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Abstract 
 

 

 

This thesis sets out to examine the proposal that, by using tomography and gas sensing 

techniques to detect and image gas concentration in fast moving flows, engineers can 

improve the combustion diagnostics and emissions performance of gas turbines, enabling a 

better understanding of combustion and design optimisation of greener engines.  

The key factor is the combination of tomography with Tunable Diode Laser Absorption 

Spectroscopy (TDLAS) gas sensing technology, implemented simultaneously along many 

beams, to image the gas concentration distribution in the exhaust plume of a gas turbine, in 

a plane perpendicular to the plume flow direction. The target gas species is carbon dioxide, 

CO2, and the absorption feature chosen is at a wavelength of 1997.2 nm. The narrow spectral 

absorption properties of such small molecules present a considerable challenge for a multi-

beam tomographic implementation.  

Moreover, the design, oriented to harsh and industrial environments, presents key 

challenges for the design of robust optics and electronics for the collection of reliable data. 

The development of a 126-beam tomography system required the investigation of recently 

developed TDLAS techniques and their compatibility with data acquisition (DAQ) system 

firmware strategies to be implemented by custom DAQ electronics. A novel FPGA-based 

single channel TDLAS CO2 detection system has been designed and built to demonstrate the 

feasibility for the replication of 126-channels in the full system. Further proof-of-concept 
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experiments carried out at full scale have produced tomographic images of phantom CO2 

distributions that demonstrate the utility of the CST technique.  
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Chapter 1 
 

1 Introduction and Literature 

Review 
 

 

1.1 Motivation 
 

1.1.1 Legislation and emission policies  
 

 

For more than 60 years, health and environmental concerns have arisen in the UK and 

European countries, triggering the needs of stringent regulations on chemical emissions from 

various processes. In response to London’s great smog of 1952, the UK government approved 

the Clean Air Act [1] in 1956, with the aim to reduce and control emissions and air pollution 

in densely populated areas. Over the past decades, in response to the fast growth of 

greenhouse gas (GHG) emissions, the European Commission has worked towards the issuing 

of several directives to control, monitor and reduce, emissions from motor vehicles [2], [3],  

industrial plants [4] and gas turbines [5], [6] .  

Following this, in order to maintain the change of atmospheric temperature at sea level 

(relative to pre-industrial levels) below 2°C average, the recent United Nations Climate 

Change Conference held in Paris in December 2015 represents an important milestone on a 

long route map and has seen the commitment of all the participant governments. Inherently 

to this, the EU has agreed with the international community to drastically cut the emission 

of greenhouse gases (GHGs) [7]. This has set ambitious key challenges for the EU to reduce 
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the total emissions of GHGs by 80-95% below the reference levels of 1990, by 2050, as shown 

in Figure 1-1. This objective can only be achieved by applying strong international policies 

and directives that will shape the development of the main sectors (Power Sector, 

Residential and Tertiary, Industry, Transport, Agriculture) in the next decades to meet the 

target by 2050.  

 

 

 

Figure 1-1: European greenhouse gas emissions projection towards an 80% reduction compared to 1990 levels. 
Figure adapted from [8]. 

 

 

The European transport sector plays a key role in the European strategy to shift towards a 

low emission economy. Almost a quarter of greenhouse gas emissions in Europe are 

generated by transport [9] , of which the largest share come from road transport with more 

than 70% of all the greenhouse emissions deriving from transport; whereas the rest is divided 

between civil aviation and marine navigation. This has been translated by commission 
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analysts [8] with the target of a reduction of 60% of greenhouse gas emissions below the 

1990 levels only for the EU transport sector.  

Aviation plays an integral role in the global economy and at the same time brings social 

benefits. This however comes at the cost of impacts on climate change, noise, and air quality, 

affecting consequently the health of citizens.   

According to the publication of the European Aviation Environment Report 2016 [10], the 

continuous growth of air traffic in Europe has increased its impacts on environmental 

change. Over a period of 15 years, from 1990 to 2005, the volume of air traffic and in parallel, 

the emissions of CO2, have increased by 80%. However, following advances in technology, 

fleet renewal with more efficient aircraft, improvements in Air Traffic Management (ATM) 

and the 2008 economic crisis, the emissions level in 2014 was approximately stable relative 

to the emissions registered in 2005. This trend is not expected to last in future projections. 

Historically the rate of technological improvements has not kept pace with the continuous 

growth of air traffic. Indeed, following a base traffic forecast, air traffic volume is expected 

to increase by 45% between 2014 and 2035, as shown in Figure 1-2. 

 

 

Figure 1-2: European air traffic volume. Figure adapted from [10]. 
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According to IMPACT EUROCONTROL data [10], CO2 emissions, having followed the same 

trend of air traffic over the period 1990-2014, are expected to increase by 45% over the 2014-

2035 period, as shown in Figure 1-3. 

 

Figure 1-3: Recent and predicted European air traffic CO2 emissions. Figure adapted from [10]. 

 

Following the past data and future forecast, technological improvements to enable 

environmentally friendly aircraft engines have a key role to play in reducing GHG emissions. 

Emission directives are expected to become even more stringent in the future and this has 

triggered more investments from governments and industry on research and development 

in the aviation sector and its aircraft technology; in particular aiming to improve combustion 

efficiency and to reduce the formation of pollutants, by using alternative fuels and by 

optimising the engine design.  

To support these developments, the ability to understand the combustion performance by 

measuring chemical and physical flow parameters has been provided by diagnostic 

instrumentation for gas turbine exhaust plume analysis, using a variety of techniques, e.g. 

[11], [12].  
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In the context of instrumentation for aero-engine exhaust analysis, the FLITES research 

project as a consortium of partners from both academia and industry (www.flites.eu), aims 

to provide a non-intrusive tomography system, to image the spatial distribution of CO2 gas 

concentration within a planar section of the exhaust plume, which is only one of several 

targets in the project. The project partners are: the Universities of Edinburgh, Manchester, 

Southampton and Strathclyde; Rolls-Royce plc; Shell Research Ltd; Instituto Nacional de 

Tecnica Aerospacial (INTA); Covesion Ltd; Fianium Ltd; OptoSci Ltd. 

The aero engine test cell at INTA in Madrid was chosen as the target location for the system 

in 2014, after excluding several options for Rolls-Royce test cells. Initially, INTA acted as 

contractors to Rolls-Royce for this purpose, but they became full members of the FLITES 

consortium in September 2015. Nevertheless, gaining access to the exhaust plume of an 

actual operating aero engine in the test cell has remained problematic until the time of 

writing. 

 

1.1.2 Absorption spectroscopy sensors and motivations for 

monitoring CO2 in combustion  
 

The emission pollutants released by aircraft during the combustion process are carbon 

dioxide (CO2), nitrogen oxides (NOx), sulphur oxides (SOx), unburned hydrocarbons (HC), 

carbon monoxide (CO) and particulate matter (PM), as shown in Figure 1-4 [13] [14]. 

Each chemical molecule can be characterised and unequivocally identified by its infra-red 

absorption spectrum, which indicates the amount of electromagnetic energy the molecule is 

able to absorb at specific wavelengths. 
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Figure 1-4: Schematic of emissions pollutants released during combustion process in aero-engines. 

 

Motivations of the interest in measuring the emission of CO2, together with CO and water, 

are for monitoring the emissions and the quality of the combustion process in engines. 

Authorities are pushing for the development of more efficient combustion devices to 

minimise CO2 emissions. Carbon dioxide is one of the major products emitted during the 

combustion process and measurements of CO2 can provide a direct measure of the 

combustion efficiency. 

Considering the combustion process of a pure hydrocarbon fuel CnHm in pure oxygen, in the 

case of a complete combustion the products released will be CO2 and water, as follows: 

 

 𝐶𝑛𝐻𝑚 + (𝑛 +
𝑚

4
)𝑂2 = 𝑛𝐶𝑂2 +

𝑚

2
𝐻2𝑂 

(1.1) 

 

Since combustion happens in air, which is mainly composed by nitrogen and oxygen, the 

stoichiometric relation [15] will be: 

 

 𝐶𝑛𝐻𝑚 + (𝑛 +
𝑚

4
) (𝑂2 + 3.78𝑁2) = 𝑛𝐶𝑂2 +

𝑚

2
𝐻2𝑂 + 3.78 (𝑛 +

𝑚

4
)𝑁2 

(1.2) 
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Restricting the case to a hydrocarbon fuel used in aviation turbines [16], dodecane C12H26, 

the equation for a complete combustion would be: 

 

 𝐶12𝐻26 + 18.5(𝑂2 + 3.78𝑁2) = 12𝐶𝑂2 + 13𝐻2𝑂 + 3.78 × 18.5𝑁2 (1.3) 

 

The gas exhaust composition presents the following elements in volume percentage: 

 CO2: 12.6% 

 H2O: 13.7% 

 N2: 73.7% 

In reality, complete combustion is difficult to obtain and the combustion reaction will release 

also other species, such as CO and “smoke” (i.e. soot). In combustion control applications, a 

key indicator of combustion efficiency is given by the presence of CO: if CO concentration is 

low, this indicates an efficient combustion process [17], [18]. A low level of CO2 concentration 

in the exhaust region would also indicate that the burners are not working properly. One of 

the main aims of the FLITES project is to improve the diagnostic of engine testing procedures 

with gas sensor-tomography for CO2 emissions; for example, the ability to measure 

differences in CO2 concentration from each burner in an engine would enable optimisation. 

Over the past two decades, following important advancements in the telecommunication 

field, semiconductor technologies (specifically, light sources and photodetectors) and fibre 

optics have become more robust and low-cost in the near-IR (NIR) region and this has 

contributed to a wide development of diode laser based gas sensors. Low-cost 

optoelectronic sources and devices largely employed in optical telecommunications have 

given access to absorption features falling in the conventional telecommunication C band, 

around 1550 nm. Further developments of devices, in particular laser sources and optical 

fibre, have given access to applications operating up to 2.0 µm, allowing measurement of 
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stronger CO2 overtones. In this region of the CO2 spectrum, absorption line intensities are 10 

to 30 times stronger, than those in the 1.57 µm region [19], where the CO2 spectrum is 

overlapped by strong water absorption. As a result, the sensitivity of CO2 measurement at 

2.0 µm is increased [20] [21] [22]. 

The basic principle of these gas sensors is to illuminate a gas region with a monochromatic 

light source, typically from a laser, and to measure the light absorbed by the target chemical 

species. The light absorption depends on the extent to which the laser wavelength matches 

the absorption spectrum of the target species. The transmitted light is detected by a 

photodiode and the signal can be analysed by various means to determine the absorption. 

Figure 1-5 shows a conceptual schematic of an absorption measurement system. 

 

 

Figure 1-5: Conceptual schematic of an absorption measurement system. 

 

By employing coherent laser sources, spectroscopy-based gas sensors can detect a specific 

molecule in a gas mixture with high-resolution spectroscopy techniques, opening the path 

to the detection of small molecules with narrow features, or weaker overtones compared to 

the fundamental transitions in the mid-IR spectrum region.  

Compared with standard extractive sampling methods where a probe is required to be 

placed in the measurement area, as discussed in section 1.2, the main advantages of these 

optical sensors in applications requiring the characterisation of combustion processes or gas 

exhaust flows in aero-turbines are: 
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 target species are measured in-situ without losses and other complexities 

introduced by flow through sampling pipe lines; 

 non-intrusion of the measurement in the flow field;  

 excellent temporal resolution; 

 simultaneous measurement by many beams. 

 

With the advent of ever more reliable and cost-effective diode lasers in the NIR, tunable 

diode laser absorption spectroscopy (TDLAS) has become an established and robust method 

for measurement of gas parameters such as concentration, pressure and temperature. 

Therefore the method has been implemented for a variety of applications in harsh 

environments, e.g. see [22] [23] [24]. Wavelength modulation spectroscopy (WMS) greatly 

enhances the sensitivity of TDLAS, enabling measurements in harsh industrial environments 

such as the aero-engine testbed [25] for small molecules with sharp features that would not 

be possible to detect by using the direct TDLAS approach. These variants of TDLAS are 

discussed in detail in Chapter 2. 

However, these advantages result in an increased complexity in the required electronic 

instrumentation, principally due to the implementation of a phase sensitive detection (PSD) 

scheme required to extract specific harmonics of the WMS signal. Lock-in amplifiers are in 

principle phase sensitive detectors used in instrumentation for their ability to detect low-

level signals even in presence of noise and they are therefore fundamental for the 

implementation of the TDLAS WMS scheme. 

Using multiple coplanar single-beam measurements deployed in different angular 

projections, a chemical species tomography (CST) approach can be used to extract 
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information about the spatial distribution of the target molecule of interest over the 

measurement plane [26] [27] [28]. Figure 1-6 shows a possible CST architecture. 

 

 

Figure 1-6: Schematic of a possible CST architecture, with multiple light sources at different wavelengths, 
combined for simultaneous launch along many paths through the measurement subject. 

 

CST has recently matured, having been demonstrated for in-cylinder imaging of hydrocarbon 

fuel distribution [29] [30] [31] using direct-absorption TDLAS for hydrocarbon molecules that 

have a broad absorption feature. This however has motivated the implementation of CST 

using TDLAS-WMS for small molecules with narrow absorption features. Indeed, TDLAS-

based tomography systems have been implemented for water [32] [33] [34], and ammonia 

and methane [35]. A useful overview of such systems, with an emphasis on laboratory 

demonstrations, has been given by Cai and Kaminsky [36]. However, robust implementation 

in harsh and industrial environments of tomography systems with TDLAS-WMS for small 

molecules with narrow features has not been achieved to date with many beams and 

projections, mainly due to the cost and complexity of the electronics and optics required. 

Such an implementation, to monitor CO2 emission from the largest passenger aircraft gas 

turbines, is the subject of this thesis.  
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1.2 Review of combustion and emissions 

diagnostic methods in aviation  
 

1.2.1 Sampling method of gas turbine exhaust 

 

The current conventional methods regulated by the ICAO [37] consider the implementation 

of a sampling system, with a sampling probe or a rack of probes, placed in the plume within 

a few cm from the turbine exit nozzle plane, or at a few meters in the case of engines 

employing afterburning. The sample of gas turbine engine exhaust is transferred from the 

probe to the analysers along a line with controlled temperature of 160°C ± 15°C to prevent 

condensation of the sample. This system requires the use of different instruments for the 

analysis of the different chemical species, in particular the line supplies samples to different 

analysers for CO, CO2, NOx and UHC. This experimental sampling setup corresponds to the 

one utilised as a standard by the main aero-engine manufacturers, as well as Rolls-Royce 

Aerospace [38]. By the nature of the sampling system, the sampling method is considered to 

be intrusive, since the probe placed behind the exit nozzle plane interferes with the exhaust 

flow by extracting a gas sample. Furthermore, the gas sample is subject to transport losses 

along the line which conducts it to the analytical instruments. Indeed, chemical reactions 

might happen and particles might stick on the internal walls of a long tube, depending on the 

actual hardware of the sampling systems [39].  

This type of measurement is limited to the area of the probe, without an overview of the 

whole combustion or exhaust plume area. Generally, measurement accuracy for CO2 is good 

(about < 1% over a calibrated measuring range) as it is related to the analyser adopted by 

the system and placed at the end of the transportation line, whereas temporal resolution is 
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quite poor, since about 2 minutes are required to sample, analyse and purge the sampling 

system. 

 

1.2.2 Passive FTIR 
 

The employment of Fourier Transform Infrared (FTIR) spectroscopy offers a non-intrusive 

technique to detect key exhaust components (CO2, CO, NOx, H2O, UHC) emitted by a gas 

turbine engine.  

This method is based on measurement of the absorption spectra in the case of active FTIR, 

or emission spectra in the case of passive FTIR [40]. The main difference between active and 

passive FTIR is given by the employment of an artificial hot IR source in the former case, 

where the source generates blackbody radiation that is launched on an optical path towards 

an IR detector. The presence of an IR-active molecule (i.e. with an IR absorption spectrum) 

along this optical path, causes an absorption of the radiation.  

Passive FTIR emission absorption measurement does not use an artificial IR source and can 

work with uncontrolled light sources, such as hot gases or hot surfaces. In the case of cold 

gas flows the passive FTIR is limited and it is necessary to switch to the active absorption 

mode, using an artificial IR source. Analysis of the temperature profile of gas flows and 

chemical species present in aircraft exhaust using FTIR emission spectroscopy has already 

been documented in the literature [41] [42] [43] [44] [45]. 

This method presents several advantages compared to the sampling method: 

 a portable FTIR setup can be used to measure simultaneously different species (CO, 

CO2, NO) present on the optical path, without relying on different analytical 

instruments, with a significant cost reduction;  

 being non-intrusive, there is no distortion of the flow field.   
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Limitations of the FTIR technique employed in application to aircraft exhaust sensing are 

given by the harsh working environment, where high vibration level can interfere with the 

spectrometer, the impossibility to identify all the different species with overlapping spectral 

features, and the FTIR scan measurement time, which in the case of a fast gas turbine exhaust 

flow may be too slow.  

Commercial FTIR instruments offer poor temporal resolution, i.e. a measurement can take a 

minute due to the mechanical principle of the spectrometer, and they are bulky and 

expensive. Hence, they are unsuitable for multi-channel systems required for 2D spatial 

resolution such as CST applications 

 

1.2.3 TDLAS for chemical species tomography systems 
 

TDLAS has been demonstrated as a robust capability for single-channel measurement of gas 

species such as CO2, CO [46], NO [47] and hydrocarbon molecules [48] [49] [50] for different 

temperature, pressure and concentration conditions. 

Implementations of TDLAS measurements of gas parameters have been discussed in [51] and 

demonstrated in several combustion applications in harsh environments, such as IC engines 

[29] [49] [52] , scramjet combustors [50] [53] [54], coal gasifier [55] and pulse detonation 

engines [56].  A recent demonstration of TDLAS implemented with WMS for commercial aero 

engines [25] with all-optical access, has enabled sensitive measurements of gas-phase 

parameters even in harsh industrial environments such as an aero-engine test bed with a 

high level of vibrations. TDLAS with WMS is considered to be the state-of-the-art for in-situ 

gas phase measurements.  



 30   
 

TDLAS with WMS offers high-speed measurement (e.g. several kHz), and can be successfully 

combined with tomography using multiple simultaneous beams to image the distribution of 

target gases in harsh industrial combustion scenarios [31] [36].  

Following the implementation of TDLAS for CST, once having identified a suitable absorption 

feature and assessed its linewidth, a suitable absorption spectroscopic method has to be 

selected. In the case of broad absorption features that are sufficiently stable against variation 

with temperature and pressure, a simple direct TDLAS measurement can be suitable to 

recover the absorption curve. The direct absorption method has been applied in the case of 

large hydrocarbon molecules [57] [29] to recover the distribution of species. 

In the case of narrow, sharp absorption features, due to small or low weight molecules [31], 

such as the case of CO2, or in the case of weak absorption features, often overlapped by 

other species or noise in harsh industrial environments, direct absorption TDLAS might not 

resolve small spectral changes and a high sensitivity technique is required. This is achieved 

with the WMS-TDLAS method, as discussed in Chapter 2.   

CST applications exploiting TDLAS are achieved implementing a multi-channel system, with 

multiple parallel beams and different projections, followed then by a post-processing image 

reconstruction algorithm. 

Zolo Technologies, a company focused on combustion monitoring via TDLAS-based sensors, 

has developed in cooperation with US Airforce Research Laboratories a direct TDLAS system 

for post-combustion detection of water concentration in scramjet engines [58]. The system 

deploys 4 beams over the gas plume region and by direct wavelength scanning at 50 kHz 

reduces the hardware complexity, without the need of the phase sensitive demodulator 

required in WMS schemes. This however does not benefit from the advantages given by 

WMS, reducing noise in harsh industrial environments and enabling robust measurement by 
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the 2f/1f method (see Chapter 2). Further, by using 4 single-beam direct TDLAS 

measurements it does not implement a tomographic scheme, which would require a 

configuration with many more beams at different orientations and projections. 

One of the most recent works has instead developed this combustion measurement system 

further, by designing a tomography system for flow measurements of the exhaust of an aero-

turbine [59]. To achieve this, a multi-channel system has been designed to obtain 

tomography images for water temperature and concentration from the exhaust of a jet 

turbine (GE J85-5) with a frame rate of 50 kHz, implementing the direct TDLAS method using 

a so-called hyperspectral laser source. This system is designed for a relatively small jet 

turbine (length: 115-130 cm; diameter: 45 cm) and is not suitable for the large commercial 

aero gas turbines in use today. The projection structure is a square of side length 45.72 cm, 

with 30 beams distributed over 2 projections at right angles with 15 beams each.  

Further to limitations due to the turbine’s dimensions, this system utilising a direct TDLAS 

scan method does not benefit from the high sensitivity or capacity to resolve narrow 

absorption lines given by the WMS-TDLAS method.  

Furthermore, this configuration using only two projections, yields effectively no spatial 

resolution. Consider the case of two mirror-image phantoms A and B, as shown in Figure 1-

7, where each phantom contains two objects, i.e. A1, A2 in one case, and B1, B2 in the other 

case; in each case, the two objects are placed symmetrically with respect to the centre of the 

measurement space, and all four objects are identical. 
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Figure 1-7: Mirror-image phantoms, phantom A on the left side and phantom B on the right side. 

 
 
The two different phantoms of Figure 1-7 are indistinguishable in a tomography system using 

only two projections at right angles, regardless of how many measurements are recorded. 

As can be seen from Figures 1-8 and 1-9 for this particular pair of phantoms, the tomography 

measurement vector obtained with two projections at right angles is identical for both A and 

B; i.e. the tomography system cannot resolve the objects’ positions between the two 

alternative solutions A and B.  Hence, the system fundamentally cannot achieve spatial 

resolution. 
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Figure 1-8: Phantom A tomography measurement with two projections at right angles, giving identical 
absorption (arbitrarily set to 1 here) on all beams that intersect A1 and A2.  
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Figure 1-9: Phantom B tomography measurement with two projections at right angles, giving identical 
absorption (arbitrarily set to 1 here) on all beams that intersect B1 and B2. 

 

Phantoms A and B would be easily distinguishable using a tomography system with 

projections at four different angles.  

Following this, the FLITES CO2 tomography system has been optimised for the disposition of 

126 beams implemented in a six-projection array, as discussed in Chapter 3.  

 

1.2.4 Requirement specification for aviation engine 

combustion and emission monitoring 
 

As described in the previous sections 1.2.1, 1.2.2 and 1.2.3, current systems utilised for 

monitoring gas emissions offer single-sample measurements, which often result to be 

intrusive with the flow field (such in the case of the sampling system) and due to the limited 
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number of measurements, it is not possible to achieve a tomographic image of gas exhaust 

concentration.  

A novel contribution of the work described in this thesis that can support imaging of gas 

concentration distribution, can be obtained by the WMS method expanded to a 2D 

tomography CST system with an accurate DAQ electronic design of the system managing a 

large number of beams.  

The development of such system can satisfy a number of requirements such as the non-

intrusiveness with the gas flow, the simultaneous measurements of a large number of 

beams, as well as compactness and cost-effectiveness, while providing high temporal and 

spatial resolution of the gas flow. 

To the best of the author’s knowledge there is no previous system combining the WMS 

method with tomography using a large number of beams deployed over 6 projections. 

 

1.3 Structure of the thesis 
 

In Chapter 2, the fundamentals of absorption spectroscopy with the basic theory related to 

the selected feature’s formation are addressed, as well as the TDLAS technique with the 

direct and WMS methods. The WMS 2f/1f method used within the FLITES instrument 

developed here is also addressed. 

In Chapter 3, an overview of the mechanical dodecagonal structure of the FLITES 

measurement system, and optical aspects of the instrument, are discussed. 

In Chapter 4, the data acquisition electronics architecture for the proposed 126-beam 

tomography instrument and details of the timeline of the measurement sequence are 
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explained. Firmware architecture is described and single firmware modules are tested and 

validated. 

In Chapter 5, the basic theory of phase sensitive demodulation and its implementation via 

lock-in amplifier instrumentation is described. Implementation and test of a single-channel 

FPGA-based lock-in system are performed in a gas laboratory, detecting CO2 via 

demodulation of the first and second harmonics of the WMS signal. 

Finally, Chapter 6 presents a set of tomography tests and reconstructed images for a CO2 

phantom using the opto-mechanical instrumentation described in Chapter 3. 
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Chapter 2 
 

2  Tunable Diode Laser Absorption 

Spectroscopy 
 

 

2.1 Fundamentals of molecular spectroscopy  
 

2.1.1 Spectral absorption features formation 
 

The process of absorption or emission of electromagnetic radiation for atoms or molecules 

involves the change of their internal energy levels, by the transition from one level to another 

allowed energy level. The allowed transitions due to the absorption of electromagnetic 

radiation result in the unique association of the absorption spectrum with a specific atom or 

molecular arrangement. The energy required for a transition is proportional to the frequency 

of the radiation that will be emitted or absorbed.  

The quantum of energy required by a molecular system to make a transition between two 

allowed energy-levels is given by 

 ∆𝐸 = ℎ𝜈 =
ℎ𝑐

𝜆
 (2.1) 

 

where h is Planck’s constant (6.63 x 10-34 Joule s), c is the speed of light in vacuum, ν and λ 

are respectively frequency and wavelength of the absorbed or emitted radiation. This 

mechanism is illustrated in Figure 2-1, where the absorption of radiation brings the molecule 

or atom to change its energy state. 
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Figure 2-1: The absorption of energy allows the atom or molecule to change state. 

 

In the case of an absorption mechanism, if a monochromatic light source is directed through 

an absorbing medium, the molecule, being an absorption system, will absorb part of this 

radiation by passing from state level 1 to the state level 2, as illustrated in Figure 2-1. This 

will result in a lower laser intensity detected by the measurement instrumentation. Since 

each molecule has a spectral response, there will be laser frequencies that will interact and 

get absorbed by the molecule and other frequencies that will not. Considering this, if we scan 

our light source over a broader frequency range and record the output with a spectrum 

analyser, as illustrated by Figure 2-2, we should be able to observe the wavelenghts or 

frequencies of radiation absorbed by the molecule.  

 

 

Figure 2-2: The transmission spectrum through a gas, which has an absorption frequency dependence. 
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The energy level transitions are defined by a quantised amount of energy. The energy level 

structure of a given molecule includes electronic energy related to the electrons of its atoms, 

rotational energy related to its rotation, and vibrational energy related to the streching or 

bending of bonds between its atoms. These mechanisms give rise to electronic, rotational 

and vibrational transitions [60]. Given this premise, since each molecule owns its specific 

structure, the combination of electronic, vibrational and rotational energy transitions 

identify unequivocally the spectrum profile of each molecule. Each component of a gas 

mixture is detectable by its own absorption spectrum. There are some general regions of the 

electromagnetic spectrum where specific types of molecular energy transitions may be 

associated [60]. We can observe that as we go towards higher frequency the energy involved 

is higher, as per relation (2.1): 

- In the radiofrequency region (with wavelength approximately 1 cm to 10 m) the 

energy difference between energy levels arises from the electron or nucleus spin and 

it is in the order of 0.001 – 10 Joule/mole.  

- In the microwave region (with wavelength 100 μm - 1 cm) the difference between 

energy levels is related to the rotation of molecules (which give rise to a periodic 

change of the molecular dipole moment) and it is in the order of hundreds of Joules 

per mole. 

- The infrared region (1 μm - 100 μm) in spectroscopy is characterised by the vibration 

of molecules, giving a separation between energy levels in the order of 104 Joules 

per mole. 

- Transitions at shorter wavelength require higher energy, such as in the visible and 

ultra-violet region (10 nm - 1 μm), where the electronic transitions of valence 

electrons have an energy of some hundreds of kilojoules per mole.  
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Figure 2-3 presents a schematic of the different energy states with their characteristic 

energy gaps.  

 

 

 

Figure 2-3: An illustration of the relationships and dependences of the different energy levels 

 

2.1.2 Vibrational Energy levels in Spectroscopy 
 

In the following sections a brief description of vibrational and rotational energy levels is 

given. For a more detailed review interested readers are directed to excellent texts 

discussing fundamentals of molecular spectroscopy such as [60]. 

Spectroscopy in the infrared region is mainly related to the study of molecular vibrations. 

Precisely, molecular vibration refers to the relative vibration, which occurs between two 

bonded atoms. Considering for simplicity the case of a diatomic molecule, the bond between 

the two atoms can be modelled as a spring and the molecule can be considered as a simple 

oscillator, with quantised energy levels. This periodic oscillation leads to a periodic change in 

the dipole moment of the molecule, which enables the interaction with the electromagnetic 

field. 
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Figure 2-4: Representation of the vibration motion, which occurs in a diatomic molecule, illustrating the relative 
nuclear positions. 

 

In classical terms, considering Hooke’s law to model the behaviour of the bond acting like a 

spring: 

 𝑓 = −𝐵(𝑟 − 𝑟𝑒𝑞) (2.2) 

 

where f is the restoring force exerted by the spring, B is a constant characteristic of the spring 

and r is the length of the spring (in our case the bond). The energy curve is described by a 

parabolic function: 

 
𝐸 =

1

2
𝐵(𝑟 − 𝑟𝑒𝑞)

2 (2.3) 

 

where req is the bond length at equilibrium. The quantised vibrational energy levels are given 

by   

  

 
𝐸𝑢 = (𝑢 +

1

2
)ℎ𝜔𝑜𝑠𝑐           (𝑢 = 0, 1, 2, … )          [𝐽𝑜𝑢𝑙𝑒𝑠] 

(2.4) 
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where 𝑢  is the vibrational quantum number and 𝜔𝑜𝑠𝑐 [Hz] is the oscillation frequency of the 

vibration. The oscillation frequency, considering the model of a harmonic oscillator such as 

a spring, 𝜔𝑜𝑠𝑐 =
1

2𝜋
√
𝐵

𝜇
 ,  depends on the mass of the system µ and the force constant B, but 

it is independent of the distortion given to the spring, thus it does not change with the 

vibrational quantum number u.  

The allowed energy levels expressed above are in Joules. In spectroscopy however, it is 

interesting to relate the corresponding frequency or wavenumber to the absorbed or 

emitted radiation following a change of energy states. The vibrational energy levels 

expressed in wavenumbers [cm-1] are given by 

  

 
εu =

Eu
hc
= (u +

1

2
)
hωosc
hc

= (u +
1

2
) ω̅osc         (u = 0, 1, 2,… )          [cm

−1] (2.5) 

 

 

where �̅�𝑜𝑠𝑐 for the harmonic oscillator is defined as  

 

 

�̅�𝑜𝑠𝑐 =
𝜔𝑜𝑠𝑐
𝑐
=
1

2𝜋𝑐
√
𝐵

𝜇
          [𝑐𝑚−1] (2.6) 

 

Wavenumber �̅� is often used in spectroscopy to refer to a frequency and it is defined as the 

reciprocal of the wavelength expressed in centimeters as 

 
�̅� =

𝜈

𝑐
=
1

𝜆
          [𝑐𝑚−1] (2.7) 

 

The distribution of vibrational energy levels for a simple harmonic oscillator are shown in 

Figure 2-5, where we can assume one atom to be fixed on the y-axis, while the other atom 

oscillates along the red line. The selection rule for a harmonic oscillator in vibrational motion 

is ∆𝑢 = ±1. Hence it can be calculated that, since adjacent levels are equally spaced, the 



 43   
 

energy change for a transition is always the same and at the same fundamental 

electromagnetic frequency. 

 

Figure 2-5: Ideal distribution of vibrational energy levels in simple harmonic motion for a diatomic molecule. 

 

Real molecules do not follow exactly the model derived by Hooke’s law, since stretching and 

contraction of bonds might be greater and not so homogeneous, up to a point where the 

bond can break. A function that approximates well this mechanism was derived by Morse 

[61]. The Morse potential energy function to describe the energy distribution of a diatomic 

molecule as an anharmonic oscillator is as follows: 
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 𝐸 = 𝐷𝑒{1 − exp [𝑎(𝑟𝑒𝑞 − 𝑟)]}
2 (2.8) 

 

where De is the dissociation energy and a is a constant for a particular molecule. The 

quantised energy levels considering Eq. (2.8)  for the anharmonic oscillator are given by: 

 

 
𝐸𝑢 = {1 − 𝜒𝑒 (𝑢 +

1

2
)} (𝑢 +

1

2
) ℎ𝜔𝑒          (𝑢 = 0, 1, 2, … )          [𝐽𝑜𝑢𝑙𝑒𝑠] 

(2.9) 

 

where 𝜔𝑒 is the new oscillation frequency and 𝜒𝑒 is the anharmonicity constant. The levels 

defined by Eq.(2.9) are shown in Figure 2-6. Comparing Eq.(2.9) with Eq.(2.5) we can obtain 

the oscillation frequency �̅�𝑜𝑠𝑐: 

 

 
�̅�𝑜𝑠𝑐 = �̅�𝑒 {1 − 𝜒𝑒 (𝑢 +

1

2
)}          [𝑐𝑚−1] (2.10) 

 

We can observe that the oscillation frequency of the anharmonic oscillator decreases for 

higher vibrational quantum number 𝑢.  

 

Figure 2-6: Realistic distribution of vibrational energy levels for a diatomic molecule in anharmonic oscillation 
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The model for the anharmonic oscillator allows transitions greater than 𝛥𝑢 = ±1 as per the 

simple harmonic oscillator. The selection rule in the anharmonic case is 𝛥𝑢 = ±1,±2,±3,…  

but it is a good approximation to consider only the first three cases up to 𝛥𝑢 = ±3, as higher 

transitions are less likely and with a low observable intensity [60]. 

The analysis of a spectrum is done by identifying the fundamental transitions, the first 

overtones and the second overtones. In particular, transition from u = 0 to u = 1 is known as 

the fundamental transition; transitions greater than Δu = ± 1 are also allowed, we identify a 

first overtone as a transition from u = 0 to u = 2 and a second overtone as a transition from 

u = 0 to u = 3. 

The relative population density N of two different energy states is described by the 

Boltzmann law 
𝑁𝑈𝑝𝑝𝑒𝑟

𝑁𝐿𝑜𝑤𝑒𝑟
= 𝑒

(
−𝛥𝐸

𝑘𝑇
)
, where ΔE is the energy difference between the two states, 

k is Boltzmann’s constant and T is the absolute temperature. Hence, N is higher in the lower 

energy levels. Transition intensities originating from levels where the population density is 

lower, will be weaker and with lower probability; for this reason we can state that transitions 

originating from the second level are unlikely and with a low intensity, and a good 

approximation is to consider only the transition originating from 𝑢 = 0. 

Following this, still the likelihood of a Δu = ± 1 transition is higher than a transition Δu > 1. 

For this reason the first and second overtone spectral lines will have a lower intensity with 

respect to the fundamental spectral line.    

The transitions originating from level 𝑢 = 0, when Δu = ± 2, ±3 will be observed in the 

spectrum multiplied in frequency by about, respectively, two and three times the 

fundamental absorption frequency (Δu = ± 1). 
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2.1.3 Rotational Energy levels in Spectroscopy 
 

Spectroscopy in the microwave region is mainly related to the study of rotating molecules. 

As well as vibrational energy, the rotational energy that a molecule can have, is quantised. 

Rotational energy is related to the rotational phenomena of a molecule. In the case of a 

diatomic molecule, the rotation produces an angular momentum vector [60] P, where the 

quantisation is taken into account by the rotational quantum number J:  

 
|𝑷| = √𝐽(𝐽 + 1)

ℎ

2𝜋
          (𝐽 = 0, 1, 2, … ) (2.11) 

 

The rotational energy levels for a diatomic molecule are described by 

 

 
𝐸𝐽 =

ℎ2

8𝜋2𝐼
𝐽(𝐽 + 1)          (𝐽 = 0, 1, 2, … )          [𝐽𝑜𝑢𝑙𝑒𝑠] (2.12) 

 

and 

 
휀𝐽 =

𝐸𝐽

ℎ𝑐
=

ℎ

8𝜋2𝐼𝑐
𝐽(𝐽 + 1)          (𝐽 = 0, 1, 2, … )          [𝑐𝑚−1] (2.13) 

 

where I is the moment of inertia for a diatomic molecule. The energy separation between 

neighbouring rotational levels is a factor of about 100-1000 lower than the separation 

between vibrational levels, therefore the energy required for a rotational transition is lower. 

The selection rule for a rotational transition is ΔJ = ±1 and  ΔJ ≠ 0, which means that a 

molecule cannot have zero rotational transition. 

 

2.1.4 Rotational - Vibrational Energy levels in Spectroscopy 
 

In the previous sections we have described the vibrational and rotational mechanisms 

happening in a typical diatomic molecule. Since the energy separations involved between 
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two adjacent levels due to the two different mechanisms, vibrations or rotations, have a 

difference in magnitude, an approximation would be that these mechanisms can be executed 

independently in a molecule. In particular, the vibrational and rotational transitions can also 

be combined and give rise to rotational-vibrational transitions; the rotational-vibrational 

energy levels can be simplified with the Born-Oppenheimer approximation with the sum of 

each individual contribution [60]: 

 𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 + 𝐸𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 (2.14) 

 

The quantised levels may be written as: 

 
𝐸𝐽,𝑢 = 𝐸𝐽 + 𝐸𝑢 =

ℎ2

8𝜋2𝐼
𝐽(𝐽 + 1)

+ {1 − 𝜒𝑒 (𝑢 +
1

2
)} (𝑢 +

1

2
)ℎ𝜔𝑒          [𝐽𝑜𝑢𝑙𝑒𝑠] 

(2.15) 

 

Figure 2-7 gives a representation of the rotational levels combined with the two lowest 

vibrational levels for 𝑢 = 0 and 𝑢 = 1. Rotational transitions passing from J → J-1 (ΔJ = -1 

and Δu = ± 1) are referred to as the P branch, while transitions from J → J+1 (ΔJ = +1 and Δu 

= ± 1) are referred to as the R branch. 
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Figure 2-7: Rotational-vibrational transitions for P-Q-R branches 

 

 

2.1.5 The vibrations of CO2 and line selection 
 

In the previous sections we have introduced the basis of describing the absorption features 

and referring to the example case of a diatomic molecule. We have also mentioned that in 

reality rotations and vibrations happen simultaneously, thus generating vibrational-

rotational transitions to be also considered in the spectrum. The target species of this thesis 

is specifically the linear triatomic CO2 molecule, as reppresented in Figure 2-8.  
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Figure 2-0-8: Fundamental vibrations of the CO2 molecule 

 

The CO2 molecule has four fundamental vibrations, a symmetric stretch u1 at 1330 cm-1, two 

bending vibrations u2 at 667.3 cm-1 and an antisymmetric stretch u3 at 2349.3 cm-1. In order 

to be IR active, a vibration must induce a dipole change and this can be parallel or 

perpendicular to the symmetry axis of the molecule. As we can observe in figures 2-9, 2-10, 

the antisymmetric stretch u3 and the bending motion u2 induce a dipole fluctuation and are 

IR active. For the symmetric stretch u1, since there is no dipole fluctuation, this particular 

vibration is IR inactive.   
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Figure 2-9: Antisymmetric stretching u3 of CO2 molecule and its dipole moment variation. 

 

 

Figure 2-10: Bending motion u2 of the CO2 molecule and its dipole moment variation. 

 

Considering the CO2 molecule and its four vibration motions in reality, the case where each 

vibration is performed independently without the presence of other motions does not 

happen. The overall vibration of a molecule is extremely complex and it has to be seen as the 
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superimposition of all the possible excited vibrations. However in spectroscopy we are able 

to resolve the absorption band corresponding to each single motion, by sending a radiation 

matching the fundamental frequency. 

In principle, if we consider the over-approximation seen for a diatomic molecule modelled 

as a harmonic oscillator also for the molecule of CO2, we would expect an infrared spectrum 

for the vibrational motions, with four fundamental harmonics. As soon as the simple 

harmonic approximation is lifted and we have something more similar to the anharmonic 

model, we can start to consider also the possibility of first, second, etc. overtones occurring 

at frequencies that are multiple of the fundamentals u1, u2 and u3.    

Further, the selection rule in this case permits the presence of combination bands and 

difference bands. These are defined as the combination of two or more fundamental 

frequencies or overtones. The intensities of these combination bands are usually very small, 

apart from cases where two combination bands or overtones of the same molecule are very 

close in frequency to appear accidentally degenerate and give rise to a resonance 

phenomenon. 

In the specific case of CO2, with the symmetric stretch u1 at 1330 cm-1 very close to the first 

overtone of the bending motion 2u2 at 1334 cm-1, this leads to the formation of a 

combination band. 

The selection of our CO2 feature [62] for the scope of this thesis has been carried out by 

prioritising the near-IR region around 2 µm, where suitable lasers and detectors are available, 

while searching for the strongest absorption band with the minimum cross-interference 

between the spectra of other chemical species like water. The determination was done by 

modelling this spectral region with data from the HITRAN 2008 database [63], and this led to 

the provisional selection of the R(48) spectral line of the R branch (ΔJ = +1) in the u1+2u2+u3 
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combination band at 1997.2 nm. Extensive empirical studies confirmed the selection and 

enabled a model of the feature to be developed [64]. 

 

2.2   TDLAS techniques for combustion 

diagnostics  
 

2.2.1 Direct absorption spectroscopy 
 

In the simplest TDLAS approach, the laser light is sent through a gaseous sample, as shown 

in Figure 2-11, by scanning its wavelength over the spectral feature of interest. The 

modulation of the laser consists of a laser driving current with a repetitive ramp waveform. 

This results in a periodic scanning of the laser wavelength across the absorption feature 

region and a ramping of the laser intensity.  

 

Figure 2-11: Illustration of direct TDLAS approach, where a normalised transmission is obtained normalising the 
measured absorption signal with the background (no-gas) signal. 
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To extract the absolute absorption function, from which gas concentration, temperature and 

pressure can be retrieved, the measured direct absorption signal needs to be normalised for 

intensity with a zero-absorption no CO2 gas signal, as illustrated in Figure 2-11. In general, 

the use of this method is limited when applied in harsh industrial applications with low 

concentration levels, where intensity fluctuations are significant and the signal-to-noise ratio 

(SNR) is low. To overcome these problems and increase the SNR, more complex wavelength 

modulation techniques are adopted in harsh environments at the expense of more complex 

signal processing electronics instrumentation.  

However, direct absorption TDLAS remains a preferred method in case of high gas 

concentration, where the SNR does not represent a problem and it is possible to simplify the 

signal processing hardware without the high-speed electronics required for wavelength 

modulation techniques. 

 

2.2.2 Beer-Lambert law 
 

The fundamental theory governing absorption spectroscopy is described with the Beer-

Lambert relation 

 𝐼𝑜𝑢𝑡(𝑣) = 𝐼𝑖𝑛(𝑣)exp [−𝛼(𝑣)𝐶𝐿] (2.16) 

 

where the ratio of the transmitted electromagnetic energy of light intensity Iout(v) at 

frequency v through an absorbing medium of length L [cm] to the incident laser beam 

intensity Iin(v), is exponentially proportional to the absorption coefficient α(ν) of the specific 

absorption path and C is the molecular concentration (mole fraction) of the target species. 

Figure 2-12 gives an illustration of an absorption measurement scheme. 
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Figure 2-12: Illustration of an absorption measurement scheme. 

 

The spectral absorbance A is given by the relation: 

 

 𝐴 = 𝛼(𝑣)𝐶𝐿 = 𝑃𝑆(𝑇)𝜑(𝑣)𝐶𝐿 (2.17) 

 

where T is the temperature in Kelvin, P (atm) is the pressure along the path, S(T) is the line 

strength [cm−2/atm] and 𝜑(𝑣) is the lineshape function of the absorption feature [cm]. The 

dependence of the spectral absorbance on the temperature is described by the line strength, 

whereas its dependence on frequency is considered through the lineshape function. 

The strength of an absorption transition can be calculated, for different temperature T, by 

the given temperature-dependent line strength function S(T) [65]: 

 

 

𝑆(𝑇) = 𝑆(𝑇0)
𝑄(𝑇0)

𝑄(𝑇)

𝑇0
𝑇
𝑒𝑥𝑝 [−

ℎ𝑐𝐸′′

𝑘
(
1

𝑇
−
1

𝑇0
)]
[1 − 𝑒𝑥𝑝 (

ℎ𝑐𝑣0
𝑘𝑇
)]

[1 − 𝑒𝑥𝑝 (
ℎ𝑐𝑣0
𝑘𝑇0

)]
 

(2.18) 

 

where T0 is the reference temperature of 296 K, Q(T) is the rotational-vibrational partition 

function of the absorbing molecule calculated by [66], k is Boltzmann’s constant [J/K], E’’ is 

the lower state energy level [cm-1] of the transition and v0 is the linecentre frequency of the 

transition.  
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2.2.3 Lineshape function and lineshape broadening 

mechanism 
 

A spectral line is the result of a transition between energy levels, causing the internal energy 

of a molecule to change. According to equation (2.1), since a transition corresponds to a 

specific amount of energy, it does ideally represent a very narrow (monochromatic) spectral 

line. In reality, it is subject to several broadening mechanisms that represent the interaction 

between the electromagnetic radiation and the molecule with its energy levels which 

depend, in turn, on the physical environment.  

The lineshape function 𝜑(𝑣) describes how a specific spectral line varies with frequency, 

modelling the broadening effects. Among these broadening effects, we can identify the main 

contributions: Doppler broadening and collisional broadening. 

 

Doppler broadening physically originates from the random thermal motion of molecules. 

Atoms and molecules moving at different velocities experience photon interactions at 

Doppler-shifted frequencies. The greater the temperature inducing a higher molecular 

velocity, the broader will be the spectral line. The doppler broadening can be described by a 

Gaussian profile [67],  

 

𝜑𝐷(𝜈) =
2

∆𝜈𝐷
√
𝑙𝑛2

𝜋
𝑒𝑥𝑝 [−4𝑙𝑛2(

𝜈 − 𝜈0
∆𝜈𝐷

)
2

] (2.19) 

 

where ∆𝜈𝐷 [cm-1] is the Doppler Full Width Half Maximum (FWHM) for a transition and is 

given by [67] 

 

∆νD = 7.162 × 10
−7ν0√

T

M
 

(2.20) 
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where ν0 is the linecentre frequency and M [g mol-1] is the molecular weight of the absorption 

species.  

 

Collisional (pressure) broadening is given by the transfer of energy due to collisions between 

atoms or molecules. By colliding, energy can be transferred internally to the molecule, 

perturbing its energy levels (electronic, vibrational or rotational) and inducing it to change 

to a different energy mode. When collisions happens between molecules of the same 

species, it is referred to as self-broadening, whereas if it happens between different species 

it is referred to as foreign-gas broadening. 

The collisional line shape can be descrived by a Lorentzian profile [67],  

 
𝜑𝑐(𝜈) =

1

𝜋

∆𝜈𝑐/2

(𝜈 − 𝜈0)
2 + (∆𝜈𝑐/2)

2
 (2.21) 

 

where ∆𝜈𝑐 [cm-1] is the collisional Full-Width at Half-Maximum (FWHM). The collisional 

FWHM, taking into account the pressure dependence [67] is then given by: 

 ∆𝜈𝑐 = 𝑃2𝛾 = 𝑃∑𝜒𝑖2

𝑖

𝛾𝑖 (2.22) 

 

where 𝛾𝑖  [cm-1/atm] is the collisional broadening coefficient of perturber i with mole fraction 

𝜒𝑖. The dependence on temperature can be expressed as 

 
𝛾𝑖(𝑇) = 𝛾𝑖(𝑇0) (

𝑇0
𝑇
)
𝑛

 (2.23) 

 

where T0 is the reference temperature at 296 K and n is the temperature exponent describing 

the variation of collisional broadening as a function of temperature. 

 

In many cases, the lineshape of a transition is a combination of these two broadening 

mechanisms and to describe this in spectroscopy it is conventional to use a Voigt profile, 
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which is defined as the convolution of a Gaussian and Lorentzian function, representing the 

Doppler and collisional broadening respectively. The Voigt lineshape 𝜑𝑉(𝜈) as a convolution 

product is given by [68]: 

 

𝜑𝑉(𝜈) = ∫ 𝜑𝐷(𝜈)
+∞

−∞

𝜑𝑐(𝜈 − 𝑢)𝑑𝑢 =
2

∆𝜈𝐷
√
𝑙𝑛2

𝜋
𝑉(𝛼𝑉 , 𝑤) (2.24) 

 

where  𝑉(𝛼𝑉 , 𝑤) is the Voigt function, with: 

 
𝛼𝑉 = √𝑙𝑛2

∆𝜈𝑐
∆𝜈𝐷

 (2.25) 

 

 

 𝑤 = 2√𝑙𝑛2
𝜈 − 𝜈0
∆𝜈𝐷

 (2.26) 

 

where the Voigt-α parameter indicates which of the two broadening mechanisms is more 

influential, and w is proportional to the line position. For high values of 𝛼𝑉, the Voigt function 

implies that collisional broadening is more dominant, while for low values of 𝛼𝑉 the Doppler 

broadening is more dominant. 

 

2.3   Wavelength modulation spectroscopy 
 

Several methods have been proposed to improve the detection sensitivity of TDLAS at low 

gas concentrations in harsh environments. A method that improves the sensitivity, while 

reducing the influence of instrumentation noise, and is well suited for spectroscopy of small 

molecules with narrow features, such as the case of CO2 at 1997.2 nm, is Wavelength 

Modulation Spectroscopy (WMS). 

In WMS, a sinusoidal high frequency modulation, as shown in Figure 2-13 a (generally from 

10s of kHz to 2 MHz) is applied to the laser simultaneously with the repetitive low frequency 
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ramp waveform (10s of Hz) used to interrogate the absorption feature, satisfying the 

condition where the sinusoidal modulation frequency fm  is small compared to the HWHM of 

the absorption feature. This differs from the other approach used in modulation 

spectroscopy, the Frequency Modulation Spectroscopy (FMS), where the sinusoidal 

modulation frequency fm is comparable to the HWHM of the absorption feature. 

Differently from direct TDLAS, where the detected signal is a direct absorption intensity, in 

the case of WMS, the interaction between the high frequency sinusoidal signal and the 

absorption feature gives rise to several gas absorption-dependent signal components at the 

detector, at higher order harmonics with respect to the WMS modulation frequency, as 

shown in Figure 2-13 b. In particular as described in [69], the first harmonic (1f) signal is 

proportional to the first derivative of the gas absorption line, while the second harmonic (2f) 

is proportional to the second derivative of the gas absorption line. The slope of the 1f signal 

is proportional to the gas concentration, whereas the amplitude of the 2f signal is 

proportional to the gas concentration. 

Detection of harmonic signals at high frequency presents the advantage of removing 

undesired low frequency components, such as 1/f noise and any other noise source 

prevalent in harsh environments, while frequency demodulation via lock-in amplifier, 

essentially a band pass-filter, can reduce the detection bandwidth to further improve the 

SNR. 
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a)   

 

 

b)  

 

Figure 2-13: a) Frequency-sweep across the full width of the gas absorption line. b) Interaction between dither 
sine modulation and gas absorption line. 
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2.3.1 Mathematical derivation of signal obtained from WMS 
 

Different methodologies have been proposed to perform calibration-free measurement of 

path-integrated species concentration, including the Residual Amplitude Modulation (RAM) 

[70], the Phasor Decomposition Method (PDM) [71] techniques and the 2f/1f method [72]. 

The mathematical derivation of these methods used to describe the generated harmonic 

components all have a similar formalism and highlight the need to use a lock-in amplifier to 

isolate parameters such as phase and frequency. Here, we will go through the derivation 

used in [73], and we will later introduce the 2f/1f method demonstrated by Rieker at al. in 

[72]. 

Equation (2.16) can be rewritten, in the approximation of small gas concentration 

(𝛼(𝜈)𝐶𝐿 ≪ 1), as 

 𝐼𝑜𝑢𝑡(𝑣) = 𝐼𝑖𝑛(𝑣)exp [−𝛼(𝑣)𝐶𝐿] ≈ 𝐼𝑖𝑛(𝑣)[1 − 𝛼(𝑣)𝐶𝐿] (2.27) 

 

The application of a dither signal on top of a ramp signal allows to perturb the gas absorption 

feature while the laser central wavelength is shifted along the range of the ramp, can be 

expressed as 

 𝐼𝑖𝑛(𝑣1) = 𝐼(𝑣1) + 𝛥𝐼(𝑣1) ⋅ 𝑐𝑜𝑠(𝜔𝑡) (2.28) 

 

where ν1 is the particular frequency we want to perturb in the absorption spectrum, ΔI is the 

intensity modulation amplitude at the angular modulation frequency ω. By substituting 

eq.(2.28) representing the intensity output by the laser, into eq.(2.27) taking into account 

the approximation for small absorption, the output intensity, generated through the laser-

gas interaction, is then described as 
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 𝐼𝑜𝑢𝑡(𝑣1) = [𝐼(𝑣1) + 𝛥𝐼(𝑣1) ⋅ 𝑐𝑜𝑠(𝜔𝑡)] ⋅ [1 − 𝛼(𝑣)𝐶𝐿] (2.29) 

 

The sinusoidal current modulation of the diode laser, further to the intensity modulation, 

also produces a frequency modulation in the detected signal, which is delayed by a phase ψ 

with respect to the intensity modulation, and is described as  

 [𝜈 − 𝑣1] = 𝛿𝜈 ⋅ 𝑐𝑜𝑠(𝜔𝑡 − 𝜓) = 𝛿𝜈 ⋅ 𝑐𝑜𝑠(𝜃) (2.30) 

 

where δν is the frequency modulation amplitude and 𝜃= (ωt – ψ). The absorption at 

frequency ν1 can be written as 

 𝛼(𝑣1) = 𝛼(𝑣0, 𝑇, 𝑃) ⋅ 𝑓(𝜃) (2.31) 

 

The central frequency of the absorption line is ν0, and f(𝜃) describes the line-shape function 

(typically Lorentzian, Gaussian or Voigt) [74] as described above. Considering the absorption 

coefficient in eq.(2.31), the absorption line function profile can be expanded using a Fourier 

series  

 
𝑓(𝜃) = 𝑎0 +∑𝑎𝑛 cos(𝑛𝜃) = 𝑎0 +∑𝑎𝑛cos (𝑛𝜔𝑡 − 𝑛𝜓)

∞

𝑛=1

∞

𝑛=1

 (2.32) 

 

where an are the Fourier coefficient that in the case of small modulation indexes (m = δν/γ) 

are proportional to n-th derivative line-shapes of the spectral feature. By substituting 

eq.(2.31) and (2.32) into (2.29) 

 𝐼𝑜𝑢𝑡(𝑣1) = [𝐼(𝑣1) + 𝛥𝐼(𝑣1) ⋅ 𝑐𝑜𝑠(𝜔𝑡)]

× [1 − 𝛼0𝐶𝐿 {𝑎0 +∑𝑎𝑛cos (𝑛𝜔𝑡 − 𝑛𝜓)

∞

𝑛=1

}] 
(2.33) 
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Expanding eq.(2.33) up to the third harmonic, and denoting with A = α0CL the spectral 

absorbance, as seen in eq.(2.17) but referring to the centre frequency, it can be shown that 

at each harmonic frequency the total signal is given by the sum of three phasors 

 

 𝐼𝑜𝑢𝑡(𝑣1) = {𝐼(𝑣1) + 𝛥𝐼(𝑣1) ⋅ cos(𝜔𝑡)} 

−𝐴 ⋅ 𝑎0(𝑣1) ⋅ {𝐼(𝑣1) + 𝛥𝐼(𝑣1) ⋅ cos(𝜔𝑡)} 

−𝐴 ⋅ 𝑎1(𝑣1) ⋅ {𝐼(𝑣1) + 𝛥𝐼(𝑣1) ⋅ cos(𝜔𝑡)} ⋅ cos(𝜔𝑡 − 𝜓) 

−𝐴 ⋅ 𝑎2(𝑣1) ⋅ {𝐼(𝑣1) + 𝛥𝐼(𝑣1) ⋅ cos(𝜔𝑡)} ⋅ cos(2𝜔𝑡 − 2𝜓) 

−𝐴 ⋅ 𝑎3(𝑣1) ⋅ {𝐼(𝑣1) + 𝛥𝐼(𝑣1) ⋅ cos(𝜔𝑡)} ⋅ cos(3𝜔𝑡 − 3𝜓) 

 

(2.34) 

 

where the amplitude modulation of the laser gives rise to three terms. In particular, we can 

identify the term corresponding to  𝛥𝐼(𝑣1) ⋅ cos(𝜔𝑡) in the first line of eq.(2.34) as the 

background or residual amplitude modulation (RAM) that would be present even in the 

absence of gas. In the second line, the term −𝐴 ⋅ 𝑎0(𝑣1) ⋅ {𝛥𝐼(𝑣1) ⋅ cos(𝜔𝑡)}, can be 

identified as a variation of the RAM caused by the gas absorption, which is proportional to 

the Fourier coefficient a0, which according to the approximation mentioned earlier, valid for 

small modulation indices, is proportional to the absorption line shape. Finally, always 

according to the approximation for small amplitude modulation where the an Fourier 

coefficient is proportional to the n-th derivative of the absorption line shape, we can identify 

the amplitude modulation of the derivative components, from the third to the fifth line of 

eq.(2.34), in the form of −𝐴 ⋅ 𝑎𝑛(𝑣1) ⋅ {𝛥𝐼(𝑣1) ⋅ cos(𝜔𝑡)} ⋅ cos(𝑛𝜔𝑡 − 𝑛𝜓). This last term 

can be decomposed as 

 
−𝐴 ⋅ 𝑎𝑛(𝑣1) ⋅ 𝛥𝐼(𝑣1) ⋅

1

2
{cos[(𝑛 + 1)𝜔𝑡 − 𝑛𝜓] + cos[(𝑛 − 1)𝜔𝑡 − 𝑛𝜓]} (2.35) 
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where it is evident that the amplitude modulation of the n-th derivative has frequency 

components at frequencies (n±1)ω, that will follow at the same harmonic frequency of the 

(n±1)-th derivatives. 

In a practical implementation of WMS, where phase sensitive demodulation using lock-in 

amplifier is applied to isolate the harmonic of interest, it can be shown from eq.(2.34), 

considering eq.(2.35), that at each harmonic frequency nω, the total signal is the sum of 

three phasors. The major phasor is proportional to the laser intensity I(ν) and the n-th 

harmonic derivative. The other two phasors are proportional to the intensity modulation 

amplitude ΔI(ν) and the (n±1)-th harmonic derivatives.  

By carefully selecting the detection phase of the lock-in amplifier for a specific detected 

harmonic frequency, each of these phasors can be isolated and measured.  

Considering the first harmonic signal detected from the lock-in amplifier, as given by 

eq.(2.34) and gathering terms in ωt,  

 𝐼1𝑓(𝜈1) = 𝛥𝐼(𝜈1) cos(𝜔𝑡)

− 𝐴 [𝑎0(𝑣1) ⋅ 𝛥𝐼(𝑣1) ⋅ cos(𝜔𝑡)+𝑎1(𝑣1) ⋅ 𝐼(𝑣1) ⋅ 𝑐𝑜𝑠(𝜔𝑡 − 𝜓)

+
1

2
𝑎2(𝑣1) ⋅ 𝛥𝐼(𝑣1)𝑐𝑜𝑠(𝜔𝑡 − 2𝜓)] 

(2.36) 

 

where the first term is the residual amplitude modulation (RAM), the second term is the 

variation on the RAM caused by the gas absorption, the third term is the first derivative of 

the gas absorption line (proportional to a1) at phase –ψ, and the last term is the amplitude 

modulation component of the second derivative, at phase -2ψ. 
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By the same method, the second harmonic detected at the lock-in amplifier stage, is instead 

given by 

  

 
𝐼2𝑓(𝜈1) = 𝐴 [

1

2
𝑎1(𝑣1)𝛥𝐼(𝑣1) ⋅ 𝑐𝑜𝑠(𝜔𝑡 − 𝜓) + 𝑎2(𝑣1)𝐼(𝑣1) ⋅ 𝑐𝑜𝑠(𝜔𝑡 − 2𝜓)

+
1

2
𝑎3(𝑣1)𝛥𝐼(𝑣1) ⋅ 𝑐𝑜𝑠(𝜔𝑡 − 3𝜓)] 

(2.37) 

 

where the first and third terms, at phases –ψ and -3ψ, are given by the amplitude modulation 

component for the first and third derivatives, as shown from eq.(2.35). The second term is 

instead the one proportional to the second derivative of the gas absorption line, proportional 

to the a2 Fourier coefficient. 

WMS methods are preferred for their better sensitivity, especially for small-signal cases with 

near zero baseline. Normalised WMS methods, such as the 2f/1f method demonstrated for 

measurements in harsh environments by [72] [64], present the advantage of being 

insensitive to non-resonant mechanism of beam attenuation, for example from scattering 

losses, and remain unchanged when the optical alignment is spoiled by vibration. 

The division of the second harmonic signal with the first harmonic signal presents the only 

dependence on the term ΔI/I or its inverse. This ratio is a constant for any drive current given 

to the optical source, and any optical noise with a variation of intensity I in each individual 

path can be compensated with a matching variation of ΔI. A preliminary and accurate 

characterisation of the laser source, measuring the ratio ΔI/I and the tuning coefficient δν1 

of the particular optical source in use, is required as calibration of the system. With this 

technique the final spectrum is in the form of  
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𝑄 =
𝐼2𝑓

𝐼1𝑓
⁄ = √[(

𝑋2𝑓

𝑅1𝑓
)
𝑔𝑎𝑠

− (
𝑋2𝑓

𝑅1𝑓
)
𝑏𝑘

]

2

+ [(
𝑌2𝑓

𝑅1𝑓
)
𝑔𝑎𝑠

− (
𝑌2𝑓

𝑅1𝑓
)
𝑏𝑘

]

2

 
(2.38) 

 

where X2f and Y2f refer to the second harmonic signal and correspond to the X and Y axes of 

the lock-in amplifier, also referred to as the in-phase and quadrature components, and R1f 

corresponds to the magnitude of the first harmonic signal given by 𝑅1𝑓 = √𝑋1𝑓
2 + 𝑌1𝑓

2. 

With the subscript gas and bk, we refer to the signals acquired with the lock-in amplifier in 

the different cases of laser-gas interaction and no CO2 gas presence. 

The notation used in the following chapters will be: 

 X1f and Y1f , to express the in-phase and the quadrature components respectively of 

the first harmonic signal; 

 X2f and Y2f, to express the in-phase and quadrature components respectively for the 

second harmonic signal. 

 

2.4 Summary 
 
In this chapter, the fundamental theory of absorption spectroscopy and the absorption 

feature formation have been described.  

The two main TDLAS methods, the direct absorption spectroscopy and the wavelength 

modulation spectroscopy are addressed, and the physical line-strength and line-shape 

functions seen in the Beer-Lambert law are detailed. Finally, the mathematical derivation of 

the WMS method and the composition of its signals are also seen in detail. The expressions 

given here are central to the work described in Chapters 4 and 5, and have been deployed in 

the analysis of raw signals from the experiments presented in Chapter 6.  



 66   
 

Chapter 3 
 

3  Opto-mechanical ring structure 

for Chemical Species Tomography 

in aero-engine turbines 
  

3.1 Ring structure 
 

The mechanical structural basis of the FLITES tomographic system, called the “ring”, is shown 

schematically in Figure 3-1. The ring is designed to be located about 4 m behind the aero 

engine exhaust nozzle and to offer a rigid support for the optics and electronics 

instrumentation. The structure is a dodecagonal ring with an inner diameter of 7 meters, and 

it supports 126 beams arranged in 6 projections, each with 21 parallel beams, and with an 

angular separation of 30°, as shown in Figure 3-2. The exhaust plumes is in the central region 

of 1.4 m diameter, where the beams cross each other. The exhaust gas flows into a so-called 

detuner, which is designed to prevent any interaction between the exhaust and the engine 

operation. 

The design of the ring has focused on five main requirements: 

 The structure and the measurement system must be non-intrusive upon engine 

operations and the exhaust flow; 

 To support 126 optical beams organised within an array of 6 projections with 21 

channels each; 
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 To provide a large imaging space in order to accommodate exhaust plume 

measurements of the largest civil gas turbine engines in service, such as the 

Rolls-Royce Trent 1000 and XWB; 

 The structure must be immune to vibrations that could be induced by turbine 

operation, to maintain the integrity of the optics and its alignment; 

 The structure must fit into the axial space between the engine exhaust nozzle 

and the detuner. 

The basic mechanical design, and its optimisation, was carried out by the Instituto Nacional 

de Técnica Aeroespacial (INTA) in cooperation with other members of the FLITES consortium, 

particularly the University of Edinburgh, and it has been optimised to support a frontal load 

due to the turbine flow, while meeting the requirement of optical alignment even in case of 

structural vibrations.  

The author did not participate on the design of the opto-mechanical ring, but the presence 

of this chapter is included in this thesis for contextual relevance with the description of the 

system and its application.  

 

Figure 3-1: Conceptual representation of the ring structure placed behind the exhaust nozzle of an aero turbine. 
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In particular, from an optical perspective, the ring hosts a network of optical fibres and fibre 

splitters conveying light to the 126 optical launch modules distributed between the 12 

alignment plates, while the optical receiver modules collimate each beam to focus onto the 

photodiode area. The optical system was developed by all four collaborating universities, 

with the University of Edinburgh carrying out the mechanical design, fabrication and 

installation.  

 

Figure 3-2: Beam array and dodecagonal ring structure with 6 projections of 21 channels each (this 
representative figure shows only 12 beams per projection). 

 

From an electronics point of view, the DAQ acquisition system, which will be described in 

detail in Chapter 4, is distributed over the 12 vertices of the ring and is mainly composed of 

a set of 12 hub boards (section 4.3) receiving and demodulating the electrical signals from 

126 photodiodes.  

 



 69   
 

3.2 Optimised beam array for 126 beams 
 

CST applications have shown that reconstruction accuracy is highly dependent on the 

physical arrangement and layout of the beam array [75] [76] [77]. Generally, the design of a 

CST beam array is constrained by two factors: cost of lasers and optical detectors, and the 

beams’ angular distribution. In our case, the choice of 126 beams has been a compromise 

between system cost and complexity.   

The beam array, mounted on the custom-built ring structure (Figure 3-2), has been designed 

by using a method to optimise the beam arrays [76] [78] considering: i) physical constraints, 

ii) the impact of beam paths along the imaging space and iii) their influence on the 

reconstructed image.  

The method uses a metric based on the so-called Frobenius distance F that express the 

deviation of the real array, with resolution matrix R, from the ideal array, which would have 

R=I, the identity matrix, for an ideal tomography imaging system where each pixel can be 

associated to a concentration value. In a real tomography system with low-beam count this 

is not possible, and the Frobenius distance between R and I gives an indication about the 

reconstruction error and it is used as a figure of merit for a beam array [75]. 

Physical constraints are identified as, the number of projections and the number of beams 

per projection, with the number of projections being constrained by the dimension of the 

ring and their width to match the imaging space, while the number of beams depends on the 

physical size of the optics modules and the width of a projection. 

The beam array has been optimised by [78] for the best geometric arrangement, as a 

function of the beam layout, independently from the profile of the exhaust plume.  
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Comparing three different projection/beam dispositions: 4x32, 5x25 and 6x21, while 

considering a regular or irregular disposition of the beams and a variable pitch of the optics 

modules on a projection, the optimised beam array has been determined by minimising the 

error of the reconstructed images, resulting in a regular array with 6 projections with an 

angular pitch of 30° around the plume, as shown in Figure 3-2. 

Furthermore, it has been observed in [78], that a wider sampling of the imaging space 

(considered as the disposition and the pitch of beams), gives better tomographic imaging 

performance in terms of reconstruction error. This has suggested the design of a beam 

projection with a pitch of 75 mm between beams (equal to the separation of the 

launch/receive optical modules).  

 

3.3 Ring structure design  
 

With the objective to provide a robust structure immune to structural vibrations affecting 

the pointing error of the beams, analyses of static loading and modal vibration have been 

carried out by INTA and the FLITES consortium. Computational flow dynamics (CFD) 

modelling has been performed to evaluate the perturbing effects of the turbulent gas flow 

and the load resulting on the ring structure [79]. With a representation of the ring in the test 

cell as shown in Figure 3-3, the CFD modelling result is that  a modest interaction of the ring 

with the gas flow occurs, which does not disturb the equilibrium of the ring in the test cell. 

In particular, the specific load imposed by the flow on the ring structure has been assessed 

to be about 600 N applied to the ring frontal plane in the plume axis direction.  
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Figure 3-3: Representation of the test cell, with the ring structure in green placed behind the aero-turbine and 
just in front of the detuner. 

 

Furthermore, the design of the ring structure has been optimised by static analysis to meet 

a maximum in-plane deflection target error of 0.537 mrad (0.031°) and 1.8mm, considering 

the weight of the ring (about 4 tonnes) and load due to the pressure of the gas flowing from 

the aero-turbine. The value of the latter load, is assessed to be 900 N. The static analysis has 

been done considering a pressure load of 9000 N, applied uniformly over the frontal side 

plane of the ring. This analysis has optimised the practical ring structure, the depth of the 

optimised structure, along the plume axis, is 1.5 meters, as shown in Figure 3-4. The depth 

of the ring structure requires the detuner to be withdraw from its normal axial position 

during engine operation. 
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Figure 3-4: Dodecagonal ring perspective showing the depth profile of the structure. 

 

 

The objective of the modal analysis of the ring is to visualise the presence of possible 

resonant frequencies and the response of the structure to different possible dynamic loads. 

This analysis has identified two principal modes of resonance in the structure at 2.9 Hz and 

8.3 Hz. Figures 3-5 and 3-6 show the deformation of the ring structure due to these two 

resonant modes. 
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Figure 3-5: Deformation of the ring structure due to the 2.9 Hz resonant frequency. 

 

Figure 3-5 shows the directional displacement in meters along the Y direction in the case of 

a resonant oscillation of the structure at 2.9 Hz. The maximum displacement amplitude 

simulated is of 16.5 millimeter rms. 

Figure 3-6 instead shows the amplitude displacement along the X axis, occurring in the case 

of the resonance at 8.3 Hz. The maximum displacement amplitude in this case is 25 

millimeter rms. 

The studies on CFD and static and modal analysis have suggested that the gas flow forces are 

unlikely to perturb the ring structure significantly in terms of the acceptable beam pointing 

errors (0.031°) [79].   

 

 

Z 

Y 
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Figure 3-6: Deformation of the ring structure due to the 8.3 Hz resonant frequency. 

 

A picture of the ring is shown in Figure 3-7, prior to painting and installation of electrical and 

optical systems. 

 

Figure 3-7: Picture of the fabricated ring in horizontal position. 

 

Z 

X 
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3.4 Projection support plates and optical 

modules 
 

As described above, each projection comprises 21 parallel beams, each formed by individual 

launch and receive optical modules, for a total of 42 optical modules per projection. The 

optical modules are mounted on a support plate on each side of the dodecagon ring 

structure. To ensure the absence of resonances during engine operations, a vibrational 

analysis performed on the ring structure, plus a further analysis performed on the support 

alignment plates [79], have been performed. Figure 3-8 shows a representation of a 21-beam 

full projection composed of two alignment plates with 21 pairs of launch and receive 

modules. In order to reduce physical crosstalk between beams (e.g. induced by vibration, 

etc.) the pitch between adjacent beams is increased by alternating the beam directions as 

shown in Figure 3-8. 

 

 

 

Figure 3-8: Representation of a single projection made with two alignment plates and 21 beams with alternated 
direction. 
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The static and dynamic analyses discussed in section 3.2 were extended to the case where 

the optical system is mounted on the ring. It was concluded that the additional deflections 

were insignificant.   

For a projection of 21 beams with two individual support plates, the alignment between all 

the optical modules is guaranteed via two steps:  

- The first alignment process is performed via two visible lasers placed at each end of 

a projection plate, this has the functionality to align the two plates with a coarse 

beam alignment. 

- The second alignment process is made beam-by-beam. Each pair of optical modules 

forming a beam are aligned individually by adjusting their optical kinematic 

mounting supports, so that the signal received at the photodiode is maximised.  

The launch and receive optical elements use lenses of 25.4 mm diameter, housed in bespoke 

cylindrical mounts of outer diameter ~30 mm and length of about 7 cm Figure 3-9. Figure 3-

10 illustrates the internal structure of the launch optical module. The optical fibre tip from 

the laser source emits light at the entrance of the cylindrical structure. The beam energy is 

then reduced by an aperture stop, with a cylindrical inner hole of 10 mm, just before the 

collimation lens. The resulting beam diameter crossing the gas region is about 10 mm. 
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Figure 3-9: Cross-section representation of an optical receiver module. 

 

 

Figure 3-10: Internal structure scheme of the optical launch module. 

 

 

With the assumption of a parallel beam reaching the receive optical module, the beam is still 

focused onto the photodiode area as long as its offset from the centre of the lens is less than 

7.5 mm. However, in the presence of vibrations influencing the angle of the beam, the 

maximum acceptable pointing error is 0.537 mrad (0.031°). 

Optical alignment has been assessed 6 months after first installation of the system into the 

engine test cell, with no maintenance activity in the interim and with many weeks of engine 
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testing having been completed (with the detuner in a forward position): 109 out of the 126 

beams had maintained their alignment, whereas 17 beams (maximum) were found to be 

seriously mis-aligned. 

 

3.5 Summary 
 

In this chapter, the opto-mechanical ring structure designed for the FLITES chemical species 

tomography instrument has been described.  

Computational flow dynamics (CFD) modelling and static and modal analysis have been 

carried out to analyse the interference of the ring with the test cell engine operations, and 

to optimise the design of the structure, analysing possible resonant modes in the case of 

vibrations induced from the aero-turbine gas flow. The design of the ring has met the target 

of the maximum supported beam pointing error, while the optimisation of the beam array 

has taken into account the minimisation of the reconstruction error. 

The static performance of the optical alignment has been found to be robust over months of 

engine operation, but a small minority of beams were found to require re-alignment. 
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Chapter 4 
 

4  Multi-channel Electronics to 

enable CST 
 

 

4.1 System requirements and Specifications 
 

4.1.1 Requirements for FLITES Multi-Channel CST Systems  
 

One of the main enabling principles in tomography is its parallelism, using multiple samples 

of the subject, typically deployed over different projections. Extracting and computing data, 

and carrying out an inverse calculation, yields a tomographic image representing a cross-

section of the subject under test. Often, such as in the case of chemical species tomography, 

where the distribution of chemical reactants or produced molecules is the target subject, 

and their position is fast evolving over time, a synchronous multi-channel acquisition is 

required to extract information of the target subject with good temporal resolution [29] [59]. 

To support this system architecture and its operational parallelism, each measurement 

channel needs to be acquired and processed at the same time as all the other channels, in 

order to provide synchronous measurement data of the subject under test.  

The architecture of the electronics has been designed to acquire data in parallel from each 

of the 126 channels, while considering the dimensions of the ring (about 7 meters in 

diameter) and the logistics in an engine test cell, where an external control room (in this case 
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about 50 meters away) hosts the PC and its user, while the test cell is inaccessible during 

engine operations.  

The test cell houses a large number of electro-mechanical systems, making it a particularly 

harsh environment for sensitive measurements, even without considering the properties of 

the exhaust plume or the combustion process. 

Considering these premises, the FLITES opto-mechanical tomography ring with 126 

measurement channels deployed over 6 projections, as described in Chapter 3, requires a 

distributed custom DAQ electronics system to acquire, process and transfer data from the 

engine test cell to the control room PC. Factors that have driven the particular design choice 

of a custom DAQ electronics system can be summarised as follows:  

 the data rate is anticipated to be approximately 100 MB/s, after calculating 1f and 

2f values; 

 noise reduction is imperative, using lock-in detection; 

 a parallel and distributed acquisition architecture is imperative; 

 the capability to perform signal processing and demodulation of the WMS signal, on 

the opto-mechanical ring, is essential, in order to achieve the desired frame rate (100 

fps) and to reduce noise; and 

 the present needs and future prospects for a scalable and reconfigurable 

measurement system must be enabled. 

 

A hierarchical architecture that coordinates the DAQ electronics has been designed to 

acquire data from each projection and to pass them to a central Ethernet switch, gathering 

and organising the data from all the six projections before transmission to the user PC for 

data storage [62]. 
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Figure 4-1: A schematic of the tomography system, mounted on the FLITES dodecagonal ring, showing the 
optical fiber delivery network (red), the electrical signal connections to pass the scan synchronisation signal 

(black) and the Ethernet data acquisition network (blue). 

 

In Figure 4-1, a conceptual diagram of the distributed system is given. A WMS modulation 

scheme is applied to the Thulium Doped Fiber Amplifier (TDFA) light source, whose optical 

signal is then split and distributed along the dodecagon ring to all the projections. The 

demodulation hubs, detecting and demodulating the received signal for each beam, are 

synchronised with the ramp and dither triggers from the modulation control module to 

support the phase sensitive demodulation applied by the digital lock-ins (see Chapter 5). 

Data from the hub boards are then transferred to the control room via an Ethernet data 

acquisition network. 
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4.1.2 Scalable Data Acquisition Network and Distributed 

Signal Demodulation Strategy 
 

The distributed data acquisition structure, being of the type of a star network, where all the 

peripheral DAQ electronics boards are connected to a central node represented by the 

Ethernet switch, facilitates the scalability and the reconfiguration of the system.  

The electronics required by a projection of 21 beams, is organised over two DAQ hub boards 

(one at each end of the projection), each processing 10 and 11 channels respectively, 

although each hub board has the capability to receive and digitise up to 16 channels. The 

present configuration of 126 channels, arranged in six projections, utilises 12 hub boards as 

shown in Figure 4-2, i.e. two hub boards to process a single projection. The system can be 

scaled with the current architecture of 12 hub boards, by increasing the utilised number of 

channels to the maximum of 16 available on each hub, yielding 192 channels in total. Further, 

the distributed DAQ electronics being in a star network, allows the scope to scale the present 

system by x2 or x4 utilising a configuration with 24 or 48 hub boards.  

 

Figure 4-2: A conceptual illustration of the back-end of the CST system, with a modular star Ethernet network. It 
shows a single projection managed by two hub boards, with alternated beam directions.  
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To have a better understanding of the significant part of signal processing and WMS 

demodulation required and installed on the mechanical structure, it is necessary to consider 

the theory of TDLAS with WMS, as discussed in Chapter 2, and in particular the theory behind 

the 2f/1f method utilised in this system. The implementation of the 2f/1f method, requires 

that the detected signal be passed through several lock-in amplifiers to isolate the first (1f) 

and second (2f) harmonics of the dither frequency. 

 

Lock-in amplifiers are widely used in instrumentation for their capacity to detect low-level 

signals affected by noise and interference, making them fundamental to isolate the 

harmonics in the WMS detected gas signal in harsh and/or industrial environments. The 

principles of lock-in detection will be discussed later in Chapter 5; here we want to focus on 

the requirements that have driven the electronics design and the choices to move part of 

the demodulation onto the mechanical ring.  

 

Commercially available lock-in amplifiers are expensive and bulky in terms of dimensions and 

weight, and thus are not suitable for multi-channel systems, such as the case of CST. 

Following continuous improvements in FPGA technology, which have driven the 

implementation of compact and low-cost complex systems, while still maintaining the high 

reliability and accuracy required in instrumentation systems, a number of digital lock-in 

amplifiers (DLIA) have been implemented on FPGA platforms [80] [81]. Digital lock-in (DLI) 

not only allows to increase the SNR, but it also reduces the data rates of its outputs via an 

accumulation-decimation process. In the development of a large scale system, such as the 

one proposed by this project using 126 channels, the digital lock-in amplifier implementation 
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represents a necessary design choice and an efficient and low-cost solution to process data 

in multi-beam industrial tomography. 

 

Considering the demanding measurement rate given by the simultaneous sampling from 

each channel (40 MSPS), the 12 digitisation boards produce a large volume of data, about 10 

GB per second. Moving part of the signal processing chain onto the ring, with the flexibility 

given by a programmable FPGA on the hub boards, and the decimation performed by the 

lock-in amplifiers, contributes to reduce the data rate by about 1/800 before transmission 

via Ethernet to the control PC. 

Further to that, considering also the research destination of this scientific instrument, the 

provision to store the X1f, Y1f, X2f and Y2f components (as defined in chapter 2) as raw data 

before the post-processing allows the flexibility to apply different WMS techniques other 

than the WMS-2f/1f. 

 

The author carried out the front-end firmware design and its key functional elements, their 

precise data structure, and system timings according to the system specifications. In 

particular, developing the interoperability of different modules, such as digital lock-ins with 

their DSP slices, data management with FIFOs and synchronisation timing, he also selected 

the digital electronic components able to realise this requirement specifications and 

generated a schematic design. The detailed circuit design was carried out using the PCB 

design software Altium Designer by Dr. E. Fisher with the assistance of Dr. P. Wright and Cad 

Energy. Part of the tests during the development of the front-end firmware on the hub board 

have been carried out by the author in collaboration with Dr T. Ouypornkochagorn and Y. 

Yang. 
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4.2 System Frequencies and Firmware Timing 

Synchronisation Approach  
 

4.2.1 Measurement Frequency Requirements and Lambda-

Measurement Points 
 

Implementing TDLAS with the WMS approach, as described in Chapter 2, requires that a slow 

current ramp waveform is injected into the laser to scan a spectrum region of interest, 

controlling the laser central frequency with a temperature controller. In addition to this 

current ramp, the WMS method requires to perturb, i.e. “dither”, the laser wavelength with 

a small amplitude, high frequency current signal. 

The ramp signal defines the wavelength measurement range, as has been shown in Figure 2-

11. From a system level perspective, the repetition frequency of this ramp dictates the frame 

rate of the tomography instrument. Aiming at 100 frames per second (fps) in order to follow 

the evolution of gas flow dynamics in the exhaust, this means that the system requires each 

single TDLAS measurement channel to perform 100 ramp scans per second. Thus, the ramp 

frequency represents an important design parameter and the system has been proposed to 

have a scan frequency of 100 Hz, and to provide the capability to change this parameter. 

Moreover, to perform WMS measurements isolating the 1st and 2nd harmonic components 

of the detected signal, the system has to provide the capability to control the dither 

frequency for the laser and in parallel for the lock-in demodulation in the DAQ boards. 

Varying the dither frequency can be used to evaluate the noise spectrum for different 

engines and modulate the laser at a frequency where higher SNR is achievable [62]. Further 

to that, an upper limit for the dither frequency has been assessed to be 1 MHz, since this is 

adequate to cope with any foreseen frame rate.  
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The ramp waveform driving the laser has to be reset to zero at the end of each scan. During 

this fly-back time, the laser wavelength is brought to the beginning of the target spectral 

region and the system has been designed to exploit this time to organise the measurement 

data acquired for transmission to the PC and to reset to be ready for the next scan. The ratio 

between the valid measurement time and the fly-back time has been designed to be up to 

80/20, i.e. considering a total ramp waveform period of 10 ms, this allows up to 8 ms of 

available measurement time and 2 ms for data handling and resetting. However, the ratio 

can be adapted for different measurements and is controlled by the user defining the END 

period, as defined below in section 4.2.2. 

 

The scanning range of the absorption feature in the spectral domain is determined by the 

ramp portion allocated to the measurement time, as has been illustrated in Figure 2-11, and 

the ramp rate. Within this time, a necessary number of measurement points of the 

absorption line are required to be measured to correctly extract information on average gas 

concentration (C), pressure (P) and temperature (T) along the path by curve fitting with a 

modelled spectrum. The minimum number of measurement points, which we will refer to as 

lambda points, has been assessed by the Strathclyde partner group in this project by carrying 

out fitting for C and T on noisy simulated data for scans with various numbers of lambda 

points. By looking at the error of the recovered C and T measurements as a function of the 

number of data points, the minimum number of lambda points to recover correctly these 

parameters from a measurement scan is determined to be 400 [64]. 

Further to these considerations, within the design of the firmware, provision of an additional 

10% measured lambda points, i.e. 440, has been chosen in order to account for possible 
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packet loss when transmitted via Ethernet. Indeed, the protocol used is User Datagram 

Protocol (UDP) which does not consider handshaking communications and does not 

guarantee the delivery of packets without losses or their ordering. This has also prompted 

an improvement of data integrity through an interleaving scheme proposed in [82], where 

packets are purposely interleaved to prevent loss of packets corresponding to a continuous 

region of the absorption spectrum. In particular, interleaving the packets’ transmission 

prevents the potential loss of packets corresponding to absorption peak regions. 

 

 

4.2.2 System Timing and Firmware Synchronisation 

Approach 
 

The ramp and dither frequencies necessary to implement the WMS-2f/1f measurement 

method and the required number of lambda points for correct retrieval of gas parameters, 

represent the main specifications that have dictated the design choice of the digital 

implementation of the data acquisition architecture.  

Considering these parameters, firmware has been designed with an appropriate 

synchronisation strategy, timing the DLI operations performing lambda point measurements.  

The entire FLITES dodecagon ring, as illustrated in Figure 4-1, is synchronised with a 100 Hz 

ramp trigger signal, received from the laser modulation module.  

The 100 Hz ramp trigger is used to synchronise all 12 hub boards in a star network 

configuration with equal length cables to match eventual signal delays. As soon as the first 

positive edge of the trigger signal is received, the boards start simultaneously to acquire 

experimental data. 
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In such a way, the “transmit” end of the tomography system, represented by the laser and 

its modulation control module, is synchronised with the hub boards placed at the “receive” 

end of each projection. 

 

The firmware synchronisation module, used to dictate the timing of the firmware according 

to the TDLAS experiment, will be seen in detail later, but an explanation of the system timing 

strategy with the ramp and its dither periods, considering the number of lambda points 

extracted by accumulating N dither periods, is outlined here.  

As illustrated in Figure 4-3, within a ramp scan we define:  

 a “START window” to set-up all the internal firmware modules;  

 an “ACQUISITION window” of actual experimental measurement. The 440 lambda 

points are obtained within this window by 440 lock-in detection processes, each with 

an integer number of “N” accumulated dither periods, separated by a waiting time 

“W”. The presence of the wait period is required from a firmware perspective to 

allow the DLIA to stop, sample and reset, while ensuring an integer granularity of the 

system. This ensures that the subsequent accumulation process will start at the 

beginning of a dither period, ignoring fractions of periods, thus minimising phase 

walk between acquisitions.  

 The “END window” is required by the laser, as fly back time, to settle once the 

modulation is reset for a new acquisition. During the END window, the system 

organises and transfers the data packet via Ethernet to the control room PC and 

resets the firmware modules for the next ramp scan.  
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Figure 4-3: Conceptual illustration of the firmware timing synchronisation strategy and the 440 corresponding 
lambda points measured during a ramp. The laser modulation signals are used by the hub boards to synchronise 
the firmware finite state machine with the experimental measurements. Here the laser modulation current ramp 
is shown with a dither signal on top. An inset shows the DLI Accumulation Time for the measurement of a single 

lambda point. 

The number of dither periods within a ramp scan is defined by the ramp and dither 

frequencies.  

Given the frequencies, the maximum number of periods is given in equation (4.1) and 

represents a firm parameter for the firmware synchronisation module, where S, N, W and E 

define respectively the START, ACQUISITION, WAIT and END windows. 

 

 
𝐷𝑖𝑡ℎ𝑒𝑟 𝑝𝑒𝑟𝑖𝑜𝑑𝑠 𝑖𝑛 𝑎 𝑟𝑎𝑚𝑝 =

𝑓𝑑𝑖𝑡ℎ𝑒𝑟
𝑓𝑟𝑎𝑚𝑝

≜ 𝑆 + (𝑁 +𝑊) ∗ 440 + 𝐸 (4.1) 

 

The durations of the different firmware windows (i.e. START, ACQUISITION, WAIT and END) 

as described above, are user defined considering the firm design parameters of  

 440 lambda point acquisitions,  

 a waiting window (W) of the duration of one dither period between each lambda 

point acquisition,  
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 laser settlement times at the beginning (S) and end (E) of a scan ramp. 

However, the laser fly-back time has been experimentally observed to be shorter than 2 ms, 

thus the duration of the END window can be flexibly adapted and minimised, as long as a few 

dither periods are taken into account to cover the effective fly-back time. This leaves the 

duration of the END window in Eq.(4.1) as a flexible parameter which leaves freedom to 

stretch the accumulation time by increasing the number of DLI accumulated periods (N), 

while still meeting the fixed total number of available dither periods. 

The synchronisation timing of the measurement system can adjust and maximise the number 

of acquired lambda points. Equation 4.2 shows that by minimising E to the essential 

settlement time required by the laser and given that the other parameters are fixed, it is 

possible to maximise the number of lambda points within a scan.  

 

 

𝜆𝑚𝑎𝑥 =

𝑓𝑑𝑖𝑡ℎ𝑒𝑟
𝑓𝑟𝑎𝑚𝑝

− 𝑆 − 𝐸𝑚𝑖𝑛

(𝑁 +𝑊)
 (4.2) 

 

In Figure 4-4, a representation of the timeline of the firmware operation is given. Considering 

the condition of the system running at 100 fps with a dither modulation frequency of 500 

kHz, then 5000 dither periods are available in 10 ms. 

The 100 Hz current ramp modulates the laser over a wavelength range Δλ = 0.8nm, from 

1996.8 nm to 1997.6 nm, thus a dither sine period of 2 μs coincides with a change in λ of 0.16 

pm, given by (
𝛥𝜆

𝑓𝑑𝑖𝑡ℎ𝑒𝑟
𝑓𝑟𝑎𝑚𝑝

). Assuming an accumulation time N of 10 periods, as represented in 

Figure 4-4, which gives the measurement of a lambda point, the change in wavelength 

between the start of the accumulation (t1) and the end (t2) is 1.6 pm. Thus, the measurement 
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of a lambda point (λn) is performed within over a time that corresponds to a wavelength shift 

of 1.6 pm. This is considered to be negligible. 

 

 

Figure 4-4: Timeline of synchronisation firmware operations. 

 

The system samples and digitises at 40 MSPS, i.e. 80 samples per dither period at 500 kHz. In 

an acquisition window given by 10 sine periods, the accumulated values into the DLI are 800 

taps. The number of taps accumulated within the DLI have a direct impact on the signal-to-

noise ratio (SNR) of the system. In [83] an analysis of SNR for different measurements using 

different numbers of taps has underlined that by quadrupling the number of taps there is an 

improvement in SNR of about 4 dB. With these consideration, the FLITES system can be 

calibrated by adjusting the number of dither periods accumulated (N) into the DLI. 

 

4.3 DAQ Hub Board Architecture 
 

As has been exposed in section 4.1, the current design of the distributed DAQ architecture 

operates with 12 hub boards, each of which has the functionality to utilise up to 16 parallel 

analogue input channels. Each data acquisition module is placed at the receive end of each 

projection on the ring structure, and consists of two main parts: a pre-amplifier module and 

a hub digitisation board. 
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Figure 4-5 illustrates the signal chain for a single channel. Initially, the light signal is detected 

by a photodiode (Laser Components IG22X1000S4i [84]) and the resulting current signal is 

passed through a trans-impedance amplifier (TIA) (LMH6624MF [85]) to produce a voltage 

signal that is then passed to the hub board, as designed in [86].  

 

 

Figure 4-5: Schematic of signal chain for a single channel. 

 

The analogue signal is passed to the hub board via a band-pass, anti-aliasing filter (Analog 

Devices ADA4927-2 [87]) with frequency pass band 10 Hz to 3MHz, and then to the Analog-

to-Digital Converters (Analog Devices AD9257 [88]). The ADC operates at 40 MS/s with 14-

bit resolution and a 2 Vpp dynamic range, thus the LSB represents a voltage of 2V/214 = 0.122 

mV.  

Entering into the digital domain, the signal is then passed to the FPGA which operates 12 

dual-channel lock-in detections in parallel, as illustrated in Figure 4-6. The firmware 

implemented in the FPGA takes into account some critical system functionalities of the 

measurement system, such as the timing between the measurement and the DAQ 

electronics, the digital signal processing, the management of the processed data and their 
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organisation in Ethernet packets and the interface with the physical Ethernet and the user 

computer.   

 

 

Figure 4-6: Schematic of the demodulation hub board operating N channels in parallel. 

 

The timing of the whole TDLAS-WMS measurement is given by the laser modulating signals, 

and the ramp and dither trigger signals, as seen in section 4.2.2. These reference signals are 

passed from the laser modulation unit to the hub boards to synchronise the data acquisition 

and the lock-in detectors. 

Upon receipt of the ramp and dither trigger from the laser modulation unit, the 

synchronisation module in the FPGA is able to dictate the timing of the measurement 

acquisition to the other firmware units and to identify exactly the current point of the 

acquisition process, as illustrated in Figure 4-3. This allows the system to acquire and store 

data during the acquisition time and then send these data out to the control PC at the end 

of the measurement. 
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Figure 4-7 shows one of the fabricated digitisation boards, following the general block 

diagram shown in Figure 4-6. On the left hand side, two ribbon cable connectors receive the 

signals of 10 or 11 photodiodes corresponding to half of a projection of 21 channels. The 

signals are then filtered through a bank of 10 Hz-3 MHz band-pass filters (yellow label) and 

sampled by 14-bit, 40 MSPS ADCs (black label).  

A 25 MHz crystal oscillator (Citizen Finetech Miyota HC49US25 [89]) (red label) is used on 

power-up to clock the FPGA (blue label) that will configure the phase locked loop (Analog 

Devices AD9577 [90]) (PLL). Once the PLL (white label) is configured correctly, it provides a 

160 MHz differential clock for the two ADCs and a 140 MHz clock for the FPGA. The ADCs 

have a serial data rate of 560 Mbit/s, latched on both edges of a 280 MHz differential data 

clock; a further clock of 40 MHz is generated and used to clock the digital signal processing 

in the FPGA.  

 

Due to the parallelism required by the tomography system, a scheme of 12 simultaneous 

digital lock-in demodulators have been implemented within each FPGA. The inherent re-

configurability of FPGAs facilitates field adaptation and future functionality improvement. 

The FPGA that has been selected for this design is a Xilinx Spartan 6 LX45 [91]. This has been 

chosen considering the resources available and required by the firmware design vs. cost. 

Further to the number of logic cells, one of the main considerations that has driven the 

choice has been given by the number of digital signal processing slices (DSP48A1), each 

containing an 18x18 multiplier, an adder and an accumulator. The total number of DSP48A1 

available in the Spartan 6 LX45 is 58 and has been considered adequate for the 

implementation of 12 parallel dual-channel lock-ins, each requiring 4 DSP48A1 slices.  
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Following the signal processing, all output data are structured in Ethernet packets and 

transmitted via the Ethernet interface (top right Figure 4-7). To support the data post-

processing, packets are uniquely identified with header IDs containing the channel and 

projection number with a board ID, and the experimental time with ramp and lambda-point 

counters. 

The embedded software manages the remote access to configure or start/stop the system 

from PC, and to move data from the FPGA to the physical Ethernet. 

 

 

 

 

Figure 4-7: Image of a sample of the fabricated digitisation boards, where band-pass filter, ADC packages, the 
PLL, the crystal oscillator and the FPGA are indicated. 



 96   
 

 

4.4 Front-end Firmware architecture 

4.4.1 Clock regions and distribution 
 

As discussed in section 4.2.2, the DAQ system firmware modules and measurement 

sequence are timed by a system synchronisation module. 

However, the boards are not clocked by the synchronisation module, in fact as seen in 

section 4.3, the PCB board has a 25 MHz crystal oscillator that on power-up clocks the FPGA 

to configure the PLL on the board [82]. In Figure 4-8, the clock distribution is illustrated. From 

the PLL, a 160 MHz clock is distributed to the two ADCs, left and right, and a 140 MHz clock 

is sent to the Microprocessor Microblaze within the FPGA. 

Following that, the ADC outputs data at 560 Mbit/s with a differential data clock (DCO) and 

a frame data clock (FCO) of 280 MHz and 40 MHz respectively. These clocks are passed to 

the Serializer/Deserializer (SerDes) interface, which uses the DCO clock to latch the input 

data, reconditions and passes the 40 MHz FCO clock to the Direct Digital Synthesis (DDS) and 

the DLI bank.  

On the other hand, the Microprocessor Microblaze scales the 140 MHz clock down to 100 

MHz with its internal PLL, and clocks the system synchronisation module and the data 

management blocks for DLI and raw ADC data.  

 

 



 97   
 

 

 

Figure 4-8: Clock distribution scheme on the PCB and firmware blocks. 

 

 

4.4.2 Front-end firmware overview 
 

These different clocks dictate the timing of different firmware modules in the FPGA. In Figure 

4-9 shows a scheme of the firmware front-end architecture implemented for an FPGA. The 

current firmware version considers 12 input channels, equally split over the two ADC banks. 

The serial ADC sampling at 40 MSPS with 14-bit resolution provides a serial stream of data at 

560 Mbit/s with a differential data clock DCO to support the deserialization performed by 

the SerDes interface in the FPGA. The DDS bank, upon initial configuration, provides 

quadrature signals (sine and cosine) at dither frequencies f and 2f to the phase sensitive 

demodulation performed by the DLIs. The 12 digital lock-ins grab 14-bit parallel data from 

the ADC interface channels, one lock-in per channel, multiplying and accumulating with the 
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reference signals coming from the DDS bank, and perform the demodulation of the first (1f) 

and second (2f) harmonics of the TDLAS signal, as described in section 5.4. 

Each digital lock-in, implementing a dual-channel lock-in demodulator as discussed in section 

5.3, provides an output of 128 parallel bits, concatenating the in-phase (X) and quadrature 

(Y) components of both the first and second harmonics.  

The twelve simultaneous 128-bit outputs of the whole set of digital lock-ins are multiplexed 

to be stored into the DLI data management module, which stores the data for 10 lambda 

points, with 5 points going into each of two FIFO banks. 

In parallel, storage of raw data samples coming directly from the ADCs is provided by the raw 

ADC data management FIFOs for analysis or debugging purposes, as indicated in Figure 4-9. 

The synchronisation module dictates the timing of the digital data flow of the firmware 

according to the desired measurement sequence, receiving trigger signals directly from the 

modulation control unit of the laser. 
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Figure 4-9: Schematic of the front-end firmware architecture. The architecture is designed for 12 input channels with an ADC interface, a signal processing part with digital lock-ins and DDS, 
data storage and packet organisation with a microprocessor implementing Ethernet transmissions.
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4.4.3 Firmware validation 
 

In the following sections, descriptions of the submodules and their hardware tests on the 

FLITES PCB are given.  

The first test targets the validation of the synchronisation module (section 4.4.3.1). After 

having verified the correctness of the operations of the Sync-Finite State Machine (FSM) of 

the synchronisation module, other tests combining the DDS and DLI modules have been 

carried out. To test DDS operations and correctness of its FSM, a firmware version built with 

the Synchronisation module has verified the coordination with the DDS and its correctness 

upon receipt of the timing dictated by the Synchronisation FSM. 

Another test has included the DLI and the Synchronisation module to verify its DLI FSM and 

its operational correctness in accumulating up to a specified number of DLI samples (TAPS). 

The clocks used were, 100 MHz for the Sync module and 40 MHz for the DDS and DLI 

modules, replicating the same clock conditions as expected on the full design. The ramp 

and dither frequencies used were 100 Hz and 500 kHz, respectively. 

 

The aims for this test were: 

 

1) to check the Sync FSM: all its states have to iterate correctly upon reception of 

the ramp and dither trigger signals; 

2) to check the DDS FSM: all its states have to iterate correctly in concurrence 

with the Sync states; 

3) to check the frequency of MSB of the DDS sine/cosine outputs – i.e. whether it 

reflects the frequency setting given through phase increment (PINC); 
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4) to check the DLI FSM: all the states have to iterate correctly in concurrence 

with the Sync module states; 

5) to check the value of the DLI accumulation after a known number of “TAPS”, 

against the expected value.  

 

4.4.3.1 Synchronisation Module Hardware FSM Test 
 

The synchronisation module has been set using the following parameters, expressing the 

duration of each state of the FSM as a number of dither periods. These parameters with 

the synchronisation module express the timing granularity, as seen in Figures 4-3 and 4-4. 

The parameters for the Sync FSM are: 

 I, which represents the total number of lambda points to be measured within one 

ramp (I=440);  

 S, which gives the duration (in dither periods) of the Start state at the beginning of 

each new ramp (S=2);  

 N, which gives the number of dither periods to be accumulated by the DLI during 

the Acquisition state, to obtain a lambda point (N=10); 

 W, gives the duration (dither periods) of the Wait state at the end of each DLI 

accumulation (W=1); 

 E, gives the number of dither periods at the end of each ramp (user defined to be 

E=2 as minimum time, but it includes all the remaining periods until the end of the 

ramp). 

The total number of dither periods in this scheme is given by Eq.(4.1), where 4842 periods 

are within the START, ACQUISITION and WAIT windows, while 158 periods give the 

duration of the END window. 
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The Sync-FSM iterates according to the Ramp and Dither trigger signals received from the 

laser modulation unit. As soon as the ramp starts, the Sync-FSM passes from IDLE to START 

and then loops between ACQUISITION and WAIT for the specified number of Lambda 

points (I=440). At the end of a full frame acquisition, good ramp signal (indicating the 

successful termination of a ramp window) is asserted and the SYNC-FSM is back to IDLE 

state. 

In Figure 4-10, a parallel comparison between the FSMs of synchronisation, DDS and DLI 

modules is given. This shows how the FSMs are expected to work in coordination. The 

master FSM remains the Sync-FSM, which times the firmware according to the 

measurement sequence. When Sync-FSM is in IDLE, also the other modules with their FSM 

are in IDLE. The DDS-FSM and DLI-FSM run when the Sync-FSM is in START or WAIT states, 

and are in IDLE if Sync-FSM is in ACQUISITION.  

 

 

Figure 4-10: Overview of the finite state machines and their states for the synchronisation, the DDS and the DLI 
modules. 

 

Figure 4-11 shows the variation of SYNC FSM from one ramp to the next. For clarity, the 

traces of the scope correspond to the signals: 

 Ch 3 – Good ramp; 

 Ch 2 – SYNC FSM [0], which corresponds to bit 0 of the finite-state-machine; 

 Ch 4 – SYNC FSM [1], which corresponds to bit 1 of the finite-state-machine; 

 Ch 1 – SYNC FSM [2], which corresponds to bit 2 of the finite-state-machine; 
 

The correct behaviour of the SYNC FSM, while running on the FLITES PCB, can be observed 

in Figure 4-11, when good ramp is asserted (Ch 3) at the end of a full frame acquisition, i.e. 
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440 lambda acquisitions have been carried out, the SYNC FSM is in IDLE (000); whereas it is 

running (iterating between ACQ and WAIT) elsewhere. 

Figure 4-12 shows that at the beginning of a new ramp, good ramp is de-asserted, the SYNC 

FSM passes from IDLE (000) to START (001); and after that there will be 440 loops between 

ACQ (010) and WAIT (011), before going to END (100). This implements the timeline 

previously shown in Figure 4-4. 

The scope acquisitions show the iteration of all the FSM states, defined as below 

 IDLE 000 

 START 001 

 ACQ 010 

 WAIT 011 

 END 100 
 
 
 

 

 

Figure 4-11: SYNC finite state machine and its states toggling once the ramp trigger signal is received by the 
FLITES Hub board. 
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Figure 4-12: Detail of the SYNC finite state machine and its states starting iterating at the reception of the ramp 

trigger signal in input to the FLITES Hub board. 

 

Table 4-1 shows the different firmware timing setting for 100 tomographic frames per 

second. The settings shown in Table 4-1 are required to perform digital lock-in 

measurements for different harmonic frequencies, while still meeting the condition to 

measure a minimum number of 440 lambda points. Modulating at a lower dither frequency, 

e.g. 250 kHz, the number of available dither periods along the ramp is reduced, consequently 

the number of accumulated dithers over the acquisition window N is reduced as well. This 

reduction of accumulated dithers, from a lock-in perspective, is however compensated by an 

increased number of ADC samples per dither, which maintains the number of taps of the 

lock-in amplifier always around the same value.   
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Frame rate [fps, 

Hz] 

100 100 100 100 100 

Dither frequency 

[kHz] 

200 250 400 500 1000 

# of dither 

periods in a 

ramp 

2000 2500 4000 5000 10000 

S (Start) 2 2 2 2 2 

N (Acquisition) 3 4 8 10 21 

W (Wait) 1 1 1 1 1 

E (End) 2 2 2 2 2 

⌈𝜆𝑚𝑎𝑥⌉ 499 499 444 454 454 

 

D
LI

 m
o

d
u

le
 

ADC sampling 

frequency 

[MSPS] 

40 40 40 40 40 

# of 

accumulated 

periods 

3 4 8 10 21 

# of ADC 

samples per 

period 

200 160 100 80 40 

# taps for DLI 

accumulation 

600 640 800 800 840 

 

Table 4-1: Firmware settings for 100 fps tomography system and 40 MSPS ADCs. 

 

The limitation of the current system to operate at a faster frame rate, would be primarily 

given by the ADC sampling rate.  

Considering the current laser characteristics, i.e. modulating the laser with the same dither 

frequencies as discussed above, but at 1 kHz ramp frequency to achieve 1000 fps; the 
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number of dither periods available along the ramp would not be enough for the 

demodulation of 440 lambda points.  

This would require to modulate at higher frequencies to obtain the same number of periods, 

as shown in table 4-2, but the number of taps would be limited due to the sampling 

frequency of the ADC. 
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Frame rate [fps, 

kHz] 

1 1 1 1 1 

Dither frequency 

[MHz] 

2 2.5 4 5 10 

# of dither 

periods in a 

ramp 

2000 2500 4000 5000 10000 

S (Start) 2 2 2 2 2 

N (Acquisition) 3 4 8 10 21 

W (Wait) 1 1 1 1 1 

E (End) 2 2 2 2 2 

⌈𝜆𝑚𝑎𝑥⌉ 499 499 444 454 454 

 

D
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o

d
u
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ADC sampling 

frequency 

[MSPS] 

40 40 40 40 40 

# of 

accumulated 

periods 

3 4 8 10 21 

# of ADC 

samples per 

period 

20 16 10 8 4 

# taps for DLI 

accumulation 

60 64 80 80 84 

Table 4-2: Firmware settings for 1000 fps tomography system and 40 MSPS ADCs. 
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However, keeping the current 40 MSPS ADC, it is of interest to test and evaluate the noise 

performance of the system at 1000 fps when demodulating at 2 and 4 MHz, respectively with 

20 and 10 samples available per period. If SNR becomes too poor, then a faster ADC sampling 

rate should be considered for future development of the system. 

 

4.4.3.2 DDS Module Hardware FSM Test 
 

This module controls two DDS IP cores through a FSM which controls the operations of reset, 

enable and configuration of the cores. The operations managed by the DDS module are timed 

by the SYNC-FSM according to the measurement process. In principle, it is necessary to have 

the DDS cores outputting valid data before the start of the acquisition state (SYNC-ACQ). To 

do so it is required to reset, enable and configure the cores during SYNC-START or SYNC-

WAIT states according to the SYNC timing. The enable/reset and configuration are dictated 

by a local DDS-FSM, which ensures that all these operations happen in sequence, with 

enough delays to setup and within the START or WAIT states. 

The DDS-FSM iterates according to the states received by the SYNC FSM. The DDS-FSM runs 

during the SYNC START and the SYNC WAIT states and it is IDLE elsewhere, as shown in Figure 

4-13. 

If the system is in SYNC START, then the CORE ACTION consists in the enabling of the DDS 

cores; if instead the system is in SYNC WAIT, then the CORE ACTION consists in resetting the 

DDS cores. 

 

Figure 4-13: DDS finite state machine operations in coordination with the synchronisation FSM. It can be seen 
how the DDS FSM operates when the synchronisation FSM is in START or WAIT. 
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The DDS module has been designed to receive the timing from the Sync FSM. Thus, in order 

to thoroughly test the DDS module, the Synchronisation module has to be part of the test, 

as shown in Figure 4-14.
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Figure 4-14: Integration of the Sync and DDS module.
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The correct behaviour of the DDS FSM, while running on the FLITES PCB, can be observed 

from Figures 4-15 and 4-16. The scope acquisitions show the iteration of all the FSM states, 

defined as below 

 IDLE    0000  STATE 0 

 INITIAL WAIT   0001  STATE 1 

 CORE ACTION HIGH  0010  STATE 2 

 CORE ACTION WAIT  0011  STATE 3 

 CORE ACTION WAIT RESET 0100  STATE 4 

 CORE ACTION LOW  0101  STATE 5 

 CONFIG HIGH   0110  STATE 6 

 CONFIG WAIT   0111  STATE 7 

 CONFIG WAIT RESET  1000  STATE 8 

 CONFIG LOW   1001  STATE 9 

 END    1010  STATE 10 
 

The traces of the scope correspond to the signals   

 

 Ch 2 – SYNC FSM [0] 

 Ch 3 – DDS FSM [0] 

 Ch 4 – DDS FSM [1] 

 Ch 1 – DDS FSM [2] 
 
 

Figure 4-15 shows 2 cycles of SYNC WAIT and SYNC ACQUISITION. SYNC FSM[0] is HIGH 

during SYNC WAIT and LOW during SYNC ACQ. In this figure, the DDS FSM states are shown 

iterating during the SYNC WAIT state, whereas the DDS FSM remains in IDLE elsewhere, i.e. 

during the SYNC ACQ. The DDS finite state machine exploits the state when the 

synchronisation module is in WAIT, between one acquisition and another, to reset to the 

initial point the DDS reference waveforms. 
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Figure 4-15: DDS finite state machine and its states toggling during the synchronisation wait periods. 

 

 
Figure 4-16: A full iteration of the DDS FSM running through all the 10 states, while SYNC FSM is in its WAIT 

state (Ch 2). 
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4.4.3.3 DDS Module Output Frequency Test 
 

After having tested the correct behaviour of the finite-state-machine controlling the DDS 

cores, it is important to check the stability of the output frequencies of the DDS that will be 

used by the DLI as reference signals. The frequencies have been checked for different 

frequency settings, i.e. PINC. In this case I have tested the frequencies of 125 kHz and 250 

kHz by measuring the frequency of the MSB of the DDS output, as shown in Figures 4-17 and 

4-18. These scope traces show that upon setting the desired frequency parameter, the DDS 

finite state machine, interacting with the SYNC finite state machine as shown in Figure 4-15 

and 4-16, correctly sets the frequencies of the output signals. 

 

 

Figure 4-17: In this figure, the MSBs for the sine and cosine signals of the DDS are shown for a frequency of 125 
kHz. The two output signals are in quadrature with respect to each other. 
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Figure 4-18: In this figure, the MSBs for the sine and cosine signals of the DDS are shown for a frequency of 250 
kHz. The two output signals are in quadrature with respect to each other. 

 

 

4.4.3.4 DLI Module Hardware FSM Test 
 

The DLI module controls the timing of lock-in operations upon reception of the states from 

the Synchronisation module. Further, it instantiates 8 dual-channel lock-ins, for a total of 16 

DSP48A1 cores instantiated. The DLI local FSM runs during SYNC START, SYNC WAIT and SYNC 

END; whereas it's Idle during SYNC IDLE and SYNC ACQUISITION; as can be seen in Figure 4-

19. 



 114   
 

 

Figure 4-19: DLI finite state machine operations in coordination with the synchronisation finite state machine. It 
can be seen how the DLI FSM runs during the SYNC START, SYNC WAIT and SYNC END. 

 

The DLI module, likewise the DDS one, has been designed to receive the timing from the 

Sync FSM. In order to test the DLI module, the Synchronisation module has been built as 

part of the test, as shown in Figure 4-20. 
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Figure 4-20: Integration of the Sync and DLI bank module with a check accumulation block to verify the correct accumulation sum. 
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The correct behaviour of the DLI FSM, while running on the FLITES PCB, can be observed 

from Figures 4-21 and 4-22. The scope acquisitions show the iteration of all the FSM states, 

defined as below 

 IDLE    000  STATE 0 

 INITIAL WAIT   001  STATE 1 

 CORE ACTION 1 HIGH  010  STATE 2 

 CORE ACTION 1 LOW  011  STATE 3 

 CORE ACTION 2 HIGH  100  STATE 4 

 CORE ACTION 2 LOW  101  STATE 5 

 END    110  STATE 6 

The traces of the scope correspond to the signals 
 

Ch 2 – Good ramp 
Ch 3 – DLI FSM [0] 
Ch 4 – DLI FSM [1] 
Ch 1 – DLI FSM [2] 

 

Figure 4-21: Scope traces of DLI FSM states iterating over all the 7 states, from IDLE to END, during SYNC WAIT 
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Figure 4-22: Detail of the DLI FSM states iterating over all the 7 states, showing the passage through states IDLE 
– INITIAL WAIT – CORE ACTION 1 HIGH – CORE ACTION 1 LOW – CORE ACTION 2 HIGH – CORE ACTION 2 LOW – 

END. 

 

4.4.3.5 DLI Module Accumulation Output Test 
 

After having tested the correct behaviour of the DLI finite state machine, the functionalities 

of the DLI with its operation of accumulation need to be verified with a deterministic test, 

before deployment in the real measurement process. For this purpose, the accumulated 

outputs have been checked and verified after a specified number of TAPS, which represent 

the number of accumulations. Figure 4-20 shows the setup of the DLI module and a check 

accumulation block. 
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In this case, we have tested the accumulated values respectively after 80 and 160 taps. The 

inputs to the multiplier were both set to be 1. The expected computed values were 

respectively 80 and 160.  

The output values have been brought to the LEDs and observed on the scope as correctly 

expected (Figure 4-23). 

The signal brought to the scope (Ch 3) was HIGH, if the condition matching the expected 

value was verified, LOW elsewhere. It can be observed at the scope that the signal is HIGH 

during a ramp period, i.e. the DLI accumulates always up to the right value (80 or 160) and it 

is stable over the ramp period. 

 

 

Figure 4-23: The ramp dither signal (Ch 2) and the condition signal (Ch 3) are shown. The condition signal goes 
HIGH when the count of 80 or 160 taps is reached and stays high; while resets to LOW at the end of a ramp 

period. 

 

The necessity of these tests are related to the granularity expressed by the timeline of the 

synchronisation firmware module in figure 4-4 and the user capability to adjust different 

timing and measurement parameters.  
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In the full firmware design, each DLI plays a critical role in the measurement system, to 

isolate the desired harmonic component and improve the SNR as required, for this purpose 

the number of accumulation taps are user controlled, as well as the synchronisation module 

settings described above. 

 

4.5 Summary 
 

In this chapter the DAQ architecture of the 126-channel CO2 tomography system has been 

described. The design requirements for the firmware and the measurement timeline are 

detailed. The firmware modules have been tested and programmed into FPGA on the hub 

board to verify their functionalities upon receipt of the external synchronisation trigger 

signals.  

 

A previous multi-channel system (fEITER) has been developed in [83] for electrical impedance 

tomography. The fEITER system performed 33 simultaneous measurements with subsequent 

phase sensitive demodulation, where the modulation scheme was a simple sinusoidal 

modulation at 10 kHz.  

 

The data acquisition system discussed in this chapter, presents several challenges and 

achieved novelties relative to FEITER [83], Zolo [58], and Ma et al. [59]. The TDLAS-WMS 

requires a complex modulation scheme, combining a slow frequency ramp and a fast 

frequency dither, leading to higher demodulation speed of the digital lock-ins. This is added 

to the massively multi-channel system, which requires careful timing to manage 126 

simultaneous measurements. Further, the large dimensions of the tomography ring (about 

7 meters) requires the design of a distributed data acquisition system and a robust 
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synchronisation between all the different hub boards. The outcome of this work is a robust 

system for the most advanced TDLAS-WMS 2f/1f method, for 126 simultaneous channels, at 

a manufacturing cost of less than £300/channel. 
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Chapter 5 
 

5  FPGA-based Single-Channel 

TDLAS Measurement 
 

 

5.1 Instrumentation required in Wavelength 

Modulation Spectroscopy  
 

Gas sensor systems operating in harsh industrial environments, often require particularly 

enhanced techniques, while being supported at the same time by dedicated low-noise 

electronics. In sensing instrumentation, the requirement to detect low-level signals even in 

the presence of interference and noise is often fulfilled by lock-in amplifiers using phase 

sensitive demodulation (PSD). The necessity to implement a large scalable instrument with 

126 WMS-TDLAS measurement channels requires robust implementation of the TDLAS 

method considering costs and re-configurability given by bespoke electronics, as seen in 

Chapter 4. 

 

Lock-in amplifiers are chosen for this purpose, and have a central role in TDLAS 

instrumentation. Implementing phase sensitive demodulation (PSD), lock-in amplifiers fulfil 

the demodulation and specific signal component capture requirements of the TDLAS-WMS 

method (as seen in Chapter 2) by isolating the 1f and 2f harmonics of the photo-detected 

signal [92]. A lock-in amplifier, measuring an ac voltage and outputting a dc signal 

proportional to the amplitude of the ac signal, has the capacity to suppress all the frequency 
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contents (due to noise or interferences) outside the band pass filter. Thus, the outputs of a 

lock-in amplifier are given by the amplitude and phase of the detected signal.  

 

5.2 Phase sensitive demodulation principle 
 

The presence of noise sources or interference mechanisms are the major problems affecting 

measurements of small signals at low frequencies in harsh environments.  

Significant noise sources in electronic devices result from thermal noise and shot noise, 

which are uniformly distributed in power over all frequencies, and from 1/f noise, which is 

particularly troublesome for measurement at low frequency. Further to internal noise 

sources affecting electronic devices, external noise sources, e.g. due to power distribution 

lines or heavy rotating machines, can cause serious interference in electronics 

instrumentation [93]. In this particular case, the presence of turbines and generators etc. in 

a turbine engine test cell is expected to generate such noise. Amongst the methods adopted 

in instrumentation to reduce the effects of noise and interference, filtering is usually 

considered, but it has a limited value in the case where measured signal and noise overlap in 

frequency. 

 

The problem of the signal and noise spectra overlapping each other can be solved by 

modulating the target signal with a high frequency carrier. This simple form of modulation, 

obtained by multiplying the measurement with the carrier signal, is known as amplitude 

modulation (AM). 

The modulation determines a shift of the signal spectrum at about the carrier frequency. If 

an interference is added after the modulation, i.e. in the case of our tomography system 



123 
 

during the transmission of the optical beam from launcher to receiver module (Figure 5-1 a), 

then the interference spectrum is not modulated, thus it is not shifted in frequency and does 

not interfere with the amplitude modulated signal (Figure 5-1 b). The interference can be 

easily rejected using a band-pass filter matching the spectrum of the amplitude modulated 

signal and then demodulating the signal to dc/low frequency. 

 

a) 

 

b) 

Figure 5-1: a) Modulation scheme with a high frequency carrier signal. b) Signal spectrum shift caused by 
modulation 

 

To recover the low-frequency signal, the composite modulated signal must be demodulated 

and low-pass filtered.  

Assuming the fast-modulated signal and the reference signal to be in-phase, demodulation 

is performed by detecting when the modulated signal changes its phase by π relative to the 

pure carrier signal. The phase detection is required to recover the amplitude polarity, 
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positive or negative, of the low-frequency signal. Such operation is performed with a 

demodulator known as phase-sensitive demodulator or detector (PSD). Phase sensitive 

detection is implemented in instrumentation as part of the lock-in amplifier [94]. 

 

 

Figure 5-2: Representation of a switching amplifier utilised in phase sensitive demodulation circuits. The input 
signal is conveniently in phase with the waveform controlling the switch. 

 

A PSD circuit can be described (Figure 5-2) with a switching amplifier, which is controlled by 

a waveform with the same frequency as the input signal. The switching amplifier, acting as a 

full-wave rectifier or as a multiplier between the input and reference signal, produces in the 

output a rectified version of the input signal. 

The reference waveform shown in Figure 5-2 is in phase with the signal, this is the condition 

to maximise the output and to obtain the best signal to noise ratio. 

However, in real experimental conditions the relative phase difference ϕ between the two 

signals has to be controlled to achieve phase matching at the demodulator, and for this 

purpose instruments such as lock-in amplifiers include phase shift circuitry, which allows the 
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phase shift of the internal reference signal in order to null the relative phase difference ϕ 

with the input signal. 

An alternative way to achieve the demodulation result is to simply use the frequency 

properties of the composite signal given by the multiplication of the low-frequency signal 

with the fast reference signal, e.g. by subsequent band-pass filtering, as shown in Figure 5-

3. This approach is commonly used and it will be considered in this chapter.  

 

 

Figure 5-3: Phase sensitive demodulation scheme representation as a multiplier.  

 

Considering the case of sinusoidal signals, with frequencies fsig for the input and fref for the 

reference, then the output of the multiplier will have frequency components at fsig + fref and 

fsig - fref. In the case of fsig = fref, then the output will have a dc component and a component 

at doubled frequency.  

The recovery process is then completed by passing the PSD output signal through a low-pass 

filter (LPF). The rejection of noise, by keeping only the measurement signal frequencies, is 

mainly accomplished by the very small band-pass of the LPF. In Figure 5-4, a complete 

modulating-demodulating scheme using PSD is shown. 
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Figure 5-4: Completed modulation scheme with phase sensitive demodulation.  

 

Thus, the amplified low-frequency signal is recovered via two key steps: 

 the phase sensitive demodulation, which detects the composite signal’s phase 

changes of π with respect to the reference signal thus recovering the low-frequency 

signal properties, but still with high frequency components;  

 the low-pass filtering, which isolates the low-frequency signal, rejecting noise and 

interference. 

 

5.3 Phase sensitive demodulation via lock-in 

instrumentation  
 

The phase sensitive demodulation approach is implemented as part of lock-in amplifier 

instrumentation. In lock-in amplifiers, the signal is considered to be a phasor with module 

and phase, where its representation can be given with the projections on the two axes, X (in-

phase) and Y (quadrature). It is generally good practice in instrumentation engineering to 

maximise the X component while minimising the Y component. In the schematic of Figure 5-

5, a lock-in amplifier scheme is shown and it is generally referred to as a single-channel lock-

in amplifier.  
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Figure 5-5: Single-channel lock-in amplifier scheme. 

 

The demodulation and maximisation of the X component of the composite signal, is achieved 

by minimising the phase offset ϕ between the input and reference signals. The demodulated 

signal described by eq.(5.1) below is proportional to cos (𝜑), thus a possible phase variation 

error is minimised by minimising the phase offset ϕ, since 
𝑑

𝑑𝜑
[cos(𝜑)] = sin (𝜑); hence small 

ϕ means small error due to phase variation.  

Thus, the principle of a single-channel lock-in amplifier (Figure 5-5) is to implement a phase 

sensitive demodulation (PSD), as described in section 5.2, by multiplying the detected signal 

with a reference signal at the frequency of interest and then modulating the resulting signal 

as a function of the phase of the reference signal, and then applying a low-pass filter to 

isolate a component, X or Y, of the harmonic signal. 

Mathematically, the multiplication gives rise to a DC component and a double-frequency 

component, explained by the trigonometric relations: 

 cos(𝛼) · cos(𝛽) =
1

2
cos(𝛼 − 𝛽) +

1

2
cos(𝛼 + 𝛽) for the In-phase component, and 

 cos(𝛼) · sin(𝛽) =
1

2
sin(𝛼 + 𝛽) −

1

2
sin(𝛼 − 𝛽) for the Quadrature component.  

By filtering out the DC component with a low-pass filter the output of a lock-in amplifier will 

be proportional to the cosine of the phase difference ϕ between the two signals. 
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 𝑉𝑜𝑢𝑡,𝑋 = 𝑉𝐷𝑒𝑡𝑒𝑐𝑡𝑐𝑜𝑠(𝜔𝑡) · 𝑉𝑅𝑒𝑓cos(𝜔𝑡 + 𝜑) =

=
𝑉𝐷𝑒𝑡𝑒𝑐𝑡 · 𝑉𝑅𝑒𝑓

2
cos(𝜑) +

𝑉𝐷𝑒𝑡𝑒𝑐𝑡 · 𝑉𝑅𝑒𝑓

2
cos(2𝜔𝑡 + 𝜑) =

𝐿𝑜𝑤−𝑝𝑎𝑠𝑠 𝑓𝑖𝑙𝑡𝑒𝑟
⇒            =

𝑉𝐷𝑒𝑡𝑒𝑐𝑡 · 𝑉𝑅𝑒𝑓

2
cos(𝜑) 

(5.1) 

 

where 𝑉𝐷𝑒𝑡𝑒𝑐𝑡 is the voltage amplitude of the detected signal, 𝑉𝑅𝑒𝑓 is the voltage amplitude 

of the reference signal and 𝜔 is the angular frequency. 

 

Many commercial lock-in amplifiers are referred to as dual-channel lock-in amplifiers for 

their capability to detect the X and Y components simultaneously. This is achieved by using 

two single-channel lock-in amplifiers in parallel as shown in Figure 5-6. This configuration 

extracts both components, X and Y (as shown in eqs. (5.1-5.2)): one reference signal is shifted 

by 90 degrees in phase relative to the other, and the magnitude of the harmonic signal can 

then be obtained regardless of the phase difference, by post-processing to calculate the 

square root of the sum of the squares of the components obtained by the lock-ins, as given 

in eq.(5.3). 

 

Figure 5-6: Dual-channel lock-in amplifier scheme. 
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Multiplying the detected signal via two different channels using two reference signals with a 

respective phase offset of 90 degrees, gives rise to two outputs in quadrature to each other, 

the In-phase one in the form of eq.(5.1) and the Quadrature one in the form of eq.(5.2) 

 

 𝑉𝑜𝑢𝑡,𝑌 = 𝑉𝐷𝑒𝑡𝑒𝑐𝑡𝑐𝑜𝑠(𝜔𝑡) · 𝑉𝑅𝑒𝑓sin(𝜔𝑡 + 𝜑) =

=
𝑉𝐷𝑒𝑡𝑒𝑐𝑡 · 𝑉𝑅𝑒𝑓

2
sin(2𝜔𝑡 + 𝜑) −

𝑉𝐷𝑒𝑡𝑒𝑐𝑡 · 𝑉𝑅𝑒𝑓

2
sin(−𝜑) =

𝐿𝑜𝑤−𝑝𝑎𝑠𝑠 𝑓𝑖𝑙𝑡𝑒𝑟
⇒            = −

𝑉𝐷𝑒𝑡𝑒𝑐𝑡 · 𝑉𝑅𝑒𝑓

2
sin(−𝜑)

=
𝑉𝐷𝑒𝑡𝑒𝑐𝑡 · 𝑉𝑅𝑒𝑓

2
sin(𝜑) 

(5.2) 

 

Regardless of the phase dependence ϕ, the total magnitude of the output can be then 

obtained as 

 

 
𝑅 = √𝑉𝑜𝑢𝑡,𝑋

2 + 𝑉𝑜𝑢𝑡,𝑌
2 =

𝑉𝐷𝑒𝑡𝑒𝑐𝑡 · 𝑉𝑅𝑒𝑓

2
 (5.3) 

 

The phase ϕ between the reference signal and the detected signal is given by 

 

 
𝜑 = tan−1 (

𝑉𝑜𝑢𝑡,𝑌
𝑉𝑜𝑢𝑡,𝑋

) (5.4) 
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5.4 Digital demodulation implementation in 

FPGA platform 
 

In sections 5.2 and 5.3 we have described the basic principle of phase sensitive detection as 

the basis of the lock-in detection process. A digital implementation of it, follows the same 

scheme with the difference that the operations are performed in the digital domain by 

multiplying the modulated signals with the reference signal, after they are digitised. 

Following equations (5.1) and (5.2), a digital PSD scheme can be described considering digital 

sampled signals, where the output of each PSD channel is given by the in-phase (VX) and 

quadrature (VY) signals obtained as 

 

 
𝑉𝑋(𝑛) = ∑𝐴cos(𝜔𝑛𝑇 + 𝜃) ∙   𝐵 cos(𝜔𝑛𝑇)

𝐿

𝑛=1

= ∑
𝐴𝐵

2
[cos(2𝜔𝑛𝑇 + 𝜃) + cos(𝜃)]

𝐿

𝑛=1

 

(5.5) 

 

 

 
𝑉𝑌(𝑛) = ∑𝐴cos(𝜔𝑛𝑇 + 𝜃) ∙   𝐵 sin(𝜔𝑛𝑇)

𝐿

𝑛=1

= ∑
𝐴𝐵

2
[sin(2𝜔𝑛𝑇 + 𝜃) + sin(𝜃)]

𝐿

𝑛=1

 

(5.6) 

 

 

where T is the sampling interval, n and L are the serial and total number of samples utilized 

and θ is now used for the phase difference between the measured signal and the reference 
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signal. A and B identify the amplitudes of the frequency-shifted detected signal and 

reference signal respectively.  

Implementation of digital demodulation has been successfully used in tomography 

instrumentation by several groups [95] [96] [97]. If signals are processed in a complete period 

of the reference signal, where the summation process is equivalent to passing through a low-

pass filter, then the in-phase (VX) and quadrature (VY) signals are expressed only with the DC 

signals 

 
𝑉𝑋(𝑛) = 𝐿

𝐴𝐵

2
 cos (𝜃) 

(5.7) 

 

 

 
𝑉𝑌(𝑛) = 𝐿

𝐴𝐵

2
 sin (𝜃) 

(5.8) 

 

 

The digital demodulation scheme in Figure 5-7 shows a structure of two digital dual-channel 

lock-ins. The system samples the analogue signal input to one channel of the FLITES PCB 

described in chapter 4, and then sends it to two parallel dual-channel lock-in amplifiers. Each 

dual-channel lock-in has the capability to extract the in-phase and quadrature components, 

and two parallel dual-channel lock-ins are required for the simultaneous demodulation of 

the first (1f) harmonic by modulating at frequency f and the second (2f) harmonic by 

modulating at frequency 2f. 
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Figure 5-7: The conceptual scheme of two digital dual-channel lock-in amplifiers, where the filtering stage is 
implemented by using a multiplier-accumulator (MAC) unit. The configuration of two dual-channel lock-in 
demodulator allows the simultaneous demodulation of two harmonic components, 1f and 2f, by using two 

Direct Digital Synthesis (DDS)-based reference signals. While the single dual-channel lock-ins allows the 
simultaneous demodulation of the in-phase and quadrature components. 

 

 

The reference signals for different frequencies are generated by local DDSs. Subsequently, 

the product results are accumulated for N iterations, defined here as the number of dither 

periods. The number of taps L defines the averaging period or measurement integration time 

of the DLI. To maintain the scientific adaptability of the tomographic system, the ADC 

sampling rate, the number of taps accumulated within the DLI and the frequency and phase 

of the DDS units are all controllable at a software level from the control room of the 

experiment. As discussed in section 2.3.2, the mathematical derivation of the WMS signal 

shows the complex summation of different phasors, highlighting the need for lock-in 

detection for isolating each individual harmonic component.  
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By rotating the X/Y axes of the lock-in detection, by controlling the phase to match the angle 

of a particular sub-phasor, each contribution along that axis can be maximised, while the 

same contribution on the orthogonal axis can be minimised together with the reduction of 

contributions of other sub-phasors at different angles. Thus, by controlling these parameters 

with the digital lock-in, it is possible to maximise the WMS terms for different phase angles, 

as described in eq.(2.36) and eq.(2.37). 

 

As part of the development of the tomography system, a single-channel TDLAS has been 

developed to detect the CO2 gas absorption signal, while validating that an FPGA lock-in 

approach can then be replicated for 126 channels, as shown in [98]. The two dual-channel 

lock-ins, as seen in Figure 5-7, have been implemented for experimental validation using a 

Digilent Nexys 3 development board with the same FPGA platform family (Xilinx Spartan 6 

XC6SLX16) as utilised in the FLITES PCB hub board. The resources available in this FPGA, in 

terms of DSP slices and block RAM (BRAM) are adequate for the implementation of the 

single-channel system and its validation. The development board provides standard 

interfaces, in particular the USB interface has been used to transfer data to PC for post-

processing. 

For a single-beam validation of the system by gas measurement, signal digitisation is 

achieved with a serial, 1 MSPS, 12-bit precision ADC (Analog Devices AD7476A-PmodAD1 

[99]).  Operating with an input voltage range of 0 V to 3.3 V, the LSB represents a voltage of 

3.3V/212=0.805 mV. 

By using Xilinx IP cores for the implementation of a DDS frequency synthesiser, the detection 

scheme is implemented providing user-control of frequency and phase, in order to select 
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different target frequencies, i.e. as required in the case of isolation of different harmonics 

components, while matching and isolating the target component. 

A simple method to filter the dc component in digital demodulation, can be implemented by 

a MAC unit, made with a multiplier and an adder in cascade, as has been developed in [95]. 

In terms of resources, this requires only a DSP slice and a finite state machine to control and 

sample the accumulated values every L samples. The MAC unit operates by multiplying the 

signals sample-by-sample and accumulating the result. A sampler controlled by a FSM 

extracts the results after N iterations, resetting the MAC for the next accumulation. By 

defining the number of taps L to be accumulated by the lock-in, the user defines the number 

of fast reference dither sine periods to be accumulated within the process. Operating in 

discrete time, the integration period of the system must contain an integer number of sine 

waves [100]. 

The number of taps L is a function of the ADC sampling rate and the number of periods to be 

accumulated itself (N), as follows:  

 

 𝐿 = 𝐴𝐷𝐶 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑝𝑒𝑟 𝑝𝑒𝑟𝑖𝑜𝑑 × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑡ℎ𝑒𝑟 𝑝𝑒𝑟𝑖𝑜𝑑𝑠 (5.9) 

 

 

The duration of the integration period has an impact on the timing of the measurement 

carried out by the lock-in, as discussed in Chapter 4. Indeed, with an ADC sampling at 1 MSPS 

the duration of an integration period with L accumulated taps corresponds to an 

accumulation period of L s. The integration period has a direct effect on improving the 

signal to noise ratio of the system since it is equivalent to applying a low-pass filter, with the 

drawbacks of increasing the computation time. In the following single-channel TDLAS system 
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detecting signals at up to 50 kHz, an accumulation of 20 dither periods has been carried out 

during gas experiments. 

 

5.5 Single-channel TDLAS gas experiments and 

experimental validation 
 

 
To develop the multi-channel data acquisition system described in chapter 4, a single-

channel TDLAS measurement system was implemented to test prototypes of an FPGA-based 

digital lock-in amplifier detecting CO2 gas in a gas spectroscopy laboratory. Figure 5-8 shows 

the WMS-TDLAS experimental setup used to scan and measure the 1997.2 nm CO2 

absorption line. Within these experiments, the feasibility of the FPGA-based DLI has been 

verified and compared to a commercial Stanford Research lock-in amplifier SR830.  

The diode-laser used in this system has a distributed feedback (DFB) structure (Eblana 

EP2000-DM-B [101]) with temperature and current controlled to centre the wavelength at 

1997.2 nm. In the following experiments, the wavelength modulation given by the ramp 

waveform scanned the wavelength over the range 1996.8 nm to 1997.6 nm at a frequency 

of 5 Hz. The sinusoidal dither frequency selected for this experiment was in the 25-50 kHz 

range. It should be noticed that the data acquisition system discussed in chapter 4 is designed 

for ramp scans up to 100 Hz with up to 1 MHz dither frequency, aiming to achieve a 

tomography frame rate of 100 fps. However, the frequencies for the single-channel tests 

described in this chapter were mainly limited by the 1 MSPS ADC. In particular, the 

synchronisation of the acquisitions for the two measurement systems was obtained using 

the ramp trigger signal from the function generator driving the laser. In the case of the FPGA 

DLI, the trigger signal was an input reference to control the finite state machine and 
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synchronise both the DDS-based local reference signal and the N-tap integrator with the gas 

ramp measurement sequence. 

In a similar way, the 126-channel data acquisition system, ensures the synchronisation 

between the instrument and the experimental acquisition via a synchronisation finite state 

machine module, as described in section 4.4.2.  

 

 
 

Figure 5-8: Schematic of the experimental single-channel WMS TDLAS setup. 

 

In these experiments, the aim is to demodulate the WMS-TDLAS gas absorption signal and 

recover the first and second harmonics at 25-50 kHz. The firmware tested here and 

implemented in the data acquisition seen in Chapter 4 has the ability to vary the DLI 

accumulation time, as seen in eq.(5.9). To ensure consistency in the comparison of the two 

measurement systems and their recovered signals (1f and 2f), the integration time of the 

FPGA-DLI has been kept the same as that of the commercial, rack-mounted Stanford system 

SR830 DSP-based lock-in amplifier.  

The main properties of the Stanford SR830 DSP lock-in amplifier are [102]: 

 dual-channel lock-in structure to display X and Y simultaneously;  
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 frequency range from 1 mHz to 102 kHz; 

 phase resolution 0.01° 

 time constant from 10 μs to 30 ks. 

The commercial cost of the above instrument is $ 5440 [103]; i.e. for a 126-beam system, 

$685,440, assuming no discount for volume purchase.  

 

5.5.1 Single-channel TDLAS experimental setup 
 

Figure 5-8 shows the experimental setup used to obtain single-beam TDLAS measurements 

using the all-digital, scalable, reconfigurable lock-in architecture as shown in Figure 5-7. 

Figure 5-9 shows the optical gas cell setup where the DFB laser has been coupled to fiber and 

then into free-space using a collimation lens. The beam was then passed through a 5.5 cm 

long gas cell containing 100% CO2 at ~1 bar and 15 °C. The path length of the gas cell and the 

temperature and pressure of gas were modelled to give approximately the expected CO2 

transmission over the 1.4 m path through the engine exhaust plume with average 

concentration of 4% by volume in the plume. 

The optical intensity transmitted through the gas is observed using a Thorlabs extended-

InGaAs photodiode, with the output being sent to both the FPGA-DLI and the Stanford SR830. 

The 1f and 2f outputs from the FPGA-DLI and the Stanford LIA were captured by a PC and an 

oscilloscope respectively. 
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Figure 5-9: Photograph of the gas-cell setup showing the free-space beam passed into the gas cell through 
collimating lenses (on the left side) 

 

It should be noted that within the present setup the DLI is preceded by a 12-bit 1 MSPS ADC 

while the oscilloscope offers 9-bit resolution at 1.25 GS/s. Moreover, although the two 

measurement systems are synchronized with the ramp measurement sequence, they have 

different local clock oscillators, thus a mismatch between measured performance may arise 

from a phase drift during experimental acquisitions. 

 

5.5.2 CO2 transmission characterisation through gas-cell  
 

Before the comparison of the two measurement systems, a measurement of the direct 

absorption in the test cell has been carried out. In the direct absorption TDLAS setup, shown 

in Figure 5-10, compared with the WMS-TDLAS setup in Figure 5-8, the laser was modulated 

only via the 5 Hz ramp and data were acquired through an oscilloscope (Tektronix TDS 3014B) 

and sent to PC, without lock-in demodulation.  



139 
 

 

Figure 5-10: Direct absorption TDLAS setup scheme. 

 

To measure the transmission through the cell, two direct absorption TDLAS scans have been 

performed (a) in absence of gas, to measure the background level, and (b) in presence of 

CO2, as shown in Figure 5-11. From Figure 5-11 a drop in intensity can be observed between 

the two scans. The source of this intensity drop has been considered and is most probably 

due to a small mechanical change to the system, when CO2 is introduced into the cell, e.g. a 

change of the path of the laser; or to a broadband absorption of the light. 

 

Figure 5-11: Direct absorption TDLAS acquisitions, in absence of CO2 (blue trace) and with CO2 in the gas cell 
(green trace). 

 

The relative transmission through the gas cell with CO2 present is shown in Figure 5-12. It has 

been obtained by normalizing firstly the CO2 signal to the background signal and then, 
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normalizing the result by the ratio between the off-line points at the beginning of the ramp. 

 

Figure 5-12: CO2 transmission over the whole scanned wavelength range. 

 

From Figure 5-12, a peak light intensity absorption of about 5% is measured near 1997.2 nm 

and is considered for the following WMS measurements.  

 

5.5.3 1f and 2f CO2 gas acquisitions  
 

By adjusting the phase of the two lock-ins to achieve optimal amplitudes, both 1f and 2f 

harmonics have been recovered while signal strength and the symmetry of the signals have 

been optimized. The transmission through the cell has been characterized and discussed in 

section 5.5.2, and the demodulation of the first and second harmonics have been carried out 

under the same absorption condition, i.e. about 5 %.  

The current FPGA system has been coded to provide the capability of simultaneous 

measurements of the two signal projections on the X and Y axis, outputting them in voltage. 
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The measurement procedure followed in these experiments was primarily given by the 

maximization of the signal, either 1f or 2f, along one of the two lock-in axes.  

As is good practice in instrumentation engineering, the following measurements have been 

done by adjusting the phase of the Stanford and DLI FPGA systems to maximize their signal 

outputs on the X axis. Firstly, the maximization of X has been achieved with the Stanford 

system during a ramp measurement sequence and then, by considering the detected phase 

θ, the DLI FPGA has been adjusted to output the maximum X signal at the same phase θ.  

Figure 5-13 compares the X1f output signals from the two lock-in instruments after min-max 

normalization [𝑥′ ∶=
(𝑥−𝑥𝑚𝑖𝑛)

(𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛)
 ], shown in the time domain for a 5 Hz laser wavelength 

scan and a 50 kHz sinusoidal modulation. The phase variation corresponding to the X and Y 

components during the scan is shown in Figure 5-14 and is obtained by computing eq.(5.4). 

The phase shown in Figure 5-14 is obtained by the DLI FPGA and has shown a close 

agreement with the phase obtained by the Stanford SR830. The phase variation, with a trend 

which is opposite to the component in Figure 5-13, is related to the two components of the 

isolated first-harmonic demodulated-signal, I1f, of eq.(2.36), while the phase is optimised to 

isolate the term proportional to the first derivative of the gas absorption line.  

Good agreement is observed between the two instruments for the X1f harmonic signal. The 

mismatch observed between the two traces at the extreme ends of the scans might be due 

to a phase instability with temperature that was observed in the DLI FPGA system, although 

a slight phase offset between phase θ settings of the DLI FPGA and the Stanford SR830 has 

been considered. However, the phase drift due to temperature is a more likely cause, since 

it has been observed that, when cooling down the crystal oscillator during measurements, 

the phase drift gradually reduces to zero. 
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In WMS-TDLAS the recovered 1st harmonic signal relates to the 1st derivative of the gas 

absorption function seen in Figure 5-12. The concentration of gas is proportional to the 

amplitude and slope of the 1f signal as described in section 2.3, where the mid-point of the 

slope identifies the peak of the absorption [69]. Via post-processing a curve fitting model 

with database values it is then possible to extract precisely the gas parameters [104]. 

 

a)  
 

 

b)  

 

Figure 5-13: First harmonic measurement at 50 kHz. a) Comparison between FPGA-based digital lock-in and 
commercial lock-in amplifier and b) difference between the two signals. CO2 concentration: 100%, gas pressure: 

1000 mbar, gas temperature: 15°C. Cell path-length 5.5cm. 
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Figure 5-14: Phase signal variation referring to the acquisition of the first harmonic component. 

 

Similarly, the recovered 2nd harmonic signal with the WMS technique is proportional to the 

2nd derivative of the gas absorption function. In this case the concentration is proportional 

to the amplitude of the 2f signal at its peak. 

Due to the requirement of keeping the number of taps within the DLI the same, i.e. the same 

integration period, the second harmonic recovery uses a 5 Hz laser current ramp and a 

wavelength dither modulation frequency of 25 kHz. However, the on-FPGA DDS blocks are 

programmed for 50 kHz operation ensuring recovery of the X2f harmonic component. 

Likewise, as in the measurement of the X1f signal, the X2f signal has been measured by 

maximizing the signal on the X lock-in axis with the same procedure, by adjusting the relative 

phase between the input signal and the reference one. Figure 5-15 shows the X2f recovery, 

showing excellent agreement in the wavelength domain between the two DLI systems. 

Figure 5-16 shows the phase variation correspondent to the X2f and Y2f signals calculated with 

eq.(5.4). Also in this case, the phase variation, which correspond to the maximisation of the 

component proportional to the second derivative of the gas absorption line 5-15, has a trend 
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which is opposite to the signal shown in Figure 5-15. 

a)  

b)  

 

Figure 5-15: Second harmonic measurement at 25 kHz. a) Comparison between FPGA-based digital lock-in and 
commercial lock-in amplifier and b) difference between the two signals. CO2 concentration: 100%, gas pressure: 

1000 mbar, gas temperature: 15°C. Cell path-length 5.5cm. 

 

 

 

 

Figure 5-16: Phase signal variation referring to the acquisition of the second harmonic component. 
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The residual error, defined as the difference between the two data traces, has a maximum 

of 7.01% and 4.81% for the X1f and X2f signals respectively.   

While the X1f and X2f signals are output directly from the DLI FPGA, the magnitude signals R1f 

and R2f are post processed as per eq.(5.3) and then compared with the magnitude signals 

output by the Stanford lock-in system. In Figure 5-17 and Figure 5-18 respectively, the 

comparison between the R1f and R2f magnitude signals is carried out following the same 

procedure seen above for the X1f and X2f. 

a)  

b)  

 

Figure 5-17: R1f magnitude signals at 50 kHz. a) Comparison between FPGA-based digital lock-in and commercial 
lock-in amplifier and b) difference between the two signals. CO2 concentration: 100%, gas pressure: 1000 mbar, 

gas temperature: 15°C. Cell path-length 5.5cm. 

 

The magnitude signal R1f, shown in Figure 5-17, represents the phasors which are isolated by 
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account the term proportional to the first derivative of the gas absorption line with the X1f  

component and the contribution of all the other phasors with Y1f. 

Likewise, the magnitude signal R2f, shown in Figure 5-18, represents the isolated phasors 

seen in eq.(2.37), given by the contribution of the term proportional to the second derivative 

of the gas absorption signal (X2f) and the combination of contributions of all the other 

phasors (Y2f) detected by the lock-in at the same harmonic. 

a)  

b)  

 

Figure 5-18: R2f magnitude signals at 25 kHz. a) Comparison between FPGA-based digital lock-in and commercial 
lock-in amplifier and b) difference between the two signals. CO2 concentration: 100%, gas pressure: 1000 mbar, 

gas temperature: 15°C. Cell path-length 5.5cm. 

 

While the measurements were performed below the targeted ramp rate and dither 
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performance of the custom DLI and therefore establishing the feasibility of scalable multi-

channel FPGA-based demodulation for the 126-beam CO2 tomography system.  

 

5.6 System performance characterisation 
 

In order to validate and assess the performance of the single-channel TDLAS system 

implementing the digital lock-in amplifier firmware module to be replicated in the full data 

acquisition system, a series of analyses on the acquired results have been done. 

The precision of the measurement system has been evaluated by taking many repeated 

scans for 1f and 2f and analysing the mean 𝜇 and the standard deviation 𝜎 at each 

wavelength point.  

The standard deviation σ expressed as 

 

𝜎 = √
1

𝑁 − 1
 ∑|𝑥𝑖 − 𝜇|

2

𝑁

𝑖=1

 
(5.10) 

 

where 𝑥𝑖 is the i-th observation, N is the total number of repeated measurements, and μ is 

the mean of all the N observations 𝑥 

 
𝜇 =

1

𝑁
∑𝑥𝑖

𝑁

𝑖=1

 
(5.11) 

 

Further, as indicator of the noise in the measurement performed by the system, the signal-

to-noise ratio SNR has been considered, taking 𝜎 to be noise, and 𝜇 to be signal. 

The signal to noise ratio is then given by 𝑆𝑁𝑅 =
𝜇
𝜎⁄ . 

The standard deviation results for the 1f harmonic obtained by the single-channel system 

are shown in Figure 5-19, while the standard deviation for the 2f harmonic is shown in Figure 

5-20, for N=10 and N=15 respectively.  
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Figure 5-19: Standard deviation for 10 first harmonic acquisitions. 

 

 

Figure 5-20: Standard deviation for 15 second harmonic acquisitions.  
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Plots of the mean values of the repeated observations are shown for the two harmonics, in 

Figure 5-21 and 5-22, where the “error” bars are ±σ.   

 

Figure 5-21: Mean value and standard deviation “error” bar values for 10 first harmonic acquisitions. 

 

Figure 5-22: Mean value and standard deviation “error” bar values for 15 second harmonic acquisitions. 
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It is customary to express SNR in dB, calculated according to  

 

 
𝑆𝑁𝑅[𝑑𝐵] = 10 log

𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒
 

(5.12) 

 

 

Furthermore, in digital signal processing methodology [105], it is accepted practice to 

calculate SNR[dB] as follows  

 

 

𝑆𝑁𝑅[𝑑𝐵] = 10 log

1
𝑁
∑ 𝑥𝑖

2𝑁
𝑖=1

𝜎2
=10 log

∑ 𝑥𝑖
2𝑁

𝑖=1  

∑ [𝑥𝑖 −
1
𝑁
∑ 𝑥𝑖
𝑁
𝑖=1 ]

2
𝑁
𝑖=1

 (5.13) 

  

where 𝑥𝑖 is the i-th measurement result and N is the total number of repeated observations. 

Figure 5-23 shows the SNR of the system at different points during the wavelength scan, 

obtained from 140 repeated measurements of the 1f magnitude signal R1f. 

 

Figure 5-23: SNR variation for 140 repeated R1f observations. 
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As described in [106], generally electronics stability in absence of absorption is excellent, 

yielding a single path SNR of about 60-70 dB. As soon as a disturbance is present along the 

light beam the noise increases, in particular the SNR is a function of concentration and path 

length.  

Along the path integral, the SNR measured has a maximum of 63.18 dB and a minimum of 

45.23 dB for an absorption of 5%. The SNR profile has a drop in performances of about 18 

dB, in particular in correspondence of the lambda points in the central area. The lambda 

points in the central part correspond to the gas absorption profile variation of about 5%, and 

being the SNR calculated with R1f, which is a combination of X1f and Y1f, this corresponds to 

the fast slope variation of the X1f signal.  

The impact of noise in tomographic reconstructed images is critical and it has been discussed 

for automotive hydrocarbon fuel absorption in-cylinder in [106]. In this case was found that 

by simulating the reconstructed image for different levels of SNR along the path integral 

measurements, the level of SNR required to achieve a good precision of the reconstructed 

pixel concentration was greater than 20-28 dB. An improved SNR can be achieved within the 

hub board, although the benefits for the tomographic image reconstruction for this 

particular application remain to be analysed. In the target tomographic system, further noise 

reduction is expected from the curve-fitting process of whole-scan data. 

 

5.7 Summary 
 

In this chapter, the basis of phase sensitive demodulation and its experimental 

implementation are discussed and addressed. In particular, to validate the multi-channel 

data acquisition system described in Chapter 4, a single-channel WMS TDLAS measurement 



152 
 

system was implemented to test the developed FPGA-based lock-in amplifier detecting CO2 

gas. 

The lock-in amplifier has been designed and coded to validate the reliability and robustness 

of this method for a multi-channel implementation on FPGA, taking into account the 

resources available in the FPGA and the resources needed for the implementation of 12 lock-

in channels. 

Moreover, this has been done as a part of the implementation in an embedded and re-

configurable processing system of a sophisticated spectroscopic measurement process, 

taking into account the experimental timing discussed in Chapter 4.  

Further, it has to be considered that the narrowness of the selected CO2 absorption feature 

at 1997.2 nm, requires the implementation of a WMS scheme with a phase-sensitive 

demodulator to isolate the harmonic signal components. 

Thus, the system has been compared with commercial instrumentation under the same 

experimental gas conditions, and it has been found to reproduce accurately the results 

obtained by the commercial system. The DLI FPGA system has been coded to provide the 

necessary re-configurability for the online implementation of the latest spectroscopic 

methods.   
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Chapter 6 
 

6  Chemical Species Tomography of 

carbon dioxide  
 

 

6.1 Phantom-test configuration and operating 

conditions 
 

A set of tomography tests of carbon dioxide concentration distribution, from a near-static 

set of phantoms simulating a turbine exhaust, are presented here. Tests have been carried 

out, while the opto-mechanical structure, discussed in Chapter 3, was kept in a horizontal 

position. This test has demonstrated and validated the correctness of the optical beams, the 

utility of the 2f/1f method for tomography, and the image reconstruction process. 

In order to test the optics and image reconstruction of the tomography system, since the 

final hardware was yet not available, the data have been collected by using a commercial, 

off-the-shelf, DAQ electronics system. Differently to the simultaneous 126-channel DAQ 

system discussed in Chapter 4, the DAQ electronics utilised within this test was a National 

Instrument (NI) board using LabView with 8 channels and a sampling rate of 2 MS/s with 16-

bit resolution. The raw data, in condition of no CO2 and presence of CO2, were collected 

manually in a temporally multiplexed manner, 8 channels at a time, and then passed to a 

lock-in amplifier implemented in software. 

The experimental tests have required the design and implementation of circular gas burners 

to reproduce localised high CO2 gas concentrations flowing into the ring and imaging space 
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[107]. Two different sized burners with diameters of 40 and 60 cm have been used in order 

to replicate the gas emission from a single turbine combustor. (A large civil aero engine 

combustor has typically 18 or 24 such combustors, arranged in an annular structure around 

the turbine axis). The structure of the CO2 flow from each burner was such as to homogenise 

the emission of CO2 within the burner diameter, while emitting the gas 10 cm beneath the 

imaging plane of the optical ring. The CO2 concentration, and its temperature, emitted by 

the burners have been measured in the tomographic imaging plane and found to be 

approximately 6% by volume at 230 °C. In the following text, the CO2 area produced by each 

burner in the imaging plane is referred to as a “plume”, and the CO2 distribution within the 

whole imaging space is referred to as a “phantom”. 

The experiments have been operated in three phases, a first single-plume phase of tests, 

where the 40 cm and 60 cm burners were placed alternately at the centre of the imaging 

space, a second dual-plume phase utilising both burners, and a third single-plume phase of 

tests, rotating the plume around the axis of the imaging space, using the 40 cm diameter 

burner [107]. 

Figure 6-1 shows the plan-view configurations where the individual burners are placed at the 

centre of the imaging space. 

Figure 6-2 shows the 1.4 m imaging space with the dual-plume test configuration. The large 

60 cm burner was placed at 45° to the x-axis while the small 40 cm burner was at 225°. 
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Figure 6-1: Illustration of the plan-view of two burners placed alternately at the centre of the imaging space. On 
the left is the 40 cm burner, while the 60 cm burner is on the right. 

 

 

Figure 6-2: Illustration of the two burners placed into the imaging space. 
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For the rotating single-plume tests, the 40 cm burner was placed initially at 0° and then 

moved to 45°, 90°, 135°, 180° relative to the x-axis of the imaging space, as shown in Figure 

6-3. 

 

Figure 6-3: Illustration of the rotating small burner phantoms, initially placed at 0° relative to the x-axis and then 
at 45°, 90°, 135° and 180°. 

 

 

6.2 TDLAS phantom measurements 
 

Within this system and these phantom tests, the six projections determined by the opto-

mechanical system described in Chapter 3 have been used to collect TDLAS data which are 

then utilised to reconstruct the images, as will be shown in section 6.4. The author did not 

participate in the collection of the experimental data, but the analysis of the individual beam-

data below was carried out by the author. Similarly, the author did not develop the image 

reconstruction given below, but the author has developed the presentation and the 

interpretation of the images given below. 
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The DAQ system utilised, being an 8-channel NI board, required manual multiplexing to 

connect and disconnect the ribbon cables to the opto-mechanical structure. The frequencies 

utilised during these experiments were 5 Hz for the ramp and 100 kHz for the dither. 

Within this section, example TDLAS data, acquired along the central 12 measured beams of 

the first projection, from beam number 5 to 16 included, will be shown, for the two alternate 

phantoms shown in Figure 6-1. 

The aim of the tests in this section, utilising the two target plumes in a central position, was 

to show the difference in the number of beams within a projection interacting with plumes 

of different size. It is expected that in both cases the beams involved in measuring gas 

absorption, will be the ones placed at the centre of the projection, with a larger number of 

beams expected to interact with the 60 cm plume compared to the 40 cm plume. 

Figure 6-4 shows the setup utilised within this test where data from only one projection has 

been considered, using the 40 cm burner.  

A digital lock-in to demodulate the gas absorption signal was implemented in software within 

the board to output X1f, Y1f, X2f, Y2f signals. The 2f/1f method was then applied by using 

eq.(2.38). 

The 2f/1f signals of 12 selected channels of the first projection are shown in figures 6-5, 6-6, 

6-7. It can be observed from the amplitude of the signals that the longest path across the 40 

cm CO2 plume is given by beams 10 and 11, thus it can be confirmed that TDLAS data are 

consistent with the beam and plume geometry, as shown in Figure 6-4. 
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Figure 6-4: Illustration of the 40 cm gas phantom at the centre of the imaging space and the first tomography 
projection operating TDLAS measurements. 
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Figure 6-5: 2f/1f TDLAS results correspondent to beams 5, 6, 7, 8 of the first projection, for a central 40 cm 
target phantom. 

 

 

 

Figure 6-6: 2f/1f TDLAS results correspondent to beams 9, 10, 11, 12 of the first projection, for a central 40 cm 
target phantom. 
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Figure 6-7: 2f/1f TDLAS results correspondent to beams 13, 14, 15, 16 of the first projection, for a central 40 cm 
target phantom. 

 

The total number of beams interacting with the gas plume are 5, consistently with the 

geometry of the ring, beams and phantom, beams 10 and 11 show a higher amplitude, as it 

is expected since they are crossing the centre of the plume; whereas beams 9, 12 and 13 

have a shorter path length compared to the beams and thus, are placed at the sides of the 

circular plume. The number of beams interacting with the 40 cm plume is expected to be 5, 

due to the pitch of 75 mm of the beams, discussed in section 3.2. 

In the second instance, the same test has been repeated utilising the 60 cm plume at the 

centre of the imaging space, as shown in Figure 6-8. Due to the larger dimensions of the 

plume, this test was expected to give a higher absorption for the beams crossing the centre 

of the circular target and a larger number of beams interacting with the gas plume.  
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Figure 6-8: Illustration of the 60 cm gas phantom at the centre of the imaging space and the first tomography 
projection operating TDLAS measurements. 
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In figures 6-9, 6-10, 6-11, the 2f/1f signals related to the central 12 channels of the first 

projection in presence of the 60 cm circular phantom are shown. As expected, the magnitude 

of the signals related to the central beams is higher compared to the case of the small 

phantom.  

Furthermore, 5 beams can be inferred to have long paths through the 60 cm plume, while 2 

beams (8 and 14) can be inferred to cross the circular gas plume at opposite lateral edges. 

These observations are in line with what was expected, giving a total of 7 beams (spaced 

with a pitch of 75 mm) interacting with the 60 cm gas plume.  

 

 

Figure 6-9: 2f/1f TDLAS results correspondent to beams 5, 6, 7, 8 of the first projection, for a central 60 cm 
target phantom. 
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Figure 6-10: 2f/1f TDLAS results correspondent to beams 9, 10, 11, 12 of the first projection, for a central 60 cm 
target phantom. 

 

 

 

Figure 6-11: 2f/1f TDLAS results correspondent to beams 13, 14, 15, 16 of the first projection, for a central 60 cm 
target phantom. 
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6.3 Image reconstruction 
 

6.3.1 Algorithm  
 

Following the physical measurement obtained from each single beam, given the Beer-

Lambert relation in eq.(2.16), the absorption coefficient can be extracted; and by applying a 

spectral curve fitting process with some assumptions on pressure and temperature, the 

average value of the concentration along the physical optical path of each beam can be 

obtained. This term, which corresponds to the exponential of eq.(2.16), also defined as 

spectral absorbance in eq.(2.17), in CST is defined as the path concentration integral (PCI) 

and it is a key term to enable the image reconstruction. 

In the image reconstruction process for chemical species tomography, we consider the 

inverse problem of reconstructing the concentration image c, with the discrete model for the 

linear attenuation formulated as  

 𝑚 = 𝐴𝑐 + 𝑛 (6.1) 

 

where m represents the vector of measurement data, which in our case represents the PCIs 

corresponding to 126 beams; A is an integral operator matrix containing the path lengths of 

the beams crossing each pixel (as shown in Figure 6-13); c is our unknown that we want to 

solve and represents the species concentration in the pixelised base; while n is some additive 

noise corrupting the data. 

Apart from the inclusion of the noise term, this is the foundation of the well-established 

Algebraic Reconstruction Technique (ART) [108]. 

The analytical model can be formulated as 
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𝑚𝑖 = ∫𝑑𝑙 𝑐(𝑙) + 𝑛

 

𝐿𝑖

 (6.2) 

 

where mi represents the measurement of the i-th beam along the optical path Li, crossing the 

high gas concentration region, indicated with c(x,y), as shown in Figure 6-12. 

 

Figure 6-12: Optical path transecting the high-concentration plume. 

 

In the discretised domain of the tomography plane given by applying ART, the image 

representing the gas concentration region is pixelated (as shown in Figure 6-13), with the 

assumption that the concentration is constant in each pixel, thus the optical path can be 

divided according to the portions of path transecting each pixel. 

The path integral of the species concentration c becomes 

 
∫𝑑𝑙 𝑐(𝑙) =  ∫ 𝑑𝑙

 

𝐿𝑖
(1)

 

𝐿𝑖

𝑐1 + ∫ 𝑑𝑙 𝑐2

 

𝐿𝑖
(2)

+ ∫ 𝑑𝑙 𝑐7

 

𝐿𝑖
(7)

+ ∫ 𝑑𝑙 𝑐8

 

𝐿𝑖
(8)

=

= 𝑐1 ∫ 𝑑𝑙

 

𝐿𝑖
(1)

+ 𝑐2 ∫ 𝑑𝑙

 

𝐿𝑖
(2)

+ 𝑐7 ∫ 𝑑𝑙

 

𝐿𝑖
(7)

+ 𝑐8 ∫ 𝑑𝑙

 

𝐿𝑖
(8)

=

= 𝑐1|𝐿𝑖
(1)| + 𝑐2|𝐿𝑖

(2)| + 𝑐7|𝐿𝑖
(7)| + 𝑐8|𝐿𝑖

(8)| 

(6.3) 
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where 𝐿𝑖
(𝑛) represents the path of the i-th beam crossing the n-th pixel, and all this 

information is used to fill the i-th row of the matrix A, as 𝐴𝑖 =

 [𝐿𝑖
(1), 𝐿𝑖

(2), 0, 0, 0, 0, 𝐿𝑖
(7), 𝐿𝑖

(8), 0, 0, 0, … ]. 

 

Figure 6-13: Illustration of the procedure adopted by the algorithm discretising the imaging space. 

 

Tailoring the problem to the current specific case, assuming a circular high-concentration, 

centred at the origin of the imaging space, we can then restrict the imaging space of interest 

within the ring, as shown in Figure 6-14. 

The number of used beams in the system gives an indication about the ideal dimension in 

terms of pixels of an image (𝑁𝑥𝑁). 

In the case of 21 beams per projection, the longest length in a square area of 𝑁𝑥𝑁 pixels is 

its diagonal in pixels (𝑑 = √2𝑁), thus the 21 beams passing through the diagonal define the 

optimal image resolution. For a system with a projection of 21 beams, the ideal image 
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dimension (𝑁𝑥𝑁) is given by 21 ≈ √2 𝑁, which indicates that the number of beam 

measurements are ideal to reconstruct an image of 𝑁𝑥𝑁 pixels if 𝑁 = 15.  

a) 

b) 

Figure 6-14: a) the imaging space, in blue, centred within the ring; b) a circular high-concentration gas region, in 
red, of 60 cm diameter centred in the imaging space. 

 

However, the number of pixels 𝑁 can be increased during the image reconstruction process, 

but a form of regularisation, as explained immediately below, has to be applied. By doing an 
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approximation, it is possible to increase the number of pixels, while keeping the number of 

unknowns fixed. 

The inverse problem in the case of the model in eq.(6.1), is to find an approximation of c, 

when we know m with noise. In fact, any inverse problem that relies upon measurement 

data which is not perfectly accurate, suffers from ill-posedness [109]. In the case where the 

number of measurements #m is much less than the number of unknown pixel 

concentrations, i.e. #𝑚 ≪ #𝑐, the ill-posedness of the inverse problem is exacerbated; in 

general, it admits an infinite number of possible solutions. The present case, where #𝑚 ≪

#𝑐, is also termed rank-deficient [108]. The combination of imperfect measurements with 

severe rank deficiency makes the image reconstruction process difficult. To help overcome 

these issues, some form of physical constraints, i.e. a priori information, is introduced into 

the image reconstruction process, which is generally called regularisation, and it can take 

many mathematical forms. The a priori information imposed is simple, considering the 

nature of the concentration such as positivity, since negative values of concentration are 

physically unadmitted, and requiring smoothness of the variation from low- to high-

concentration regions. 

 The particular approach used here is to incorporate a priori information to restrict the range 

of possible solutions using a set of basis functions φ [110] [111]. 

To do so, we scale the problem into a low-dimensional image [110] [111], as follows:  

 𝑐 ≈ 𝜙𝑟,          #𝑟 = #𝑚 (6.4) 

 

where our unknowns pass from c to r, with φ being defined in a space with a low number of 

unknowns s with #𝑠 ≪ #𝑚 and r is the coefficient of the basis function.  
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 𝜙 = {𝜙1(𝑥), 𝜙2(𝑥),… , 𝜙𝑠(𝑥)} (6.5) 

 

 𝑟 = {𝑟1, 𝑟2, … , 𝑟𝑠}          𝑠 ≤ 𝑚 = 126 (6.6) 

 

The model in eq.(6.1) then becomes 

 𝑚 = 𝐴𝜙𝑟 + 𝑛 = 𝐵𝑟 + 𝑛 (6.7) 

 

By regularising the inverse problem in this way, our problem is changed to the calculation of 

the new unknown vector r. 

Applying the smoothness and positivity constraints the low dimensional model becomes 

[111] 

 𝑚 = 𝐵𝑒𝑟 + 𝑛 (6.8) 

 

After estimating r, the concentration image is given as 𝑐 = 𝜙𝑒𝑟. Once solved for r, the 

coherent reconstruction of the image c, according to the knowledge of the phantom and 

what is expected to be obtained, relies on the choice of the basis functions. This approach 

has been shown to be computationally efficient for 126 beams and a 70x70 imaging space 

[111], with good overall image error. 

 

6.4 Image results 
 

The reconstructed images obtained from the data collected from the phantom tests 

described in section 6.1 and measurement data discussed in section 6.2, are presented in 

this section.  

The reconstructed image of the dual-plume phantom shown in Figure 6-2, is shown in Figure 
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6-15, where the two plumes are very well resolved and correctly located in the imaging 

space; the smaller phantom seems to have a higher concentration intensity compared to the 

larger one. 

It has been observed during the experiments that, in both burners, some air was entering 

from the bottom of the cylindrical burner and mixing with the exhaust gas-flow. 

Furthermore, the high temperature of the combustion product gases at the burner plane, 

and the entrainment of cold air from the neighbouring region as the combustion products 

move upwards, would be expected to lead to the CO2 plumes being “squeezed” in cross-

sectional area by the time they reach the tomographic imaging plane, thus showing a smaller 

CO2 gas concentration area at the measurement plane as shown in figures 6-15 to 6-20. It 

was not possible to measure the real CO2 distribution with other methods in order to 

quantify these issues. 

The indicative colour-bar in each of the following plots is proportional to the gas 

concentration, but it is not fully calibrated. 

 

Figure 6-15: Image reconstruction of the dual-plume test, with the plumes arranged as in Figure 6-1. The small 
broken circles indicate the known outline geometry of the burners. 
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The second part of the tests has considered the 40 cm burner only, in different positions 

within the imaging space as illustrated in Figure 6-3. The plume was initially placed at 0 

degree position (Figure 6-16) and then moved subsequently to 45 (Figure 6-17), 90 (Figure 

6-18), 135 (Figure 6-19)  and 180 (Figure 6-20)  degrees. 

 

 

Figure 6-16: Image reconstruction of the single burner test, with the plume located at 0 degrees. The small 
broken circles indicate the known outline geometry of the burners. 
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Figure 6-17: Image reconstruction of the single burner test, with the plume located at 45 degrees. The small 
broken circles indicate the known outline geometry of the burners. 

 

 

 

Figure 6-18: Image reconstruction of the single burner test, with the plume located at 90 degrees. The small 
broken circles indicate the known outline geometry of the burners. 
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Figure 6-19: Image reconstruction of the single burner test, with the plume located at 135 degrees. The small 
broken circles indicate the known outline geometry of the burners. 

 

 

 

Figure 6-20: Image reconstruction of the single burner test, with the plume located at 180 degrees. The small 
broken circles indicate the known outline geometry of the burners. 
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From figures 6-15 to 6-20, the image reconstruction of the small plume of 40 cm diameter 

moved around the imaging space, shows a very good definition of the plume shape 

concentration and a good fidelity to the known position of the plume.   

However, it can be observed that the last image (Figure 6-20) shows higher concentration 

compared to previous positions. This can be related to the errors in the data collected and 

the time required to manually multiplex across different projections, where the phantom 

concentration is not as constant and uniform as we have assumed it to be. 

In order to partially simulate an aero engine test, the data have been merged for the small 

burner positions of Figure 6-3. The resulting merged image, simulating the simultaneous 

presence of 5 burners, is shown in Figure 6-21. 

 

 

Figure 6-21: Combined image reconstruction of the 40 cm burner in the 5 different positions in the imaging 
space. The small broken circles indicate the known outline geometry of the burner positions. 
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These image reconstruction results have demonstrated the correct operation of the opto-

mechanical system and the image reconstruction algorithm. 

However, the main limitation, and the source of many possible systematic errors may be 

attributed to the use of the 8-channel NI DAQ, with manual multiplexing to connect and 

disconnect ribbon cables from the ring structure, thus increasing the time required for multi-

beam measurements, during which the phantom conditions are likely to fluctuate, e.g. due 

to uncontrollable air movements in the experiment hall.  

 

6.5 Summary 
 

This chapter has presented systematic tests and image reconstruction of the Chemical 

Species Tomography system using burners to replicate the CO2 distribution of turbine 

exhaust plumes. Two different-sized burners have been used to replicate the presence of 

engine combustors emitting 6% CO2 average gas concentration within the imaging area of 

the ring. 

Single-plume tests with CO2 plume in the central region of the imaging space have yielded 

spectral absorption results consistent with the designed optical beam arrangement, and 

confirm the basic utility of the 2f/1f technique even with a 7 m optical path and target gas 

localised into a region of less than 10% of the total optical path. Dual-plume and single-plume 

tests have been performed to validate the optimised image reconstruction algorithm, giving 

a very satisfactory demonstration in terms of correct reconstruction and localisation of the 

plume(s) in the imaging space. A number of aspects remain to be optimised, such as image 

quantification, since phantom tests are difficult to calibrate. 
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This work has demonstrated CST of CO2 for the first time, and has validated the use of the 

2f/1f technique for that purpose. It has also demonstrated a proof of principle for CST of aero 

engine exhaust plumes at full scale. 
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Chapter 7 
 

7  Conclusions 
 

 

7.1 Summary and discussion 
 

This thesis has been focused on the design and development of a data acquisition 

tomography system in combination with a high-sensitivity absorption spectroscopy scheme 

for measurement of carbon dioxide concentration distribution. The target application of the 

new system is non-intrusive tomographic imaging of carbon dioxide distribution in fast 

moving gas turbine exhaust flows, to support and enable a better understanding of 

combustion and design optimisation of greener engines.  

A review of combustion and emissions diagnostics methods previously adopted in aviation 

has been discussed in Chapter 1. In particular, the current standard adopted by the ICAO, 

known as the “sampling method”, only allows sampling of the plume at a few points, is 

intrusive to the turbulent air flow, and does not facilitate an appreciation of the combustion 

dynamics and gas concentration distribution over the exhaust plume cross-section area. An 

alternative non-intrusive method is passive FTIR; however, the hostile nature of the testbed 

used to run aero turbines is a major limiting factor to the FTIR technique employed in 

applications of aircraft exhaust sensing, where the high vibration level can interfere with the 

spectrometer. Furthermore, since an FTIR measurement can take a minute due to the 

mechanical architecture of the spectrometer, it offers poor temporal resolution with 

reference to the fast gas turbine exhaust. 
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The system developed in this thesis has been designed in order to satisfy a number of 

requirements, as follows:  

 non-intrusiveness with the  gas flow,  

 simultaneous measurement over a large number of beams,  

 high temporal and spatial resolution of the gas flow, 

 accurate timing synchronisation of the elements of the distributed DAQ system, and 

between the DAQ and the laser modulation sub-system, 

 noise immunity within the inherently noisy environment of the turbine engine test 

cell,   

 distribution of the DAQ system elements to implement 126 digital phase sensitive 

demodulation schemes local to the light detectors, via 126 FPGA-based lock-in 

amplifiers,  

 compact and  cost-effective configuration.  

To the best of the author’s knowledge, there is no previous system that satisfies all of the 

above requirements. 

 

Several of these key challenges resulted in the design of an opto-mechanical ring structure 

and its alignment plates with Transmitter-Receiver optical modules, as discussed in Chapter 

3. The ring structure has been shown to be robust over months of engine operations. 
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After reporting the different TDLAS schemes presented in literature, a WMS scheme with 

phase sensitive lock-in demodulation in an FPGA platform has been adopted. TDLAS with 

WMS has previously been demonstrated in aero-engine test beds, where due to its high 

frequency modulation, it has reduced noise susceptibility removing undesired low frequency 

components, such as 1/f noise and any other noise source prevalent in harsh environments, 

while phase sensitive demodulation can reduce the detection bandwidth improving the SNR.  

Exploiting TDLAS, CST is achieved in this thesis by implementing a multi-channel system. The 

nature of the tomography system described in this thesis has highlighted the need for 

multiple measurements over multiple angles and this has been implemented with the design 

of 6 angular projections with 21 beams per projection.  

Gas sensing instrumentation operating in harsh environment, where the predicted signal 

level is low or buried by noise, requires enhanced techniques supported by low-noise 

electronics. The 2f/1f WMS technique inherently increases hardware complexity in order to 

resolve different harmonics. Phase sensitive demodulation via lock-in amplifiers fulfil the 

requirement to detect low-level signals and different harmonic components. In Chapter 5, 

after discussing the basic principles of phase sensitive demodulation, a single-channel WMS 

TDLAS measurement system was implemented to test the developed FPGA-based lock-in 

amplifier detecting CO2 gas using the narrow target CO2 gas absorption feature at 1997.2 nm. 

The lock-in amplifier has been designed to validate the reliability and robustness of this 

method for its implementation in the discussed CST multi-channel system and it has been 

coded to provide the necessary re-configurability for the implementation of the latest 

spectroscopic methods. 
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Furthermore, the system required to demodulate the 1f and 2f harmonic components has 

been tested and compared with commercial instrumentation within the same experimental 

gas conditions. The FPGA-based system developed and described in this thesis yielded very 

good results, effectively identical in performance to the commercial system. In terms of 

measurement SNR, the tested system achieved a maximum of 63.18 dB and a minimum of 

45.23 dB for an absorption of 5%. As discussed in Chapter 5, this comfortably meets the 

required level of SNR that was found by previous authors to be necessary for good precision 

of the reconstructed pixel concentration in CST. However, in the presently envisaged 

tomographic system, it should be noted that the necessarily complex signal processing chain 

introduces further scope for noise optimisation (see below). 

The DAQ architecture of the 126-channel CO2 tomography system distributed over 12 hub 

boards has been described in Chapter 4. The data acquisition system discussed in Chapter 4, 

presents several challenges and achieved novelties. The TDLAS-WMS requires a complex 

modulation scheme. In addition, the massively multi-channel system requires careful timing 

to manage 126 simultaneous measurements. Further, the large dimensions of the 

tomography ring requires the design of a distributed data acquisition system and a robust 

synchronisation between all the different hub boards. The synchronisation of the firmware 

for 126 channels, with its rigid experimental timing, has been discussed and firmware 

modules have been tested and programmed into the FPGA on the hub board to verify their 

functionalities upon receipt of the external synchronisation trigger signals. 

The outcome of this work is a robust system for the most advanced TDLAS-WMS 2f/1f 

method, for 126 simultaneous channels, at a manufacturing cost of less than £300/channel. 
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Test and validation of the opto-mechanical ring with its six projections have been carried out 

applying the 2f/1f WMS technique with two different sized gas burners to provide CO2 

sources, as shown in Chapter 6. The 2f/1f spectroscopic data were analysed for the two 

different sized burners (of 40 and 60 cm diameter), placed sequentially in the centre of the 

imaging space,  showing consistent results for a single projection, given the beam-pitch of 75 

mm. Tomographic imaging have been performed with phantoms containing one or both CO2 

plumes, in various different configurations. The reconstructed images have demonstrated 

very good results in terms of correct localisation of the plumes in the imaging space. These 

tests have confirmed the choice of the optimised beam array discussed in Chapter 3 and have 

validated the image reconstruction algorithm. 

 

 

7.2 Future work 
 

The full CST system remains to be tested with a commercial aero turbine, since gaining access 

to the exhaust plume of an actual operating aero engine in the test cell has remained 

problematic until the time of writing. It would also be beneficial to carry out further 

characterisation of system performance with phantoms. Similarly, additional calibration 

steps to enable fully quantitative image reconstruction are essential.   

Upon experimental evaluation, the system can be optimised by adjusting its firmware 

parameters to better adapt to the noise background level during engine operations. An 

improved SNR can be achieved within the hub board, although the benefits for the 

tomographic image reconstruction for this particular application remain to be analysed. In 

the target tomographic system, further noise reduction is expected from the curve-fitting 

process of whole-scan data. 
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From a structural point of view, the opto-mechanical ring structure enabling the optical 

access has provided robust alignment of beams during long periods (months) of engine 

operation, with only a small fraction of few beams requiring re-alignment. To override the 

issue of misalignment, the current system, with minor changes of software/firmware, could 

add the feature to self-check the alignment of beams, perhaps on start-up.  

Potential exploitation of this system could be given by the replacement of current 

instrumentation utilised in emission analysis and engine diagnostic. Thanks to its non-

intrusiveness, the system could replace the sampling system currently utilised as a standard. 

Implementing a series of different beam-arrays operating at different wavelengths with 

appropriate fibre laser, the system would provide detection for different chemical species 

and thus, a series of map concentration images. 

 

Finally, the proposed scheme could be further developed (a) by exploiting the flexibility of 

the firmware architecture, for application of different TDLAS methods with different high 

frequency modulating schemes, and (b) by targeting different molecular species. 
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