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The work presented in this thesis arose from the requirement in the military environment to obtain 

infrared radiation source/signature values of target objects usually of interest to infrared missiles 

under development. In situ measurements made of such objects are typically over a range of 100–

3000 m and are influenced by the environment and by the instrument itself; the need therefore 

exists for measurement methods and data reduction techniques that incorporate corrections of these 

unwanted influences on the observed radiation. 

In this thesis, a measurement equation describing the infrared measurement of solid and gaseous 

type objects and the influence of the environment and the measuring instrument itself on these 

measurements is formulated. The measurement equation then forms the starting point of the 

formulation of a data reduction equation, which represents an inverse radiometric problem to be 

solved in order to obtain the radiation source values of the object being measured. 

An aircraft engine plume, for which a radiometric inverse problem is formulated and solved, is the 

target object of main interest in this work. In situ recordings of a turbine jet engine aircraft were 
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used, but it is also shown that recordings of a micro turbine engine can be used in concept studies 

of plume emission. An inversion technique is presented for obtaining the three-dimensional inner 

radiance structure of a plume after the plume source values have been obtained from 

measurements. The inversion technique makes use of a discretized version of the formal solution to 

the equation of radiative transfer, which leads to a matrix equation from which the radiances of the 

volume elements inside the plume are obtained. The plume emission model based on this inner 

radiance structure is able to predict the observed plume emission at any arbitrary position outside 

the plume. The intensity predictions of the plume model are verified at the aspect angles for which 

measurements are available. 

It is also shown that under controlled laboratory conditions, the influence of the instrument on its 

own measurements by means of its spectral response can be resolved. The specific measurement 

set-up, involving only the instrument and a blackbody radiator, is described and the results are used 

as input to a novel inversion technique. The measurement equation for this instance is a Fredholm 

Integral Equation of the First Kind (IFK), which is manipulated in such a way that the resulting 

data reduction equation can be used to obtain the instrument spectral response. The IFK is, 

however, extremely ill-conditioned and the regularization method of Tikhonov is used in order to 

obtain a stable answer. 

The significance of the measurement methods and data reduction techniques presented lies in the 

improved capability of obtaining accurate radiation source parameters of objects of interest – 

especially for gaseous type objects such as an aircraft plume, for which the inner radiance structure 

can also be obtained. With improved source parameter values, the accuracy in the modelling of 

these objects also improves, leading to the resultant improvement of any electro-optical product 

being manufactured for the detection, identification and tracking of such objects whenever 

simulations form part of the product development. 

 

  



 

 

v 

TABLE OF CONTENTS 

CHAPTER 1 INTRODUCTION .................................................................................................. 1 

1.1 TOPIC .................................................................................................................................. 1 

1.2 BACKGROUND AND MOTIVATION ............................................................................. 1 

1.3 OBJECTIVES ...................................................................................................................... 2 

1.4 APPROACH ........................................................................................................................ 3 

1.5 CONTRIBUTIONS AND THESIS OUTLINE ................................................................... 4 

CHAPTER 2 INFRARED RADIOMETRY ................................................................................ 6 

2.1 IMPORTANT CONCEPTS AND BACKGROUND .......................................................... 6 

2.2 MEASURING INSTRUMENTS USED ............................................................................. 9 

2.3 RADIOMETRY FROM RECORDED IMAGES .............................................................. 11 

CHAPTER 3 INFRARED RECORDINGS OF AN AIRCRAFT PLUME AT DIFFERENT 

INFRARED WAVELENGTHS .......................................................................... 17 

3.1 INTRODUCTION ............................................................................................................. 17 

3.2 PUBLICATION – INFRARED RECORDINGS FOR CHARACTERIZING AN 

AIRCRAFT PLUME ......................................................................................................... 17 

CHAPTER 4 MID-WAVE INFRARED CHARACTERIZATION OF AN AIRCRAFT 

PLUME .................................................................................................................. 34 

4.1 INTRODUCTION ............................................................................................................. 34 

4.2 PUBLICATION – MID-WAVE INFRARED CHARACTERIZATION OF AN 

AIRCRAFT PLUME ......................................................................................................... 36 

4.3 PUBLICATION – MEASUREMENTS OF A MICRO GAS TURBINE PLUME AND 

DATA REDUCTION FOR THE PURPOSE OF INFRARED SIGNATURE MODELING

 44 



 

 

vi 

CHAPTER 5 OBTAINING THE AIRCRAFT PLUME INNER STRUCTURE .................. 56 

5.1 INTRODUCTION ............................................................................................................. 56 

5.2 PUBLICATION – AIRCRAFT PLUME INFRARED RADIANCE INVERSION AND 

SUBSEQUENT SIMULATION MODEL ........................................................................ 58 

CHAPTER 6 OBTAINING THE MEASURING INSTRUMENT’S SPECTRAL 

RESPONSE ........................................................................................................... 74 

6.1 INTRODUCTION ............................................................................................................. 74 

6.2 PUBLICATION – A TECHNIQUE FOR RESOLVING THE SPECTRAL RESPONSE 

OF A WIDE-BAND INFRARED MEASURING INSTRUMENT FROM 

MEASUREMENTS WITHOUT THE NEED FOR A SPECTRALLY TUNEABLE 

RADIATION SOURCE .................................................................................................... 75 

CHAPTER 7 CONCLUSION ..................................................................................................... 93 

REFERENCES ............................................................................................................................... 95 

 

  



 

 

vii 

LIST OF FIGURES 

 

Figure 2-1 Radiative transfer between a source (s) and observer (o) in a lossless optical medium ... 9 

Figure 2-2 Clockwise from top left: Cedip Jade III MWIR camera, FLIR SC2500 SWIR camera, 

Telops TEL-1000-VLW camera, Bomem MR200 spectroradiometer. ............................................ 11 

Figure 2-3 Throughput for optical system with source image that fills the detector focal plane array 

(FPA) ................................................................................................................................................ 12 

Figure 2-4 The GUI of the data reduction program showing a fighter aircraft in flight. ................. 14 

Figure 2-5 A high level diagram of the input information required by the data reduction program 

and the associated output that can be created with this information. Input data are indicated with 

parallelograms and output data with rectangles. .............................................................................. 15 

Figure 4-1 The measurement system used in acquiring MWIR image sequences of an in-flight 

target aircraft. ................................................................................................................................... 35 

Figure 4-2 Typical recording, shown in false colours, of the target aircraft .................................... 36 

Figure 5-1 The ‘observed’ profile (black curve bottom graph) is used as input to the reconstruction 

techniques indicated in the figure. .................................................................................................... 58 

 

  



 

 

viii 

LIST OF TABLES 

 

Table 2-1 Different radiometric quantities. ........................................................................................ 8 

Table 2-2 Parameters of the Cedip Jade III camera relevant for the work reported. ........................ 10 

 

 

 



 

 

ix 

LIST OF ABBREVIATIONS 

 

3D Three-dimensional 

A2D Analogue to Digital 

AA Aspect Angle 

ATP Acceptance Test Procedure 

CVF Circular Variable Filter 

CUI Camera Under Investigation 

DL Digital Level(s) 

EGT Exhaust Gas Temperature 

FADEC Full Authority Digital Engine Control 

FOV Field of View 

FPA Focal Plane Array 

FTIR Fourier Transform Infrared 

GPS Global Positioning System 

GUI Graphical User Interface 

IFK Fredholm Integral Equation of the First Kind 

IFOV Instantaneous Field of View (i.e. Pixel FOV) 

IR  Infrared 

IRC Infrared Camera 

LOS Line of Sight 

LWIR Long-wave Infrared/Very Long-wave Infrared 

LS  Least Squares 

MWIR Mid/Medium-wave Infrared 

MTV Magnesium/Teflon/Viton 

NDF Neutral Density Filter 

NETD Noise Equivalent Temperature Difference 

NIR Near Infrared 

NUC Non-uniformity Correction 

POI Point of Interest 

RMSE Root Mean Square Error 

ROI Region of Interest 



 

 

x 

RMSE Root Mean Square Error 

RPM Rotations per Minute 

SPIE The International Society for Optical Engineering 

SR Spectroradiometer 

SVD Singular Value Decomposition 

SWIR Short-wave Infrared 

UAV Unmanned Aerial Vehicle 

VLWIR Very Long-wave Infrared  



 

 

1 

CHAPTER 1 INTRODUCTION 

1.1 TOPIC 

The measurement of the infrared energy content of electromagnetic fields, i.e. infrared recordings, 

originating from an incoherent radiation source, seldom yields the sought-after source radiant 

energy parameters. The reason for this is related to the influence of the non-ideal measuring 

instrument on the observed radiant energy as well as the influence of the environment on the 

measurement. In order to retrieve the source radiant energy values, the first step is to set up a 

phenomenological model of the measurement, i.e. a measurement equation, which models the 

radiant energy value registered by the measuring instrument. This model must be adequate in the 

sense that all mechanisms influencing the radiant energy measured by the instrument are 

considered (‘forward’ modelling of measurement). Once such a mathematical model exists, it can 

be attempted to solve the radiometric parameter(s) used in the modelling of the source radiant 

energy. Isolation of the radiometric source parameter from the model results in the inverse 

radiometric problem (‘reverse’ modelling of measurement). If, however, the model parameter is 

known beforehand, some other parameter in the measurement equation, such as the instrument 

response, might become the parameter for which a solution is desired. Whatever the sought-after 

model parameter in the measurement equation is, formulating an inverse radiometric problem 

provides a way of obtaining the value of such a parameter. The topic of this thesis is centred on 

solving inverse radiometric problems arising from infrared recordings. 

1.2 BACKGROUND AND MOTIVATION 

The need for radiation source values of objects of interest in the military environment arises from, 

amongst others, the requirement of an infrared missile under development to be ‘trained’ to 

discriminate between its target and other objects in its observable environment. The infrared 

signature of the target object, e.g. an offensive aircraft for a surface-to-air or air-to-air missile, 

would typically have been used to prepare missile seeker head algorithms before an actual 

engagement of the missile with the target could have taken place successfully. The task of the 
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infrared measurement and the modelling scientist is to make, whenever possible, in situ target 

infrared measurements during field and flight tests over a typical range of 100–3000  , and then 

create a physics-based mathematical target model of high fidelity. The physical scale of a typical 

flight test is an order of magnitude smaller than in the field of remote sensing – allowing more 

freedom in the planning of the experimental set-up. The continual need exists for improved 

measurement methods and data reduction techniques to improve the accuracy of the target model. 

This model then forms the basis of a computer model that can be used in simulations where the 

missile algorithms are developed. Once the infrared source radiance/signature is known after the 

radiometric inversion problem has been solved, the target can be simulated under any atmospheric 

conditions and in any static or dynamic geometrical configuration with respect to the missile. 

During the data reduction process, information other than the infrared measurements of the object 

of interest is required in order to solve the radiometric inversion problem. This supplementary 

information includes meteorological measurements, modelled atmospheric properties based on the 

meteorological measurements, geometrical information of the positions of the target and measuring 

instrument, and information about the measuring instrument itself, such as its spectral response to 

measured radiation. All this information needs to be obtained and integrated in the process of 

solving the inverse radiometric problem. 

1.3 OBJECTIVES 

Although the target object focussed on in this work is limited to aircraft, the principles and 

techniques presented for measurement and data reduction equally apply to other targets or objects 

of interest. In this respect, an aircraft is ideal in the sense that it covers both solid type objects 

(aircraft fuselage) and gaseous type objects (engine plume), with gaseous type objects being more 

challenging than solid type objects. 

The objectives of the work presented were to: 

1. Formulate measurement equations for both solid phase and gas/plasma phase objects. 

2. Formulate and solve the inverse radiometric problem of the mentioned objects in order to 

determine their infrared source signature, with emphasis on the gaseous type object of an 

aircraft engine plume. 

3. Formulate and solve the inverse radiometric problem of determining the inner radiometric 

structure of an aircraft plume. 

4. Formulate and solve the inverse radiometric problem for resolving the measuring 

instrument’s spectral response. 
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1.4 APPROACH 

A purely theoretical approach can be used to model the target’s infrared signature by using 

calculations from fields such as physics, chemistry, aerodynamics and thermodynamics. However, 

due to target and environmental complexity, measurements must also be made and data reduction 

(inverse radiometric problem solving) must be done to obtain a calibrated/best fitting theoretical 

model of the target infrared signature. If this theory-driven model is incomplete in its prediction 

ability for some possible target and observation positions, it is supplemented by an empirical 

model. 

An example of the construction of a radiometrically hybrid model, as explained above, is found in 

the altitude dependence of the plume emission of an aircraft. The aircraft plume intensity is 

typically correlated with the aircraft’s fuel consumption, which, in turn, is a function of the amount 

of oxygen available for the combustion process. The available amount of oxygen is in turn related 

to the partial pressure of oxygen in the atmosphere, which is altitude dependent. The fuel 

consumption of the aircraft engine is, however, also influenced by factors such as its aerodynamic 

design (drag of fuselage and any armament carried by the aircraft), mass, engine type and engine 

setting as well as its optimization in the mechanical workshop. With all these (inter)dependencies 

and influences, it makes sense to simply measure the plume intensity as a function of altitude 

(which have the above described complex but explicative relationship) for a specific aircraft with a 

specific engine setting and then fit an empirical model to this data. This empirical model is then 

used together with a sound physics-based model of radiative transfer to determine the radiance 

distribution inside the three-dimensional plume volume so that the resultant plume emission at the 

outside of the plume can be calculated. 

Measurements of targets are made for as many observer-target configurations as practically and 

economically possible. These measurements can usually not be done under controlled 

circumstances in a laboratory, but are made of the in situ target with a measuring instrument on a 

mobile platform following the target. Meteorological measurements, observer and target trajectory 

measurements, sun position calculations and the logging of parameters such as the infrared 

measuring instrument’s internal temperature, which affects its readings, are made in parallel with 

the target infrared measurements. Most of the information so obtained is synchronized and 

integrated with bespoke software developed for this purpose by the present author. 
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1.5 CONTRIBUTIONS AND THESIS OUTLINE 

Chapter 2 presents the necessary radiometry concepts and background required to follow the 

succeeding chapters. The basic definitions of radiometric quantities, as used in this thesis, are given 

to prevent any possible confusion since the same radiometric terms can have different meanings 

and units in different fields, for example, astronomy [1]. It is also shown how to obtain radiometric 

values from infrared image recordings. 

Chapter 3 contributes a publication [2], which points out the most suitable infrared measurement 

bands for an aircraft plume within the commonly used wavelength region of  –      , in 

consideration of the atmospheric windows and aircraft plume emission lines. Investigation into 

these infrared bands is done by expressing some basic theoretical considerations, which are backed 

by modelling and measurement results using infrared cameras in different infrared bands as well as 

a spectroradiometer. The usefulness of a cost-effective micro turbine engine for concept plume 

studies related to full-scale aircraft plumes is also argued and demonstrated by measuring and 

analysing subbands within the mid-wave infrared (MWIR) band; these measurements can be used 

for automatic plume identification. If the measurements are done correctly, they can be used for 

constructing a plume model, which can in turn be used in the testing of algorithms in simulations 

related to plume recognition under conditions for which no recordings exist. More detail on the 

measurements and data reduction is supplied in the subsequent chapters. 

The two publications presented in Chapter 4 [3,4] detail the MWIR characterization of an aircraft 

in terms of the necessary measurement set-up, accompanying measurement equation and data 

reduction procedure for obtaining the source emission values. The prerequisite target information 

required to enable data reduction of in situ aircraft measurements is specified in the publication in 

Section 4.2; some data reduction results for the measured aircraft plume are also shown. In the 

second publication, presented in Section 4.3, technical detail of MWIR plume measurements and 

data reduction for the purpose of infrared signature modelling is added when a micro turbine 

engine is used, as discussed in Section 3.2. 

With the MWIR plume source emission values being obtained as described in Chapter 4, the 

technique developed in the publication [5] in Chapter 5 is used to solve the source inversion 

problem of obtaining the inner structure of a gaseous emitter. The plume inner structure, i.e. the 

volumetric radiance distribution, is necessary in order to construct a plume model capable of 

simulating the emission of the plume from any arbitrary observation position. The predicted 
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intensity of the plume is verified by comparing it with the intensities at observation positions of 

which the measurements were not used during data reduction. 

In the publication [6] presented in Chapter 6, the MWIR camera used in the plume recordings 

becomes the object of interest when the infrared emission from the target object is known 

beforehand. In contrast to the inversion problems solved in the preceding chapters, the 

measurement equation is now manipulated in such a way that the resulting data reduction equation 

is directed towards solving the spectral response of the instrument. The resultant Fredholm Integral 

Equation of the First Kind (IFK) that must be solved in this instance is as notorious as many other 

IFKs, which are mostly extremely ill-conditioned and not easily invertible. This inversion issue is 

resolved by making use of the regularization method of Tikhonov. 

The thesis is concluded in Chapter 7 by summarizing the contributions presented and by reflecting 

on the applicability of the methods used. 
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CHAPTER 2 INFRARED RADIOMETRY 

2.1 IMPORTANT CONCEPTS AND BACKGROUND 

Although the word ‘radiometry’ itself means the measurement of radiation [7], and is defined as the 

measurement of optical radiant energy [8], it also refers more generally to the principles and laws 

behind the generation, propagation and detection of optical radiation [9]. Radiometry, in its widest 

definition, actually covers all forms of manipulation, including creation, measurement, calculation, 

modelling, and simulation of optical flux [10], including the analysis and modelling of measured 

data. ‘Infrared radiometry’, as studied in this thesis, limits itself to the radiometry of the infrared 

part of the electromagnetic spectrum. 

Table 2-1 summarizes the different radiometric quantities commonly used in the field of infrared 

radiometry (see e.g. [11–13]). The transfer of radiant power,  , from a source (target object) to an 

observer (measuring instrument) can be represented schematically as shown in Figure 2-1. In this 

figure, the (geometrically invariant) radiance is 

 
  

  

      
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   ̂ 

 
  

         

           
, (1) 

where 

 

     
   
⃗⃗ ⃗⃗ ⃗⃗  ⃗   ̂ 

  
  

        

  
 (2) 

is the solid angle subtended by the source with flat surface area    . The two surfaces of the source 

and object are separated by a distance   in a lossless optical medium, with  ̂  being the unit vector 

directed from the source to the observer, and  ̂  the unit vector directed from the flat observer area 

    towards the source. The angle between the surface area vector    
⃗⃗ ⃗⃗ ⃗⃗  ⃗ and  ̂  is   ; the angle 
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between    
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  and  ̂  is   . It must be noted that sufficient accuracy of Equation (1) and the other 

equations of radiometric quantities (Table 2-1) to follow require the condition 

                ; i.e. the separation distance between source and receiver must be relatively 

large in comparison with the surface areas of the source and observer. 

Since the measurement instruments used in this work have a potential difference or current output, 

which is proportional to the radiance of the source being measured, it is desirable to obtain the 

radiometric quantities in terms of  . From Equation (1) and the definition of irradiance,  , it can be 

seen that the irradiance at the observer surface is obtained from   by 

 
    

  

   
            , (3) 

while the exitance at the source surface is obtained by 

 
    

  

   
           . (4) 

The intensity of the source is obtained from   by 

 
    

  

   
 

  

       

  

          . (5) 
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Table 2-1 Different radiometric quantities. 

Radiometric 

quantity 

Symbol 

and 

units 

Description Graphical description Defining 

equation 

Radiant energy   

[J] 

The total energy 

contained in a radiation 

field. 

-- -- 

Radiant power   

[W] 

The rate of radiant energy 

transfer. 

-- 
  

  

  
 

Irradiance   

[W      

The radiated power per 

unit area incident on a 

surface, i.e. it is the power 

that is received by a 

surface. 

 

  
  

  
 

Exitance   

[       

The power per unit area 

radiated from a surface 

into the overlying 

hemisphere, i.e. it is the 

power that exits a source. 

 

  
  

  
 

Intensity   

[        

The radiant power emitted 

per unit solid angle by a 

source in a specific 

direction. The source 

under consideration is a 

point source.  

 

 

  
  

  
 

Radiance   

             

The radiant power emitted 

per unit solid angle in a 

specific direction per unit 

projected source area. The 

source area under 

consideration is seen as a 

continuous distribution of 

point sources from which 

the cones of radiation 

originates.  

 

  
   

        
 

  

  

  

  

  

 

x 

 

x 

y 

y 

z 

z 
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Figure 2-1 Radiative transfer between a source (s) and observer (o) in a lossless optical medium. The 

source area size and direction are given by the area vector    
⃗⃗ ⃗⃗ ⃗⃗  ⃗ (perpendicular on the area with size 

   ) and that of the observer is given by    
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ . The unit direction vector  ̂  is directed from the source 

to the observer and differs with an angle of    with respect to    
⃗⃗ ⃗⃗ ⃗⃗  ⃗; the vectors and angle at the 

observer area are similarly defined.  

2.2 MEASURING INSTRUMENTS USED 

The main measuring instrument used was the Cedip Jade III MWIR camera. Measurements made 

with this instrument were used in the work reported in Chapter 3 – Chapter 6. This camera was 

calibrated by measurements of a blackbody at various temperatures (over a short distance of 

approximately 30 cm) for which the radiance spectra were calculated and used together with the 

instrument spectral response to determine the measured band radiances. The band radiances were 

then linked to the recorded digitized voltage output of the camera – see Section 4.3 and Chapter 6 

for more detail. Repeated calibration efforts over the last 10 years indicated a high degree of 

stability in the output of the camera associated with each of the blackbody calibration temperatures, 

especially since an upgrade to the camera was made by the manufacturer in 2006 (before any of the 

measurements reported on in this thesis were done). A dependency of the camera output towards its 

internal housing temperature, however, still exists – a variation in the camera output of almost 5% 

was observed when the camera housing temperature varied over a very wide range of 

approximately 23   . This dependency is usually taken care of by means of attempting to maintain 

a constant camera housing temperature during measurements by control of the camera’s direct 

environment, or by extending the calibration to include calibration measurements obtained at 

different housing temperatures.  
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Non-uniformity corrections (NUCs) of individual pixels for each integration time were based on 

measurements of a uniformly textured, high emissivity black plate filling the camera’s field of view 

(FOV). A description of all relevant parameters of this camera and the range of settings used during 

measurements are given in Table 2-2. 

Table 2-2 Parameters of the Cedip Jade III camera relevant for the work reported. 

Parameter Description/Value/Setting Used 

Model name Cedip Jade III (2003 model) 

Detector Cooled (     ) InSb 

NETD 

(Noise equivalent temperature difference) 

       

Camera internal housing stabilising temperature          at an ambient temperature of       

Waveband MWIR,  . – .     

Resolution, pixel pitch         pixels,       

Integration times Multi –      ,       ,         and         

Frame rate   –1      

Lens focal distance and FOV 50 mm:                              

200 mm:                            

Instantaneous FOV (IFOV), i.e. pixel FOV 

calculated from pixel pitch/focal distance 

50 mm:          

200 mm:          

f/# 2 

Analogue to digital (A2D) 14 bit 

 

Use was also made of a short-wave infrared (SWIR) camera (sensitive in 1.1–1.    ) and a very 

long-wave infrared (VLWIR or LWIR) camera (sensitive in  . –11.    , with subbands within 

this range) in a qualitative manner for the work reported in Chapter 3. These cameras were 

equipped with an uncooled InGaAs
1
 detector and a cooled HgCdTe

2
 detector respectively. Spectral 

information was obtained with a Bomem MR200 Fourier Transform Infrared (FTIR) 

spectroradiometer. Measurements made with this instrument were used in the work reported in 

Chapter 3 – Chapter 5. The spectrometer was calibrated either before or after use by the 

                                                 

 
1 Indium gallium arsenide 

2 Mercury cadmium telluride 
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measurement of a blackbody at various temperatures. Photos of the various instruments used are 

shown in Figure 2-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2 Clockwise from top left: Cedip Jade III MWIR camera, FLIR SC2500 SWIR camera, 

Telops TEL-1000-VLW camera, Bomem MR200 spectroradiometer. 

 

2.3 RADIOMETRY FROM RECORDED IMAGES 

Each of the infrared instruments records an image with a pixel resolution determined by its 

detector. A spectroradiometer recording can be considered as a special case of an image having a 

    pixel resolution, but with a wavelength radiation spectrum associated with this pixel. For a 

camera, the radiation recorded by each of its pixels is the summation of the spectral radiation over 

all wavelengths in the band in which the instrument operates, i.e. for a calibrated, ideal camera with 

a flat spectral response the measured pixel wide-band radiance is 

       
        ∫       

  

  
, (6) 

where      
  

  
 is the spectral radiance recorded by the pixel (detector), and    and    are the 

wide-band wavelength boundaries (     ). The wide-band radiance is generally just referred to 

as   without subscript, with the context indicating the specifics of the band (SWIR, MWIR, 

LWIR). 
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Figure 2-3 Throughput for optical system with source image that fills the detector focal plane array 

(FPA). The same symbols are used as in Figure 2-1, but with area    now representing entrance pupil 

(lens) area of a camera; also shown is the FPA area vector     
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ and the solid angle    at the FPA 

subtended by the area   . The focal length of the camera is given by  . Note that   
⃗⃗ ⃗⃗   and    ⃗⃗⃗⃗⃗⃗  are 

vectors of the same size but in opposite directions.  

Figure 2-3 shows a schematic diagram of an optical system, i.e. a camera in this work, directed 

directly towards a source/target object with the object filling the FOV of the camera with the 

resultant image also filling the FPA of detectors/pixels. The left-hand side of the figure showing the 

source area    and observer area    is similar to Figure 2-1, but now with      and     . The 

area of the FPA is represented by vector     
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, which is also in line with the optical axis of the 

camera. The throughput of such an optical system, [11], is given by 

 
       (

  

  
)  (

  

  
)   (

    

  
)    (

    

  
)  , (7) 

i.e. 

   

  
 

    

  
. (8) 

Radiance is invariant and, therefore, the target radiance at the detector plane is the same as the 

radiance of the target object at the source (given that there are no transmission losses), so that 

 
        

 

(
  

  )   
 

 

(
    

  )  

, 
(9) 

 

 

  
⃗⃗⃗⃗  

   

    
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

  

              
  
⃗⃗ ⃗⃗      ⃗⃗⃗⃗⃗⃗  
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where   is the flux from the target object incident on the camera lens. Since the FPA is composed 

of a two-dimensional array of     square detectors, each with an area of   , Equation (9) can be 

rewritten as 

 
        

∑ ∑      
 
   

 
   

(
   

  )  

 

 
 

 
∑∑   

 

   

 

   

 

  ̅     ,  (10) 

where      is the flux on the pixel in row   and column  , i.e. at pixel      , and     is the 

corresponding radiance. From Equation (10) it can be seen that the radiance of an extended source, 

with image filling the FPA, is equal to the average pixel radiance  ̅     . If the target image does 

not fully cover the FPA, Equation (10) can be written as 

 
        

 

        
∑    

       

  ̅      , (11) 

where the summation takes place over all pixels filled by the target, i.e. over all target pixels 

(       ), and with          being the number of target pixels and  ̅      being the average target 

pixel radiance. 

The intensity of the target object in such an image is obtained from Equations (5) and (11) as 

          ̅         

  ̅      ∑      

       

 

  ̅      ∑ (      )
 

       

 

  ̅               
      

 , (12) 

 

where       is the instantaneous field of view (IFOV), i.e. the FOV of a single detector/pixel. 
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The observed irradiance is derived as 

     ̅         

  ̅      ∑      

       

 

  ̅      ∑
     

  

       

  

  ̅                   
 . 

(13) 

From Equations (12) and (13), the well-known relationship between source intensity and observed 

irradiance [11] can be deduced: 

 
   

       

  
. (14) 

Extensive use of an infrared data reduction computer program, as developed by the present author, 

was made in obtaining the radiometric quantities of target radiance and intensity from 

measurements by means of the methods reported in this thesis. This program, of which the 

graphical user interface (GUI) is shown in Figure 2-4, was written using the Matlab
®
 software 

package.  

 

Figure 2-4 The GUI of the data reduction program showing a fighter aircraft in flight. 
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The program integrates and synchronizes the recorded infrared images (for which the camera set-

up must be specified) with the relative observer-target trajectory as well as atmospheric properties 

modelled on meteorological measurements made at the time of the infrared recordings. Various 

types of output, e.g. plume intensity, fuselage intensity, plume radiance profiles or fuselage 

temperature, can be obtained and saved to a data file. A schematic diagram of the required input 

data and the generated output data for this program is shown in Figure 2-5. 

 

Figure 2-5 A high level diagram of the input information required by the data reduction program and 

the associated output that can be created with this information. Input data are indicated with 

parallelograms and output data with rectangles. 

 

Uncertainties in the mentioned outputs obtained from the data reduction can arise due to, amongst 

others, the following reasons: 

 Uncertainty in the positions of the observer and target and the resulting observer-target 

distance during the measurements. An estimate for these uncertainties usually exist and 

depends on the equipment used to obtain the trajectories.  

 Calibration inaccuracies and dependencies on camera internal housing temperature. These 

uncertainties can be handled as discussed in Section 2.2. 
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 Uncertainty in die instrument response spectrum of the camera used. It is not always 

possible to obtain an accurate instrument spectral response spectrum – this is an important 

topic to which Chapter 6 is devoted. 

 Uncertainties in the model used to predict the atmospheric transmittance and path radiance 

– the model typically requires meteorological altitude profiles obtained from a weather 

balloon at the time of the recording; these balloons are usually only launched about an hour 

before (or after) measurements (were made). The ideal of direct, spectral measurements of 

the path radiance and transmittance between the observer and target is seldom practically 

possible, and it is therefore problematic to obtain an estimate of the uncertainties arising 

from the modelled parameter values.     

 The unavailability of the target spectral radiance values if only recordings made with a 

wide-band camera are available. The spectral radiance values are required, together with 

the spectral transmittance values, in order to obtain the target source value. If these spectral 

values are not available, assumptions are usually made regarding the target radiance 

spectrum – an estimate of the uncertainties arising from these assumptions is problematic 

to obtain. 

 The influence of radiometric sources not accounted for during data reduction, such as 

reflections by the target of its environment. In principle, a complete three-dimensional 

radiometric model of the target’s environment is required in order to obtain an estimate of 

the contribution of the environment towards the measured radiance value.  

An indication of the effect of uncertainties in the atmospheric transmittance and the target spectral 

emission (in terms of spectral emissivity and target temperature) alone can be found in [14] – it is 

stated that the predicted IR intensity is indeed a range rather than a specific value. In the presence 

of the above mentioned uncertainties, many for which the magnitude is unknown, it is not a trivial 

task to determine the propagation of the uncertainties during data reduction and such an explicit 

analysis does not form part of this thesis. It is, however, always kept in mind that the quality of the 

absolute radiometric quantities obtained from data reduction is subject to the quality of the input 

information. The reasonableness of the obtained radiometric values can, however, be established if 

measurements are available for verification of the IR model of the target object which were 

constructed by means of a different set of measurements, as was the case presented in Chapter 5.   
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CHAPTER 3 INFRARED RECORDINGS OF AN AIRCRAFT 

PLUME AT DIFFERENT INFRARED WAVELENGTHS 

3.1 INTRODUCTION 

Observations by electro-optical instruments are made at different wavelengths/wavelength bands 

for different applications. The publication [2] in Section 3.2 investigates the accessible infrared 

wavelength bands and their applicability in aircraft plume observations by means of measurement 

illustrations and a discussion of the basic emission and transmission agents at play – the relevant 

molecular species in the atmosphere and in a gas turbine engine plume are identified and their 

relevant properties discussed. This discussion guides the investigation towards the suitability of the 

MWIR band and its subbands for concept studies related to automatic plume detection and 

identification based on physical emission attributes of the plume that can be utilized in addition to 

existing image processing techniques in current use. The suitability of the MWIR band for plume 

detection forms the rationale behind some existing missile seeker heads for operating in this 

wavelength region (although they might not be limited to this band alone), and is also the reason 

for the detailed MWIR characterization of an aircraft plume, which follows in the publications 

presented in Chapter 4. 

3.2 PUBLICATION – INFRARED RECORDINGS FOR CHARACTERIZING AN 

AIRCRAFT PLUME 

Since the measurements made for this publication involved the simultaneous use of all instruments 

mentioned in Section 2.2, the present author was assisted by two of his workplace colleagues with 

the SWIR camera and spectroradiometer recordings, and the associated retrieval of the measured 

spectra from the spectroradiometer; for this reason, they are stated as co-authors of the publication. 

The remainder of the work, i.e. measurements with the MWIR and LWIR cameras, the publication 

itself and all calculations contained therein, was the sole work of the present author. The 

publication was reviewed by the conference chair/committee members of the conference where it 

was presented. Relevance of the publication to other researchers can be deduced from three 

references made to the publication at this stage: 
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 The peer-reviewed journal article [15] refers to the discussion in the publication of the 

infrared signal transmission through the atmosphere. 

 The peer-reviewed journal article [16] refers to the investigation in the publication 

regarding the usefulness and cost effectiveness of using a micro turbine engine for 

conceptual plume studies related to full-scale aircraft plumes. 

 The peer-reviewed journal article [17] refers to the findings in the publication of the 

MWIR band being the most versatile for plume observations and the statement of the 

influence of the fuel consumption and observation configuration on the detected emission. 

The article was published in the Proceedings of the Third SPIE (The International Society for 

Optical Engineering) Sensors, MEMS and Electro-Optical Systems conference held in Skukuza, 

Kruger National Park, South Africa [2]. 
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CHAPTER 4 MID-WAVE INFRARED CHARACTERIZATION 

OF AN AIRCRAFT PLUME 

4.1 INTRODUCTION 

With the relevance of the MWIR band in the detection of aircraft plumes indicated in Chapter 3, 

the method of MWIR characterization of an aircraft plume is now presented by the publications in 

Sections 4.2 [3] and 4.3 [4]. The bespoke software mentioned in Sections 1.4 and 2.3 (which is 

under continual development) was used in the data reduction of all the measurements referred to in 

these publications. 

Great care was taken in the preparation of the measuring system described in Section 4.2, since this 

system (with the main components being the MWIR camera and its control PC) would be subjected 

to potentially large temperature variations and severe vibrations after installation inside an 

instrumentation pod suspended from an aircraft wing pylon. The MWIR camera had to be 

ruggedized after structural weaknesses were identified during a modal test on the camera. 

Furthermore, vibration mounts for the camera and its control PC were selected and tested in 

accordance with the known vibration spectrum to which the equipment in the pod would be 

subjected to during flight. Although the pod itself was not deliberately designed to thermally isolate 

the measuring system inside it from its outside environment, if offered enough protection to the 

camera so that the camera housing temperature (logged during recordings) never varied by more 

than 10    during each of the measuring sorties (having a typical duration of one hour) in which 

measurements were made at altitudes varying from 305 m to 4574 m. The influence of this 

variation in housing temperature on the camera output was estimated to be small enough so that it 

was considered acceptable to use the calibration tables created from laboratory measurements at 

constant camera housing temperatures during data reduction.  

A high-level diagram of the measurement system used is shown in Figure 4-1. The recordings were 

controlled by the flight engineer in the rear seat of a dual-seater fighter aircraft while the live 

infrared image seen by him was also transmitted to the ground control station. Verbal instructions 
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regarding the initiation and termination of the recordings were given from the ground control 

station. 
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Figure 4-1 The measurement system used in acquiring MWIR image sequences of an in-

flight target aircraft. 

A MWIR radiance image recording of the target aircraft is shown in  

Figure 4-2  for an off-nose aspect angle of approximately    . Before processing of the image can 

be done, it is first segmented into different parts of interest by means of, e.g., the application of a 

radiance threshold to the image as a whole, which then simplifies the manual selection of the 

region of interest. Each segmented part is treated differently during data reduction in the ways 

discussed in Section 4.2 in order to obtain the source radiance values – more focus is, however, 

placed on the treatment of the plume of the aircraft in this publication. 

In Section 4.3, the measurements for the characterization of a turbine plume are repeated by using a 

micro turbine gas engine. This cheaper version of full-scale flight test measurements is done under 

almost-laboratory conditions, which allows for more measurement configurations resulting in a 

more complete characterization of the plume (although not in situ). It is argued in this publication 

that the similarity between a micro turbine engine plume and a large-scale aircraft turbine engine 

plume is sufficient for the purpose of concept infrared aircraft plume signature studies.  



Chapter 4 Mid-Wave Infrared Characterization of an Aircraft Plume 36 

 

© University of Pretoria  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2 Typical recording, shown in false colours, of the target aircraft. It is also shown how such 

an image is typically segmented into two images containing only plume pixels and fuselage pixels 

respectively. High to low radiance values are displayed in colours following the sequence of red 

(highest value), orange, green, light blue, dark blue and black (lowest value).  

4.2 PUBLICATION – MID-WAVE INFRARED CHARACTERIZATION OF AN 

AIRCRAFT PLUME 

The flight test during which the measurements were made consisted of a team effort in which the 

South African Air Force and personnel of Denel Dynamics took part. The present author 

contributed during the flight test towards: 

 The planning of the flight configurations during the different sorties at various altitudes 

and target aircraft aspect angles with the associated, required instrument settings. 

 Drawing up of the high-level functionality diagram for the measurement system (Figure 

4-1). 

 Ensuring the functionality of the measurement system by means of an acceptance test 

procedure (ATP) and operating procedures for use by the test flight engineer. 

 Issuing instructions from the ground station during the flight test sorties regarding the 

operation of the measurement system and successful recordings. 

The co-authors of this publication were involved in the organization of the flight test itself 

(M.M. Dreyer) and the processing of certain sorties (P. Smit). The remainder of the work, i.e. data 

processing, the publication itself and the results contained therein, was done by the present author. 
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The publication was reviewed by the conference chair/committee members of the conference where 

it was presented. 

The article was published in the Proceedings of the Electronics, Communications and Photonics 

Conference (SIECPC) held in Riyadh, Saudi Arabia [3]. 
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4.3 PUBLICATION – MEASUREMENTS OF A MICRO GAS TURBINE PLUME 

AND DATA REDUCTION FOR THE PURPOSE OF INFRARED 

SIGNATURE MODELING 

The set-up of the measurements and the data reduction thereof, as reported in this publication, were 

planned, coordinated and supervised by the present author. This work formed part of an almost 

one-year infrared radiometry course presented at Denel Dynamics to a contingent of Brazilian 

scientists and engineers in the missile development industry. It was estimated by the principal 

author (F. Sircilli) of the publication that the present author’s contribution to the article was at least 

40%. This publication was preceded by a conference proceedings publication [18], after which this 

more detailed version was published in a peer-reviewed journal. Relevance of the publication to 

other researchers can be deduced from a reference made to [18] in a peer-reviewed journal article 

[16], which followed a similar experiment. 

The article was published in the journal IEEE Transactions on Aerospace and Electronic 

Systems [4]. 
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CHAPTER 5 OBTAINING THE AIRCRAFT PLUME INNER 

STRUCTURE 

5.1 INTRODUCTION 

The radiance emanating from a gaseous medium is the resultant balance of the attenuation of the 

radiation propagating through it and the intensification of this radiation by the addition of newly 

generated radiation, as described by the basic equation of radiative transfer in Section 5.2. In order 

to model the observed radiance at any observation position outside the emitting volume, the inner 

structure of the volume is required, i.e. the (spectral) absorption coefficient and the (spectral) 

emission coefficient of each volume element inside the volume must be known. Once this 

information is available, modelling of radiative transfer inside the plume can be done by utilizing 

the formal solution of the radiative transfer equation. 

Upon completion of the aircraft plume data reduction process described in Chapter 4, the source 

radiance profiles (also called the ‘absolute’ radiance profiles) of the aircraft plume are obtained. 

These plume profiles are two-dimensional cross sections, also called projections or attenuated 

Radon transforms, of a three-dimensional object (the plume), as is studied in the field of 

tomography. The main goal of the publication in Section 5.2 [5] is to devise an appropriate 

radiance reconstruction/inversion technique, i.e. to devise an algorithm for the reconstructive 

tomography of obtaining the required parameters of each volume element inside the plume. 

The available algorithms in reconstructive tomography can broadly be classified into two types – 

analytical and iterative [19]. Analytical solutions exist for the first term in Equation (2) of 

Section 5.2, i.e. when the medium under study only exhibits attenuation and does not emit radiation 

itself, and for the second term in Equation (2) when the medium under consideration is self-

emitting but with no self-attenuation (i.e.    ). Cases with self-emission but where self-

attenuation also exists, such as inside an aircraft plume, cannot be handled easily by analytical 

methods, and the iterative methods are employed. An iterative technique usually divides the source 

region into discrete elements so that any observer’s line of sight (LOS) through the source is 
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divided into segments equal to the lengths contained in each discrete element. An iterative scheme 

is then applied during which weights are assigned to the contribution of each element towards the 

observed radiance, with the weights being tweaked during each iteration until the calculated 

projections agree with the measured ones. 

Various articles report on the iterative methods to reconstruct the attenuated Radon transform from 

a gaseous object, with some requirements or assumptions related to each of them. The following 

are typical examples: 

 The absorption coefficient must be known or determined separately from the process of 

reconstructing the measured Radon transform [20]. 

 The absorption coefficient must be small and constant throughout the gaseous volume, 

with the temperature at some positions in the flame known [21]. 

 The absorption coefficient must be constant [22,23]. 

 The basic form of the attenuation must be known beforehand in order to constrain the final 

attenuation and emission distribution obtained by an iterative procedure [24]. 

 Measurements in two different wavelength bands must be known with no attenuation  

[25–27]. 

The main challenge for an in situ aircraft plume is the simultaneous determination of the source 

function of the plume and the attenuation coefficient, which is addressed in Section 5.2. 

For the case of no attenuation and axi-symmetrical radiance, the projected radiance is called an 

Abel transform, which is a special case of the Radon transform. Although the attenuation in the 

plume cannot outright be assumed to be negligible, the technique presented in Section 5.2 was 

initially tested by means of a simplified, synthetic axi-symmetric ‘observed’ profile. This profile is 

shown as the black curve, denoted as ‘Real profile used as input’, in the bottom graph of Figure 

5-1. For the case of no attenuation, the inverse Radon transform function iradon.m of the 

Matlab
®
 software package was used to reconstruct the cross section profile, shown in the top graph 

of Figure 5-1. In order to compare the proposed reconstruction technique of Section 5.2 with this 

inverse Radon transform, the attenuation coefficient was set to         so that the attenuation 

through the medium was negligible. The results of the two reconstructed profiles were in good 

agreement. Further testing was done by calculating the observed profiles given in the two 

reconstructed profiles with the results being shown in the bottom graph. It can be seen in Figure 5-1 

that the observed profile obtained from the proposed reconstruction technique profile is in exact 
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agreement with the input profile, while that is not the case for the inverse Radon transform. This 

then confirmed that the proposed technique should perform well. 

Another goal of the publication in Section 5.2 was to provide a method of modelling an aircraft 

plume once the inner radiance structure of the plume has been determined. 

  

Figure 5-1 The ‘observed’ profile (black curve bottom graph) is used as input to the 

reconstruction techniques indicated in the figure. 

5.2 PUBLICATION – AIRCRAFT PLUME INFRARED RADIANCE 

INVERSION AND SUBSEQUENT SIMULATION MODEL 

This publication, with the developed technique reported therein, was the sole work of the present 

author. The publication was reviewed by the conference chair/committee members of the 

conference where it was presented. 

The article was published in the Proceedings of the SPIE (The International Society for Optical 

Engineering) Technologies for Optical Countermeasures IX conference held in Edinburgh, 

Scotland [5]. 
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CHAPTER 6 OBTAINING THE MEASURING INSTRUMENT’S 

SPECTRAL RESPONSE 

6.1 INTRODUCTION 

The measurement equation, as supplied in the sections of Chapter 4, forms the starting point of the 

work presented in this chapter. The emphasis now is, however, not on obtaining the source radiance 

of the object being observed by the instrument, but on obtaining the information required by the 

measurement equation of the instrument itself. The main goal of the article in Section 6.2 [6] is to 

show that the spectral response of a wide-band infrared measuring instrument, as required in the 

infrared measurement equation, can be determined from measurements of a source with known 

emission spectra by means of the devised inversion technique. A second goal is to illustrate the 

requirements for successfully applying the technique in practice. Although this work points 

towards some strict requirements in terms of measurement accuracy, which might not always be 

possible in practice, the present author believes that an avenue is opened with this research towards 

the investigation of more techniques and methods for adequately addressing the successful retrieval 

of the spectral response of real instruments. 

The measurements in this work are made of a blackbody over the shortest possible distance so that 

for the measurement equation, i.e. Equation (1) in either Sections 4.2 or 4.3, the following 

assumptions can be made: 

 There are no losses in the blackbody radiation when propagating through the atmosphere 

over the short distance between the blackbody and instrument, i.e.       , so that the 

first term contains only the instrument spectral response and the blackbody radiance. 

 The blackbody is not transparent, i.e.       , so that the second term can be set to zero. 

 The target area of the blackbody has no reflectivity, i.e.       , so that the third term 

can be set to zero. 
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 The atmospheric path radiance resulting from the short distance of atmosphere between 

the blackbody and instrument is negligible, i.e.         , so that the fourth term can be 

set to zero. 

The resultant measurement equation, given by Equation (1) in Section 6.2, forms the basis upon 

which the technique for resolving the spectral response of a wide-band infrared instrument rests. 

The initial motivation for investigating the possibility of such an inversion technique was born 

from the frustration of the frequent struggles in obtaining the spectral response of wide-band 

infrared cameras from their manufacturers. 

6.2 PUBLICATION – A TECHNIQUE FOR RESOLVING THE SPECTRAL 

RESPONSE OF A WIDE-BAND INFRARED MEASURING INSTRUMENT 

FROM MEASUREMENTS WITHOUT THE NEED FOR A SPECTRALLY 

TUNEABLE RADIATION SOURCE 

This article, with the developed technique reported therein, was the sole work of the present author. 

The article was published in the peer reviewed journal Infrared Physics and Technology [6]. 
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CHAPTER 7 CONCLUSION 

The solving of inverse radiometric problems arising from infrared measurements was addressed in 

this thesis in the following manner: 

 A measurement equation describing objects being observed with an infrared instrument was 

formulated. Emphasis was placed on the measurement of a gaseous object in the form of an 

aircraft plume since the characteristics of this object are often of practical importance in the 

military environment. By selecting the terms of the measurement equation correctly, the 

measurement of solid type objects could also be described. 

 Having the correct measuring equation as starting point, the inverse radiometric problem was 

formulated for obtaining a data reduction equation so that the source/absolute radiance values 

of the object under observation could be determined. The source radiance values were cleared 

from any unwanted influences on the measurements such as atmospheric transmission losses to 

the target object’s radiation, atmospheric emission contributions to the target object’s radiation, 

contributions from foreground reflections against the target, contributions from the background 

of the target as transmitted through transparent type targets, and the non-ideal response of the 

instrument to the measurements. 

 It was shown how the inverse radiometric problem was formulated for an axi-symmetric 

aircraft plume from a radiative transfer modelling viewpoint. The solution of the inverse 

problem resulted in acquiring the inner radiance structure of the plume, which was then used to 

model the plume from any arbitrary observer position outside the plume. 

 It was lastly shown that an inverse radiometric problem could be formulated for determining a 

wide-band infrared instrument’s spectral response from calibration type measurements, without 

the need of a spectrally tuneable radiation source. Solving such an inverse problem is a non-

trivial process that points towards strict requirements in terms of measurement accuracy. This 

work, however, opens an avenue towards the investigation of more techniques and methods to 

adequately address the retrieval of the spectral response of instruments by means of the 

described measurements. 
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The objectives that were addressed are seen to contribute towards the continual need for improved 

measurement methods and data reduction techniques in order to improve the accuracy of infrared 

models of objects of interest. 
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