
New Jersey Institute of Technology New Jersey Institute of Technology 

Digital Commons @ NJIT Digital Commons @ NJIT 

Theses Electronic Theses and Dissertations 

1-31-1993 

Application of imaging pyrometry for remote temperature Application of imaging pyrometry for remote temperature 

measurements measurements 

Michael B. Kaplinsky 
New Jersey Institute of Technology 

Follow this and additional works at: https://digitalcommons.njit.edu/theses 

 Part of the Electrical and Electronics Commons 

Recommended Citation Recommended Citation 
Kaplinsky, Michael B., "Application of imaging pyrometry for remote temperature measurements" (1993). 
Theses. 1784. 
https://digitalcommons.njit.edu/theses/1784 

This Thesis is brought to you for free and open access by the Electronic Theses and Dissertations at Digital 
Commons @ NJIT. It has been accepted for inclusion in Theses by an authorized administrator of Digital Commons 
@ NJIT. For more information, please contact digitalcommons@njit.edu. 

https://digitalcommons.njit.edu/
https://digitalcommons.njit.edu/theses
https://digitalcommons.njit.edu/etd
https://digitalcommons.njit.edu/theses?utm_source=digitalcommons.njit.edu%2Ftheses%2F1784&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/270?utm_source=digitalcommons.njit.edu%2Ftheses%2F1784&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/theses/1784?utm_source=digitalcommons.njit.edu%2Ftheses%2F1784&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@njit.edu


 
Copyright Warning & Restrictions 

 
 

The copyright law of the United States (Title 17, United 
States Code) governs the making of photocopies or other 

reproductions of copyrighted material. 
 

Under certain conditions specified in the law, libraries and 
archives are authorized to furnish a photocopy or other 

reproduction. One of these specified conditions is that the 
photocopy or reproduction is not to be “used for any 

purpose other than private study, scholarship, or research.” 
If a, user makes a request for, or later uses, a photocopy or 
reproduction for purposes in excess of “fair use” that user 

may be liable for copyright infringement, 
 

This institution reserves the right to refuse to accept a 
copying order if, in its judgment, fulfillment of the order 

would involve violation of copyright law. 
 

Please Note:  The author retains the copyright while the 
New Jersey Institute of Technology reserves the right to 

distribute this thesis or dissertation 
 
 

Printing note: If you do not wish to print this page, then select  
“Pages from: first page # to: last page #”  on the print dialog screen 

 



 

 

 
 

 
 
 
 
 
 
 
 
 
The Van Houten library has removed some of the 
personal information and all signatures from the 
approval page and biographical sketches of theses 
and dissertations in order to protect the identity of 
NJIT graduates and faculty.  
 



ABSTRACT 
Application of Imaging Pyrometry for Remote Temperature 

Measurements 

by 
Michael B. Kaplinsky  

The radiometric model of an IR image sensor has been developed. 

Based on this model, the application of imaging pyrometry to remote 

temperature measurements has been investigated. This analysis provides the 

estimation of temperature accuracy achievable by imaging pyrometry in 

conjunction with a number of radiometric methods. The detection of 

radiation emitted across the full spectral bandwidth of the imager as well as 

utilization of narrow-passband filters was analyzed for a target with known 

emissivity. 

The methods of two-wavelength ratio radiometry and multi-wavelength 

radiometry were considered for the targets with unknown emissivity. The 

optimal selection of the wavelengths for the method of ratio radiometry was 

investigated. It was shown that in the case of a blackbody radiator at 

1000 °C the ratio radiometry yields temperature resolution of 0.5 °C for the 

106  electrons per pixel signal level detected by 320x244 IR imager with PtSi 

Schottky-barrier detectors and operated with 100-nm-wide Gaussian filters 

positioned at 1.5 µm and 3.0 µm. The temperature accuracy achievable by 

least-squares-based multi-wavelength imaging pyrometry (MWIP) was  



analyzed for linear and quadratic emissivity models. The presented results 

have shown that for targets with quadratic spectral emissivity at 1000 °C the 

6-filter MWIP is capable of providing temperature resolution of about 1 °C 

for target temperature of 1000 °C and the maximum signal of 4x106  

electrons per pixel. For targets at 500 °C the corresponding accuracy is equal 

to 0.4 °C.  
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CHAPTER 1 

INTRODUCTION  

The research work reported in this thesis represents theoretical analysis 

performed in support of the effort of the Electronic Imaging Center of the 

NJIT Foundation for Optoelectronics and Solid-State Circuits under DARPA 

contract F33615-92-C-5817 "Multi-Wavelength Imaging Pyrometry for 

Semiconductor Process Monitoring and Control" and under NASA contract 

NAS1-18226 "Radiometric Infrared Focal Plane Array Imaging System for 

Thermographic Applications". This work was done under general direction 

of Professor Walter Kosonocky. The graduate students who contributed the 

experimental results reported in this thesis include Nathaniel McCaffrey, 

Vipulkumar Patel, and Mehul Patel. 

The objectives of this work include the development of a radiometric 

model of an IR image sensor and the estimation of its performance for 

measurement of temperature of remote radiant targets. The thesis also 

provides the comparative study of various radiometric techniques, including 

wide-band, narrow-band, ratio, and multi-wavelength radiometry. For the 

purpose of this analysis the radiometric performance of a 320x244 IR CCD 

image sensor, developed at the David Sarnoff Research Center, was 

investigated in conjunction with each of the above techniques. The analysis 

presented in this work places special emphasis on the accurate description of  

1  
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narrow-passband filters used for radiometric temperature measurement, thus 

providing a realistic model of the spectral properties of filter-imager system. 

Chapter 2 gives a brief description of the basic radiometric concepts 

used in this thesis. The concept of the ideal emitter and radiator (blackbody) 

is introduced in the first section of this chapter. This section provides the 

information on the basic characteristics of the blackbody spectral emission. 

The second section of this chapter describes radiation emission by real (non-

idealized) surfaces. 

Chapter 3 provides the description of the radiometric model of the IR 

image sensor. Based on this model the radiometric performance of the 

imager is investigated for the cases of wide-band and narrow-band 

radiometry. The concept of the reference wavelength is introduced in order 

to facilitate the analysis of radiometric performance of an imager viewing 

the radiant target through a narrow-passband infrared filter. The chapter 

concludes with the analysis of the effects of the filter characteristics on the 

temperature accuracy of the radiometric temperature measurements. 

Chapter 4 describes the theory of ratio radiometry. It is shown that this 

radiometric technique allows to perform accurate temperature measurements 

for graybodies with unknown emissivity. The noise equivalent temperature, 

NE∆T1  , resulting from employing this technique is analyzed. This chapter 

1  It should be noted that the concepts of noise equivalent temperature, NE∆T, minimum 
resolvable temperature, and noise-limited temperature accuracy are used 
interchangeably throughout the thesis.  
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concludes with the discussion of various factors affecting the accuracy of 

temperature measurement by the method of ratio radiometry. 

Chapter 5 describes the techniques of multi-wavelength imaging 

pyrometry (MWIP). It is shown that for a wide variety of targets the MWIP 

technique provides the means of radiometric temperature measurement 

without prior knowledge of the emissivity of the target. In this chapter a 

special emphasis is placed on the analysis of noise equivalent temperature 

for linear and quadratic models of spectral emissivity. 

Chapter 6 provides a comparative analysis of the NE∆T achievable by 

the radiometric techniques described in the thesis. The advantages and 

limitations of each approach are analyzed. This chapter concludes with a 

discussion of the calibration procedure of the IR imager which should be 

conducted in order to improve the accuracy of the measurements. 
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CHAPTER 2 

BASIC CONCEPTS OF RADIATION THERMOMETRY  

All matter emits radiant energy as a consequence of its temperature. The 

non-contact measurement of temperature based on the detection of the 

emitted radiation is referred to as Radiation Thermometry or Radiometry. 

	

To obtain a quantitative description of the emitted radiation the 

concept of spectral radiance has been introduced. The spectral radiance, 

is defined as the radiant flux, ϕem , emitted at the wavelength λ, in 

a given direction, per unit of the emitting surface normal to this direction, 

per unit solid angle about this direction, and per unit wavelength interval 

dλ  about λ . The spectral radiance, which has the units of 

[W / m2  • sr • µm may then be expressed as  

If the spectral and directional distributions of the spectral radiance are 

known, the radiant power per unit area of the emitting surface may be 

determined by integration of Eq. (2-1) over finite solid angle and 

wavelength interval. In particular, the radiant power per unit area, emitted 

into the hemispheric space above the surface is defined as the total self-

exitance, Mem  [W / m2 ].  

4  
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It is important to note that, in general, the directional distribution of 

surface emission varies according to the conditions of the surface. 

However, many real surfaces can be reasonably approximated by so-called 

lambertian surface. For a lambertian surface (also known as isotropically 

diffuse emitter) the radiance of the emitted radiation is independent of the 

direction. In this case the following relationship between radiance and 

exitance holds  

where Lem  - is the total radiance of the emitted radiation [ W / m2  • sr-1] 

In this work all considerations will be restricted to emitters which can 

be closely approximated by lambertian surfaces within reasonably small 

solid angles. 

2.1 Black Body Radiation 

2.1.1 Planck Spectral Distribution and Wien's Approximation 

When describing the radiation characteristics of real surfaces, it is useful to 

introduce the concept of the blackbody. The blackbody is an ideal surface 

with the following properties: 

(1) A blackbody absorbs all incident radiation, regardless of wavelength 

and direction.  



6  

(2) For a given temperature and wavelength, no surface can emit more 

thermal radiation than a blackbody. 

(3) The blackbody is an isotropically diffuse (lambertian) emitter. 

Therefore, its radiation is independent of direction. 

As a perfect absorber or emitter, the blackbody serves as the ideal 

radiator against which the properties of actual surfaces may be compared.  

Figure 1  Spectral radiance of a blackbody radiator [1].  
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The spectral distribution of the radiation associated with blackbody 

emission was first derived by Planck from quantum mechanical 

considerations. The spectral radiance of a blackbody has the form  

where 

Lλ,b  (λ ,T) - is the blackbody spectral radiance [ W / m2  • µm], 

T - is the temperature of the blackbody radiator [K], 

λ - is the wavelength [µm], 

C1  =1.1911 x108  —is the first radiation constant [W • µm4  / m • sr], 

C2  = 1. 4388 x 104  — is the sec and radiation constant [µm • K]. 

The spectral radiance of a blackbody is shown in Figure 1 for selected 

temperatures [1]. The following important characteristics of this 

distribution should be noted: 

(1) The emitted radiation varies continuously with wavelength. 

(2) At any wavelength the magnitude of the emitted radiation increases 

with increasing temperature. 

(3) The spectral region in which the radiation is concentrated depends on 

temperature, with comparatively more radiation appearing at shorter 

wavelengths as the temperature increases.  



(2-4) 
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Since the form of Eq. (2-3) is inconvenient for analytical 

manipulations a number of approximations to Planck's law have been 

developed. One of the most useful approximations to Eq. (2-3) is known as 

Wien's approximation and has the form 

	

For λT<2900 µm • K Plank's law and Wien's approximation produce 

almost indistinguishable results. Therefore, Wien's approximation is 

especially useful for short wavelengths or relatively low temperatures. 

2.1.2 Wien's Displacement Law and Stefan-Boltzmann Law  

It can be seen from Figure 1 that the blackbody spectral radiance is 

characterized by a maximum and that the wavelength associated with this 

maximum, λmax  , depends on blackbody temperature. Differentiating the 

Planck distribution given by Eq. (2-3) with respect to wavelength and 

setting the result equal to zero, we obtain 

λmax • T = 2897.7 [µm • K] 	(2-5) 



(2-6) 
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Equation (2-5) is known as Wien's displacement law. According to this 

law, the maximum of spectral radiance is displaced to shorter wavelengths 

with increasing temperature of the radiant surface. Thus, for a blackbody 

at 1000 K peak emission occurs at 2.9 µm, and for 300 K peak 

corresponds to 9.7 µm. 

It can be shown that the value of the blackbody spectral radiance at its 

maximum is proportional to the fifth power of the blackbody temperature. 

Performing the substitution of Eq. (2-5) into Eq. (2-3) and multiplying the 

constants we obtain  

The value of the total radiant power emitted from a unit of blackbody 

surface area over the wavelength range from zero to infinity can be 

obtained by integration of Eq. (2-3) for any given temperature T. The 

result of this integration can be expressed as  

where σ = 1.8049 x10-8  [W / m2 
• 
K4

] is the Boltzmann constant.  
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Equation (2-7), known as the Stefan-Boltzmann law, shows that the 

total radiant power emitted by a blackbody is proportional to the fourth 

power of temperature. 

2.2 Emissivity of Real Surfaces  

Emissivity is a property of the emitting surface and is defined as the ratio 

of the radiation emitted by the surface to the radiation emitted by a 

blackbody at the same temperature and for the same spectral and 

directional conditions. It should be noted that emissivity may assume 

different values according to whether one is interested in emission at a 

given wavelength, in a given direction or in weighted averages over all 

possible wavelengths and directions as shown in Figure 2 [1]. 

Figure 2.  Comparison of blackbody and real body emission: 

(a) spectral distribution and (b) directional distribution of radiance [1]. 
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The spectral-directional emissivity ε(λ, θ, T) of a surface a

t temperature T is defined (assuming azimuthal isotropy for clarity) as the 

ratio of radiance of the radiation emitted at wavelength λ and in the 

direction 0 to the radiance of the radiation emitted by a blackbody at the 

same temperature and wavelength  

It should be recognized that the spectral-directional emissivity is the 

most basic of the radiative properties from which other expressions for 

surface emissivity can be derived. The spectral-hemispherical emissivity 

(later referred to as spectral emissivity) represents a weighted average over 

all directions within the hemispherical space above a surface and is defined 

as  



(2-11) 
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From Eq. (2-9) it follows that for lambertian surfaces the spectral-

directional emissivity is equal to the spectral-hemispherical emissivity 

ε(λ, θ) = ε(λ , 2π ) 	 (2-10) 

Finally, the total-hemispherical emissivity represents an average over 

the entire spectral range and for all possible directions and is defined as 

where Mb  (T) is the total exitance of the blackbody radiator [W/m2] and 

Mem  (T) is the total self-exitance of the radiant surface given by Eq. (2-2). 



CHAPTER 3 

IR IMAGE SENSOR AS RADIOMETER  

In this chapter it will be shown that an IR imager can be used as a imaging 

radiometer, later referred to as radiometer or radiation thermometer. We 

will discuss the methods by which the temperature of the remote radiant 

surface can be inferred from the spectral radiance measured by a 

radiometer. We will also consider the limitations imposed on the accuracy 

of temperature measurements by the presence of the radiation (shot) noise 

and rms detector read-out noise.  

3.1 Basic Principles of Radiation Measurement  

The concept of spectral radiance described by Eq (2-1) is of fundamental 

importance in radiation thermometry for the following reasons: 

(1) The spectral radiance of a blackbody is accurately expressible in terms 

of its temperature and certain radiometric constants, as shown by Eq. 

(2-2). The same is true for non-blackbodies (gray or color bodies), 

but with the additional requirement that spectral emissivity must be 

known. 

(2) An electro-optical system designed to measure spectral radiance 

provides the means for remote sensing of the temperature of a 

radiating surface. 

13  
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(3) Spectral radiance has the very useful property of invariance along a 

beam of radiant flux [1]. Due to this property the radiant flux input to 

an IR imager can be calculated independently of the distance between 

the imager and the emitting surface.  

Figure 3  Imaging radiation thermometer with lens. 

An approximate expression for the radiant flux originating from a 

remote radiant surface and entering the radiation detector can be obtained 

by integrating Eq. (2-1) over the area of the emitting surface within the 

field of view of the detector, solid angle subtended by the detector 

aperture, and the total bandwidth of the radiometer (see Figure 3)  



(3-3)  
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where 

At,n  - is the area of the projection of the emitting surface in the field of 

view to the plane perpendicular to the optical axes; 

ωt  - is the solid angle subtended by the radiation beam leaving the surface 

of the radiant target and reaching the radiation detector; 

For a lambertian emitting surface, radiance is essentially constant over the 

At,n  , and, for sufficiently remote target, dω t  has nearly the same value 

from all points on At,n . In addition to the above assumptions we use the 

concept of optical invariant [2] in the following form 

Ad,nωd = At,nωt 	(3-2) 

where 

Ad,n  - is the area of projection of the detector aperture onto a plane 

perpendicular to the optical axes; 

ωd  - is the solid angular field of view determined by the aperture. 

Therefore, the Eq. (3-1) can be rewritten as  



(3-4) 
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In order to obtain the output signal of the radiometer, we must also 

know its spectral responsivity function which is defined as 

Substituting Eq. (3-4) into Eq. (3-3) and taking into consideration the 

transmission curve τ(λ) of the filter (if applicable) positioned between the 

radiant target and detector, we obtain the following expression for the 

signal detected by the imager viewing the radiant target 

The signal given by Eq. (3-5) represents the output current of the 

radiation detector. For the purpose of this thesis, however, it is more 

convenient to represent the detected signal in terms of the electrical charge 

accumulated in the detector (pixel) during the optical integration time. The 

representation of the output signal of an imager in terms of electrons per 

pixel makes it easier to define radiation (shot) noise and to compare the 

signal under consideration with the maximum charge handling capacity of 

the detector. Therefore, in this thesis we will use the following expression 
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for the signal detected by the imager 

where 

ti  - is the optical integration time [s]; 

Qel  = 1.6 x 10-19  - is the charge of the electron [q]. 

Finally, we note that the spectral radiance Lλ, of the radiation incident 

on the detector can be expressed by the product of the spectral emissivity 

of the emitting surface times the spectral radiance of the blackbody, in 

accordance with the Eq. (2-8). Substitution of Eq. (2-8) into Eq. (3-6) 

leads us to the most general expression for the output signal of the 

radiation detector viewing the radiant target 

3.2 IR Image Sensors 

3.2.1 320x244 IR CCD and 640x480 IR MOS Image Sensors  

The radiometric analysis presented in this thesis is applied to the 320x244 

IR CCD and 640x480 IR MOS image sensors (imagers) developed at the 

David Sarnoff Research Center. The IR detectors used in these imagers are 



18  

the PtSi Schottky-barrier detectors (SBDs) which are most sensitive to the 

radiation emitted in the SWIR (1 to 3 pm) and MWIR (3 to 5µm) bands. 

The 320x244 IR CCD imager has 40-pm x 40-pm pixels and a fill 

factor of 43%. This imager employs buried-channel CCD (BCCD) readout 

registers and has the pixel layout shown in Figure 4 [3]. The BCCD readout 

registers of this imager provide maximum charge handling capacity of 

1.4x106  electrons per pixel. 

Figure 4  Pixel layout of Sarnoff 320x244 IR imager [3]. 

The 640x480 IR MOS imager has 24-µm x 24-µm pixel size and fill 
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factor of 38%. This imager has a low-noise X-Y addressable readout 

multiplexer with two MOS switches per SBD, and a MOS source follower 

at the output of each row with 8:1 multiplexing to a shared on-chip output 

amplifier. The readout noise of this device is under 300 rms electrons per 

pixel [3]. The readout structure of this imager is shown in Figure 5. Its 

saturation charge level is 1.5x106  electrons per pixel. It should also be 

noted that the Sarnoff 640x480 IR MOS imager can be operated with 

subframe imaging capability for any subframe size and location. In 

addition, this imager provides electronic integration time control down to 

a minimum of 60 µs for operation at 30 frames per second. 

Figure 5  Low-noise MOS readout multiplexer of Sarnoff 640x480 IR MOS imager [3].  
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3.2.2 PtSi Schottky-Barrier Detector  

Both IR imagers described in the previous section employ PtSi Schottky-

barrier photon detectors. The basic construction and operation of PtSi SBD 

is illustrated in Figure 6.  

Figure 6  Operation of Schottky-barrier detector [3].  

The infrared radiation with photon energy less than the bandgap of 

silicon (Eg=1.12 eV) is transmitted through the substrate. The absorption 

of the infrared radiation in the silicide layer results in the excitation of 

photocurrent across the Schottky-barrier (ψms) by internal photoemission.  



(3-8) 
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The Schottky-barrier is the barrier that is formed between the silicide 

layer and the p-type silicon substrate. The absorbed IR photons excite the 

valence electrons above the Fermi level, generating hole-electron pairs. 

The holes with energy levels exceeding the Schottky-barrier are injected 

into the silicon substrate. The result of this process is the accumulation of 

negative charge on the silicon electrode. The detection of the optical signal 

is completed by transferring the negative charge from the silicide electrode 

into the readout structure. 

The spectral responsivity R(λ) of the IR imager depends on the 

quantum efficiency of the PtSi Schottky-barrier detectors and can be 

approximated by the Fowler equation [3] as 

The spectral responsivity and quantum efficiency of the PtSi SBD 

array corresponding to C1=0.124 eV-1  and ψms=0.2272 eV is shown in 

Figure 7. 



(3-9) 
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Figure 7  Measured responsivity of PtSi Schottky-Barrier detector array [3].  

3.2.3 Radiometric Model of the IR Imager  

In order to adapt the theory of the preceding section to the 

description of the IR CCD imager output signal we note that for targets 

sufficiently remote from the lens of the imager the solid angle given by Eq. 

(3-7) can be approximated as [4] 
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Substituting Eq. (3-9) into Eq. (3-7) we obtain 

Figure 8  Total signal detected by 640x480 IR MOS imager operating at 30 

frames per second with f/1.0 and f/1.4 optics. 

At this point we can apply our analysis to the estimation of 

radiometric performance of the 640x480 IR imager developed at the David 

Sarnoff Research Center. 
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Figure 9  Calculated optical integration time of 640x480 IR MOS imager for detected 

signal of Qmax electrons per pixel.  

The total detected signal for the 640x480 IR imager calculated from 

Eq. (3-10) is shown in Figure 8. These calculations assume that the pixel 

size of the imager is 24-µm x 24-µm, the fill factor is 38%, that it is 

operated at 30 frames per second, and is characterized by the spectral 

responsivity function given above. 

Inspection of Figure 8 shows that for blackbody temperatures in 

excess of 50-75 °C, the signal exceeds the 106  electrons per pixel charge 

handling capacity of the imager (Qmax )•  In order to overcome this  



(3-11) 
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limitation the signal should be limited by the control of optical integration 

time. This is illustrated in Figure 9. This Figure shows the integration 

times which should be used in order to maintain a prescribed signal level at 

different temperatures. 

3.3 Accuracy of Wide-Band Temperature Measurements. 

It can be shown from statistical considerations [5] that the process of 

photon emission from a radiant surface, i.e. the number of photons emitted 

per unit time per unit area of emitter surface, can be described by the 

Poisson distribution. The same is equally true for the process of photon 

detection by a photodetector. In other words, the probability of detecting x 

photons in the time interval At is given by  

where µ  is the average number of photons detected in the interval ∆t. 

One of the fundamental properties of Poisson distribution is the fact 

that its standard deviation is equal to the square root of its mean. Applying 

this property to the process of photon detection by the radiation detector 

we conclude that rms radiation (shot) noise in the detected signal is equal to 

the square root of the signal itself.  


