator with proper delay which is adjustable and
depends on which channel would be measured. An AC-coupled detector used before the
switch would cause large crosstalk between the sensors [1] and will be discussed in the next
section. The pulse train from a selected channel at the detector output was then loc'k-in
detected at 2f with a DSP lock-in amplifier (Standford Research System SR830) which was
connected to a personal computer through the IEEE-488 interface [2] for data acquisition.

The computer user interface for the TDM system is shown below (Fig.5.3).

tn  GAS DETECTION SYSTEM CON TROL

lveaale
YOLTAGE
135

F1g 5.3 User interface of the computer control program for the TDM gas sensor
system.

The time constant and the filter slope of the lock-in amplifier were set to 300ms and

18dB/oct respectively. As for the single-sensor system, unwanted background signal
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(baseline) exists in the measured spectrum due to the output power variation of the external
cavity tunable laser with wavelength tuning. Again, the background signal (baseline) can be

suppressed by using off-line data subtraction.

5.2.1 Problem found with the use of AC-coupled photodetector

In fact, we did our first time-division multiplexing experiment with the experimental
setup shown in Fig. 5.1 but with an AC-coupled photodetector. It has been found that the
configuration using an electronic switch after the AC-coupled photodetector is not suitable
for our system. Fig. 5.4 shows second harmonic output of the lock-in amplifier
corresponding to gas sensor 2 when the laser wavelength was tuned from 1530.15 nm to

1530.65 nm. A two-sensor system has been assumed to make the case understood.

Signal level (arbitrary unit)

1530.15 1530.3 1530.45 1530.6
Wavelength (nm)

Fig.54 Second harmonic signals from sensor 2 obtained with the configuration
of using an electronic switch after the ac-coupled photodetector.

Trace (a) shows the second harmonic background signal detected when there is no

acetylene in all the two sensors. Trace (b) shows the second harmonic signal when sensor 2
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was filled with 9344 ppm acetylene and no acetylene in sensor 1. Trace (c) shows the second
harmonic signal when gas sensor 2 was filled with the same concentration of acetylene (9344
ppm) and sensor 1 filled with 95% (950000 ppm) acetylene. Clearly, the signal
corresponding to sensor 2 is significantly affected by the crosstalk from sensor 1. This is
because that the AC-coupled photodetector filters out the DC-component and the original
non-negative pulse waveform as shown in Fig. 5.2 will be down shifted resulting in a
‘negative’ offset. The magnitude of the "negative”" offset is directly proportional to the
average power received by the photodetector. The change of the gas concentration in sensor
1 affects the pulse amplitude and thus the average power level at the detector and therefore
affects the offset at the detector output. As the amplitude of the pulses from sensor 1 was
modulated due to the wavelength modulation applied, the average power at the photodetector
and therefore the "negative" bias after the AC-coupled photodetector were also modulated.
The second harmonic of the offset signal is of the same characteristics as the signal from
sensor 1 but 180° out of phase due to the "negative" nature of the offset. The results shown
in Fig. 5.4 agrees with the previous theory that the AC-coupled photodetector is not suitable

for TDM system if an electrical switch is used after photodetection [1].

With the use of AC-coupled photodetector, an alternative technique to minimize the
offset-related crosstalk from other channels is to use an optical switch before the AC-coupled
photodetector. This scheme is shown in Fig. 5.5. For this configuration, the sensor
demultiplexing was achieved by applying the delayed pulses directly on the optical switch.
The optical switch allows only the pulses from a selected sensing channel to reach the
detector thus minimizing the offset-related crosstalk caused by the AC-coupled

photodetector.
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Fig. 5.5 Demultiplexing configuration with an optical switch before
the AC-coupled photodetector

An experiment was conducted with this configuration and the best sensitivity obtained
is similar to that obtained from using the electric switch and DC-detector configuration. The
stability of the system is however poor due to random variation of the polarization state
within different channels. The polarization dependence of the power transfer characteristic of
the Mach-Zehnder modulators (switch) would cause varied insertion losses for the light
pulses reaching the photodetector from different sensing channels. It is anticipated that this
problem can be solved by the use of polarizations-preserving fiber [3,4] or polarization

masking [5].

5.2.2 Drift of transfer function of the intensity modulator

The function of an electro-optical intensity modulator is to convert an electrical signal
to an optical intensity variation. Lithium niobate-based [6] intensity modulators are the most
common devices for this purpose. However, the working point of lithium niobate modulator
can drift with time. Fig. 5.6 shows the transfer functions of the modulator which is used in

our system.
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Fig. 5.6 Modulator transfer functions

The x-axis represents the bias voltage (modulation voltage), and the y-axis shows the
optical output power in dBm. The transfer function is a sine function. The DC bias voltage,
at which the modulator is working, determines the attenuation and the linearity of the
modulator’s optical output signal. The voltage difference from Vpeak (~ 2.7 V) to Vo (~-1.2
V) is called ¥ of the modulator. This is the voltage required to switch the optical output
from the maximum to the minimum intensity. When the modulator works as a switch, the
modulator is operating at Peak or Null point, as a result, the modulator will switch the optical
signal on or off.

As shown in Fig. 5.6, the drift of the transfer function causes the extinction-ratio
degradation of the modulator when it is used as a switch. A modulator bias controller,
therefore, may be needed to lock the operating point to a desired point on the transfer

function if long term stabilization is required.
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5.3 Performance of the Experimental TDM System

The system performance of the three-sensors system is determined by considering the
sensitivity of an individual sensor and the crosstalk between the sensors. The sensitivity of
the system is limited by various kinds of noise such as the power fluctuation of the tunable
laser, shot noise, thermal noise and environmental noise. Unwanted interferometric signals
(noise) is also cited as a key performance-limiting factor especially for a multiplexing optical
network. To measure the sensitivity of the system, the 2f signal for a particular sensor was

recorded when the laser wavelength is scanned across the gas absorption line repeatedly.
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Fig. 5.7 Maximum second harmonic signal with 9344 ppm acetylene
for sensor 1.

Fig.5.7 shows the maximum second harmonic signal of sensor 1 detected for each scan
when the gas concentration in sensor 1 varied from 0 to 9344 ppm. The signal-to-noise ratio
was calculated by using the second harmonic signal and its standard deviation corresponding
to 9344 ppm acetylene and was found to be about 62. The minimum detectable concentration

was calculated to be 81 ppm/vHz with the 25mm-long gas cell which corresponds to a
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minimum detectable absorbance of 4.436x10/+/Hz . It is very close to the result obtained
from the single-sensor system. Hence, we may conclude that the system sensitivity or
minimum detectable concentration is not limited by the inter-channel crosstalk where the
noise due to coherent crosstalk may be suppressed by combining the wavelength scanning
with the lock-in detection in which the low-pass filtering technique would greatly reduce the

unwanted interferometric signals.
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-+ Trace A
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2nd Harmonic Signal (arbit. unit)
N

-4 N L L L
1529.8 1529.9 1530 1530.1 1530.2

Wavelength (nm)

Fig. 5.8 The second harmonic signal of sensor 3 measured with the
lock-in amplifier.

The crosstalk performance of the system was evaluated by filling gases of different
concentrations and monitoring the output from a particular sensor. Fig. 5.8 shows the results
of the 2f-detected signal corresponding to gas sensor 3 where the gas cell 3 is filled with
9344 ppm acetylene under 4 different conditions. Trace (a) no acetylene filled in sensor 1
and sensor 2; Trace (b) sensor 1 is filled with 95% acetylene and no acetylene is in sensor 2;
Trace (c) sensor 2 is filled with 95% acetylene and no acetylene in sensor 1; Trace (d) 95%

acetylene is filled in both sensor 1 and sensor 2. From the results, the gas concentration
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measured with sensor 3 increased about 940 ppm due to either sensor 1 or sensor 2 being
filled with 95% acetylene. Thus, the crosstalk level between the sensors is estimated to be
-30dB. It is consistent with the extinction ratio (~ 32 dB) of the Mach-Zehnder switch used
in our experiment and agrees with the theoretical predication as given in Eq. (4.18). The use
of an intensity modulator with a higher extinction ratio such as an AOM [7,8] or a double

Mach-Zehnder type modulator should reduce the crosstalk level.

5.4 Multiplexing Capacity

The motivation of sensor multiplexing is to address a large number of passive sensors
from a single transceiver unit in order to reduce the cost per sensor. Higher multiplexing
capacity of an optical sensing system can improve the competitiveness compared with
conventional technologies. Power budget is always used for determining the maximum
number of sensors which can be multiplexed. The power budget analysis for our system is
presented below. The maximum input power (the peak power of the pulse, P,) launched into
the sensor array after the intensity modulator with the tunable laser is about 0 dBm. The
minimum noise-equivalent power (NEP) of the photodetector used is specified as
2.5pW/ VHz . As the time constant of the lock-in amplifier is set at 300 ms which is defined

as Lizf , the detection bandwidth, f, may be regarded as 0.53 Hz which gives a minimum

detectable power of -87.4 dBm. Assuming that the repetition rate of the pulses is adjusted to
maximize the average power level at the photodetector (N7=T, p) and a dynamic range of 20
dB is reserved to account for the absorption process, the maximum power loss allowed for

the sensor array should then be -67.4 dB. The peak power of each received pulse after
passing through the sensor array is equal to P,/ N’ where N is the total number of sensors,

in which only power splitting reduction due to the coupling ratio of the couplers is accounted.

Hence, the loss may be regarded as 10 log (V) dB. In practice, additional loss should be
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included to account for the coupler and splice excess losses and the insertion loss of the gas
cell. In our system, the gas cell insertion loss is 1 dB and an additional 0.3 dB loss per
sensing channel due to the excess losses of the couplers and splices. Hence, at the worst case,
the total loss of the pulse power can be expressed as [-10 log (V?) - (0. 3xN) -1]1dB. Fig. 5.9
shows the relationship between the minimum power requirement and the theoretical peak
power of the pulses after passing through the sensor array as a function of sensor number, N.
According to the analysis, using a light source of ImW, a maximum number of 90 sensors
could be multiplexed with time division addressing and the forward-coupled ladder array

topology.
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Fig. 5.9 The relationship between the minimum power requirement of the
photodetector and the theoretical peak power of the pulses as a function
of sensor number, N.

5.5 Chapter Summary

We have reported the experimental performance of the time-division multiplexed
three-sensor system with a forward-coupled ladder topology where quantitative measurement

of gas concentration based on wavelength modulation spectroscopy (WMS) is demonstrated
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by applying low-frequency wavelength modulation to the external-cavity tunable diode laser.
The tunable laser operating at 1530nm region is used to detect acetylene (C;H,). The system
uses single pass absorption cells of 2.5cm long and have demonstrated sensitivity of 81
ppm/ JHz corresponding to the minimum detectable absorbance of 4.44x10°%//Hz . The
crosstalk between the sensors was found to be -30 dB by use of a single Mach-Zehnder
intensity modulator. Power budget analysis shows that a sensor network consisting of 90
sensors could be realized with the same multiplexing topology. It can be used to realize

low-cost, multi-point gas detection.
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CHAPTER 6 FMCW MULTIPLEXING OF GAS SENSORS

6.1 Intreduction

This chapter studies the use of Frequency Modulated Continuous Wave (FMCW)
technique for multiplexing fiber-optic gas sensors. FMCW technique has a very long history,
but in the past its use has been limited to certain specialized applications, such as radio
altimeters [1] and radar ranging [2-4]. With the development of the optical waveguide, this
technique has been employed in fiber-optic systems for different applications. The FMCW
systems are mainly characterized by their way of signal detection, i.e. coherent or incoherent.
The basis of coherent FMCW systems is the interferometric mixing of two optical signals
originating from the same source for which modulation of light frequency is performed. This
scheme is commonly used in optical reflectometry [5,6] and interferometric sensor
addressing [7]. In our system, the incoherent detection scheme is chosen since it performs
with better immunity to external disturbances especially for the case of remote sensing where
long optical paths may be involved. In this scheme, the light intensity is modulated in radio
frequency and the two signals from the same source, one of them delayed, are electrically
mixed. The operation principle of incoherent FMCW for sensor multiplexing and the
mathematical formulation of the beat note will be presented in Section 6.2. Gas sensors
multiplexed with FMCW technique and using wavelength modulation spectroscopy (WMS)
will be introduced in Section 6.3. Although, FMCW technique gives the advantage of better
power utilization, poor channel isolation may cause large unwanted interferometric signals
(noise) and hence reduce the system sensitivity. The modulation characteristics of the
unwanted interferometric signals are critically important and they are investigated in Section
6.4. Methods for minimizing the effect of the unwanted interferometric signals are presented

in Section 6.5. The effect of non-zero sidelines of the FMCW technique on the system
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performance is investigated in Section 6.6. Finally, a chapter summary will be given in

Section 6.7.

6.2 FMCW Principle

The principle of FMCW technique is well known [2]. The frequency modulation for
FMCW can take many forms. Linear and sinusoidal modulations have both been used in the
past. For sensor multiplexing, FMCW using triangular (linear) frequency sweeping
modulation is chosen because of its better side-line suppression as compared with sinusoidal
or sawtooth modulations where finite flyback time and ramp overshoot may occur. Fig. 6.1(a)
shows the basic operation of FMCW technique where two signals originating from the same
linearly chirped source are electrically mixed or made to ‘beat’ together by the use of an
electrical mixer. The solid line represents the instantaneous reference frequency, varying with
time in a triangular function. The broken line represents the same waveform which have been
subjected to a delay 7 caused by propagation along an optical fiber. The instantaneous

difference, or beat frequency, f,, is shown in Fig.6.1(b).

It is clear from the illustrations that the value of the beat frequency J, depends on the

delay 7 for agiven frequency deviation, Af, and a modulation period T, as follows

fi=2.0.Y (6.1)

5

Hence, if the sensors in a network are assigned with different delays, they can be
distinguished in the frequency domain. The information corresponding to each sensor is

placed on the signal carrier (output of the mixer at corresponding beat frequency).
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Fig 6.1 Basic principle of FMCW technique

6.2.1 Mathematical formulation of the beat note

In general, to study the characteristic of the output signal from the mixer, signal inputs
represented in terms of amplitude and phase will be used in the following derivation. The

instantaneous angular frequency (as shown in Fig. 6.1),®,, is given by the following set of

expressions:
-T
o, s (6.2)
a)o—éal+2t,,A—w, 0<t,,$£
2 A 2
where ¢, =t-nT and n=1,2,3,....; Aw (= 27Af) is angular frequency excursion. The

phase of the chirped signal is expressed as

0= [o,() dt 63)
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If two signals ¥, sing,and V, sing, arc considered, where ‘» refers to reference
wave and ‘s’ refers to signal wave with propagation delay, the resulting signal due to the
mixing of ¥;and ¥, will contain a d.c. term, and a product term G-V, sing, -V, sing, ,
where G is the conversion factor of the mixer. The d.c. term is not related to the time delays
between the signals and will therefore not be considered here. The product term may be

rewritten as
S GV [costp, ~0,)-cosp, +9,)] (6.4)

The phase-sum term is an oscillation in high frequency and can be removed by using a
low pass filter. We are interested here in the phase-difference term, cos(¢, — ¢, ) from which
the beat note arises. It will be seen that the phase-difference term can be divided into four
parts corresponding to four different regions (I — IV) as shown in Fig.6.1 and may be
obtained by using Eq. (6.2) and Eq. (6.3). In practice, under the condition of 7 << T}, the
contribution of the beat signal by the first and third region (I and III) to the overall frequency
spectrum may be neglected. Ref. [8] shows that the error caused by neglecting these regions

is less than -60 dB.

During time - —% +7<t,<0 (regionll),

Ao Aw
=nw,T, +(0y——), ——1t.°;
¢)r 0%s (0 2)n T n

5

4

0, = nanl, +(@, - 520, - ) - 22, - o)

s

Aw A Ao
Thus, ¢ -9 =(w,-—)r+—71*-2"—7-¢ 6.5
¢r ¢s (wo 2 ) T T n ( )

5 5

. T, .
During time 7<¢, < —zi (region [V),
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Aw 40
=na,T, +(wy——), +—1,°;
¢r 0%s (0 2)n T n

5

0, =nayT, +(@,~ 500, -1+ 22, o)

Aw Aw Aw
Thus, ¢, -, =(w, -—)r1—-——12+2—71-¢ 6.6
¢r ¢s ( 0 2 ) 7; 7; n ( )

The oscillation %GV,V,cos((pr —@,) is the beat note between the reference signal and

the sensing (delayed) signal. This oscillation is not a pure sinusoid and can be seperated into
separate harmonic components by the use of the Fourier transform. If @ is the general

variable in the transform, it is defined as

F(w) = [:% GV.V, cos(p, — @, )exp(~jo t)dt

| (6.7)
l +00 "+_)1;
=26r1Y "2 coste, -, exp(-jo )
-0 "‘5 ]
With the use of ¢, =¢—nT, and the neglecting of regions I and III,
1 +00 7}
F(@)=5GVV, 3 exp(-jnoT,) [} coslp, - p,)exp(-jwt,)dk,
o 3
l +00 . .
=5GVY, Y exp(~jno T,) [ [ cos(o, ~@,)exp(-joot, )dk, (6.8)
-0 2
7,
+ f cos(@, — o, )exp(-jot, )dt..]
The integral can be simplified as
F(@) =5 GV, Y exp(-jno T,)x [F,(@) + Fy (@) + F; (@) + F, (@) 69)

where
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sin [—1- (w+ Z?Q z')(%v -7)] T
Fi(w)= S exp j [wg7 + (5= 7)] (6.10)
w+ T

s

sin [—l- (w- 2?0) T)(% -7)]

s . @ Tv
F(w)= AD eXP—J[on-E(?—f)] (6.11)
w_

T

5

sin [hw—%-“’rx%—r)] o
Fy(@) = e exp j [0y7 =2 (52 + 2] 6.12)
T

T

s

sin [l (o + Z?w r)(% -7)]
F(0)= y

2Aw
o+

exp— j [, + %(T? +7)) (6.13)

T

5

The remaining factor in F(w) is a delta function,
Y exp(-jnoT,) = 0,6(w - ka,) (6.14)

where & is an integer and ®, =27 /T, . Thus the full expression of the Fourier transform of

the beat note becomes,
F@)=3GVY,0,3 6@ ko,)x [F(@)+ F,@)+ Fy() + F, (@) (6.15)
k

From an inspection of Eq. (6.10) to Eq. (6.13), it can be seen that F (w) = F'(-w) where
F*(w) is the complex conjugate of F(®). To obtain the phases and amplitudes of the real
components, one must combine the positive- and negative-frequency terms in pairs (i.e. F;
and Fy, F; and F3) so that the real parts reinforce and the imaginary parts cancel. F{w) can be

rewritten as
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o LT sin [% (kw, - 280 T)(% -7)]
F(0)=2GV.V,0,) 6(w-ko,)x 5(?5 -7) 1 2Aw’ 7
k E(kw‘ - z')(—i’— -7) (6.16)

s

x cos(w,T — l%[)

The equation shows that the general form of the spectrum is a set of lines spaced with an

interval ay, because F(w) only takes non-zero values when @ =kw,. The amplitude of these

2Aw
T

5

lines has a So% (where x=%(kw, - z‘)(%—r)) envelope. Under the conditions
x

that the time delay difference (7) between the sensor and the reference channels and the
parameters of triangular chirped carrier, i.e., the angular frequency excursion Aw and the
average angular frequency of @, are adjusted to satisfy

Aot =kr (6.17)

a)oz'=k77t+17t (6.18)

where k& and / are integers, one of the harmonics of w,, the ko, component will be

sin x

.. sin x . ..
maximized (——=1) and other harmonics components would be near the minima of
x x

function. This means that the spectrum of the beat note may be regarded approximately a

single line at @ =kw, if the aforementioned conditions are satisfied.

6.2.2 Simulated beat note spectrum

According to the analysis in Section 6.2.1, the spectrum of the beat note consists of a
group of discrete lines at w; interval. Under the conditions as stated in Eq. (6.17) and Eq.
(6.18), the beat frequency coincides with one of the harmonics of @, the suppression ratio

between the kw, (or k f;) component and the other harmonic components would be
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maximized. The predicted output spectrum from the mixer can be determined with the
substitution of the system parameters, such as f;, k, 7, @ and Awinto Eq. (6.16). Fig. 6.2
shows the simulation results for the beat note spectrum for f; = 10 kHz, w, ~ 27-(60 MHz)
and Aw~ 2n-(6.3 MHz). These are the values used in our experiment which will be reported

in the next chapter.
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Fig. 6.2  Line spectra for the beat note of (a) k=2, (b) k=4,

(¢) k=6, (d) combined spectrum.
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In Fig. 6.2(a) to 6.2(c), the delay differences, 7;, 7, 73, were chosen to be around 158.7
ns, 317.5 ns and 396.8 ns respectively. They correspond to the beat frequency at 20 kHz (k =
2), 40 kHz (k = 4) and 50 kHz (k = 5). In addition, Fig. 6.2(d) shows the combined spectrum
with a superposition of the individual sensor signals in the frequency domain. F ig. 6.3 shows
the sideline suppression ratio as a function of 7 (with Eqs.(6.17) and (6.18) still valid). The
magnitudes of the sidelines increases with the value of k. This means that the crosstalk due
the non-zero sidelines would increase as the time delay increases. Hence, a larger frequency
deviation (Af) operating with a smaller time delay is preferred for which the sideline

suppression ratio can be enhanced.

-15

Suppression ratio (dB)
8
1

40

1 I 1 L L L 1 L s
0 100 200 300 400 500 600 700 6800 900 1000
Time delay (ns)

Fig. 6.3 Sideline suppression ratio with varying time delay.

6.3 FMCW Multiplexed Gas Sensor System

Fig. 6.4 shows the FMCW multiplexed gas sensor array. The system consists of
N-transmission type gas cells connected in a forward-coupled ladder topology. Light from
the tunable laser source is modulated in intensity, through the use of an external intensity

modulator, with a triangular chirped frequency carrier generated from a voltage-controlled
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oscillator (VCO) and coupled into the gas sensor array. When light passes through the gas
cells, gas concentration information is encoded on to the light intensity. The return light
signals from different sensors are coupled into a common output fiber and then converted to
electric signals by a high-speed photodetector and mixed with a reference signal from the
VCO subsequently. The output from the mixer will consists of N-beat notes (corresponding
to N sensors) with their respective beat frequencies determined by the time delay differences

between the sensor and the reference signals.

Delay Delay
Tunable t‘ Intensity __f_ﬁoge\__ag\
Laser Modulator
i i i
Wave]ength
Modulation Sensor 1 |Sensor 2 Sensor N
T
Sine Wave Trianguler
G enerator Voltage . L7
G enerator
Photo- ¢
Detector
Electrical .
' Delay —o  Mixer [ —
i 4
Lockin Band-Pass Spectrum
T ™ Amplifier [ Filter Analyzer
Wawelength y
Scanning
Computer

Fig. 6.4 FMCW multiplexed ladder gas-sensor array.

Assume that the light intensity from the laser at point 4 as indicated in Fig.6.4 is [,.
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The electric field of the optical signal at point B may be expressed as
t
Eg(t) =[1,(1+mcosp(1))]"* exp[ j27 [v(t)dt] (6.19)
0

where m is the intensity modulation index and ¢(¢) is the phase angle of the intensity
modulation applied through the external intensity modulator which is defined in Eq. (6.2)

and Eq. (6.3).

After passing through the N-sensor network, the electric field of the optical signal at the

point C in Fig. 6.4 may be written as:
E.=YE, (6.20)

where E; (=1,2,...N) represents the electric field at point C after passing through the /™
sensor channel and may be expressed as
E, () =[k'1,]"[1+ mcosp(t, )] exp[-a(v(t,))C,L]

, (6.21)
explj27 [['v (¢)de + (v(t,)]

In Eq. (6.21), /4 is the light intensity from the laser at point 4, a(V) is the amplitude
absorption coefficient of the gas, v represents the laser frequency and is related to
wavelength by v = c/4, C; is the gas concentration at the i-th sensor, and L is the length of
the gas cells. For simplicity, we have assumed that all the gas cells are of the same length. &°
is a loss factor that depends on the coupling ratio of the couplers used in the network. For
simplicity, we have assumed that that loss is the same for all the channels. #(v(t,)) is the
phase modulation resulting from gas absorption. It may be neglected for small gas

concentration and/or short length gas cell.

The total light intensity at point C may be written as:
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N »
I=<E,-E>=Y|E,[+2 5 Re<EE > (6.22)
i=|

j=lj>i

where the first term on the right hand side is the summation of the light intensities from all
the sensors. The second term is the summation of the coherent mixing terms between signals
from different channels. Assume first that the signals from different channels are incoherent.
The second term would then vanish (in practice, this term may be significant and this will be
discussed in section 6.4). The output light intensity I.(t) at point C may be obtained by

substituting (6.21) into the first term in (6.22):

I,=Y|E, |2=k’14ﬁ: exp[—2a(v)C,L][1 + mcos o(1,)] (6.23)

M=

t

The electric signal ¥; from the photodetector will then be equal to K7, with K representing a

conversion coefficient of the photodetector.
The reference signal directly from the VCO may be written as

V, =V, cos(p(t,)) (6.24)

where @ (1) is the phase angle of the reference signal. Again, with the mixing of ¥, and ¥, at
the mixer produces both phase-sum and phase-difference terms. We are interested here in the

phase-difference terms that may be written as
N
V) =5 KK mGY, Y. 1,6)expl-2av)C,L)coslp(t,) - o(, )] (6.25)
i=l

where G is the conversion loss of the mixer. There are N terms in Eq.(6.25), each
corresponding to a different sensing channel. ¥Hw), the spectrum of ¥(¢), may be obtained

by taking the Fourier transform of V(¢) and written as
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Vel@)= 37, @) (6.26)

where V;’(w) represents the signal spectrum of the i sensor channel. For a triangular
frequency sweeping of angular frequency excursion Af and period T, and with small delay

difference 7, i.e., 7/T,<<l, V;'(w) may be expressed as

. 1 sin [% (ko, - 2?“’ r)(% -7)]
V'(0)=2k'KGmVy I, exp(-2a(v)C,L)x D 6(w - ko, ) x — (== ~7,) :

T 2°2 1 200 T,
~(ko, - —— 1, (= -7,)
2 T, 2

x cos(@,T; ~ k—”)
2
(6.27)

where 7; represents a delay time difference between the signals from the /™ sensor and the
reference. When Egs. (6.17) and (6.18) are satisfied, the amplitude of the spectrum V;’(w) is

approximately a single line at k@, and can be written as:

Vitko,)=k'KGmV,I , exp(—2a(v)C,.L)(% -17;)

z%k'KGmVOTSIA exp(=2a(v)C,L) (6.28)

= x I, exp(-2a(v)C,L)

where we have used approximation T,/2-7;~ T,/2 because we have assumed that the value of
% is small (; /T; <<1) and y is a constant depending on a number of parameters
( x=K'KmGV,T,2 ). If we can design the delay difference 7 so that each sensor corresponds to
a different value of k, we may be able to multiplex a number of sensors in the frequency
domain. The sensor signals may be separated (de-multiplexed) by using electronic band pass

filters of appropriate pass bands.

The gas concentration C; can be recovered from Eq.(6.28) by further processing the
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signal V,(kw,) after de-multiplexing, Similar to the TDM system, we examine the use of
WMS technique where the laser wavelength is modulated sinusoidally at a relatively higher
frequency while the average wavelength is locked to or scanned across a gas absorption line.
The second harmonic of the wavelength modulation is detected by using a lock-in amplifier

and used as a measure of gas concentration.
Assume that the laser frequency (wavelength) is sinusoidally modulated, i.e.,
V(t)=v, +v,, sinw,t (6.29)

where vio and v are respectively the laser average frequency and the amplitude of

wavelength modulation. @, =27f,,, f, is the frequency of the wavelength modulation. As

the laser wavelength modulation is usually accompanied by residual intensity modulation,
the light intensity from the laser (at point A as indicated in Fig. 6.4) will be time-varying and
may be written as

1,@)=1,(1+nsinw,t) (6.30)
where 7 is the residual intensity modulation index, Iy is the average light intensity from the
source. Substituting Eqs.(6.29) and (6.30) into Eq.(6.28), we obtain

Vilw, = ko,) = 2 [1+nsin(w,t)]lexp[-2a(v,, +v,, sinw, t)C,L] (6.31)

The second harmonic of the modulation signal can be obtained by expanding Eq. (6.31) into

a Fourier series of @, . The second harmonic is maximized when the average wavelength of

laser is at the center of the gas line (v,, = v, ) and may be expressed as:

V.

i,20,,

~ =240 k,,C,L (6.32)

Eq.(6.32) is the output corresponding to sensor i and is similar to the formula for the single
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gas sensor system (see Section 3.2.1).
6.4 Shot-noise-limited Sensitivity for the FMCW System

Since the FMCW system and the TDM system have the same optical configuration, the
shot-noise-limited sensitivity of the FMCW system can be simply determined from the result
of the TDM system obtained in Section 4.3. The FMCW system seems to have an advantage
from its higher duty cycle compared with the TDM system. It provides a higher average
power at the photodetector and thus provides a better signal-to-noise ratio. Here, with the
purpose of comparison, the conversion coefficients after the photodetection and the system
parameters are assumed to be the same for the two systems. As stated in Section 4.3, the shot
noise current at the detector output is proportional to the square root of the total average
optical power at the photodetector. For the FMCW system, with the frequency-varying

sinusoidal modulation at the intensity modulator, the duty cycle would be equal to 1/2.

Hence, the term, ?1—T, in Eq.(4.3) and Eq.(4.4) will be replaced by the constant, 1/2. The

14

shot-noise-limited sensitivity for the FMCW system can then be rewritten as:

2N?
a’P

(4

(6.33)

x| -~
VAN

a,CL
VB

It is found that, with a higher duty cycle, the signal enhancement would be superior to the
increase in the shot noise. Fig. 6.5 shows the simulation result for Eq.(6.33) where the

shot-noise-limited performance is plotted against the number of sensors. The same
parameters, P,=1 mW, a,°=0.8, g=1.6x10"°C, R=1 A/W, a,=0.252, L=2.5cm, used in the

TDM system are substituted. The detection limit is around 1.6 ppm/ v Hz for a sensor array

of 50 sensors which is 5 times smaller than that of the TDM system.
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Fig. 6.5 The shot-noise-limited performance of the FMCW

system as a function of sensor number.

6.5 Unwanted Interferometric Signals in FMCW System

In practice, there would be coherent mixing of light waves from different channels and

would result in an additional term in the output of sensor i (at o=k ®,). The interferometric

term is the second term in Eq.(6.22) and may be re-written as

N
I,()=2) Re<ELE, >

i=\,j>i e
. (6.34)
=2 (1)) [t+mcose(t,)]"*[1 + mcosp(t 172 cos(4y,)
i=l,j>i
with [, (I=i,j =1,2,..N) and Ay, givenby
1, =[k'1,1"* exp[-a(v(¢,)C,L] (6.35)
Ay, =2z ['v (0)de + 49, (6.36)
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where Ay represents a phase difference between the light signals from channel i and

channel j in which Ag, is randomly varying due to environmental disturbances. I..()
depends on the signals from all the channels and varies randomly with environment. The
mixing of V...(£)=KI..(t) with V() would produce additional signals at the beat frequency of
the sensor and therefore introduce errors in the measurement of gas concentration. For small
modulation index m<<1, I ,(f) may be approximated by

I.,(0=2 ﬁ (11,)"? [l + %m(cos p(;) +cosp(t, ))} xcos(Ay ;) (6.37)

i=l, j>i

where we have used approximation

[1+mcosp(t)]'? = l+%m cos¢(t) (6.38)

and have neglected the higher order term mzcos¢(t,-)cos¢(tj)/4. The mixing of ¥, ,(t) =KI_..(t)
with V(#) will produce both sum and difference frequency terms. The difference frequency

terms of interest here may be written as

V= KmGY, 3 (1,1)" cos(ay, )(chs[w,)—w(t,)lj (6.39)

il j>i i=i,j

By following the same process in deriving Eq.(6.25) to Eq.(6.28), we obtain the additional

signal at @, = ka,, due to the unwanted interferometric signals, as

N
Via@,=k0,) =2 K KmGV,T,1, 3 expl-a()C, +CLicosAy,,)y  (640)

J=lji
With y=k'KmGV,T,/2, Eq.(6.39) can be written as,
N
Vinlo, =ka, )=, > expl-a()(C; +C;)L)(cos Ay,), (6.41)

j=lj#i

where (cosAy;)s represents the frequency component of cosAy; that passes through the
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band-pass filter with centre at ke, . To see the effect of this unwanted interferometric term on
the system performance, we consider a simple case where no wavelength modulation or
tuning is applied. The phase difference Ay, can now be expressed as Ay =2mvio( - ) APy,
where vy is the laser frequency. This phase difference varies randomly at relatively low

frequency due to environmental disturbance Ag; and causes (cosA ;) to vary from 1 to -1 if

the change in Ay, is beyond 27z The unwanted signal given in Eq.(6.40) would then vary

significantly compared with the sensor signal as given in Eq.(6.28), making detection of

small gas concentration difficult, if not impossible.

Apart from the unwanted interferometric signals, the performance of the gas sensor
array is also affected by various kinds of noise such as source and shot noise and the effect of
time-varying polarization state. All these have been analyzed in previous chapters for a TDM
system. For the FMCW system reported here, the effect of polarization variation and the
source noise would be more or less the same as that for the TDM system. The shot noise
limited performance should be better than the TDM system because of the relatively high
average power level associated with the FMCW system. The effect of the shot and the source

noise is however much smaller than that of the unwanted interferometric signals.

When the wavelength modulation as given in Eq.(6.29) is applied, the phase term Ay,

as given in Eq.(6.36) may be rewritten as

Ay, =2z ['v, (@)t +22v,,, ['sinw,t-dt+ap=£,+¢, sinw, (-7, /12) (6.42)
with &; and ¢j; defined as,
& =2r[ v, (D)dt+Ag, (6.43)

and
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12)~2mv,,7, (6.44)

m” ji

4nv,, .
¢, =—sin(w,r
)

m

where 7;=1-7; represents a delay time difference between the signals from the sensor j and

sensor i. Substituting Eqs.(6.42), (6.29) and (6.30) into (6.41), we obtain

Vo kw,) = 2y Y [(+nsine,s )1+ 7sina,,)]"?
o (6.45)
xexpl-Y a(V(t,)CLIcosIE, +£, sinw,(t~7, /2)]),}

I=i,j

The second harmonic of V;,(kw) can be obtained by expanding Eq.(6.45) into a Fourier

series. Under the conditions that a(v)C,L <<1, n<<1 and o,7 i <<1, the magnitude of

the second harmonic, when the average laser wavelength is at the center of the gas line, is

given as below.

(cosg; x M, +nsiné; xM, ;)
N
Vino, (@ =ko)= 2l x Y | +cosé; xa,C,LxM,, (6.46)

jELj#i
+c0sg; xa,C;LxM,;

with
M, =M—U (€5)+J(E D)=, (8)+ T (S,))
c.ij (1_‘/1—_*-7)2 0\ 4\ 2\Dj 6\2jj

(6.47)
G-
X°2(1-41+x%)?

My, =-14,&)-J, ¢ ) ——E 6.48

X2Vl +x? (6.49)

M,, =-J,¢,) X
"" (C’P)(l—w/W)2
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6.6 Minimization of the Unwanted Interferometric Signals

It is found that the unwanted interferometric signals in a fiber network can be
effectively suppressed by using the wavelength modulation technique [9] and low-pass
filtering. In this section, we study the effects of the two techniques on reducing errors in gas

measurement.

6.6.1 Wavelength modulation technique

Eq.(6.46) gives the second harmonics Vinzo,(@; =kew,) of the unwanted

interferometric signals. We now look at how these signals affect the sensor performance in

terms of minimum detectable gas concentration. Ve, (@, = ke,) includes three terms. The

second term is proportional to C; and will vanish when C; tends to zero and therefore will
not set a limit to the detection sensitivity of sensor i. The first term is independent of gas
concentration and will set a limit to the detection sensitivity. By setting this term to be equal
to the signal given in Eq.(6.32), we obtain the detection sensitivity of sensor i in terms of

minimum detectable gas concentration as

N N
fV_“ (MS_,.,. cos&; + M, npsin 5,./.) > M, cosé;
=1,/

C. =i il 6.50
mint 2a, Lk, 2a,Lk, (6.50)

where we have neglected the Mo ;nsing; term because it is very small (7 is very small). The

rms value of C; yin; is

[C max (6.51)

~
iminl ]rms ~
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where the rms value of cos&; has been taken as l/ V2. M; max represents the maximum value
of M, . The third term is proportional to C; and will cause crosstalk to sensor i. By setting
this term to be equal to the right hand side term in Eq.(6.32), we obtain the crosstalk

performance of sensor / as

N
2 C,M,,cosg,

C . o~ 6.52
i,min2 2ko ( )

with a corresponding rms value of

2 yCin,

i=li#j

2 -
4k, 4k,

[Ci.min 2 ]rms =

where Cre is the upper limit of the gas concentration, M, m,x represent the maximum values

of M

[N/

As ¢, is a function of v, , hence M., Moy and M, are also functions of v,, . We

I/

take the case of i =1, j =2 as an example. M, 2/ko My 12/ko, and M;12/ky as functions of

V., Were calculated using Eqs.(6.47)-(6.49) and are shown in Fig.6.6.

For the calculation, we assumed f,=500Hz,7, =100ns. As shown in Fig.6.6, all the

three parameters are rapidly oscillating when ¢ ; Of V., is varied. Any small variation in

1/

wavelength or path length would therefore significantly affect the values of these parameters.
It is therefore only meaningful to look at the envelope of these oscillations. The (envelope)
value of My, 12/ko, and M;12/ky are of the same order and reduces with the increase of v,

M. 12/ky follows a similar trend but decreases much faster and to a much smaller value

compared with My 12/ko and M 12/ko. At around v, = 28GHz, the maximum value of the

11
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envelope of M. 12/ky is about 4x107, while the values of My 2/ke and M, i2/ky are about

0.08.

............................................................

M. 12 /ko

............................................................

Moz lko °

M2k °

- i i i i ;

0 5 10 15 20 25 30

Wavelength modulation amplitude (GHz)

Fig. 6.6 M 12/ko, Mo 12/ko and M. 12/ko as functions of v,,

Eqs.(6.51) and (6.53) can be used to estimate the performance of the gas measurement
system where the average wavelength of the laser is locked at the center of the gas

absorption line. The value of & under this condition may be written as:

£ =2r vy ()dt+ A8, = 22v,,7 , + Ag, (6.54)

-1,
¢ ; varies randomly within a low frequency range due to environmental induced phase
change Ag;. For gas sensors with wavelength tuned across the gas absorption, the

measurement accuracy may be further enhanced by using a proper low pass filter. This will

be discussed in section 6.5.2.
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6.6.2 Low-pass filtering technique

It can be seen from Eqs.(6.50) and (6.52) that the measurement errors are proportional to
coséj. If the laser wavelength (frequency v,,) is scanned linearly across the gas absorption
line, cos&; would vary periodically with time. If the time delay z; is sufficiently large that
variation of &; (=2nvLoz;+Ady) is over many times of 7, cos&; would vary much faster than
the absorption signal and can therefore be removed by using a low pass filter. This indicates
that much higher sensitivity could be achieved by combining the wavelength scanning with

the use of a low pass filter. This technique has actually been applied in gas absorption

spectroscopy to minimize unwanted etalon effects [10].
When the laser is scanned, the laser average frequency v,,(f) may be expressed as
Vo) =v, +B,t, te(0,7) (6.55)

where T is the period of the wavelength scanning and is typically of the order of a second or

tens of seconds. v,, is the lowest average frequency and By, is the slope of the wavelength

scanning,.
Eq.(6.42) may be rewritten as:

{
&y =21 [v,()dt + Ag; = 27B,,7 it + 21(v,, -%BL,,rﬁ)z'j,. +Ag, (6.56)

-1,

and

C0s&; =cos(27B,,7 ;1 + ¢, +Ad,;) (6.57)

1 .
where ¢, =2x(v,, — -2—BL,, 7,)T; isaconstant.

Assume that a lock-in amplifier is used to detect the second harmonic signal. As the

lock-in may be regarded as a narrow band-pass filter, only signals with frequencies around

13
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2fm(t scveral Hz) can pass through. Therefore only the DC component of cos ; can

appear at the output of the lock-in and Eqs.(6.50) and (6.52) may then be rewritten as:

N
D M, (cosé,;) e

C._ =~ Jeljei < (N-DM, ., (c05&;;) pc man (6.58)
' 2a,Lk, 2a,Lk,
>
C.M,_.(cos&,) e
i el if -
C,- ing J=l, ji < (N l)CmaxMc.mnx (COS gij )DC.max (659)
' 2k, 2k,

where (cos§;) - represents the DC component of cos&; . Computer simulation has been
conducted to calculate the value of (cos&;) e as a function of delay time 7;; for an arbitrary
set of parameters: v, =19608GHz(1530nm), B, =2.7GHz/s, T=15s, ¢=0 and A¢=0. The

values of (cos¢;),. as a function of time delay difference 7; between sensors are shown in

Fig. 6.7.
-2° Al T T v
' ' 1 v ' ' ) | '
' ' ' ' ' ' ' ' '
~ 1 ' ' ' ' ' ' ) '
% -se MR oo e beeceblcccadeaanad e oo e P S S
il t ' | 1 1 1 l ' 1
S~ ' ' ' ' ' ' 1 ' 1
' ' ' ' ' 1 1 1 '
40 | UMY |, S LR, | IS N DI
~— 1 1 t ] [ ' ' 1 O
' ' ) ' ' ' ' '
E‘;’ l'” 1 ' 1 ' ' ) '
R wsel_ ”I“J,.l.__l L. IR PP SR |y RSO B
@ It (11 TT N i ] V T i
9 ' i | Btk Ry ] [] [] ] ]
8 ' N A
Y'Y A e T AR 012 V v
% ¢ r ' o Manaces
i | b
by , A , i ' i
= 1 ' '
ot ELA ) R e R L R R At B R - +
- v ' ' ' ' ' '
' ' ' ' ! 1 '
) ) ' ' ' ' 1
'°°+----¢ ----- be o= [ g —m—m= [ QN .
1 1 ) ) ) ' ' ! v
' ' ' ' ' ' ' ' '
' ' ' ' ' 1 1 ' '
00 L X N N N N
-] s¢ t1¢o 15¢ 20¢ 2%¢ 3ce 3Ise 4¢¢ 45¢ s¢e

Delay time, ©; (ns)

Fig. 6.7 DC component of cosé; as a function of time delay
difference 7; between sensors.
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The vertical axis lOIog,(cosﬁ,.j)Dcl expresses the value of the DC component of cos&;
with the unit of dB. For 20m delay between sensors, corresponding to 7, =100ns, the
maximum value of (cos&;),. is found to be 47dB smaller than that of the value of

cos¢; =1, indicating that the detection sensitivity can be improved by 47dB by wavelength

scanning and lock-in detection. However, as we are dealing with a fiber optic system,
environmental variation may affect the fiber length and the refractive index and therefore
results in random variation of the phase Agy. This phase variation would affect the efficiency
of noise reduction using the lock-in detection and would limit the improvement factor to

about 30dB [11] instead of 47dB as mentioned above.

The maximum possible value of the detection sensitivity if sensor i (C, min1 ) s a function

of sensor number was calculated by using Eq.(6.58) and in Fig. 6.8. It can be seen that, the

minimum detectable gas concentration (C, ,..,) for a three-sensor system is about 0.008%

(80 ppm). C, ., is below 0.2% (2000 ppm) for sensor number up to 50.

For the calculation, the value of lOlogl(cosg‘ﬁ)Dc'm l , &g and L were taken as -30dB,
0.252cm™* and 2.5cm, respectively. The crosstalk effect C, .., calculated by using Eq.(6.59)

was found to be much smaller than C, ., and is not shown. It should be mentioned that
detection limit is an estimation of the upper limit of C, ., based on Eq. (6.58). The actual

value of C, ; could be smaller than that given in Fig. 6.8. This is because that we have

taken the value of (cosé;)pc =1, 2, ... N and, j #i) (c08&;) pemax = —30dB. The
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detection sensitivity in terms of minimum detectable gas concentration C,

i,min

; as limited by

the unwanted interferometric signals (Eq.(6.58) and Fig. 6.8) is inversely proportional to a,

and L. It can also be expressed in terms of minimum detectable absorbance, by simply

multiplying C, .. by al=0.25x2.5=0.625.

0.35 T T T T

03 ~

025} .
02 r .
0.15} -
1} .
0051 / J
R B I B T

Number of sensors

Min. detectable gas concentration (%)

Fig. 6.8  The minimum detectable gas concentration due to the interferometric effect
versus the number of sensors.

6.7 Crosstalk resulting from the sidelines

As discussed in section 6.2, signal from each sensor would consist of a set of discrete
lines in the frequency domain with frequency interval @, . If the modulation and the system
parameters are selected carefully according to Eq.(6.17) and Eq.(6.18), the signal from any
particular sensor would have an approximately single line spectrum. For a single sensor
system, this can easily be achieved by adjusting ay, Aw and z. For a multiple sensor system,
ax and A are usually fixed and Eq.(6.17) and Eq.(6.18) may not be satisfied accurately due

to the error in controlling the length of the fiber delay lines. If Eq.(6.17) and Eq.(6.18) can
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not be realized, this would increase the magnitude of the sidelines. This implies that the
signal at a particular frequency would not only include the beat signal from the sensor of
interest but also the sidelines from other neighboring sensors. These non-zero sidelines

would cause crosstalk between sensors and affect measurement accuracy [8, 12].

The second harmonic signal of sensor i (at , = kw,) is given by Eq.(6.32). The

second harmonic of the sideline signal at @ from the /® channel may be obtained from

Eqs.(6.27) and (6.32) and written as:

. . Aw 1
sm[(—— (Ti - Tj )('2"T: - Tj )]
Vo, (@, =ke,) , = —2kok' KGmV, I, :

-}2 (r, -7,) (6.60)

s

X Cos(@,7; —%sz’i )a,C;L

The total second harmonic at a; =ka; for an N-sensor system may be expressed as

N N
Viw (@); = D Vo (@), = 2kok' KGmV, Loty L Y M ,C, (6.61)

eLjsi i
with M; is the side line amplitude relative to the major line at w; =ke; and is defined as

sinf( 22 (5, ~7,)0 T, ~7,))
M =- = cos(@,7; —lAcor,.) (6.62)
*(Ti - Tj) 2

T,

&

The value of the sideline amplitude M; determines the crosstalk level between sensors. By
setting the signal given by Eq.(6.61) equal to that given by Eq.(6.32), the detection accuracy

of sensor i as limited by the FMCW sidelines is obtained as
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N
Z.lZMjCj
cV iYL S
[ 1,cro:s]m|n T

5

(6.63)
2 N
< —xMax{ ) M ,C;}

T:\’ J=l,j#i
where C; is in the range from 0 to Cpax. The sensor performance in terms of minimum
detectable gas concentration due to crosstalk from the non-zero sidelines as a function of the
number of sensors are evaluated using Eq.(6.63) and shown in Fig.6.9 as curves a,b,c,d. The
maximum gas concentrations for all the sensors are assumed to be the same and equal to
Conax =5%. The curve a is obtained under the ideal condition where Egs. (6.17) and (6.18)
are satisfied. Curves b, c and d are for the cases when the time delay bias from Egs. (6.17)
and (6.18) equal to 0.025 ns, 0.05 ns and 0.1 ns, corresponding to fiber lengths of 0.5 cm,

1 cm and 2 cm respectively.
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Fig. 6.9  The minimum detectable gas concentration due to the effect of the sideline
versus the number of sensors.
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Summing up, the interferometric effect is dominant and will set a limit to the system
performance when Egs. (6.17) and (6.18) are satisfied and the number of sensor is less than
23. However, for a small number of sensors (up to 17 for 0.5 cm bias, curve b), if Egs. (6.17)
and (6.18) are not satisfied, the sideline effect associated with the FMCW technique may
exceed the interferometric effect. From Fig. 6.9, we can see that it should be possible to
achieve 2000 ppm (0.2%) accuracy for a sensor number of up to 37 when the bias of the

delay fiber length is less than 1 cm (curve c).

It should be mentioned that the detection accuracy limited by the sideline-related
crosstalk as stated in Eq.(6.63) is independent of oL and therefore should remain unchanged

for different gas types (different o, ) and different cell length L.

6.8 Chapter Summary

We have investigated the performance of a multi-point fiber gas sensor array based on a
FMCW technique and wavelength modulation of a tunable external-cavity semiconductor
laser. We investigated the limitation imposed on the sensitivity of the fiber gas sensor array
by the unwanted interferometric signals and the crosstalk effect due to the non-zero sidelines
of the FMCW. We show how the interferometric effects may be reduced by using a
combination of wavelength modulation/scanning and proper electronic filtering. It is

theoretically possible to realize a 37-sensor array with detection accuracy of better than 2000

ppm.
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Chapter 7 Experimental Studies on FMCW System

CHAPTER7 EXPERIMENTAL STUDIES ON FMCW SYSTEM

7.1 Introduction

The principle and performance of the FMCW-multiplexed gas sensor system have been
theoretically studied in Chapter 6 in which the sensitivity limitation due to the unwanted
interferometric signals and the crosstalk due to the non-zero sidelines were investigated. It was
found that the unwanted interferometric signals may be reduced by using a combination of
wavelength modulation- scanning and proper low-pass filtering, In this chapter, we report the
experimental results for the system with a three-sensor array. Experiments with varying
parameters were conducted in order to verify the consistency between the theoretical analysis
and the experimental results. The configuration of the FMCW system is given in Section 7.2,
In Section 7.3, the characteristics of the beat note spectrum with varying wavelength
modulation amplitudes are discussed. Determination of the system performance in terms of
sensitivity and crosstalk are presented in Section 7.4. A chapter summary is given in the

Section 7.5.

7.2 System Configuration and Output Signals

A three-sensor system as shown in Fig. 7.1 was constructed and experimentally tested.
The sensors were addressed by the FMCW technique coupled with WMS to achieve high
sensitivity gas detection. Light from a New Focus external cavity tunable laser was modulated
in intensity by the use of a UTP single-polarization intensity modulator on which a triangular
swept-frequency carrier generated from a voltage controlled oscillator (VCO) was applied.
The sweep rate (f;) and the frequency deviation (Af) of the carrier were 10 kHz and 6.3 MHz
respectively. A polarization controller was used before the intensity modulator for optimizing

the launched power. The splitting ratios of the couplers &;, &, were chosen to be 66:33 and
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50:50, respectively, in order to balance the power level from each sensor. When light passes
through the gas cells, gas concentration information is encoded on to the light intensity. The
return light signals from different sensors are coupled into a common output fiber and then
converted to an electric signal by a high speed photo-detector and mixed with a reference

signal from the VCO subsequently.

k, AL, ky AL,
External Cavity Polarization Intensity 0 0
Tunable Laser Controller Modulator
1 S S S
Amplifiers ! 2 3
A
Triangular | MY\ vCo
Signal Gen.
L
RF
aV Sinusoidal Mixer < Photodetector
+ - Signal Gen. Spectrum
Analyzer
B.P. Filter
AN
ADD. Oscilloscope
A y
‘ I | Envelope
Computer — T Lock-in Amp. Detector

Fig. 7.1 FMCW addressed fiber-optic gas sensor network.

The output from the mixer consists of N-beat notes (here, N=3) with their respective beat
frequencies (fbeq, ;) determined by the time delay differences (7, i=1,2,3, corresponding to the

3 sensors) between the sensor signals and the reference:

Joear,i =24 i1 (7.1

In our system, the optical path differences between the sensing channels and the electric delay
of the reference were adjusted in order to make the beat frequencies coinciding with integer
multiples, k, of the sweep rate (i.¢., foear,= kf;). Under such conditions, the heat note spectra of

the three sensors with £ = 2, 4 and 5 are approximately of single-line spectra with their beat
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frequencies corresponding to 20kHz, 40kHz and 50kHz respectively. The corresponding
values of 7; are 158.7 ns, 317.4 ns and 396.8 ns respectively. The length of the delay lines
between S, and S, S and S; are approximately 32m and 16m. During experiments, the lengths
of the delay lines were cut 1 cm by 1 cm and the output beat frequency spectrum for each
sensor was being monitored until the suppression ratio of the sidelines reached the maximum.
The beat note spectra of each of the three sensors are shown in Fig. 7.2(a) to Fig. 7.2(c)

respectively, when the light from the other two sensors were blocked.
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Fig. 7.2 The beat note spectra of the three sensors. (a) sensor 1, (b) sensor 2, (c) sensor 3.

Although, ideally, the spectrum of the beat-note for a particular sensor is approaching a
single line at the beat frequency, there are however sidelines associated with the FMCW
technique (as discussed in Sections 6.2 and 6.7). The overlapping of these sidelines and the
beat frequencies would cause crosstalk between sensors. The magnitude of the sidelines (and
thus crosstalk) was evaluated by blocking the light signal from say S; and looking at the signal
magnitude at 20kHz when one of the other gas cells (#2 and #3) was blocked. For example, the
crosstalk in terms of power spectrum amplitude was found to be about -42dB from S; to S and

-60dB from S; to S,.

A band-pass filter was then employed to separate a selected beat frequency component
from the mixer output for extracting information from a selected sensor. With the use of WMS
technique, the 2f,, signal and hence the gas concentration information is carried by the
envelope of the associated beat frequencies. The wavelength modulation frequency, f,, used
in this system is 400 Hz. Like in the TDM system in Chapter 5, the laser wavelength was
scanned slowly across the gas absorption line of acetylene around 1530.37 nm. The

wavelength modulation amplitude is about 14.3 GHz which corresponds to 2.2 times the
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half-width of the absorption line.

28:33:41
1
1.25 T
.5 ms k il' # I
208mY

)

Fig. 7.3 Time domain signal of sensor #1 before envelope detection

Fig. 7.3 shows an oscilloscope display of the signal from a band pass filter centred at
20kHz (corrsponding to sensor #1) when gas cell #1 was filled with acetylene gas of 50%
concentration and the laser wavelength was tuned to the centre of the gas absorption line. The
envelope of the selected beat signal was then restored by use of an envelope detector and
lock-in detected with the lock-in amplifier which is connected to a personal computer through
the IEEE-488 (GPIB) interface for data acquisition. Fig.7.4 shows the second harmonic signal

for the sensor 1 obtained by filling the gas cell with 9415 ppm acetylene.
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Fig. 74 Second harmonic signal for gas sensor 1 when the gas cell was
filled with 9415ppm acetylene.

7.3 SNR Enhancement by Using Wavelength Modulation

In Fig. 7.2, the beat note spectra for the three sensors were shown individually where the
light from the other two channels were blocked. In a real multiplexed system, light signals
from all the channels would be combined together before the mixer. Three stable peaks in the
beat note spectrum were expected. But, in practice, a large fluctuation of the beat note
spectrum was observed. The spectrum of the signal from the mixer was found dependent on
the amplitude of the frequency modulation applied. The SNR around the beat frequencies was
improved from about 20dB to better than 45dB (with a bandwidth of 375Hz) when the

modulation amplitude was varied from 67 MHz to 14.3 GHz (as shown in Fig. 7.5).
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Fig. 7.5 Spectra of signal from the mixer (a) small modulation amplitude,
Le., 67MHz; (b) large modulation amplitude, i.c., 14.3GHz.

The poor SNR at low modulation amplitude was due to coherent interference between the
signals from different sensor channels. The coherence length of the tunable laser is typically of
the order of several hundred meters, and the coherent interferometric effect would definitely
exist in our system and affect the performance of the sensor network. Fig. 7.6 shows the
relationship between the SNR and the wavelength modulation amplitude obtained from the
experiment. The use of large modulation amplitude shifts the (unwanted) interferometric
signals to higher frequency band (beyond 100kHz range as shown in F ig. 7.5) and thus results

in better SNR around the beat frequencies [1].
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Fig. 7.5 The relationship between the SNR and the wavelength modulation amplitude.

7.4 Performance Evaluation

In this section, the performance of the system is evaluated in terms of the sensitivity
and the inter-channel crosstalk. The factors which reduce the suppression ratios of the

sidelines, thus the crosstalk performance of the system, will be discussed.

7.4.1 System sensitivity

The sensitivity of the system was determined by filling gas cell #1 with 9415ppm
acetylene gas when gas cells #2 and #3 were filled with no acetylene. With a wavelength
modulation amplitude of about 14.3 GHz, the maximum 2f;, signal obtained from the lock-in
amplifier with repeated scans is shown in Fig.7.7. The SNR was estimated to be about 20 and
the minimum detectable concentration was calculated to be 270 ppm/ VHz for the 2.5 cm gas
cell or 6.75 ppm'm which corresponds to a minimum detectable absorbance of 1.48x10™.

Similar results were obtained for the other two gas sensors. This detection sensitivity is similar
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to that measured from a single sensor (sensor #1) when the light signals from the other two
channels were completely blocked, indicating that the system performance is not limited by
the interferometric signals due to coherent mixing between the light waves from different
sensor channels and is believed to be limited by the residual etalon interference effect from the
gas cells. A better value of sensitivity would be expected if averaging were performed over a

number of scans.
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Fig. 7.7 Second harmonic signal when the acetylene concentration was
changed from O ppm to 9344 ppm.

7.4.2 Inter-channel crosstalk

From Fig. 7.7, it is seen that the variation is too large if only one scan is conducted for
determining the gas concentration in the gas cells. When the sensor #1 was selected, the
crosstalk performance of the system was evaluated by repeating measurements (50 scans for
each combination as stated below) of the second harmonic signals when the gas cells #1, #2
and #3 were filled by the following combination of gas concentrations: (1%, 0%, 0%), (1%,

95%, 0%) and (1%, 0%,95%). The inter-channel crosstalk from S, to S; and from S3 to S| can
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be determined from the deviations of the signal measured from S; with these three
combinations. They were found to be about -22dB and -31 dB respectively. This corresponds
to crosstalk levels of -44dB and -62dB, respectively, in terms of signal power that agrees well
with the measured results of the sideline amplitudes of the FMCW. Similar procedures are
carried out for the other two sensors, S; and S3. Table 7.1 shows the crosstalk levels between

the sensors obtained in our experiment.

S Sz S;
Crosstalk from S, - -20dB -24dB
Crosstalk from S, -22dB - -23dB
Crosstalk from S;3 -31dB -22dB -

Table. 7.1 Crosstalk levels between the sensors.

As we have discussed in Section 6.7, the crosstalk level is determined by the relative
magnitude of the sidelines, i.c., the value of M;. From Table 7.1, the worse case measurement
accuracy limited by the crosstalk effect may be estimated from the crosstalk from sensors 1
and 3 to sensor 2 as 5% [(-20dB)+(-22dB)}=815ppm or 0.08%. This value agrees with the

theoretical prediction with the fiber length bias of 1 cm (curve ¢ in F ig.6.9).

It is obvious that the crosstalk performance of the system critically depends on the
suppression ratios of the non-zero sidelines. The factors which caused the reduction in the
suppression ratios may include the non-linear characteristics of the devices in the system such
as the voltage-controlled oscillator and the bias from the optimized delays. For the non-linear
effect of the VCO, different techniques for lowering the non-linearity have been proposed
[2,3]. For the delay bias, it may be minimized by the fine adjustment of the length of the delay

lines by using a translation stage
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It should also be pointed out that the crosstalk induced measurement error is not
randomly changing with environment and may therefore be corrected by using the measured

values of gas concentrations from different channels using Eq.(6.63).

7.4.3 Multiplexing capacity

Power budget analysis is commonly used for estimating the multiplexing capacity of
optical systems. The number of sensor that can be interrogated will depend on the optical
network configuration, power of the optical source and the performance of the detector. Since
the FMCW and TDM systems have the same optical configuration and use the same
transceiver units, the multiplexing capacity of the FMCW system would be the same as that of

the TDM. Detailed analysis and results were presented in Section 5.4.

7.5 Chapter Summary

In conclusion, we have examined the use of FMCW coupled with WMS for addressing a
multipoint gas sensor network. The unwanted interferometric signals due to coherent mixing
between signals from different channels were found to be reduced significantly by using
proper wavelength modulation coupled with slow wavelength scanning and lock-in detection.
The experimental results agree with the analysis and the predictions in Chapter 6. For the
experimental demonstration of the system with a three sensors network, 2 minimum detectable
concentration of 270 ppm/ VHz and the crosstalk between the sensors of better than -20 dB

were achieved.
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CHAPTERS8 RESEARCH SUMMARY AND FUTURE WORK

8.1 Research Summary

In this thesis, we have reported the results of our research study on the multi-point fiber
optic gas sensor systems. Two different multiplexing systems for high sensitivity, multi point
gas detection, one named time-division-multiplexed (TDM) system, the other frequency
modulated continuous wave (FMCW) system, were investigated theoretically and
experimentally. The basic principles of operation, multiplexing schemes, and performance
analysis of the systems were presented. Wavelength modulation si)ectroscopy (WMS) with
second-harmonic detection was implemented by applying low-frequency wavelength
modulation to an external-cavity tunable diode laser and a large improvement of the

signal-to-noise ratio has been achieved.

The principle of operation for the TDM system is quite simple. Qur investigation is
mainly focused on the system performance in terms of minimum detectable gas
concentration and crosstalk between different channels that are caused by the finite
extinction ratio of the optical intensity modulator (switch). From the simulation results, it
was seen that the minimum detectable gas concentration is mainly limited by the first order
interferometric effect caused by the coherent mixing between the signal from the channel
being detected and the leakage signal from other channels. By applying wavelength
modulation of appropriate amplitude and by using appropriate filtering technique, detection

sensitivity of 1800 ppm for a 100-Sensor network may be obtained with a commercial 30dB

pulse modulator (a,,2 =-30 dB). A minimum detectable gas concentration of 50 ppm may be

achieved by using a double Mach-Zhender intensity modulator (aez= -60 dB). This level of

sensitivity is similar to that obtained from a single sensor system and is limited by the
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unwanted interferometric signals due to coherent reflection occurring within the gas cells.
The experimental system using micro-optic cells of length 25mm have demonstrated a
sensitivity of 81 ppm/w/—lz . The crosstalk between the sensors was found to be -30 dB.
Power budget analysis shows that a sensor network consisting of 90 sensors could be

realized with the same multiplexing topology.

The FMCW system is comparatively complicated. The principles of operation and the
performance of the FMCW system have been studied in detail where the sensitivity
limitation due to the unwanted interferometric signals and the crosstalk due to the non-zero
sidelines were investigated. Also, we have showed how the interferometric effects may be
reduced by using a combination of wavelength modulation/scanning and proper electronic
filtering. It was possible to realize a 37-sensor array with detection accuracy of better than
2000 ppm. Experiments with a three-sensor system demonstrates a minimum detectable
concentration of 270 ppm/vHz and the crosstalk between the sensors of better than -20 dB.
A better value of sensitivity would be expected if averaging were performed over a number
of scans. The experimental results agreed with the theoretical analysis and predictions. It is
also possible to further reduce the sideline-related crosstalk by using some proposed
techniques for lowering the non-linearity of the VCO and the fine adjustment of the length of

the delay lines.

Since the FMCW system and the TDM system have the same optical configuration and
use the same transceiver units, the multiplexing capacity of the FMCW system would be the
same as that of the TDM system. From the theoretical analysis and experimental results, the
relative advantages and disadvantages of the TDM and FMCW systems can be concluded as
follows. TDM system is realized with a simple concept where simple circuitries are

employed for either encoding or decoding. It shows excellent system tolerance compared
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with the FMCW system. The performance of the TDM system is greatly affected by the
extinction ratio of the optical switch that can be simply improved by using a double M-Z
type modulator or switch. In contrast, the performance of the FMCW system is heavily
influenced by a number of factors such as the biases of the fiber delays, the settings of the
triangular chirped carrier and the linearity of the VCO. Deviations from the optimized values
of the above parameters would cause a rise in inter-channel crosstalk and unwanted
interferometric signals (noise). If a highly coherent light source is used and no noise
suppression techniques are implemented, the sensitivity and the crosstalk of the FMCW
system are definitely worse than that of the TDM system. But the fact is, these unwanted
interferometric signals can be effectively suppressed by the use of a low coherent source and
specified signal processing techniques, and the FMCW system would get an advantage from
its better optical power utilization where a continuous optical signal is fed into the network
instead of the optical pulses used in the TDM system. Better signal-to-noise ratio would be
obtained with the FMCW system since the signal enhancement would be superior to the
increase of the power-related noise (shot noise). The FMCW system would have a better

sensitivity under such conditions.

8.2 Future Work

During the course of this investigation, some promising directions have been identified
but cannot be followed due to insufficient time and equipment unavailability. We have the

following suggestions for future work:

L. For real applications, the demodulation scheme for our system is not efficient enough due
to the low scanning rate. Faster electronic circuits, such as digital signal processor, may

be used for reducing the sampling time and for performing automatic channel switching.
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2. Differential bascline suppression techniques may be implemented. It can improve the
long term stability of the system since the uncertainties due to environmental changes

and power fluctuation can be eliminated.

3. By using the physical demodulator (electrical switch), only one channel or one sensor
can be monitored in each scan. An all-digital data acquisition scheme may be used where
the pulse train from the sensor network can be directly recorded by using an ultra-fast
data acquisition board. Demultiplexing and demodulation for all sensors can be
conducted in a digital way. Hence, simultaneous measurement of a number of sensors

may be achieved.

4. Itis believed that the non-zero sidelines of the FMCW system can be further supppressed
by the use of the techniques for VCO nonlinearity correction. Hence, these techniques
should be examined and could be implemented into our system for reducing the crosstalk

levels between the sensors.

5. Inter-channel crosstalk in both of the systems may be eliminated by using the
matrix-inversion or the artificial neural network techniques where the real gas
concentration of each sensor can be determined with the crosstalk correlation of the

SEensors.
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