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Introduction to the Series

This SPIE-PL series referred to as Research and Development Treatises (RDT)
is a substitute for reading the original papers on a single and well focused scien-
tific/technical problem in the field of applied optics and optical engineering. It is
supposed that the selected problem is discussed by a single author (or a group of co-
authors) as completely as possible, starting from its formulation, motivation, theo-
retical analysis, through experiments (if applicable), engineering development, im-
plementation in applied sciences and/or practice.

Scientific, research and engineering papers that were published in scientific or tech-
nical journals or even conference proceedings are in general the basis for the RDT
series. The monotypical papers can simply be reprinted in a logical way to render
clearly the selected problem starting from its initial formulation and ending at its
potential applications.

An alternative is a selection of an original book or its most important chapter from
a large text that was published before in Polish language. After translation into
English the original material can be included in the RDT series. Another possibility
is to select a number of journal papers published in or even unpublished previously
and to construct of them a uniform monograph of a reasonable size. This is just
a case of Dr Chrzanowski work on non-contact thermometry with special emphasis
on measurement errors.

I thank Dr Chrzanowski for his Volume 7 in the series and believe that it will be
a useful publication for a large community of applied scientists/researches, engi-
neers, practitioners, and students in the field of optics, optoelectronics and other
related areas of applied sciences and engineering.

Maksymilian Pluta
SPIE-PL Editor, RDT Series
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Author’s Preface

There are significant advantages of non-contact thermometers in comparison to
contact thermometers due to their easiness of operation, non-destructive character
of measurement, speed of measurement, and possibilities to measure temperature
of moving objects. Therefore, there are nowadays hundreds of thousands or more
of pyrometers, thermal scanners and thermal cameras that are used over the world
for non contact temperature measurements. One of disadvantages of non-contact
thermometers is significant and difficult to predict variations of accuracy of tem-
perature measurement. Users of non-contact thermometers are often confronted
with a problem of estimation of accuracy of these instruments.

In spite of wide range of applications of non-contact thermometers, the problem
of accuracy of these instruments received little attention. Manuals of different non-
contact thermometers provide only basic knowledge about errors of these systems.
Books about non-contact thermometry or infrared technology avoid problems
of accuracy of non-contact thermometers concentrating on their design. A few sci-
entific papers devoted to the problem of accuracy of the systems discussed here
provide inconsistent results, particularly in the area of measuring thermal cameras.
This situation has prompted the author to undertake the writing of this monograph
and to bridge, at least partly, the existing gap in non-contact thermometry. I hope
that this monograph can be useful for both the users and designers of non-contact
thermometers enabling them to understand mechanism of error generation during
measurement with these instruments and to estimate influence of measurement con-
ditions and system design on measurement accuracy.

I would like to acknowledge the support from the State Committee for Scientific

Research (KBN) Poland in my research in the area of non-contact thermometry;
3 grants received from KBN enabled writing this monograph.

Krzysztof Chrzanowski



1. Introduction

1.1  Concept of temperature

If two objects are in thermal equilibrium with athird object, then they arein
thermal equilibrium with each other. From this it follows that there exists a certain
attribute or state property that describes the thermodynamic states of objects which
arein thermal equilibrium with each other, and this is termed temperature [1]. Any
system can be used as thermometer if it has one or more physical properties
(e.0. electrical resistance or voltage) which varies reproducibly and monotonically
with temperature. Such a property can be used to indicate temperature on an arbi-
trary empirical scale.

1.2 Units of temperature

Due to historical reasons four units of measurement of temperature
are used: degrees of Fahrenheit, degrees of Celsius, degrees of Rankine, and kel-
vins. The International Bureau of Weights and Measures CIPM recommends only
two units: kelvin K or degree of Celsius °C [2]. Relationships between these four
units of temperature measurement are presented below.

The Celsius scale is defined in terms of Kelvin scale as

°C=K - 273.15

where °C means degree Celsius (or centigrade), and K means kelvin.

The Fahrenheit scale is defined in terms of Celsius scale as

°F=9/5°C + 32

where °F means degrees of Fahrenheit. Fahrenheit scale is commonly used in USA
and Great Britain.

The Rankine scale is a scale for which the zero is intended to be approximately
the absolute zero and can be calculated as

°R=°F + 459.67

where °R means Rankine degree. This scale is sometimes used in USA and Great
Britain when calculations are to be performed in terms of absolute temperatures.
The kelvin K will be used as a unit of temperature in almost all cases in this book.
Only exceptionally there will be used the degree of Celsius °C.

1.3 Classification of systems for non-contact thermometry

There are many systems -thermometers- that enable temperature measure-
ment. However, all these systems can be divided into two basic groups: systems for
contact measurement, when there exists physical contact between the tested object
and the thermometer (or its sensing element), and systems for non-contact tem-
perature measurement, when there is no such a contact. The non-contact ther-
mometers are especially suited for measurements of temperature of moving or con-
tact sensitive objects, objects inside vacuum, vessels or in hazardous locations are
nowadays widely used in industry, science, medicine and environmental protection.
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Non-contact thermometers employ different physical phenomena to deter-
mine temperature of the tested object: radiation phenomenon, refraction or phase
Doppler phenomenon [3], luminescence phenomenon, Schlieren phenomenon etc.
However, almost all systems used in practice for non-contact temperature meas-
urement empl oy the phenomenon of thermal radiation that carries information about
object temperature and are termed the radiation thermometers. Therefore, further
discussion will be limited only to radiation thermometers, athough we must re-
member that other types of non-radiation thermometers can find wider areas
of applications in the near future. Next, the systems using a newly devel oped tech-
nique of great theoretical potentials called Laser Absorption Radiation Thermome-
try [4, 5] can be aso classified as radiation thermometers as they still employ the
radiation phenomenon. However, the LART is usually treated as a new separate
technigue and the LART systems will not be discussed in this book.

Non-contact radiation thermometers can be divided into a few groups ac-
cording to different criteriaz human role in the measurement, location of system
spectral bands, presence of an additional cooperating source, number of system
spectral bands, number of measurement points, width of system spectral bands and

transmission media [Fig. 1.1].
thermometers thermometers

narrow-band

pyrometers

broadband

infrared j subjective atmosphere pyrometers
thermometers /) \thermometers thermometers

total
fransmission radiation
thermometers media pyrometers
width of spectral

band

spectral range

presence o
an additional

Non-contact
thermometers

number of
measurement

source points
number of
passive system spectral
M bands pyrometers
EENTE - line scanners
thermometers singleband

thermometers

. thermal
dualband multiband cameras
thermometers thermometers

Fig. 1.1. Classifications of non-contact thermometers
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1.3.1 Human rolein measurement

On the basis of human role in measurement process the non-contact ther-
mometers can be divided into subjective thermometers and objective thermometers.
Humans take active part in measurement process using subjective systems. In case
of objective pyrometers the role of a man is limited only to reading thermometer
indications or human role is completely eliminated for automated measurement
Processes.

History of development non-contact thermometers started with manually

operated subjective thermometers called optical pyrometers that used radiation
emitted by the tested object in the visible range of optical radiation to determine
object temperature.
An optical pyrometer measures the radiation from the target in a narrow band
of visible range, centered usually in the red/yellow portion of spectrum. The opera-
tor sights the pyrometer on the target. At the same time he can see in the eyepiece
the image of an internal tungsten lamp filament. Next, he matches the filament color
to the target color by varying the current through the filament with a rheostat. When
the target image and the tungsten filament are of the same color, then the target
temperature can be read from the scale rheostat knob. If the target color and fila-
ment color are the same, then the filament image apparently vanishes, so these py-
rometers have also been called disappearing filament pyrometers.

Because of subjective character of measurement process the optical py-
rometers are slow, they do not offer immediate readout of measurement results,
and results cannot be also stored in electronic form. Because of these disadvan-
tages optical pyrometers cannot be used in many technological processes. Nowa-
days, optical pyrometers are very rarely used in industry; they are almost exclu-
sively used inlaboratoriesfor control of other types of non-contact thermometers.
Objective thermometers measure temperature indirectly in two stages. Power
of optical radiation that comes to the system detector (or detectors) in one or more
spectral bands is measured in the first stage. Object temperature is determined
on the basis of the measured radiometric signals in the second stage by carrying out
acertain calculation agorithm.

Because of this principle of measurement, the objective pyrometers always
consist of at least two basic blocks: the detection block and temperature determina-
tion block. We can theoreticaly imagine such a thermometer, for example,
asaninfrared detector directly connected to a microprocessor calculating object
temperature on the basis of asignal at the detector output. However, such two-block
systems are not met in practice. Even simple objective thermometers usually con-
sists of five or more blocks.

An optical objective is usually used before the detection system to increase
the amount of radiation emitted by the tested object that comes to the detector
and to limit thermometer field of view. The signal at the output of the detector is
typically amplified, converted into more convenient eectronic form and finaly
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digitized. A separate visualization block is typically used for presentation of meas-
urement results.
optics
object ~ atmosphere ,/ )
/ electrom\cs

detector \

SN
\
N|

calculation
block

visuali-
zation
block

Fig. 1.2. A general diagram of a typical simple objective thermometer

1.3.2 Location of system spectral bands

Non-contact thermometers can be divided basing on criterion of location
of a thermometer spectra band (or bands) into visible thermometers, infrared ther-
mometers and microwave thermometers. Theoreticaly, it is also possible to design
systems of spectral band (or bands) located in ultraviolet range or even X range for
measurement of very high temperatures. However, the author has not heard so far
about any practical thermometers of spectral bands located in these spectral ranges.

Temperatures measured in amost all practical applications vary from about
200K to about to 3000K. Objects of such temperatures emit most thermal radiation
in infrared range, little in visible range, and very little in microwave range. History
of non-contact thermometers started from discussed earlier visible thermometers
called the optical pyrometers. However, nowadays, probably more than 99% of all
non-contact thermometers are infrared thermometers. Visible (optical) thermome-
ters are rarely met in practical applications, and microwave thermometers are ill
at laboratory stage of development. However, in future the number of microwave
thermometers can rise significantly because of one very useful in some applications
feature. Visible and infrared thermometers can typically measure temperature only
on the surface of the tested objects as most materials are opague in visible and infra-
red range. Microwave thermometers can measure temperature under the surface
of most objects opague in visible and infrared range but transparent in microwave
range. The latter thermometers enable, for example, temperature measurement
of tissues under human skin.

1.3.3 Presence of an additional source

It is possible to measure passively object temperature only on the basis
of power of radiation emitted by the object in one or more spectral bands. The sys-
tems using this measurement methods will be termed “the passive systems”.

By using an additional cooperating source that emits radiation directed to the tested
object and measuring the reflected radiation we can get some information about
emissive properties of the tested object. Such information can at least theoretically
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improve accuracy of non-contact temperature measurements. The systems that con-
sist of a cooperating source emitting radiation directed to the tested object
and aclassica passive thermometer measuring both the radiation emitted by
the source and reflected by the object and the radiation emitted by the object will be
called the active systems.

Active thermometers are more sophisticated, more expensive and so far

only in few applications they can really offer better accuracy than passive systems.
Therefore, nowadays, amost al practical non-contact thermometers are passive
ones.
To prevent any possible misunderstanding we must add that many modern systems
use an artificial source of radiation -alaser- but only for indication of the measure-
ment point, not as the additiona radiation source really needed in measurement
process and they are typical passive thermometers.

1.3.4 Number of system spectral bands

Both passive and active non-contact thermometers, according to criterion
of number of system spectral bands, can be divided into three basic groups: single-,
dual- and multiband systems. Singleband systems determine object temperature on
the basis of the power of optical radiation measured in one spectral band; dualband
systems - in two spectral bands, and multiband systems - in at least three spectra
bands.

Passive singleband systems measure directly the power from the tested ob-
ject within a single spectra band of the measuring instrument. Radiation emitted by
the object that comes to detector produces an electrical signal at the detector output.
The value of this signal carries information about the object temperature, which
isdetermined using system calibration chart derived from radiometric calculation
of the output signal as a function of blackbody temperature. The temperature meas-
ured in this way can be corrected for case of real objects (non-blackbodies) if only
their emissivity over the spectral band is known. Incomplete knowledge of the ob-
ject emissivity is the most common source of bias errors in temperature measure-
ment using passive singleband systems. These systems are additionally vulnerable
to such error sources as reflected radiation, limited atmospherics transmittance,
variations of radiation emitted by optical components, detector noise and other sys-
tem internal electronic sources [6,7]. However, their overriding advantage is sim-
plicity, as they require only one spectral band and these systems dominate in indus-
trial and science applications.

The ratio of the power emitted by a graybody at two different wavelengths
does not depend on the object emissivity but only on the object temperature. Pas-
sive dualband systems use this property of Planck function, measuring received
power in two separate spectral bands. The object temperature is usualy determined
using a calibration chart that represents a ratio of the emitted power in these two
bands as a function of the object temperature. However, a dual-band temperature
measurement is unbiased only in the case of gray-body objects, or when the ratio



6 Chapter 1: INTRODUCTION

of the emissivities in the two bands is known. Additionally, dual-band systems
are still vulnerable to the error sources previously mentioned [8]. These systems
are used in limited number of applications where these conditions are fulfilled be-
cause simultaneous measurement in two bands resultsin more complex instruments.

It is possible to measure temperature with passive single- or dualband sys-
tems using analytical methods instead of calibration charts. The so-called effective-
wavelength method and the reference-wavel ength method both provide a high accu-
racy of temperature measurement and can be used for both single- or dua band
systems [9,10] Other analytical methods can be found in radiometric literature,
too [11]. However, these methods are based on an assumption of narrow system
spectral bands and the validity of Wien approximation of Planck law. Therefore
their area of application is usually limited to narrow band pyrometers of visible and
very near IR range.

Another possible variation of the dualband method is so called multiple-pair
method [12]. This method assumes an almost continuous measurement of the object
spectrum. Temperature is then calculated for many individual pairs of wavelengths.
Although the calculated temperature for individual pairs can exhibit considerable
variation, the measured temperature tends to be quite accurate if data from enough
number of pairs are averaged over [12].

Passive multiband systems apparently differ from single- or dualband sys-

tems only because of higher number of system spectral bands. However, there exist
more subtle differences.
Single- or dualband systems usually use their calibration chart or a single analytical
formula for determination of object temperature. Multiband systems determine
an object temperature by solving a set of n equations with m unknowns as presented
below:

S =1 (Ton,&(A1), Toack, )
S =1 (Tob,,&(A2), Thack ---)
........................................ (11)
S1 = f (Tobng(/\n), Tback, )

where n isthe number of detection bands, S, isthe signal measured as at n-th band,
Top IS the true object temperature, £(A) isthe object emissivity at wavelength A, Toacx
is background temperature.

When the number of system spectral bands n is higher than the number of un-
knowns m of theoretical model it is possible to solve the set of equations (1.1)
and to determine the true object temperature T,,. Spectra variation of object emis-
sivity is the main obstacle to have the number of system spectral bands equal to
number of unknowns. Closure in the calculation can be achieved by setting equal
emissivities in some pairs of spectral bands [14]. Other methods include the so
called balancing of intermediation observation [15] and curve fitting of spectral
emissivity [15].
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At present, at least 95% of systems available commercially on market are
passive singleband systems; passive dualband systems are rather rarely used; pas-
sive multiband systems are till at alaboratory stage of development.

Similarly to the passive systems it is theoretically possible to design active single-
dual- and multiband thermometers.

Active singleband systems determine temperature of the tested object in
three stages. First, the power of the radiation emitted by the co-operating source
and reflected by the object is measured. Second, the power of the radiation emitted
by the tested object within the system spectral band is measured. Third, the object
temperature is calculated on the basis of the values of the measured power
of the reflected radiation and the emitted radiation.

Similar measurement procedures can be used for active dual- and multiband sys-
tems.

So far the author of this book has met only one commercially available ac-
tive singleband thermometer [17] and knows only one report about devel opment
of aactive multiband system used in practice [18].

1.3.5 Number of measurement points

Non-contact thermometers according, to number and location of measure-
ment points, can be divided into pyrometers, line scanners and thermal cameras.
Pyrometers enable temperature measurement of only a single point or rather
of asingle sector (usually a circle or a square) of the surface of the tested object.
Line scanners enable temperature measurement of many points located along a line.
Thermal cameras enable temperature measurement of thousands of points located
within a rectangle, square or circle and create a two-dimensional image of tem-
perature distribution on this area.

Most commercialy available non-contact thermometers are pyrometers.
They are small, light and low-cost systems that found numerous applications
in industry, science etc. enabling easy point temperature measurement.

Line scanners are specially suitable for temperature measurement of moving objects
and found applications in automotive industry, welding, robotics etc.

Thermal cameras offer the greatest capabilities of all discussed types of non-contact
thermometers. Modern cameras enable creation of two-dimensional image
of resolution close to resolution of typical television image. As they enable presen-
tation of measurement results in form of electronic image they are very convenient
for users. Therefore, in spite of their high price, thermal cameras found numerous
applications such as control of eectrical supply lines, heat supply lines, civil engi-
neering, environmental protection, non-destructive testing and so on, and their
number isrising quickly.

Almost all pyrometers, line scanners and thermal cameras are passive sin-
gleband systems that use the passive singleband method of temperature measure-
ment. This means, they measure the signal generated at the detector output by
the radiation emitted by the tested object within the system spectral band and the
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object temperature is determined on the basis of the value of this signal. However,
in spite of the same method of temperature measurement there are great differences
in construction of pyrometers, line scanners and thermal cameras; particularly when
we compare pyrometers and thermal cameras.

Basicaly, all these groups of systems are built using the same blocks: op-
tics, detector, €ectronics, calculation block, visualization block. However,
the mentioned above blocks are simple in case of pyrometers but can be very so-
phisticated in case of thermal cameras because of a few reasons. Firgt, the py-
rometers use usually a single or two lens (or mirrors) optical objective while ther-
mal cameras typically employ multi-lens systems. Additionally, sophisticated scan-
ning systems are used in thermal cameras with single or linear detectors to create
two- dimensional thermal image. Second, the pyrometers usually use low cost
thermal detectors or non-cooled photoelectric detectors in situation when much
more expensive cooled photoelectric detectors are employed in thermal cameras.
Next, typical singleband pyrometers are always built using single detector when
many thermal cameras are built using linear or two-dimensional matrix of detectors.
Third, the electronic block of pyrometers is needed to amplify and convert into
more convenient form low-speed signal at the output of the detector, when in case
of thermal cameras it is a high-speed signal that must be determined with much
greater accuracy. Fourth, the visuaization block of pyrometers is needed only
to present measurement results in form of arow of digitsin situation when the visu-
alization block of thermal camerasis needed to present high quality thermal image.

1.3.6 Width of system spectral band

Non-contact thermometers can be divided on the basis of width of system
spectral band onto three basic groups.

The first group are total radiation (broadband) thermometers that measure
radiation in theoretically unlimited, practically broadband, spectral band. These
systems typically use thermal detectors. The width of their spectral band is limited
by spectral region of transmission of the optics or windows. Their spectral band
usually varies from about 0.3-1um to about 12-20um. They have been termed "total
radiation thermometers' because they measure almost all of the radiation emitted by
the tested objects. They are usually simple, low cost systems of wide temperature
spans susceptible to measurement errors caused by limited transmittance of the
atmosphere.

The second group are band-pass thermometers. They were initially derived
from total radiation (broadband) thermometers. Lenses, windows and filters were
selected to transmit only a selected portion of spectrum. The 8-14um band is a typi-
cal choice for genera-purpose band-pass thermometers because of very good at-
mospheric transmission in this band.

The third group are narrow-band thermometers that operate over a narrow
range of wavelengths. The spectral range of most narrow band thermometers
istypically determined by the optical filter. Filters are used to restrict response to
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selected wavelengths to meet the need of a particular application. For example,
the 5+0.2um band is used to measure glass surface temperature because glass sur-
face emits strongly in this region, but poorly below or immediately above this band.
Next, the 3.43+0.2um band is often used for temperature measurement of thin films
or polyethylene-type plastics etc.

1.3.7 Transmission media

Asiswas shown in Fig. 1.2 that presents a diagram of a measurement proc-
ess with atypical non-contact thermometer, the radiation emitted by the tested ob-
ject comes through atmosphere, next through optics (lenses, windows, filters) be-
fore it reaches the detector. The distance between the object and the optics is usu-
ally over 0.5 m, and the distance between the optics and the detector is typically
below 0.1m. The optics, the detector and other blocks of the thermometer are me-
chanically mounted in the same housing. This fixed, inflexible configuration is not
a good solution in situations when direct sighting due to obstructions is impossible,
significant RF and EMI interference is present and electronics must be placed in
safe distance, or very high temperatures exist. It is better in such situations to use
flexible fiber thermometers.

Fiber non-contact thermometers can be generally defined as systems in

which an optical fiber is used for transmission of radiation emitted by the object to
the detector. There are afew different designs of such systems.
It is possible to design a fiber thermometer without the optics block. One end
of optical fiber is located close to the surface of the tested object and the other end
is adjacent to the surface of detector. However, in order to have small measurement
area, the fiber end must be located very close to the surface of the object. As it
is not always possible or convenient, fiber thermometers with a small optical objec-
tive at the end close to the tested object are more popular.

1.3.8 Non-classified systems

There are nowadays carried out many projects on development of new types
of non-contact thermometers. It is possible to find in literature reports about new
types of systems that are not included to the discussed above classification scheme.
One of these new systemsis for example laser absorption pyrometer [19] that uses
laser to modulate temperature of the tested object. However, it seems that probably
over 99% of commercially available systems can be classified using the scheme
showninFig. 1.1.

14 Accuracy of measurements

Measurement is a non-accurate operation. Result of measurement generally
always differs from the true value of the measured quantity. Equality of the meas-
urement result and the true value of the measured quantity is an exceptional incident
and we do not know when such an incident occurs.
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Accuracy of measurement result can be only estimated. It can be done using
classical error theory or modern uncertainty theory. Classical error theory proposes
so called limit error as a measure of measurement accuracy. Models that can be
used for determination of limit errors can be found in many books dealing with
metrology.

Uncertainty theory proposes the uncertainty as such a measure. Rules for
evaluation of uncertainty in measurement are presented in the "Guide to the expres-
sion of uncertainty in measurement” published in 1993 by four main internationa
metrological organizations: the International Organization for Standardization
(1SO), the International Electrotechnica Commission (IEC), the International Or-
ganization of Legal Metrology (OIML), and the International Bureau of Weights
and Measures (BIPM).

The terms “accuracy”, “error”, “systematic error”, “random error”, "uncer-
tainty" and “limit error” apparently seemto be easily understood intuitively. How-
ever, in practice these terms are often a source of confusion asit is possible to find
radically different definitions in different literature sources. Therefore, let us define
them clearly now to prevent any possible misunderstanding.

The International Vocabulary of Basic and General Terms in Metrology commonly
abbreviated VIM, published jointly by the mentioned above seven international
metrological organizations, can be considered as the present day most important
international standard [20]. Definitions of five mentioned above terms according to
the VIM are presented below.

Accuracy of measurement [VIM3.5] - closeness of the agreement between the result
of a measurement and true value of the measurand,

where the “measurand” is a specific quantity subject to measurement™.

Error (of measurement) [VIM 3.10] - result of a measurement minus the value
of the measurand.

Random error [VIM 3.13] - result of a measurement minus the mean that would
result from an infinite number of measurements of the same measurand carried out
under repeatability conditions.

Comment: By means of statistical analysisit is possible to estimate the random er-
ror.

Systematic error [VIM 3.14] mean that would result from an infinite number
of measurements of the same measurand carried out under repeatability conditions
minus the val ue of the measurand.

Comment: The systematic error equals to error minus random error. Similarly
to earlier defined terms "measurand” and "error” it cannot be fully known; it can
be only estimated.

Uncertainty (of measurement) [VIM 3.9] - a parameter, associated with the result
of ameasurement, that characterizes the dispersion of the values that could be rea-

! Because the term "measurand"” is relatively new and still not accepted widely in literature,
the term "measured quantity” will be used in the rest of this book.
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sonably attributed to the measurand (the parameter mentioned above is usualy
astandard deviation or a given multiple of it).

Theterm "limit error" is not included into the VIM. However, on the basis of analy-
sis of the Ref. [21] it can be defined as presented below

Limit error - a range around the result of the measurement in which the true value
of the measured quantity is located with high value of probability.

From analysis of the presented above definitions we can make three basic
conclusions.

Firgt, that “accuracy” is only a qualitative concept that should not be associated
with numbers. This means that we should not specify instrument accuracy as equa
to a certain number asit is unfortunately a common practice so far. We are allowed
according to the VIM to say only that accuracy is good, bad etc.

Second, the defined according to the VIM term "error" is a perfect measure
of measurement accuracy. However, this true error of measurement is always un-
known because the true value of the measured quantity is unknown. The same can
be said about its component: the systematic error. Let us temporarily call the term
“error” asthe“true error” to make a better distinction with the term “limit error”.
Third, two other measures of measurement accuracy: the uncertainty and limit error
of the result of a measurement may be evaluated. These two measures of measure-
ment accuracy are useful for users of measuring instruments who know only the
instrument indication and want to estimate accuracy of the measurement result.
Guidelines on evaluation of uncertainty of measurement results are presented in the
mentioned earlier "Guide to the expression of uncertainty in measurement", guide-
lines on evaluation of limit error —in numerous metrology handbooks.

Although the true errors of measurement cannot be practically exactly de-
termined, mathematical model of true errors of measurement process are useful for
both designers and the users of measuring instruments.

It is always possible to assume that the measured quantity is exactly known,
simulate certain measurement conditions, and then to model mathematically
the measuring instrument and calculate its indications for the assumed conditions.
Thetrue error of measurement equals the instrument indication minus the assumed
value of the measured quantity. Simulations carried out for different measurement
conditions and different instrument designs enable to find optimal instrument de-
sign and to create software or hardware blocks that can improve accuracy of meas-
urement.

Mathematical models of true errors that arise during measurement process
can aso be experimentally verified in most cases. It is typically possible to use
astandard object of exactly known measured quantity as a tested object. Testing
of measuring instruments by their manufacturers in order to determine instrument
accuracy are typically carried out in this way.

Mathematical models of true errors are not so vital for users of measuring
instruments as they are for the manufacturers. Nevertheless, the models can help
them significantly as they enable analysis of sources of measurement errors
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and show mechanism of error generation. Therefore, the models can be used to
predict influence of measurement conditions on instrument indications.

The main aim of this book is to present mathematical models of true errors
of temperature measurement with modern non-contact thermometers. Models
of limit errors and uncertainties will not be presented here.

1.5 Division of errors of non-contact temperature measurement

All methods of non-contact temperature measurement employed by the ra-
diation thermometers are indirect methods. Output temperature is determined on
the basis of the power of thermal radiation emitted by the tested object and meas-
ured in one or more spectral bands using different mathematical models [Fig. 1.3].
These models in modern radiation thermometers can be implemented in microproc-
essors of stand-alone devices or in software programs for thermometers cooperating
with amicrocomputer.
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Fig. 1.3. Graphical presentation of the measurement process with radiation ther-
mometers

The mathematical models used to determine thermometer indications
are always based on certain assumptions about measurement process made to en-
able to predict radiation coming to the thermometer detector (or detectors). These
assumptions depend mostly on method of measurement, although they can aso be
different in case of two systems using the same measurement method but manufac-
tured by different companies. Now, let us mention only a few assumptions. In case
of passive singleband systems it is typically assumed that the user can determine
accurately the object effective emissivity. Measurement methods of some passive
singleband systems are aso based on assumption that atmospheric transmittance
equals one. Next, the method used by most dualband systems assumes that the ob-
ject emissivity is the same in both spectral bands of the system. Further on, the pas-
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sive multiband method of temperature measurement assumes that the function
of object emissivity versus wavelength can be interpolated by a certain type
of mathematical functions.

There are aways some differences between the measurement conditions as-
sumed by the mathematical model used for calculation of the output temperature
and the real conditions due to many reasons. The example assumption used in pas-
sive singleband method is not fulfilled when the user will estimate the object ef-
fective emissivity with limited accuracy. This and many other sources of differ-
ences between the measurement conditions assumed by the mathematical models
used in radiation thermometers for calculation of output temperature will be dis-
cussed in details in Chapters 4-7. Now, let us conclude that due to the discussed
differences the radiometric signal coming to the detector in one or more spectral
bands differs from the expected values and the output temperature is calculated with
an error. As the discussed errors of determination of output temperature are caused
by sources within the radiometric channel between the tested object and the detec-
tor of the thermometer let us call them the radiometric errors.

The output temperature can be determined with significant errors even when
theradiometric errors are negligible due to existence of the eectronic errors
and the cdlibration errors.

Electronic errors are the errors of output temperature determination due
to non-perfect transformation of the radiometric signal(s) into output electrica
signal(s). As most important sources of the electronic errors we can mention noise,
non-linearity, non-uniformity of the detector, limited stability of the detector cool-
ing system, variation of the preamplifier gain and offset, limited resolution and lim-
ited linearity of the analogue/digital converter.

Cadlibration errors are the errors of output temperature determination caused
by limited accuracy of standard sources of radiation used during calibration
of the thermometer. They are typically generated mostly due to limited accuracy
of the blackbodies used during calibration process. As the accuracy of presently
used blackbodies is relatively high the calibration errors are amost always smaller
that the radiometric errors or the electronic errors.

As it was presented above, the errors of temperature measurement with
radiation thermometers, according to their source, can be generally divided into
three basic groups: radiometric errors, electronic errors and calibration errors. How-
ever, these errors can be divided into external errors and internal (device) errors,
too. This new division of temperature measurement errors is more convenient when
it is necessary to treat the whole thermometer as a single block. As can be seen
inFig. 1.3, group of internal errors consists of earlier defined calibration errors,
electronic errors and partiadly of radiometric errors caused by sources within
the thermometer. As a consequence, external errors are radiometric errors caused
by factors outside the thermometer.
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1.6 Terminology

In spite of relatively long traditions of systems for non-contact temperature
measurement there are till no internationally accepted terminology standards in
most areas of this technology. At present, only terminology related to quantities
of optical radiation and detectors of this radiation is relatively well standardized
[22]. However, there are vast areas of this technology where terminology is not
standardized. It results in situation when different authors use different terminology
describing non-contact thermometers in scientific papers, manuals and catalogues
making them difficult to understand. Such a situation is particularly difficult for
newcomers to this technology and non-native English speakers. Some examples
will be discussed next.

We will start with the terms used in literature instead of earlier defined
the term "thermal camera" because of a particular confusion in this area. If we make
areview of literature dealing with infrared technology then we would find that there
are a least eleven different terms used as synonyms of the term therma camera:
thermograph [23], thermovision [24,25], FLIR (forward looking infrared) [27],
thermal imaging camera [29], infrared imaging system IIS [28], thermal viewer
[29], infrared viewer [29], infrared imaging radiometer [30], thermal viewer, ther-
mal data viewer, thermal video system [31]

Second, measurement thermal cameras and thermal scanners are considered
in this book as types of non-contact thermometers as they are mostly used for tem-
perature measurement. However, only devices for point measurement —pyrometers-
are often treated as thermometersin literature [32].

Third, the non-contact thermometers according to number of spectral bands
were divided in Section 1.3 into three basic groups. single-, dual- and multiband
systems. However, the terms “single-wavelength”,. “single-spectral”, “monocolor”,
“singlecolor” are frequently used in literature instead of the term “singleband”.
Theterm “singleband” was chosen instead of the terms “singlewavelength”
or “singlespectral” because there is no practical possibility to measure radiation for
exactly one wavelength; measurements are made aways for a finite band.
Theterms “mono-color”, “single-color” were not used because the term “color”
has its meaning for visible systems in situation when most non-contact thermome-
ters areinfrared systems.

Fourth, the term “fiber thermometer” is used in this book to define a non-
contact thermometer in which an optical fiber is used to transmit the radiation
emitted by the object to the detector. However, one should be careful as the term
“fiber thermometer” is sometimes used to describe contact thermometers in which
afiber is used as a sensor for temperature measurement. Such a contact measure-
ment can be done, for example, using temperature—dependent fluorescence behavior
of optically excited phosphors that are applied at the end of the fiber [33]. Tem-
perature of this fiber end is determined by measurement of the decay time of lumi-
nescence signals generated by pulses of xenon light.
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1.7 Structure of the book

As it was emphasized in Section 1.4, this book is limited to the dominant
group of non-contact thermometers. the radiation thermometers that employ
the phenomenon of thermal radiation to determine object temperature. Therefore,
the whole Chapter 2 “Thermal radiation” is devoted to discussion about properties
of thermal radiation. Quantities and units of this kind of radiation are presented in
Section 2.1 and basic laws — in Section 2.2. The laws describe only phenomenon
of thermal radiation emitted by an idea type of objects. the blackbodies. Radiant
properties of real materials are discussed in Section 2.3 to enable analysis radiation
emitted by real materias. Next, the influence of the atmosphere on propagating
radiation is discussed in Section 2.4. Finally, rules of source/receiver flux calcula-
tions are presented in Section 2.5.

It was presented in Section 1.4 that there are many different types of non-
contact thermometers. However, there are only a few different methods of non-
contact temperature measurement because many different types of non-contact
thermometers use the same measurement method. Thereis, for example, no signifi-
cant differences between measurement methods used by singleband pyrometers,
thermal scanners or thermal cameras. Four most important methods of non-contact
temperature measurement are discussed in Chapter 3 “Methods of non-contact tem-
perature measurement”: passive singleband method, passive dualband method,
passive multiband method and active singleband method. Single and dualband pas-
sive methods were included to the analyzed group because almost al available on
the market radiation thermometers use one of these methods. Active singleband
method was also included because a few such thermometers are commercially
available and their number may increase in future. Systems using the passive multi-
band methods are so far not commercialy available. However, there is a significant
interest in these systems and there are quite a few reports in literature about devel-
opment of such systems.

Chapters 4-7 are devoted to presentation of mathematical models and cal-
culation results of errors of temperature measurement with four analyzed systems:
passive singleband thermometers, passive duaband thermometers, passive multi-
band thermometers and active singleband thermometers. All these chapters have
the same structure. First, a mathematical model is developed. Next, calculations
of errors of temperature measurement are carried out and the results are discussed.
Special care was taken to make calculations for systems of parameters similar to
the systems practically used and for typical measurement conditions. The calcula
tion results are always graphically illustrated to show clearly connections between
the measurement results, thermometer parameters and measurement conditions.
Conclusions about accuracy of the analyzed systems in typical measurement condi-
tions and recommendations for optimal system design are presented at the end
of each chapter.
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Vaues of the disturbance resistance function DRF can be useful for a quick
determination of errors of instrument indications due to an estimated error of de-
termination of effective emissivity, effective background temperature or effective
atmospheric transmittance. Therefore, the values of this function for typica single-
band passive thermometers are presented in the Appendix.
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2. Thermal radiation

2.1 Nomenclature

Theterm "thermal radiation” defines radiation that is radiated by bodies due
to thermal motion of the atoms and the molecules they are built. However, it must
be emphasized that the term "thermal radiation” does not specify wavelengths
of the emitted radiation.

According to the International Lighting Vocabulary published by Interna-
tional Lighting Commission CIE and the International Electrotechnica Commis-
sion CIE [1] considered nowadays as an international primary authority on termi-
nology in radiometry, electromagnetic radiation between radio radiation
and X radiation is termed the optical radiation. Thus, the optical radiation can be
defined as radiation of wavelengths higher than about 1 nm and lower than about
1 mm.

The range of optical radiation is divided into 3 sub-ranges:. infrared radia-
tion, visible radiation and ultraviolet radiation. Thermal radiation can be emitted in
all three sub-ranges of optical radiation. In fact it is also emitted and can be detected
in one of sub-ranges of radio radiation: the microwave radiation. However, for typi-
cal temperatures met on the Earth amost all thermal radiation is emitted within
theinfrared range. Therefore, thermal radiation is often caled infrared radiation
and vice versa. Such a situation commonly met in literature can be sometimes very
misleading.

There have not been presented so far precise limits of optical radiation
or limits of its sub-ranges in international standards. There was presented in
the International Lighting Vocabulary of CIE a proposal of division of optical ra-
diation but not as compulsory division but only as a recommended division [Tab.
2.1]. Additionally, in case of visible radiation, due to human diversity, only ap-
proximate limits were given. Next, what is even more important, the CIE recom-
mendations are not accepted in many communities working in the field of optical
radiation due to many, mostly historical reasons.

Tab. 2.1. Division of optical radiation recommended by the CIE

Name Wavelength range
uv-C 0.1 um-0.28 pm
uUv-B 0.28 um - 0.315 pym
UV-A 0.315pm - 0.4 um
VIS approximately 0.36-0.4 um to 0.76 -0.8um
IR-A 0.78 um- 1.4 pm
IR-B 1.4pum-3pum
IR-C 3 pm - 1000 pm
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Confusion in area of limits and further division of sub-ranges of optical radiation is
particularly clear in case of infrared radiation range. There are many proposals
of divison of infrared range published in literature, only a few chosen ones are
shownin Tah. 2.2.

Tab. 2.2. Different divisions of infrared range proposed in literature

Nr | Source Proposal
1 |Internationa Lighting Vo-|IR-A 0.78 um-1.4pum
cabulary of CIE IR-B14pum-3pum, IR-C 3 um- 1000 ym
3 |Guide for  Spectroscopy- | Near IR 0.65 pm - 1.5um
Catalog, Jobin Yvon, 1993 MiddleIR 1.5-5pum, Far IR >5um
4 | The Photonics Spectrum Ref- | Near IR 0.68 um -3um
erence Wall Chart, Photonics| Middle IR 3- 30 um, Far IR 30-1000 pm
Spectra, 1995
5 | Hudson R.D., Infrared System | Near IR 0. 76 um =3 pm
Engineering, MiddleIR 3-6 um, Far IR 6-15pum
John Wiley& Sons, 1969. Extremely Far IR >15 um
6 |Mc Graw-Hill Encyclopedia|IR radiation: 1um-1000 pm
of Physics, ed. Syhil P.
Parker, 1993. P. 570
7 | ed. Robert M. Besancon, The| IR radiation: 0.7 pm —1000 pm
Encyclopedia of Physics, Van|Near IR 0.7-1.5 um -
Nostrand Reinhold Com- | |ntermediate IR 1.5-20 pm
pany,1974 Far IR 20-1000 um
8 | www.FSl.com\meas.html Theinfrared band 0.7 =100 um is often fur-
ther subdivided into four smaller bands,
the boundaries of which are aso arbitrarily
chosen. They include: the "near infrared"
(0.75-3 um), the "middle infrared" (3-6 um),
the "far infrared" (6-15 um) and the "extreme
infrared" (15-100 um).
9 | www.FSl.com\glossary.html | SWIR band from about 0.7 um to 1.1 ym

(sentence from the definition of infrared film)
MWIR -the middle infrared spectrum, usually
from2.4t0 7.0 um.

Near Infrared(SWIR) - The shortest wave-
length infrared radiation band - 0.7 to 1.4 um.
Thermal Radiation - Electromagnetic energy
whose natural wavelength fall between

0.7 and 100 pm.

Existing terminology of modern thermal cameras increases confusion
in area of division of infrared range. So far, amost al thermal cameras have their
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spectral bands optimized for 3-5 um or 8-12um atmospheric windows. The cameras
of 812 um spectral band are usualy caled long-wavelength LW cameras.
The 3 5 um cameras should be more properly called mid-wave MW cameras. How-
ever, they are often termed “short-wave SW thermal cameras’ as the real short-
wave cameras amost do not exist.

Precise division of infrared radiation is particularly important for any book
on subject of radiation thermometers as they are usually systems of spectral bands
located within infrared range. Therefore for the purpose of analysis carried out in
this book a precise division of infrared radiation shown in Tab. 2.4 will be used.
The division shown in Tab. 2.4 is based on limits of spectral bands of infrared de-
tectors commonly used in most non-contact thermometers. Wavelength 1.1 um
isasengitivity limit of popular S detectors. Similarly wavelength of 3 umisalong-
wave sensitivity limit of PbS detectors; wavelength 6 pum is a sensitivity limit
of InSh, PbSe detectors and HgCdTe detectors optimized for 3-5um atmospheric
window; and finally wavelength 15 pm is a long-wave sensitivity limit of HgCdTe
detectors optimized for 8-12 um atmospheric window.

Tab. 2.4. Division of optical radiation used in this book

Name Wavelength range
very near infrared VNIR 0.78 um- 1.1 um
near infrared NIR 1.1pm-3pum
middle infrared MIR 3um-6pum

far infrared FIR 6-15um

very far infrared VFIR 15 um - 1000 ym

If we compare the division accepted in this book with the division proposed
by Hudson in Ref.[3] (number 5 in Tab. 2.2) then we will see that the division used
in this book is amodified division proposed by Hudson in Ref.[3]. An additional
range “very near infrared” was added due to significant importance of silicon Si
detectorsin radiation thermometry.

2.2 Quantities and units

It is possible to find in different books different symbols, units and other
nomenclature used to describe properties of optical radiation as there is still no
asingle standard recognized by al people working in field of technology. The sym-
bals, units and other nomenclature used in this book generally conform to the men-
tioned earlier Lighting Vocabulary published by the International Lighting Com-
mission CIE. The terminology used in this standard is entering common practice in
anumber of fields dealing with optical radiation. If the symbols or units used in this
book are not in agreement with the Vocabulary, there is an additional information in
afootnote.

There are three types of quantities of optical radiation: radiant quantities,
luminous quantities and photon quantities. Radiant quantities are measures of opti-
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cal radiation properties such as radiated power and its spatial and angular distribu-
tion in Sl units. Photon quantities are measures of the same properties when number
of photons is a unit of radiant energy. A photon quantity can be calculated by di-
viding the radiant quantity by energy of a single photon. Finally, luminous quanti-
ties are modified radiant quantities to indicate human response to them.

Basic symbols are the same for al three types of quantities. However, dif-
ferent indexes are used to identify type of quantity (e-radiant, p-photon, v-luminous.
For example @, @, @ symbols are used to indicate radiant flux, photon flux
and luminous flux.

Photon and luminous quantities are only exceptionally used in literature on subject
of non-contact temperature measurement; radiant quantities are typicaly used.
Therefore only radiant quantities will be employed in this book and symbols
of radiant quantities will be used without any additional index as presented next.
Radiant flux (power) @ is the time flow of radiant energy emitted, transferred
or received by a surface or region of space (unit; watt, where 1 W=1Js").
Flux can be considered as the fundamental quantity; the other quantities defined
next are geometric or spectral distributions of flux.
Radiant exitance M? is the radiant flux per unit area in a specified surface that
is leaving the specified surface (unit: W m ™).
Radiant intensity | is the solid angle density of radiant flux, the radiant flux per
unit solid angle incident on, passing through, or emerging from a point in space
and propagating in a specified direction (unit: W sr™). The defining equation can be
written as

_do

dw'’

where d@ is the element of flux incident on or emerging from a point within
the element dw of solid anglein a specified direction.
Radiance L is the area and solid angle density of radiant flux, the radiant flux per
unit projected area and per unit solid angle incident on, passing through, or emerg-
ing in a specified direction from specified point in a specified surface (unit: W m
sr'Y). The defining equation can be written as

_d?o _ d%0

dAdw dawdA,cosf

where dA= dA, cos@ is the quantity called the projected area, dw is the element
of solid angle in the specified direction and @ is the angle between this direction
and the normal to the surface at the specified point.
Irradiance E is the area density of radiant flux , the radiant flux per unit areain
aspec;fied surface that isincident on or passing through the specified surface (unit:
Wm™).

2Theexitance M hasbeen called emittancein thepast but nowadays this term is generally
reserved as areplacement term for emissivity, a property of a material surface.
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All the presented earlier quantities can be defined also as spectral quanti-
ties. For example the spectral radiance L, is the spectral concentration of the radi-
ance L (typical unit: W m? s pm™) defined as
=t

ATdd
L, for wavelength A can be interpreted as radiant flux emitted from the area of area
1 m® within the solid angle of 1 steradian in the specified direction and within
the spectra band [A-0.5um, A+0.5um] if the um was chosen as a unit of the wave-
length A.

2.3 Basic laws

2.3.1 Planck law

All objects above the temperature of absolute zero emit thermal radiation
due to thermal motion of the atoms and the molecules. The hotter they are, the more
they emit. Spectral distribution of thermal radiation emitted by an ideal radiator —
ablackbody - is described by the Planck law

2rhc?
M (T) = (el _q (2.2)
where M, is the spectral radiant exitance in W m? um™, T is the blackbody tem-
perature in Kelvins, A is the wavelength in pm, h=6.626176 x 10> J sis the Planck
constant, ¢ = 2.9979246 10%® mi/s is the speed of the light in the vacuum,
k=1.380662x 102 JK ™ is the Boltzmann's constant.
It is common to express the Eq. (2.1) in the form

G

Ma(T) = Blec2 AT 1

(2.2)

where ¢, and c, are the constants of values ¢,=3.741832 10* [W cm? um?]
and ¢, = 14387.86 um K. However, it must be noted that it is possible to find in
literature different values of the constants c; and ¢, because as values of many oth-
ers physical constants they are continualy refined when improved measurement
techniques become available. Additionally, we must remember that the constants ¢,
and ¢, can be presented using other units, too.

The spectra radiant exitance M, in the form shown in Eq. (2.2) expresses
the power of radiation within a spectral interval of 1 um around the wavelength A
emitted into a hemisphere by a blackbody having an area of 1cm?®.
It is customary to refer all radiometric measurements and calculations to a spectral
interval equa to the unit in which wavelength is measured. As wavelength in opti-
cal radiometry is usualy expressed in um therefore the spectral interval is ex-
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pressed in um, too. However, we must remember that in practical measurements the
spectral interval of the measuring device usually differ from 1um.

The term blackbody used above describes a body that allows al incident ra-
diation to passinto it and absorbs internaly al of the incident radiant energy. This
must be true for all wavelengths and for all angles of incidence. Blackbody is aso
the most efficient radiator. A perfect blackbody at room temperatures would appear
totally black to the eye, hence the origin of the name. The spectral radiant exitance
of a blackbody at temperatures ranging from room temperature up to temperature
of the Sunisshownin Fig. 2.1.

7=5500 K
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7=3000 K
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7=1000 K

M [W/m3um]
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0.001
1 15 2 3 5 7 10 15 20

Alum]

Fig. 2.1. Spectral radiant exitance of a blackbody at different temperatures

The Planck law enables calculation of the spectral radiant exitance M,
at and is very useful in many radiometric calculations. However, sometimes it can
be also interesting to determine the blackbody temperature T when its radiant exi-
tance M, is known. It can be done using a following formula that can be treated as
an inverse Planck law

T= C2 2.3)

e aom, )
H Q\SMAY H

The relationship between the temperature T and the spectral exitance M, for differ-
ent wavelengths A calculated using the Eqg. (2.3) is presented in Fig. 2.2
The Eq.(2.3) can be used for calculation of object temperature when its radiant
spectral exitance M, for a narrow spectral band is measured.
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Fig. 2.2. Relationship between the temperature T and the radiant spectral exitance
M, for the different wavelengths A
232 Wienlaw

The Wien law represents a simplified version of the Planck law on assump-
tion that exp[(co/A T) =1]=[(C/A T)

_ ol
M, (T) =
AT A exp(c, [ AT) @49

Therelative error of exitance calculation using the Wien law can be defined as ratio

of the difference of exitance calculated using the Wien law M (Wien) and exitance

calculated using the Planck law M (Planck) to exitance calculated using the Planck

law M (Planck)

M, (Wien) - M , (Planck)
M, (Planck)

rel _error = (255)

The values of relative error rel_error for different wavelengths and temperatures
using the Eq. (2.5) are shown in Fig. 2.3. Asit can be seen the rel_error rises with
temperature and wavelength. If we make some calculations using Eq. (2.5) then we
can come to two more details rules. First, that the error caused by using Wien law
isabout 1.5% for wavelength of maximum radiation and decreases rapidly for
shorter wavelengths. Second, when A T < 3000 um K thenthere_error <1%.
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Fig. 2.3. Relative error of exitance calculation using the Wien law

Application of the Wien law causes decrease in calculations accuracy but it
also significantly simplifies calculation of many eguations with integras, etc.
Therefore, the Wien law was often used instead of the Planck law in the past before
introduction of personal computers. Nowadays, commonly available personal com-
puters can solve anaytically or numerically many sophisticated formulas within
seconds and the Planck law is typically used.

2.3.3 Stefan-Boltzmann law

Integrating Plack's law over wavelength from zero to infinity gives an ex-
pression for radiant exitance, the flux radiated into a hemisphere by a blackbody
of a unit area. This total radiant flux emitted from the surface of an object at the
temperature T is expressed by Stefan-Boltzman law, in the form

M =oT*, (2.6)

where M is the radiant exitance of a blackbody in unit W/m? and o is the Stefan-
Boltzman constant and the currently recommended vaue for o is
5.67032 10°Wm*K™,

Results of caculations of dependence of the radiant exitance M on
the blackbody temperature T are shown in Fig. 2.4. Using this figure it is possible
quickly to estimate radiant power emitted by a blackbody of area equal to 1 m? and
temperature T.
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Fig. 2.4. Dependence of radiant exitance M on blackbody temperature T

234 Wien displacement law

If one differentiates the Planck formula and solves for the maximum yields
a simple relationship between the wavelength A Where the Planck formula has its
maximum value of radiant exitance M, and the temperature T of the blackbody.
The resulting relationship is called Wien's displacement law and is given by

AT = A 2.7)

where A=2897.8 in umK.

Dependence of wavelength at which the maximum spectral exitance occurs
on temperature is shown in graphical formin Fig. 2.5. As we can seein this figure,
the Anax Varies inversely with absolute temperature and for typical temperatures met
in industry, science, environment etc. is located within range of infrared radiation.
It is the main reason why most of non-contact system for temperature measurement
are infrared systems. Next, the A for typical Earth scenery is located within the
range 8-12 um and therefore most surveillance thermal cameras use this spectral

bands.
Using the Wien displacement law (2.7) and the Planck law (2.2) we can

calculate the radiant exitance M, at wavelength A a which the maximum spectral
exitance occurs for any temperature. The dependence of M(A=A.,) 0N temperature
T ispresented in Fig. 2.6.
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Fig. 2.5. Dependence of wavelength A, at which the maximum spectral exitance
occurs on temperature T
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Fig. 2.6. Function of radiant exitance M, at wavelengths An,x at which the maximum
spectral exitance occurs on temperature T

235 Lambert (cosine) law
When radiance of an element of a surface isthe samein al direction within

the hemisphere over this element then the following relationship is fulfilled
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1(8)=1,cos6, (2.8)

where 1(6) is the radiant intensity in direction of the angle 6 to the direction normal
to the surface, |, isthe radiant intensity in the direction normal to the surface.

An ideal surface that fulfils the Lambert cosine law is called the Lambertian
surface. For the Lambertian surface there exists a following relationship between
the radiant exitance M and the radiant radiance L

M=7i. (2.9)

The relationship (2.9) is sometimes called the Lambert law instead of the earlier
presented law.

2.3.6 Calculations

It is possible to calculate object exitance in any spectra band AA by inte-
grating the Planck formula (2.2) within this spectral band

C
Mp, = 1 dA, (2.10)
A A_[AASIeczl/\T _1)

where My, isthe object exitance in the spectral band AA.

Formula (2.10) is of great importance asiit is the basis for any calculations of radi-
ant power emitted by objects and received by a detector. There have been developed
many tables and simplified formulas to enable calculation of the integral (2.10) with
a help of a smple calculator or without it. However, nowadays, commonly met
personal computers can be easily used to carry out even much more sophisticated
calculations within seconds. Therefore, such tables and formulas lost its usefulness
for a present day scientist, engineer or technician. However, it seems that easy to
memorize charts enabling very quick calculations of spectra radiant power in any
spectral band till can be useful.

Let us define the relative exitance M,y as a ratio of the exitance M, for the
wavelength A to the exitance M, for wavelength A a which exitance has its
maximum. Next, let use define the relative wavelength A4 as a fraction of the
wavelength A
M Arg = A (2.11)

Mgy )=
rel(rel) MAmax /\max

On the basis of the Planck law and the Wien displacement law the formula (2.11)
can be presented in the following form

co /A _
My =t L (2.12)

Ay (ecz [ Mre —1)
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As we can see in Eq. (2.12) the relative spectral radiant exitance M,y does not de-
pend on the object temperature T. Therefore M,y (Amax) represents a single, easy to
memorize, function that is shown in graphical formin Fig. 2.7.
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Fig. 2.7. Relative spectral radiant exitance M

Fraction Y(A.4) of total radiant power emitted at wavelengths of values below
the relative wavelength A4 can be calculated from aformula

Y(Ag ) =2 , (2.13)

and presented in graphical formin Fig. 2.8.

We can see in Fig. 2.8 that exactly one fourth of the total flux of a black-
body is emitted at the wavelengths below the emission peak A It means that we
can generally expect to register more radiation at longer wavelengths than at shorter
ones.

It is possible to determine the spectral radiant exitance M, for any
thewavelength A or any the spectral bands AA without help of a calculator
or acomputer using the earlier presented charts when relative modest precision will
suffice.
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Fig. 2.8. Fraction Y(A.) of total radiant power emitted below relative wavelength A

The spectral exitance M, for any wavelength A and any the temperature T

can be calculated using the following algorithm.

1
2.

3.
4.

5.

Determine A for the assumed temperature T using Fig. 2.5.

Determine value of the spectral exitance M, (A=A.,) for the assumed tempera-
ture T using Fig. 2.6.

Calculate the relative wavelength A, astheratio of A and Ajax.

Determine the relative spectral exitance M,y for the relative wavelength A4
calculated in the previous step using Fig. 2.7.

Calculate the spectra exitance M for the wavelength A and the temperature T as
the product of Mg and M, (A=Anay).

The spectral exitance M, for any the spectra bands 4A = A, -A; and any tem-

perature T can be calculated using another algorithm.

1
2.

3.

A

Determine A for the assumed temperature T using the Fig. 2.5.

Determine the radiant exitance My for the assumed temperature T using
theFig. 2.4.

Calculate the relative wavelengths Aq» as the ratio of A, and Ay and Aqq1 S
theratio of A; and A

Determine difference Y(A;q2) and Y(Aq2) Using Fig. 2.8.

Cadlculate the spectral exitance M for the spectral band AA=A; - A; and the tem-
perature T as product of the exitance M calculated in the second step
and the difference Y(Aq2) and Y(A;42) determined in the previous step.
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2.3.7 Emission into imperfect vacuum

The presented earlier laws of thermal radiation are strictly valid for blackbodies
emitting into perfect vacuum of refractive index equal to one, where the refractive
index is defined as ratio of the speed of light in a perfect vacuum to its speed in
the medium. When a blackbody emits radiation into a gas , liquid, or solid having
the refractive index n >1, then the equations for Stefan-Boltzman law, Wien dis-
placement law and Planck law have to be modified. It is necessary to replace
the wavelength and speed of light in vacuum with their values in the medium.

The Stefan-Boltzman law then becomes

M =n?0T*, (2.14)

where n isthe refractive index of the medium.
The Wien displacement law is modified to a new form

nA, T =2897.8 pmK. (2.15)

2.4  Radiant properties of materials

Radiant properties of a material describe its ability to emit, absorb, reflect
and transmit optical radiation.

Terminology of radiant properties of materias is probably one the most
confusing areas of technical terminology. Authors of different publications use dif-
ferent and sometimes inconsistent definitions. The situation is so complicated that
some parameters used in literature, to describe material ability to emit, absorb, re-
flect and transmit radiation, were not included in the well known terminology stan-
dard of optical radiation - the International Lighting Vocabulary [1] - as the CIE
decided that further work was needed to establish proper names and definitions of
some parameters, particularly describing materia ability to reflect and transmit
radiation. Next, although the ILV can be considered as the most important termi-
nology standard, there are other standards or books [4,5,6] that propose solutions
that differ from the ones found in the ILV. Further on, even the authors [7] that
generally accepted the terminology proposed in the IVL add their own exceptions.
And finally there are publications that use terminology that is inconsistent width
both with the ILV or the works [4,5,6].

According to a school of terminology proposed in work [2] the words used
to describe the various radiometric properties of materials should have very specific
meaning; especialy their endings. In this way, any word that ends in ion describes
aprocess. emission, absorption, reflection, transmission. Any words that ends in
ance represents a property of a specific sample. Finally, any words that ends in ivity
represents a property of the generic material.

The International Lighting Vocabulary of the CIE generaly follows this
school of thought and proposes following parameters: reflectance and reflectivity,
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absorptance and absorptivity, transmittance and transmissivity to describe property
of a specific sample or a property of the generic material.

Reflectance (for incident radiation of a given spectra composition, polari-
zation and geometrical distribution) (p) is defined in the ILV as a ratio of the re-
flected flux to the incident flux in the given conditions. Reflectivity (of a material)
(op) is reflectance of a layer of the material of such a thickness that there is no
change of reflectance with increase in thickness.

Absorptance (a) is defined as ratio of the flux absorbed by the material to
flux incident on it under specified conditions. Spectral absorptivity (of an absorbing
materia) ai(A) is spectral internal absorptance of a layer of the material such that
the path of the radiation is of unit length, and under the conditions in which
the boundary of the material has no influence.

Transmittance (for incident radiation of a given spectral composition, po-
larization and geometrical distribution) (t) is ratio of the transmitted flux
to theincident flux in the given conditions. Spectral transmissivity (of an absorbing
materia) Tio(A) is spectral internal transmittance of alayer of the materia such that
the path of the radiation is of unit length, and under the conditions in which
the boundary of the material has no influence.

As pointed by Siegel and Howell [4] for substances opaque at the wave-
lengths of emission, the intrinsic and the extrinsic parameters describing material
ability to emit radiation would be the same as the emission of radiant flux from
aopague material is a surface phenomenon. Probably because of this reason
the ILV uses only one term "the emissivity" and symbol € to describe emissive
properties of non-blackbodies surfaces. However, the 1993 Handbook of Funda-
mentals of the American Society of Heating , Refrigerating, and Air- Conditioning
Engineers [5] uses term "emittance" and the symbol ¢ to describe emissive proper-
ties of actua pieces of materias and points that the term emissivity refers
to the property of materials that are optically smooth and thick enough to be
opague. A relatively new American Society for Testing of Materials (ASTM) stan-
dard [6] follows this terminology but uses the Roman letter e for emittance
and the Greek letter € for emissivity. Next, there are publications [3] that use
the terms "emittance" to mean flux density (an equivalent of earlier defined exi-
tance), not as a mean of radiation efficiency. Further on, there exist publications
[8,11] where the terms "absorptivity", "reflectivity" and "transmissivity" have
meanings of the terms "absorptance”, "reflectance” and "transmittance” defined
according to earlier presented scheme. Finally, the term "transmission” is used in
the Handbook of Infrared & Electro-Optical Systems of SPIE [9] as a quantity de-
scribing material property in situation when according to the mentioned earlier
standards [1,5,6] thisterms isrestricted to describe the process.

We will keep to the recommendation of the ILV through the remainder
of this book and use the terms "emissivity", "absorptance", "reflectance"
and "transmittance" to describe properties of a specific sample. However, a reader
must be aware that this school of terminology is not universally accepted.
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For people carrying out not-contact temperature measurements material
ability to emit radiation is the most important material property. Therefore, in this
subchapter we will concentrate on different kinds of the term “emissivity® used in
literature to describe material ability to emit radiation and relationships between
emissivity, absorptance, reflectance and transmittance. Because of the mentioned
earlier confusion in terminology only these types of emissivity, absorptance, re-
flectance and transmittance really needed to explain principles of non-contact tem-
perature measurement will be defined next. This limitation is really important as at
least eight types of emissivity, four types of absorptance, eight types of reflectance
and eight types of transmittance are used in literature to describe material ability to
absorb, reflect and transmit radiation.

24.1 Emission properties

A blackbody is an ideal radiator which emits as much radiant energy as
possible. Such emission can occur only inside an isothermal closed cavity. It is not
possible to observe emission of this completely closed cavity. However, it is possi-
ble to manufacture a technical blackbody made as a cavity with a small hole in one
of the cavity walls. Emission of such a technical blackbody is very close to that
of anideal blackbody.

Emission of real materias is lower that that of an ideal blackbody and we
need parameters to characterize the emissive properties of such real materials. The
properties are defined by comparison with that of blackbodies at the same tem-
perature and can be described by four parameters. spectral directional emissivity,
spectral (hemispherical) emissivity, directional (total) emissivity and total (hemi-
spherical)* emissivity [8,11].

The spectral directional emissivity &,4 depends on the wavelength A
and the angle ¢ and is defined asin the formula

Erg = b (2.16)
Lbo,2,¢

where L, 4 is the spectral radiance of the materia for the wavelength A in the direc-
tion ¢ and Ly ¢ IS the spectral radiance of the blackbody for the wavelength A in
the direction ¢.

A particular kind of the spectral emissivity in the direction ¢ occurs for ¢=0; in
the direction normal to the radiating surface as the value of the spectral emissivity
isthe greatest in this direction. The spectral emissivity in the normal direction &, ,
can be expressed by the formula

3 Only two kinds of emissivity (directional emissivity and hemispherical emissivity) are
defined inthe ILV.
* The adjectives in brackets are usually not mentioned.
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EA,¢ = : (217)

where L, is the spectra radiance of materia in the normal direction, and Lypn
is the spectral radiance of the blackbody in normal direction.
On account of the needs of visual pyrometry, values of normal spectral emissivity
for red light are often presented in many emissivity tables [11]. This quantity
isexpressed by &-065n, Where 0.65 is the wavelength in um.

The spectral (hemispherical) emissivity €, is defined as ratio of the materia
spectral exitance M, to the blackbody spectral exitance My

M
€, = AN

- . (2.18)
Mpp,A,n

Directiona (total) emissivity in the direction ¢ is expressed as ratio
of the material radiance Lt in the direction ¢ to the blackbody radiance Ly in
the direction ¢

L
Erp = LR (2.19)
" LppT,e

Directional total emissivity in the normal direction &7, is a particularly privileged
kind of directiona total emissivity &r4 for the same reasons as the spectral emissiv-
ity in normal direction &, , It can be expressed by the formula

L
£ g =—" (2.20)
" LobTin

where L+, is the materia radiance in the normal direction, and Ly, 1, IS the black-
body radiance in normal direction. This type of emissivity is most frequently meas-
ured and quoted in literature. It is often confused with the spectral (hemispherical)
emissivity &;.

Finally, the total hemispherical emissivity &r is defined as ratio of the mate-
rial exitance M+ to the blackbody exitance Myt

Mt

. (2.21)
Myp,T

&r =

The spectral directional emissivity &, gives information about material
emissive properties for any the wavelength A and the angle ¢. On the basis
of the known spectral directional emissivity &4 it is possible to calculate other
types of emissivity: the spectral (hemispherical) emissivity &, the directional total
emissivity &r, and the total hemispherical emissivity . However as the spectral
directional emissivity &,,4 is often a complex function of the wavelength A
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and theangle ¢ it is difficult to determine it experimentally. Therefore, functions
of the spectral directional emissivity &, , are very rarely published in literature.

There are four types of emissivity that are usually presented in emissivity
tables found in literature: the total hemispherical emissivity &r, the directiona tota
emissivity in normal direction &r,, the spectral directional emissivity in normal
direction ¢, , and spectral directional emissivity in the normal direction &,=oes, for
wavelength A=0.65um. However, their usefulness for user of modern non-contact
radiation thermometersis usualy limited because of afew reasons.

First, the total emissivity &r gives information about material emission into
whole hemisphere and in whole optical range. Therefore, values of the &rare useful
only in case of diffusive gray-body types objects, emissive properties of which do
not depend on the angle ¢ and the wavelength A.

Second, directional total emissivity in the normal direction &r, presents in-
formation about material ability to emit radiation only into one direction (¢ = 0) and
in whole range of optical radiation. The angle ¢ often differs from O during real
measurements. As emissive properties of most material depend on the angle of ob-
servation ¢ the value of the &, can be misleading. There is also other reason
for limited usefulness of the directional total emissivity in the normal direction &r,.
Most real materias are selective materials, emissive properties of which depend on
wavelength in situation when sensitivity of most non-contact thermometers depend
on wavel ength, too.

Third, the spectral directional emissivity in the normal direction &, , presents
information about material ability to emit radiation into only one direction (¢ = 0).
Therefore, the values of &, can be mideading when measurements are done
for other angles. In spite of this, the published functions ¢, , (A\) are usually quite
useful as they enable estimation of object emissivity in the thermometer spectral
band. However, there is often a problem to find suitable data of ¢, , in the required
spectral band.

Fourth, values of spectral directional emissivity in the normal direction
€x=065n fOr the wavelength A=0.65um are often useless in case of typical infrared
systems as the spectral emissivity &, ,in infrared range can differ quite significantly
from €=0.65n.

2.4.2 Relationships between radiative properties of materials

There are two most important relationships between radiative properties
of materials. The firg is the radiative energy balance that connects absorptance,
reflectance and transmittance. The second is Kirchhoff's law that relates absorp-
tance and emissivity.

Applying energy balance on the surface element, we get that that the sum
of hemispherical total absorptance ar, the hemispherical total reflectance pr
and the hemispherical total transmittance 1+ equals 1

oar+pr+1r=1 (2.22)
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Next, assuming elementary spectral interval and that some phenomena (lumines-
cence, Raman scattering) are negligible we can write

a,+py+1,=1 (2.23)

where a; is the hemispherical spectral absorptance of radiation from the hemi-
sphere, p, is the hemispherical spectral reflectance of radiation from hemisphere
into hemisphere, and 1, is hemispherical spectral transmittance of radiation from
hemisphere into hemisphere.

Radiation that reaches material surface comes often not from the whole
hemisphere but only from a certain direction. For such a situation the relationships
between directional quantities that can be treated as directional spectral energy bal-
ance can be written as

gt Prpt D=1 (2.24)

where o), 4 is the directional spectral absorptance of radiation from the direction ¢,
Pag 1S directional-hemispherical spectral reflectance of radiation from the direction
¢ into hemisphere, and 1, 4 is the directional-hemispherical spectral transmittance.

The Kirchhoff's law states that a local thermodynamic equilibrium
of anelement of material surface, that the directional spectral emissivity &4
isequal to the directional spectral absorptance a, 4

Exp= Mg (2.25)

It means that material ability to emit radiation into the direction ¢ is directly con-
nected with its ability to absorb radiation from the direction ¢ .

Formulas (2.24, 2.25) enable indirect determination of the directiona spec-
tral emissivity &4 when the directional-hemispherical spectral reflectance p, 4
and the directional-hemispherical spectral transmittance 1, 4, are known

E0=1-Pr g~ Tayp. (2.26)

For opaque materials the above presented relationship can be transformed to a new
form

Erp= 1- Prs. (227)

Principle of temperature measurement with active systems is based on
equations (2.26, 2.27) as they enable indirect way of emissivity determination by
measuring relations between the incident flux, the reflected flux and the transmitted
flux. However, it must be emphasized that to determine ¢, 4 accurately it is neces-
sary to measure not the radiation reflected into the direction ¢ but into the hemi-
sphere. This misconception brought significant errors in great number of measure-
ments.
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2.4.3 Emissivity of common materials

Tables or graphs with data about the four types of emissivity (the total
hemispherical emissivity &r, directional total emissivity in the normal direction &r,
the spectral directional emissivity in normal direction €, and spectra directiona
emissivity in the normal direction &,-65n fOr wavelength A=0.65um) can be found
in great number of books, papers, reports etc. However, in addition to the discussed
in Section 2.4.1 limitations of these parameters there are additional problem with
interpretation of typical emissivity data found in literature. First, different sources
present sometimes completely inconsistent values. Second, emissivity values
are often unclearly defined or they are not defined at all. Parameters in many tables
are termed only “emissivity” without any additional explanation whether it
isthetotal hemispherical emissivity &, directiona total emissivity in the normal
direction &r, or spectra directional emissivity in the normal direction &,-oes,, for the
wavelength A=0.65um. As an example can be treated Tab. 2.5 and Tab. 2.6 with
emissivities of common materials published by one of leading manufacturers
of thermal cameras [12]. The manufacturer, however, honestly emphasizes that
the presented values are meant to be used only as a guide and can vary depending
on many different factors. To summarize, we can say that in spite of numerous
sources with emissivity data it is often difficult to find in literature information
about value of object emissivity in real measurement conditions.

Tab. 2.5. Typical emissivities of common metals

Material State of surface Tempera- Emissivity
ture[°C]
Aluminum: foil (bright) 20 0.04
weathered 20 0.83-0.94
[ron cast, oxidized 100 0.64
sheet, heavily rusted 20 0.69 - 0.96
Copper: polished 100 0.05
heavily oxidized 0.78 0.78
Nickel: el ectroplated, polished 20 0.05
Stainless Steel polished 20 0.16
(type 18-8)
oxidized 60 0.85
Steel polished 100 0.07
oxidized 200 0.79
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Tab. 2.6. Typical emissivities of other materials

Materials State of surface Tempera- Emissivity
ture[°C]
Brick common red 20 0.93
Carbon candle 20 0.95
soot
Concrete dry 35 0.95
Glass chemical ware 35 0.95
Qil lubricating 17 0.87
film thickness 0.03 mm 20 0.27
film thickness 0.13 mm 20 0.72
thick coating 20 0.82
Paint, ail average of 16 colors 20 0.94
Paper white 20 0.7 - 0.90
Plaster 20 0.86- 0.90
Rubber black 5 20 0.95
Skin human 32 0.98
Soil dry 20 0.92
saturated with water 20 0.95
Water distilled 20 0.96
frost crystals -10 0.98
snow -10 0.85
Wood planed oak 20 0.90

2.5 Transmission of optical radiation in atmosphere

The interaction of emitted optical radiation with atmosphere is a complex
process. This subchapter discusses only the essentia theories and experimental data
needed to explain the influence of the atmosphere on thermal radiation on its way
from the source to the detector. Earth's atmosphere is a mixture of many gases. The
gaseous contents in atmosphere vary with atitude, time and space. However, the
gaseous contents shown in Tab. 2.7 can be considered as typical for clear atmos-
phere [13]. The magjor components of the atmosphere are molecules of N, and O..
Next isargon of much less concentration. Other constituents have very low con-
centration in atmosphere. However, two of them are important as they mostly de-
cide about atmosphere transmittance.

Water vapor have concentration of about 10° % to about 10 % of the vol-
ume. The concentration of the water vapor depends significantly on altitude, season,
geographic location, time of day, meteorological conditions and is subject to large
fluctuations.
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Carbon dioxide is more uniformly distributed, with concentration of ap-
proximately about 3 10” % of the volume. There is higher concentration of carbon
dioxide over industrial centers and vegetation areas than over oceans and deserts.

Tab. 2.7. Composition of atmospheric constituent gases

Constituent gas Content (% by volume)
N, 78.084
[} 20.9476
Ar 0.934
CO;, 3107
H,O 10° - 10
Ne 1.8110°
He 5.210*
CH, 210"

Kr 1.14 10"
H, 510°

N2o =510
CO =710°
Os 0to710°
NO 0to210°

25.1 Optical propertiesof atmosphere

Thermal radiation emitted by objects carries information about radiance
distribution on the surfaces of these objects. Atmosphere can significantly distort
this information because of four phenomena: absorption, scattering, emission and
turbulence.

The first two phenomena cause attenuation of propagating optica radiation;
thethird one adds additional radiation, and the fourth one causes distortion
of the image of the emitting objects.

There are distinguished two kinds of absorption: molecular absorption
and aerosol absorption. However, because of several minor components of the at-
mosphere, the molecular absorption is a much more significant source of attenua-
tion of propagating radiation than the aerosol absorption is.

Scattering phenomenon causes redistribution of the incident flux into all di-
rection of propagation and diminishes the flux propagation in the original direction.
There are distinguished two kinds of atmospheric scattering: molecular (Rayleigh)
scattering and aerosol (Mie) scattering. The aerosol scattering affects atmospheric
transmittance much more stronger than the molecular scattering does. Generaly,



40 Chapter 2: THERMAL RADIATION

the scattering effect diminishes when wavelength of the propagating radiation in-
creases. Therefore, transmittance of haze is much higher in the infrared than in
the visible.

It was shown in Section 2.4.2 that the directional spectral emissivity &) 4 is
equal to the directiona spectral absorptance a, 4. It means that atmospheric ab-
sorptance equals its emissivity. As atmospheric absorptance is aways higher than
null and atmosphere temperature is aso always higher than absolute null it means
that the atmosphere must emits its own radiation. However, for short-distance con-
ditions during typical non-contact temperature measurements the atmosphere emis-
sivity isusualy very low. Temperature of the atmosphere during most measurement
is also lower than the temperature of the tested object. Therefore, the phenomenon
of atmosphere emission can be treated as negligible in most temperature measure-
ment applications.

Atmospheric turbulence phenomenon is caused by random irregular air
movements. It arises when air molecules of dightly different temperatures
aremixed by wind and convection. From optical point of view such random ir-
regular air movements means random fluctuation of refractive index of the atmos-
phere. When optical radiation propagate through atmaosphere, the refractive index
varies through the medium and that smears the image generated by the optical sys-
tem. This effect is evident for distances object-system of at least a few hundredth
meters and only for thermal cameras of high quality of the image. Therefore, this
phenomenon can significantly degrade performance of military thermal or TV cam-
eras. However, non-contact temperature measurements are rarely made at the dis-
tances over 50 m and image quality of typical measurement thermal camerasis not
very good. Therefore, the influence of atmospheric turbulence on results of tem-
perature measurement with non-contact thermometers can be almost always treated
asnegligible.

25.2 Numerical calculations

Because of large number of parameters the atmospheric transmittance de-
pends on, it is necessary to employ numerical models to predict with a high degree
of accuracy the transmittance through atmosphere for a given path, meteorological
conditions and wavel ength.

It seems, that there are three most popular numerical models that enable
calculation of atmospheric transmittance: LOWTRAN, MODTRAN and HITRAN.
All three models were developed in the Air Force Geophysics Laboratory (AFGL).
LOWTRAN is a computer code that calculates atmospheric transmittance with low
spectral resolution over a wide spectral range. It enables calculation of atmospheric
transmittance within spectral range from 0.25 pm to 28.5 pm with a spectra reso-
lution of 0.002 A that is sufficient for most applications.
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MODTRAN isa higher resolution version of LOWTRAN.

HITRAN is actually not a transmission model but a molecular data compilation to
be used with line-by-line transmittance codes. Its spectra resolution is about
0.00005 A that makes it especially suitable for laser transmittance calculations.

All three models are continuously updated as new measurements become available
and better understanding of transmission process are reached. Currently, LOW-
TRAN 7 versionis available.

Almost al non-contact thermometers are relatively broadband systems
in comparison to spectral resolution offered by the LOWTRAN. Therefore, this
model or other low-resolution models are used to calculate and correct the influence
of the atmosphere on propagating thermal radiation on its way to non-contact ther-
mometers. It happens also, as for typical short-distance measurements the influence
of the atmosphere on temperature measurement is often small, that some manufac-
tures of relatively modern systems do not use any transmittance models to correct
effect of attenuation of propagating radiation by the atmosphere. As spectral bands
of non-contact thermometers are usually located within so called "atmospheric
transmittance windows' this practice is quite justified for a short distance measure-
ments [Fig. 2.9-Fig. 2.11], especially when the thermometer spectral band is located

within the 8-14 um window.
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Fig. 2.9. Atmospheric transmittance for 10 m distance in spectral range 1-3 um
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Fig. 2.11. Atmospheric transmittance 1, for 10 m distance in the spectral range
7-15 pm



SOURCE/RECEIVER FLUX CALCULATIONS 43

2.6 Source/receiver flux calculations

The most genera configuration of source/receiver geometry is presented
in Fig. 2.12. For this situation the total flux received by the area A, from the source
area §, can be determined using the formula[1]

_ ds, cos&da,, cosy
P = _[ I L =2 (2.28)
So Ao

where @ is the total flux received by the area A, from the source area S,
@isthe angle made by the direction of emerging flux with respect to the surface
of the source, ds, is an infinitesimally small element of area at the point of defini-
tion in the source, dA, is an infinitesimally small elements of area at the point
of definition in the receiver, ¥ is the angle made by the direction of coming flux
with respect to the surface of the receiver, R is the distance between the emitting
point of the source and the receiving point of the receiver.

Formula (2.28) is the fundamental equation describing the transfer of radiation from
source to receiver. Many flux transfer problems involve this integration over finite
areas of the source and the receiver. The problem can be quite complex analytically
becausein generd L, 6, ¢, and Rwill be the functions of position in both the source
and the receiver surfaces. There exists also general dependency of L on direction
embodied in this equation, since the direction from a point in the source to a point
in the receiver generally changes as the point in the receiver moves over the re-
ceiving surface.

receiver

de,

source

d

®o

Fig. 2.12. General source/receiver geometry

We can distinguish two general cases of transfer of radiation from source to
receiver useful for analysis of non-contact thermometers. First, when the radiation
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from the source comes directly to the detector. Second, when the radiation from
the source comes to the detector through optical elements.

2.6.1 Geometry without optics

The eguation (2.28) can be significantly simplified in three cases that
are often met in practical radiation measurement.
For al three cases the angular dimension of detector is assumed to be small.
This assumption is fulfilled in most practical cases. The differences between the
mentioned above three cases are connected with size of source.
For the first case we have alarge circular or quasi-circular source irradiat-
ing asmall area detector as shown in Fig. 2.13.

detector
A

Source
S

Fig. 2.13. Geometry of a circular source irradiating a small detector

For this case the flux received by the detector can be calculated from this formula
® =L [AGIN 6 (2.29)

where @ is the flux received by the detector, L is radiance of the source, 8 is half
of the angle that source subtends from the center of the detector, and A is the de-
tector area

For the second case a source of infinite size irradiates the detector. Then
theangle 8 =90°, sin 6=1 and the flux received by the detector can be calculated
from thisformula

® =L [A. (2.30)

For the third case, a small area source of dimensions much smaller than the distance
R irradiates the detector. In this case the flux @ can be calculated using another
formula

_SILIA

® =2

(2.31)
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The presented above formulas (2.29 —2.31) are simple. Nevertheless they enable
estimation of the flux obtained by a detector irradiated by many sources used in
practice.

2.6.2 Geometry with optics

A block of optics before the detector is used in almost all non-contact ther-
mometers. This block is used to limit the field of view of the detector and to in-
crease the radiation that comes to the detector. Typica optical configuration during
measurements with such thermometersis shown in Fig. 2.14.

Let us assume a typical situation when the detector is put exactly into
theimage plane of the tested object, and it can see, due to the cold shield, only
the optics. Next, we assume that a well-corrected imaging aplanatic optics, that
fulfils the sinus condition, is used.

lens
N

ok)ject
det/ector

7’

L D

A
\ 4

Fig. 2.14. Typical optical configuration during measurements with systems using
an optical block before the detector

The radiation emitted by the surface determined by the detector angular di-
mensions with the solid angle determined by the area of the optical objective
and distance optics-object reaches the detector. Derivation of formulas that enable
calculation of the flux received by the detector, for the case shown in Fig. 2.14, on
the basis of the fundamental equation (2.28) are complicated. Therefore, there will
start the final formula that expresses the irradiation in the detector plane

EznroLsinzu'm (2.32),

where 1Tis pi, 1, is the optical transmittance, L is the object radiance, u;n is the an-
gle between the optical axis and the maximal aperture ray in the image space,
sinu'm is numerical aperture of the optical system in the image space.

Formula (2.32) is not too convenient as it requires knowledge about
the parameter rarely known: the angle between the optical axis and the maximal

aperture ray in image space u;n. Therefore it is desirable to replace this angle with
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typical parameters describing optical system like its focal length ', aperture di-
ameter D and distance between the optics and the tested object s.

For situations presented in Fig. 2.14, using classical geometrical relationships
and the well-known Newton formulawe have

sinu, = 2 . (2.33)
B
s—f' 020

After inserting Eqg. (2.33) into Eqg. (2.32) we obtain

2
E= MoLD . (2.34)

0
Al '+ +DgD
sf 02 DD

Formula (2.34) is equally general as formula (2.32) as it enables calculation
of the radiant irradiance E for any distance s but it requires knowledge about only
typical parameters of any imaging optics: D and f'.

Now let us consider a case that quite often occur in many applications when
the distance s is many times longer than the focal length f (s >> f'). For such
asituation the formula (2.34) simplifies to a new form

T, L

=03, (2.35)
4|F +1|

where F is the optics F-number that equal the ratio of the focal length f
and the aperture diameter D.

Many optica objectives used in non-contact thermometers, especially
in thermal cameras, are systems of F-number higher or close to 2. For such systems
F?>>1 and the formula enabling determination of the irradiance in the focal plane
simplifies even further

T, L

4F2%
Eq. (2.36) is used in derivation of many theoretical models of parameters of sys-
tems used to register optical radiation like NETD, MRTD or MDTD of infrared im-
aging systems. However, it is necessary to emphasize that Eg. (2.36) and the models
derived from it are based on two important assumptions: the object is located in

optical infinity (s>>> ') and that optics of high F-number is used. When these two
assumptions are not fulfilled the application of Eq. (2.36) can bring significant er-

(2.36)
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rors of estimation of the irradiance E. These assumptions are not fulfilled, for ex-
ample, in optical microscopy where the distance s is short and F is low. Let us de-
termine the irradiation E for such a case.
For awell designed optics that fulfils the sinus condition the lateral magni-
fication of the optical system 8 equals
_sinu

. , (2.37)
snu’

On the basis of geometry rules and the Newton formula we can derive arelationship

between numerical aperture in imaging space sinu'm and the lateral magnification 8

intheform
sin®up = — (2.39)
4F %@+ B)? +1

that gives a new formula enabling determination of the irradiance E
T, L

= 2.39
4F2(1+ B +1 (239

Eq. (2.39) shows that that the irradiance E decreases when the lateral mag-
nification (8 of the optical system increases. Similarly, formula (2.34) suggests that
theirradiance E decreases when the distance s decreases. Generally, both Eq. (2.34)
and Eq. (2.39) show that the maximum irradiance E occurs when the measured ob-
ject is in infinity and lateral magnification equals null (s=0J, 3=0). For any other
value of the distance s or lateral magnification 3, the irradiance E will be lower. Let
us define as magnification factor MF the ratio of the maximum irradiance E for
the conditions s=[1, B=0 to the irradiance E for any other value of the s or (.
The magnification factor MF can be determined using the following formulas

2 O
4%f'+ f HZ+BQHZE
E(s:oo)_ s—f DZDD

E(s) DZ(4FZ +1)

MF =

(2.40)

Vg = E6=0,f=0)4F?(1+ B) +1
E(B) AF2+1
Graphical presentation of Eqgs. (2.40-2.41) isshownin Fig. 2.15 - Fig. 2.16.

(2.41)
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5 10 20. 50 100
S [number of focal length]

Fig. 2.15. Relationship between the magnification factor MF and the distance ob-
ject-optics s

10000 F™

1000.}
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100.f
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Fig. 2.16. Dependence of the magnification factor MF on the optical lateral magnifi-
cation 8

The magnification factor MF carries information how many times the irra-
diance E at optics focal plane islower than for the ideal situation when the distance
s equas infinity and the lateral magnification [3 equals null. From formulas (2.40)
and (2.41) we can conclude that the factor MF varies from 1 to infinity and that it
decreases with the distance s and increases with the lateral magnification 3. As
shown in Fig. 2.15 the dependence of MF on the distance s is significant for
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the distances s below about 20 f'. In case of infrared microscopy (Fig. 2.16), when
the lateral magnification $>1, the values of MF are even higher. Consequences
of these conclusions are significant as many projects to design thermal microscopes

of

high temperature resolution failed because of the presented dependence

of theirradiance E on the magnification 3.
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3. Methods of non-contact temperature measurement

In Chapter 1 we presented seven criteria of describing the systems for non-
contact temperature measurement: human role in measurement, presence of an ad-
ditional source in measurement process, location of spectral bands, number of sys-
tem spectra bands, width of spectral bands, transmission media and number
of measurement points [Fig.1.1]. Every non-contact thermometer can be relatively
precisely characterized by a combination of 7 adjectives and nouns, for example "an
objective passive infrared singleband broadband atmosphere pyrometer".
Itistheoreticaly possible to distinguish 648 different types of these systems.
Itis probably practically possible to design over 100 different types of these ther-
mometers. However, only a few types of non-contact thermometers are used in
practical applications. It seems that only 6 different types of non-contact ther-
mometers are manufactured in relatively high numbers and used in numerous appli-
cations:

1. objective passive infrared singleband broadband atmaosphere pyrometers (50%),

2. objective passive infrared singleband narrow-band atmosphere pyrometers
(38%),

obj ective passive infrared dualband narrow-band atmosphere pyrometers (4 %),
obj ective passive infrared singleband narrow-band fiber pyrometers (4.5 %)

objective passive infrared singleband broadband atmosphere thermal cameras
(3 %),

6. objective passive infrared singleband broadband atmosphere thermal scanners
(0.5%),

7. others (about 1%).

Figures of exemplary systems from six mentioned above groups are pre-
sented in Figs.3.1-3.6. As we can see, al the commonly used systems are objec-
tive passive infrared systems. Therefore, the three adjectives “ objective passive
infrared” will not be later used in description of these systems.

It is difficult, dmost impossible, to present precise proportions between
the mentioned above groups of thermometers. Therefore, the values in the brackets
should be treated only as estimates of real values. These values are not based on
market research and represent only a private opinion of the author of this book
based on a certain experience in this area. Next, it must be emphasized that the bor-
ders between different types of the presented above systems are sometimes fluid as
there are commercially available non-contact thermometers that are offered in dif-
ferent versions.
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Fig. 3.1. Singleband broadband at- Fig. 3.4. Singleband broadband fiber

mosphere pyrometer: Mikron IR Man pyrometer: Infrared Fibre Transmitter
M50 manufactured by MIKRON In-
struments®

Fig. 3.2. Singleband na}rrowbgnd Fig. 3.5. Singleband broadband at-

atmos;ph;ere 3Vg°T§ée(;-N'\é'gd"”e 3 mosphere thermal camera: Therma-

manutactured by CAI\(éI manufactured by Inframetrics
Inc

Fig. 3.6. Singleband broadband at-
mosphere thermal scanner:
Thermo Profile TM Infrared
Line Scanner manufactured
by FLIR Systems®

Fig. 3.3. Dualband narrow-band at-
mosphere pyrometer: DICHROMA
manufactured by E°T®

5 Modline 3 is dso available as fiber
optics pyrometers.
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The thermometers from the first two groups (singleband broadband py-
rometers and singleband narrowband pyrometers) clearly dominate the market.
They are widely used in numerous applications as independent portable devices
or blocks of automated systems mostly because of their low cost and easiness of
use.

The dualband thermometers from the third group are advertised by manu-
facturers as immune to error caused by emissivity changes in target material
and bursts of steam, dust, etc. in the sight path. They are usually more expensive
than the earlier discussed singleband thermometers. Additionally, there are applica-
tions when they offer accuracy comparable to accuracy of the latter thermometers,
or even worse. Therefore, the dualband pyrometers are much less numerous than
the singleband pyrometers.

The fiber thermometers from the fourth group are specialy targeted for ap-
plications when direct sighting due to obstructions isimpossible, significant RF and
EMI interference is present and electronics must be placed at a safe distance, or
very high temperatures exist. They can be also used in other applications. Because
of flexibility they offer and resistance to the mentioned earlier effects, they are be-
coming nowadays more and more popular. However, they are till rather rarely met
in comparison to the singleband atmosphere thermometers.

Thermal cameras from the fifth group represent only a small fraction of al non-
contact thermometers. They are much less numerous than pyrometers as they are
much more expensive than the latter devices.

Finally, the thermal scanners from the sixth group are at the end of the column be-
cause of two reasons. First, because they can generate a two dimensiona thermal
image only in case of moving targets and they can be used only in limited number
of applications. Second, price of a thermal scanner is not significantly lower than
price of athermal camera and people have a tendency to buy thermal cameras due
to their higher capabilities.

Apart from the mentioned earlier 6 types of mass-use non-contact ther-
mometers there are 3 additional types that found some applications mostly in lim-
ited number of applications:

1. subjective passive visible singleband narrow-band atmosphere pyrometers,

2. objective active infrared singleband narrow-band atmosphere pyrometers,
3. objective passive infrared singleband total radiation atmosphere pyrometers.

Subjective pyrometers from the first group are nowadays very rarely used in
industrial applications because due to subjective character of the measurement pro-
cess they are dow, time consuming for their users and cannot be used in present day
automated technological processes etc. However, they offer high measurement ac-
curacy if used by experienced users and are sometimes used in research laboratories
for control of other types of non-contact thermometers or in other applications that
require high accuracy.
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Active singleband pyrometers from the second group have not so far been success-
ful on market. However, there are active pyrometers manufactured as classical pas-
sive singleband pyrometers integrated with lasers working as radiation sources [1].
The price of such systems is still relatively high and accuracy gains are significant
only in afew applications.

Total radiation pyrometers have the advantage over broadband 8-12um py-
rometers due to a bit higher output signal because of a wider spectral band. How-
ever, they are more vulnerable to variation of transmittance of the atmosphere.
Therefore, they are used only in short distance applications.

There are also 5 types of systems that so far have been developed only in
research laboratories. At present, they are not available commercially but they could
bein future:

1. objective passive infrared multiband narrow-band atmosphere pyrometers,

objective passive infrared multiband narrow-band atmosphere cameras,
objective active infrared dualband narrow-band atmosphere pyrometers,

objective active infrared multiband narrow-band atmosphere pyrometers,

a ~ D

objective passive microwave singleband broadband atmosphere pyrometers.

Indications of passive multiband thermometers do not depend theoretically
on object emissivity even when the latter parameter depends significantly on wave-
length and changes during technological process. There have been published
the reports about successful designs of afew passive multiband pyrometers or cam-
eras[2,3,4,5,6,7,8].

Active dualband or multiband pyrometers represent another possible solution to
ensure better temperature measurement accuracy. There have been published also
some reports about research in this area[9,10].

All the discussed earlier types of non-contact thermometers enable gener-
ally temperature measurement on surfaces of objects of interest as most materials
are opague in visible and infrared range. However, most materials transmit rela-
tively well microwave radiation. It means that microwave thermometers can meas-
ure temperature under a surface that could be very useful in some applications.
There have been published a few papers informing about progress in development
of microwave thermometers[11,12].

As it was presented earlier, there are many different types of non-contact
thermometers. However, there are only a few different methods of non-contact tem-
perature measurement as many types of thermometers use the same measurement
method. There is, for example, no significant differences between measurement
methods used by pyrometers, thermal scanners or thermal cameras. Similarly, ther-
mometers that differ because of different spectral range (visible, infrared, micro-
wave) can use the same method of temperature measurement. Next, both fiber
thermometers and atmosphere thermometers can use the same measurement
method.
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It seemsthat it is possible to distinguish 7 different methods of temperature
measurement used by earlier presented non-contact radiation thermometers:
objective passive singleband method,

objective passive dualband method,
objective passive multiband method,
objective active singleband method,
objective active dualband method,

objective active multiband method,

N o a b~ w DN PP

subj ective passive singleband method.

Further anaysis will be limited to the first four of the mentioned above

methods. Single and dualband passive methods were included to the analyzed group
because amost al available on the market non-contact thermometers use one
of these methods. Active singleband method was aso included because a few such
thermometers are commercially available and their number may increase in future.
Systems using the passive multiband methods are so far not commercially available.
However, there is a significant interest in these systems and there are quite a few
reports in literature about such systems. Therefore, it is a good place to present this
method, too.
The active dualband method and the active multiband method were excluded from
the analyzed group because so far the systems using these methods are not commer-
cialy available and there are very few reports in literature about research in this
area. Finaly, the subjective passive singleband method was aso excluded because
they are being nowadays replaced with objective thermometers.

3.1 Passive methods

3.1.1 Singleband method

Singleband method of non-contact temperature measurement is based on
aphenomenon of dependence of the radiant flux emitted by the tested object
on object’s temperature. As we can see in Fig. 3.7 there exists one-to-one corre-
spondence between the exitance M and the object temperature T for any wavelength
A. This correspondence creates possibility of determination the object temperature T
when the exitance M is known.
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Fig. 3.7. Dependence of the radiant exitance M of a blackbody on wavelength A for
different temperatures T

3.1.1.1 Measurement procedure

Singleband systems measure temperature indirectly from radiant flux of ra-
diation incident on the detector in one spectral band. It is possible to determine
temperature of the tested object on the basis of the output signal caused by radiation
emitted by the object within the thermometer spectral band, using different theoreti-
cally derived analytical functions [13,14,15]. However, in case of most commer-
cialy available non-contact thermometers, the output temperature is determined on
the basis of the absolute value of the output electrical signal, the measurement con-
ditions assumed by the user, and an experimentally determined calibration charac-
teristic of the thermometer. The function represent dependence of the device output
signal on temperature of a blackbody.

Most singleband thermometers employ a following 4 step measurement
procedure to determine temperature of the tested object.

1. Measurement of the calibration characteristic S,,=f(Ty,) at the discrete tem-
peratures Ty,. On the basis of the measurement results and using different ap-
proximation functions the inverse calibration function Ty,=f(Sy,) is calculated.

2. Measurement of the real output signal S generated by tested object of the tem-
perature T,
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3.

4.
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Correction of the measured signal S to the new value S using a certain
mathematical model of the measurement process and assumed by the user
measurement conditions (effective object emissivity, effective background tem-
perature, and sometimes effective atmospheric transmittance and temperature
of the optical components).

Different thermometers require from the user to input to camera microcomputer differ-
ent measurement conditions. The mentioned above set of the measurement conditions
should be treated as the most general. However, we must remember that in case of
some simple non-adjustable pyrometers the user is not required to make any assump-
tions about the measurement process. The output temperature is determined directly on
the basis of the real signal. Next, there are thermal cameras that require from the user
to input to camera microcomputer not the effective atmospheric transmittance but the
relative humidity and the temperature of the atmosphere and distance to the tested ob-
ject and calculate the effective emissivity. Further on, the user is not required to esti-
mate temperature of the optical elements as this temperature is measured automati-
cally in case of modern thermal cameras.

Calculation of the output temperature on the basis of the value of the corrected
signal S, using the inverse calibration chart Ty,=f(Sy,).

In fact, the first step of this procedure is usualy carried out in the factory,

and later is repeated very rarely. However, the three steps 2-4 are made during
every measurement as graphically shownin Fig. 3.8.

Measurement S Calculations Seo Calculations | Ty
of the output 4@_, of the corrected of the output —>»
electrical signal signal temperature
Tba(a)'sa Ta . .
Inverse calibration

Assumptions chart T,y =f(Scor)

about the .

measurement

conditions

Fig. 3.8. Measurement procedure with passive singleband systems

Now, we shall model mathematically the procedure to enable determination

of the output temperature T,; shown above.

3.1.1.2 Calibration characteristic

The cdlibration characteristic S,,=f(Ty,) is usually determined experimen-

tally using ablackbody as a reference object. As blackbody reflectance is almost
zero, then the signal emitted by the background and reflected the blackbody is neg-
ligible. Next, the distance between the system and the blackbody is short during the
calibration process and the influence of the atmosphere on the measured signal S,
isnegligible, too. Therefore, the signal S., measured during calibration process
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when a blackbody is atested abject, is a sum of two signals. the signal generated by
the radiation emitted by the blackbody S;, and the signal caused by the radiation
emitted by the optical blocks (optical objective, scanning systems, optical filters)

Sab (Ton) = Son (Thw) + Sop(e) - (31)
The signal generated by the blackbody S, is modeled mathematically as
RIAT T 2
Soo (Top) = 00T L (T A)Te (SN, (32)
aF2+1 §

where g is the amplification of the electronic block, R is the peak detector spectral
sensitivity, Aqis the detector area, and F is the optics F-number (ratio of focal length
' of the optical objective to diameter D of the objective), A; and A, are the limits
of the detector spectral band, M(T,A) is the spectra exitance at the temperature T
and wavelength A, 1, is the transmittance of the optical objective, 1 is the trans-
mittance of the scanning block®, 1= is the transmittance of the filter’, and sS(A) is
the detector relative spectral detectivity function.

The function Si(Ty) is usualy used as the calibration characteristic of the
thermometer. However, for the non-contact thermometers having exchangeable
optical objectivesit is desirable to know the signal generated by a blackbody with-
out any optical objectives (or having an ideal objective of transmittance equal to
one). For such systems the function S;(Tw,)/ 7o is used as the calibration characteris-
tic.

The signal caused by the radiation emitted by the optical blocks S,y during
calibration can be presented as

R'Ay %2
St =t oy [M Tt NS, 33)

where &y is the effective emissivity of the optical blocks and Ty iS the tempera-
ture of the optical components of the thermometer during calibration.

Example 1. Calculate the signals Sa,, Sin, Sip(g) Using formulas (3.1-3.3) for case of
an infrared singleband broadband atmosphere pyrometer. Such pyrometers are built
using thermal detectors (typically thermocouples or thermopiles) with an optical
filter of 8-12 um spectral band. We will assume following parameters of this ther-
mometer:

g =1000 R =9V/W Ag=0.0lcm® F=2 T,=0.9
Eopt=0.3 Top =300K 1= 0.6 for 8 um <A <12 pm and 0 outside

® For pyrometers, thermal scanners or thermal cameras without scanning block the 7, com-
ponent should be removed from formula (3.44).

" For thermometers without optical filters the 7= component should be removed from for-
mula (3.44).
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Fig. 3.9. Calibration characteristic of an example infrared singleband broadband
pyrometer

The signals Sa, Sw Sy are presented in Fig. 3.9 in Volts units. However,

they can be presented also in other electrical units or in relative units chosen by
amanufacturer.
As we can see in Fig. 3.9 the signa S, does not depend on temperature
of the blackbody T,,; it depends only on temperature of the optical components
Topg- Changes of the signal S, are caused by changes of the signal S, that depends
on the temperature Ty, Of the blackbody.

It is theoretically possible to determine very accurately both Sa,, S,
and Sy Signals using formulas (3.1-3.3) or their modified versions. However, it is
difficult to predict accurately these signals; it is particularly difficult to predict
the signal caused by the radiation emitted by the optical components Sy). There-
fore, these signals are typicaly determined experimentally during a calibration pro-
cess using an external blackbody as a simulated tested object.

Firgt, the output signal Sa,is measured when a blackbody is a tested object
for different temperatures Ty, and we determine the function S, (Tw). Next,
thesignal Sy IS measured by putting, for example, a very cold object in ther-
mometer field of view. Further on, the function S;(Ty) is calculated as difference
of the Sap (Tew) MiNUS Sy

The calibration characteristic or the calibration chart of the thermometer
isusualy understood as the function S,=f(Ty,). However, in fact the inverse cali-
bration characteristic Ty,=fin(Sp) iS used in the measurement procedure because it
isnecessary to determine the output temperature T, on the basis of the value
of the corrected signal S [Fig. 3.10].
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Fig. 3.10. Inverse calibration characteristic

3.1.1.3 Real output signal

During the second step of the measurement procedure presented earlier,
thesignal S generated by the real object of temperature Ty, is measured. The for-
mula enabling determination of this signal will be derived in Chapter 4. Now, let us
simply assume that the signal S was measured.

3.1.1.4 Corrected output signal

Due to difference between the real measurement conditions and the calibra-
tion conditions, the signd S usually differs from the signa Sy generated
by a blackbody of temperature equal to the object the temperature To,. This means
that if we determine the output temperature T, using the inverse calibration chart
as Tou=fin(S) then there will be difference between thermometer indication Ty
and the true object temperature T,,. Therefore, to avoid this possibility, the signal S
must be corrected to the new signal S, that would be generated by a blackbody
of temperature equal to the object temperature T, in laboratory conditions.

The correction is made using a mathematical model of a measurement
channel between the object and the output of the electronic blocks and a few values
of measurement conditions (object effective emissivity, effective background tem-
perature and effective transmittance of the atmosphere) determined by the user.

The model typically assumes that the signal recorded when the object
of temperature T, iS atested abject can be presented as a sum of three components:
the signal caused by the radiation emitted by the object Siy), the signal emitted by
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the environment and reflected by the object S, and the signal from the radiation
emitted by the optical components Sy

Sa = Sema) t Sre(a) t Sop(a) - (34)
The signa Sy IS assumed to be

Sem(a) (Tob) = gara(a) Sob (Tob) , (3-5)

where &, is the assumed object effective emissivity, T, IS the assumed effective
atmospheric transmittance.

Object emissivity and atmospheric transmittance are usualy functions
of wavelength A. Users of singleband thermometers usually do not know these
functions. However, they can usually estimate object effective emissivity and ef-
fective atmospheric transmittance: one value parameters that represent the influence
of object emissivity and limited atmospheric transmittance on the measured signal.
The assumed parameters &, and T, represent these influences and are termed using
the word "effective” to make difference with object emissivity and atmospheric
transmittance understood as functions of the wavelength A.

The effective emissivity & can be defined as an emissivity of a greybody
of the same temperature as the tested object that produces the same signal at the
output of the detector as the real object does and can be calculated as was presented
in[16]

sz eA)L(A, Top)To(A)TE (A)s(A)dA
fa =" , (3.6)

J;\f L(A, Top)To(A)TE (A)S(A)dA

where &(A) is the true object emissivity and L(A,T) is the object radiance for
the wavelength A and the temperature T.

There are two cases when formula (3.6) can be significantly simplified. For
graybody objects the effective emissivity &, equals the object emissivity € that in
this case does not depend on the wavelength. For selective objects but measured
with systems of sensitivity not dependent on wavelength (it often occurs when
thermal detectors are used), the object effective emissivity & is equal to mean value
of the object emissivity £(A) within the system spectral band A, , As.

If results from Eq.(3.6) that the object effective emissivity &, depends not
only on wavelength dependent emissivity &,,(A) and systems parameters s(A), To(A)
and 1=(A) but also on object temperature Ty, Fortunately, this dependence is rela-
tively significant only in case when system sensitivity s(A) and the object’s emis-
sivity &A) strongly depends on the wavelength A [16]. For typical objects and sys-
tems the dependence of the effective emissivity &, on the object temperature Tqp
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issmall and often the effective emissivity &, can be considered as independent on
object temperature.

Many methods of determination of the effective emissivity of the tested
object can by found in literature. However, now, we will only comment that there
is no a perfect method to determine this parameter. Limited accuracy of determina-
tion of the effective emissivity is often a significant source of errors of determina-
tion of object’stemperature.

The effective atmospheric transmittance 7, can be defined in a similar
manner as the effective emissivity and calculated by aformula

ﬁzra(A)L(A'Tob)TO(A)TF(/\)S(/\)d/\
Ta@) = - ’ (37)
J;\f L(A, Top)To (A)TE (A)S(A)dA

where 1,(A) isthe true atmospheric transmittance that depends on wavelength.

Most pyrometers and also some thermal cameras use the method of deter-
mination of output temperature assuming that the effective atmospheric transmit-
tance T4, equals one. This means, that the calculation methods used by most non-
contact thermometers do not even try to correct® the influence of the limited trans-
mittance of the atmosphere on measurement results. However, most modern ther-
mal cameras enable correction of the atmosphere on measurement results. These
systems require from the user to determine the distance between the object and the
front lens of the camerar and the relative humidity of the atmosphere RH. These
two parameters are used to calculate the effective atmospheric transmittance 7y
using different smplified models of atmospheric transmittance.

The signa Se isassumed as equal to

Sre(Thaa)) = 1= €4)Ta(a)Son (Thaca)) » (3.8)

where Ty IS the assumed effective background temperature.

The effective background temperature Ty, is the temperature of a blackbody that

when put in the place of the real background would produce the same output signal

as the real background does. In case of a uniform high emissivity background the

effective background temperature Ty, equals true background temperature.
Thesignal S)p(a) is

Sop(a) = fop (Top(a)) , (3-9)

where Tgpe IS the assumed temperature of the optical components and fqp
isthe function that represents dependence of the output signa due to radiation
emitted by optical components on their temperature Toy. The function fop(Topa)

8 It will be shown in Chapt. 4 that in many cases it is not necessary to correct influence
of the atmosphere because this influence can be considered negligible.
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isusually determined experimentally by changing temperature of the optical com-
ponents and recording the signal .
For smpler MIR and FIR thermal cameras’, the value of the Topa 1S determined by
the user, in case of more sophisticated cameras it is automatically measured using
temperature sensitive elements placed in the optical components.

Finally, the whole assumed signal S, can be presented using aformula

Sy = €ala(a) Sob (Top) + (@~ ga)Ta(a) Sob (Tba(a)) + Sop (Top(a)) . (3.10)

Formula (3.10) represents the assumed model of the measurement channel
that is used to derive the formula for correction of the real measured signal S. It
isassumed that the measured signal S is equal to the assumed signal S,. and then
the corrected signal S, can be obtained as

St — (1= €a)T @) Soo (Thaga)) = Sop (Top(a)) _

SaTa(a)

Ser = (3.12)

Example 2: Determine the corrected signal S, for afollowing case:
S=02,

& 0(05, 1),

7,=0.9,

Toa= 250 K,

Top(a) = 300K.

Solution: Let us assume that the functions Sy(T) and Sy(Tope Can be determined
using formulas (3.2-3.3) although practically they are determined experimentally.
Next, we can determine the corrected signal S, for the assumed measurement con-
ditions (&, Ta, Toa Top@) USiNg the formula (3.11). The values of the corrected sig-
nal S are shown in Fig. 3.11. As can we see in this figure, the signal S, strongly
depends on value of the assumed effective emissivity &,. If we made calculations
of the S, for different values of T), Tha@ aNd Tope) then we would find that the S
depends significantly on the assumed values of the effective atmospheric transmit-
tance 1), the effective background temperature Tya and the assumed optics tem-
perature Top(a)-

® For VNIR and NIR thermometers the influence of the radiation emitted by the optical
elementsis negligible.
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Fig. 3.11. Dependence of the corrected signal S, on the assumed object effective
emissivity &

3.1.1.5 Output temperature

Finally, the output temperature T, is calculated on the basis of the deter-
mined value of the corrected signal S, and the inverse calibration characteristic
during the fourth step of the measurement procedure by the formula

Tout = finv(scor)- (3-12)

Example 3. Determine the output temperature T, for the case when the corrected
signal equals S,,=0.172.

Solution: Using the inverse calibration characteristic Ty= fin(Sy) We can determine
the output temperature Ty = 430 K.

3.1.2 Dualband method

Dualband method determines temperature of the tested object on the basis
of the ratio between two radiometric signals measured in two spectral bands.
The method can be treated as valid when the ratio of these two signals does not
depend on the object emissivity, and exists one-to-one correspondence between
the ratio and the object temperature.
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Fig. 3.12. Radiant exitance M of graybodies of different emissivities

Vadidity of the dualband method is evident when the spectral bands
of the system are infinitesimally narrow and a graybody is the tested object
[Fig. 3.12]. Real systems use spectral bands of finite widths. However, it was
shown in Ref.[17] that the dualband method is valid (there exists one-to-one corre-
spondence between the ratio and the graybody temperature; and the ratio does not
depend on the abject emissivity) for a more general case when neither spectral band
is contained totally within the other. This gives theoretically possibility to design
dualband systems of wide spectral bands (strong signals) located within infrared
range. However, it was shown in Ref.[18] that in case of systems of spectral bands
located in wavelengths longer than about 3 um, where the signal caused by the ra-
diation emitted by the optica components becomes significant, the mentioned
above conditions do not have to be always valid. The conditions are aso typically
not valid in case of wide partially overlapping spectral bands.

The problem with the non-validity of the mentioned above conditions for
systems of spectral bands located in the middle and far infrared can be eliminated
by using correction of the signal caused by the radiation emitted by the optical ele-
ments on the output signal. However, practicaly it is rarely needed as almost all
commercialy available dualband infrared pyrometers have narrow spectral bands
located in the near infrared range where the signal due to radiation from the optical
elementsis negligible.

Dualband systems are the oldest aternative solution to the classical single-
band systems. They have been manufactured as dualband pyrometers for over half
acentury. Manufacturers of dual band systems advertise them as not sensitive to
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changes of emissivity of the tested object and changes of atmospheric transmittance
due to bursts of steam, dust, etc. in the sight path.

The dualband thermometers can be designed in many different ways. How-
ever, in general, these systems can be divided into two groups. The first group con-
tains the systems with two completely different optical-electronic channels (two
blocks of optics, two detectors, two eectronic blocks etc.) which continuously
measure two different radiometric signals. The selection of a proper spectral band is
achieved by using detectors of different spectra sensitivity bands or optical filters
of different spectral bands[Fig. 3.13].

The second group contains systems with a single optical-electronic channel
(common optics, detector, electronics). The two radiometric signals are selected by
optical filters and they are measured aternatively. An example of such a system
isshown in Fig. 3.14 [20]. Infrared radiation from the tested object is focused on
the IR detector by the optical objective. The radiation on the way from the objective
to the detector is modulated spectrally by rotating plate with two narrow-band opti-
cal filters. The detector converts the optical signals into the electrical signal that is
amplified by a low noise preamplifier. Next, the electrical signals are transformed
into more convenient form and digitized. Finaly, the digitized signals from the two
spectral bands are sent to microprocessor and visualization block.

filter 1 |- detector 1 b- AIC 1
—L mikroprocesor

¥

optics 1

J + visualization
A/C 2

Fig. 3.13. Diagram of a dualband thermometer with two separate channels

optics 2 filter 2 — detector 2

¥

Single-channel thermometers use only a single optical objective, a single
detector, and a single el ectronic block. This is a significant advantage due to lower
costs of these blocks. However, a moving element in form of rotating wheel with
fitted filters is needed in single-channel thermometers. This solution limits meas-
urement speed, decreases thermometer reliability and increases its sizes and mass.
Therefore, the single-channel design is an especialy interesting solution for dual-
band pyrometers of spectral bands located in the range of wavelengths longer than
3 um when the cost of a photoelectric detector ishigh. Typica dualband pyrometers
of spectral bands located in the range of wavelengths shorter than 3 pm use typi-
cally dual-channel design with one modification: they have a common optica
block. We are going to assume this configuration in further investigations.
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Fig. 3.14. Block diagram of a single channel dualband pyrometer

It is possible to measure temperature with dualband systems by using ana-
Iytical methods. The so called reference-wavel ength method provides high accuracy
of temperature measurement [19]. Other analytical methods can be found in radio-
metric literature, too [15]. Another possible variation of the dualband method is so
called multiple-pair method [21]. This method assumes an almost continuous meas-
urement of the object spectrum. Temperature is then calculated for many individual
pairs of wavelengths. Although the calculated temperature for individual pairs can
exhibit considerable variation, the measured temperature tends to be quite accurate
if datafrom enough pairs are averaged over [21].

In spite of possibility to determine output temperature using different ana-
Iytical formulas, practica dualband systems do it usualy using a presented below
four- step measurement procedure based on the thermometer calibration chart.
1 Determination of the calibration characteristic Ry,=f(Ty)

2 Measurement of the rea output signas S; and S, in two spectral bands
and calculation of the ratio of the two measured signal R= S/ So.

3 Correction of the ratio R is to the new value R.,, on the basis of the assumed
ratio of object emissivity in the two spectral bands &(A1)/g(A,) (this step is con-
ditiona).

4 Calculation of the output temperature T, On the basis of the value of the meas-
ured ratio R, or the corrected ratio Ry

Step 3 is used in minority of dualband pyrometers. It potentially enables improve-
ment in measurement accuracy. However, at the same time it is inconvenient for
theusers, as it requires from them some knowledge about radiant properties
of the tested object.
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The output signal during calibration at any of the two spectral bands is
asum of the signal generated by radiation emitted by the blackbody and the signal
due to radiation emitted by the optical elements. Therefore, the ratio of two output
signals during calibration Ry, can be calculated as

1\ "ob Sopl
R (Top) = z:g% , (3.13)

where the §,; and S, are the signals generated in the two spectral bands by a black-
body of the temperature Ty, during the calibration process, and the Sy, S are
the signals due to radiation emitted by optical elementsin the two spectral channels.
Finally, theratio Ry, can be modeled mathematically by the formula

Ry 01Au o 2
2 Ij-ol IM (Tbb'A)TFl(/\)Sl(A)d/\ + goptl IM (Top(c) ,/\)Sl(A)d/\ O
4":1 +1 H AN DAgy (3 14)
Rob (Thp) = — - o
Re Oohuz g | M (T, A)TE2(A)S2 (M)A + €z [M (Topey 1 A)S2 (A)AAD
4F,% +1
2 E AV P DAg2 H

where R, is the peak spectral sensitivity of the detector at n-th spectral channel,
0. is the amplification of electronic block at n spectral channel, A4, is the area
of the detector at n spectral channel, and F, is the F-number of the optical objective
optics at n spectral channel, AA, is the width of the n spectral band, 1, is transmit-
tance of the optical objective at n spectral channedl, 1=, is the transmittance
of thefilter used in n spectral channel and s.(A) is the relative spectral sensitivity
of the detector at n spectral channel, & is the effective emissivity of the optical
block in n spectral channel and Ty is the temperature of optical components
of the thermometers during calibration.

For the single channel system, such parameters like F-number, 1o, R*, g, Aq,
s(A) are the same for both channels and formula (3.14) can be significantly simpli-
fied.

Example 4. Caculate the cdibration chart Ry,(Ty,) of an example infrared dualband
atmosphere pyrometer built using two identical non-cooled Ge photodiodes. Selec-
tion of spectral bands is done by using two different optical filters of the following
parameters. A;=1.53, AA;=0.03, 11 = 0.6 , A;1=1.3, AA;=0.03, 1,=0.6. Other pa-
rameters of the thermometer are presented below.

R1=R,=3AW g =0,=1000V/A Ay=Ap=00lcm’ F=F,=2

To1 =T02 = 0.9 S(A;1) =0.98 s(A;) =0.75

Solution: Using formula (14) we can determine calibration chart Ry,(Ty,) presented
inFig. 3.15.



68 Chapter 3: METHODS OF NON-CONTACT TEMPERATURE MEASUREMENT

600 800 1000 1200 1400
ToplK]

Fig. 3.15. Calibration characteristic of an example infrared dualband pyrometer

During the second step of the presented above measurement procedure
theratio R of the two output signals caused by the radiation emitted by tested ob-
ject in two spectral bands S; and S,. The formula enabling determination of the
ratio R, will be derived in Chapt. 5. Now, let us smply assume that the signal S
was measured.

That ratio R does not depend on the object temperature T, When the object
is a graybody. Generaly, there are few objects that can be dtrictly treated as gray-
bodies. Therefore, to extend the area of applications of dualband systems some du-
alband systems offer possibility of correction of the ratio R to a new value when
a selective body is measured by using aformula

Ry =R [a, (3.15)

where ra is the assumed ratio of object emissivity in the two spectral bands that
equals

€
ra=-2.

&

Correction of the calibration chart Ry, in the third step of the measurement
procedure extends the application area of the dualband pyrometers on both gray-
bodies and selective bodies. However, it requires from the user knowledge about
object emissive properties what is a disadvantage of the systems using this step
of the procedure.
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Finally, the object temperature Ty, is calculated in the fourth step on the ba-
sis of the measured ratio R, or the corrected ratio Ry, using the inverse calibration
chart Ty,=f (Rbb)

Example 5. Calculate the output temperature T, for the system of the calibration
chart presented in Fig. 3.15 and the measured ratio R.=4.8.

Solution: We can determine the output temperature as equal to 800K for the system
of the calibration chart presented in Fig. 3.15 and the measured ratio R.=4.8.

3.1.3 Multiband method

Users of multiband systems do not know radiant properties of the tested
object as their indications should not theoretically depend on the object emissivity.
This means, that they are convenient for users and their introduction should theo-
retically significantly improve temperature measurement accuracy. Therefore it can
be noticed a strong interest in these systems and quite a few such systems were
developed [2,4,5, 6, 7, 8]. However, it must be emphasized that none of these sys-
temsis so far commercially available.

Multiband systems in their simplest versions as three or four bands systems
can determine object temperature using different analytical formulas. However,
recent multiband systems generally determine object temperature by solving a set
of n equations with m unknowns as presented below

Si=f (TobsEob(A1), Thack, --+)
S = (TobssEab(A2), Toack, --)

........................................... (3.16)
S1 =f (Tobngob(An), Tback, )

where n is the number of the spectral bands, S, is the signal measured as at n-th
band, T, is the true object temperature, £,,(A) is the object emissivity at wavelength
A, ToackiS the background temperature.

When the number of system spectral bands n is higher or equal to number of un-
knowns min the right part of the set of equations (3.16) it is possible to solve this
system of equations and to determine the true object temperature T, Spectral
variation of object emissivity is the main obstacle to have the number of system
spectral bands higher or equal to number of unknowns. Closure in the calculation
can be achieved by setting equal emissivities in some pairs of spectral bands [2].
Other methods include the so caled balancing of intermediation observation [22]
or curve fitting of spectral emissivity [23]. On the basis of the reports about practi-
cal multiband systems [6, 8, 23], it seems that the curve fitting method is most often
used. Therefore, further analysis will be limited to it and we assume that object’s
emissivity at system spectral bands can be interpolated by a function of m1 un-
knowns

Eb(N)=F (BoyrrsBms A) (3.17)
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Because of the assumption about object emissivity interpolated by a func-
tion of m -1 unknown parameters there are at least m unknowns in the system
of eguations (3.16) when we add as unknown the object temperature T, Additional
unknowns as background temperature Tua, background emissivity coefficients,
temperature of optical elements etc. can be aso added. However, large number
of unknowns means that systems of large number of spectral bands are required to
enable solving the set of equation (3.16). Therefore, in practical systems|[6, 8, 23]
the set of unknowns is usually limited to object temperature Ty, and parameters
describing object emissivity a,,...,an2. For such a situation and for systems of nar-
row spectral bands we abtain afollowing set of equations

S.L(Tob)= S(ao,---yam—Z, A) S)b(ToutyAl, AAl) + Sthl(Topt)
................................................................................... (3.18)

S1(Tob)= & (am---:am-Zy /\) Sbb(-l—out:/\n, Mn) + prtn(Topt)

where S(Ty) is signal measured at n spectral band generated by the object of tem-
perature Top, &@o,....am2, A) IS assumed function interpolating object emissivity
curve at system spectral bands, S, is the assumed signal caused by radiation emitted
by ablackbody of the temperature Ty, An iS the center of system n spectral band,
AA, is the band width. Sy is the signal generated by radiation emitted by optical
elements of the system in n system spectra channel that can be measured and we
will treat is as a known parameter.

In the case of single- and dualband systems the number of system spectral
bands was precisely determined. However, for multiband systems the number
of spectral bands n can vary theoretically from 3 to infinity. Next, even systems
of identical number of spectral bands n can use different methods of calculation
of output temperature because object emissivity can be interpolated using many
different functions. Because of so many possible designs and configurations
of the set of equations (3.18) it is necessary to limit our discussion to most reason-
able solutions.

As we can see from the set of equations (3.18) the object temperature Ty,
and parameters a,,...,am-2 can be determined by solving this set only if the number
of spectra bands n is higher than number of unknowns m. From analysis of analyti-
cal numerous functions for approximation of object emissivity presented in Ref.[24]
we can conclude that a function of 1-2 parameters can well approximate spectral
emissivity of most objects. As emissivity function used in multiband pyrometry
must very well interpolate object emissivity at system spectral bands then we will
assume a function of at least 3 parameters is needed. This means that to solve
the set of equations (3.18), a system of number of spectral bands higher or equal to
4 is needed.

Second, let us choose a mathematical function to interpolate values of ob-
ject emissivity in system bands. From a few possible functions we will choose
am-2-th degree polynomial inform
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gp(A)=ag+aA +...+ay , A2, (3.19)

where m>4.
Third, the signal S, is usually determined experimentally in laboratory.
However, let us assume that it can be predicted theoretically in form

RAd
Sobn (Tout)= On 4F—2':1 M (Tout 'An)ronTFnsnA/\n ) (3-20)
n

where g, is the electronic systems amplification in n spectral channel, M(T,A,) is
the spectral exitance at the temperature T and the wavelength A, R; is detector

peak spectral responsivity at n spectral channel, Ay, is detector area, s,(A) is detector
relative spectral responsivity, 1, is transmittance of optics at n spectral channel, F is
optics F-number and 1r, isfilter transmittance in n spectral channe.

Fourth, let us assume that the signa caused by radiation emitted by the op-
tics can be determined precisely at calibration condition and that can be expressed
as

_ 9nRAN

Soptn = M (Tope A Fope ()5 (1)l (3:21)

2
AR +1 a5,

where Ty and gy are the temperature and the emissivity of optical blocks and AAg,
is the n detector spectral sensitivity range.
Now, we can present the set of equations (3.18) in anew form

0 R _

0S = gl%Adn[(ao +aghy +oFag A 2)M (Tout 1 An)T T F1S18A; +
0 4F2 +1

. 0

0+ M A o D ()dAD

% Mgy H

o (3.22)
] *

gsn =0n % [(aO + a1/\n Tt am—ZArr?_z)Vl (Tout ’An)TonTFnSnA/\n
] 4F,% +1

t U

0+ M (T A o D)5 W)AD

U AAgn H

Example 6: A 4-band thermometer of spectral bands located at wavelengths:
A=1 um, Ao=1.2 um, A= 1.4 um, A,= 1.4 ym and of band width equal to AA=0.1um
is used to determine object temperature. It is assumed that the object emissivity at
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system spectral band can be interpolated by the two degree polynomial
eop(A)=ag +auh +aA°.

The measured output signals are the following: $=0.02531V, $=0.22216 V,
$=0.96271 V, $=1.4303 V. The parameters of the optical and electrical blocks are

the same for all spectral channels and are presented in Tab. 3.1. Calculate the output
temperature T, and the emissivity coefficients ag, ay, ap.

Tab. 3.1. The system parameters used in the calculations

detector type [g[V/A] | RMApex) | To = |F |Ag S(A)

[A/W] [cm?]
thermoelec- | 10000 |10 09 (07 |2 (001 | s(A=1pum)=0.35
tricaly S(A=1.2um)=0.6
cooled Ge S(A=1.4um)=0.87
photodiode S(A=1.6 um)=0.6

Solution: For the situation described in the example we obtain the following set
of equations

0 48529.459

0.02531= \(ag +a; +a
E (6(14388/Tout) _ 1) (80 +ag +a)
0
0.22216 = (fls;égﬁss)s ) (ao +a1.2+a, m1.2)2)
0 (248832611990 Tau) 5 48837 |
120630.36 ( 2)
963271 = \lg +ay L4+a, (14)2) . (323
%J 5378610277143 o) _ 5 37g) Po e 2047) . 329
0
[1.4303=¢ (889‘0;1%7}35? ‘ (ao +a [1.6+ay E01.6)2)
0 [10.4866(39925Tou) 10,486
0
0
5

The set of equations (3.23) cannot be solved analytically. It can be solved numeri-
caly using a few methods. The least square method was chosen to calculate un-
known parameters Toy , @, &41,.82 and following results were obtained:

Tor=1100K  &=0, &=0, &=0.25.

After putting the emissivity coefficients a, a1, a into the interpolating poly-
nomia (3.19) we obtain the function &A) shown in Fig. 3.16 and the following
emissivity values into the system spectral bands g(A=1um)=0.25;
&(A=1.2um)=0.36; &(A=1.4 um)=0.49; £&(A=1.6 um)=0.64.
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Fig. 3.16. Emissivity function g(A) of the tested object in example (6)

As can we see in Fig. 3.16 the multiband systems enable not only determi-
nation of temperature but aso the object emissivity function £A) even in case
of significantly selective objects. Thisis a very significant advantage of the passive
multiband systems. Unfortunately, they are also characterized by a few disadvan-
tages that will be discussed in Chapt. 6 dealing with the problem of accuracy
of these systems.

3.2 Active methods

It is possible to design both active single- dual- and multiband thermome-
ters. At present, only active singleband pyrometers are commercialy available [1].
At the same time, in contrast to humerous literature about passive multiband sys-
tems, there are few publications on active dual- and multiband systems. At present
time the author of this book is aware of only two reports about development of ac-
tive dua- and multiband systems [9,10]. Therefore in this section only the active
singleband method will be discussed.

3.21 Singleband method

As it was presented in Section 2.4 in case of opaque objects there exist
afollowing relationship between the directional spectral emissivity &, 4 and the di-
rectional -hemispherical spectral reflectance p, 4

Exp=1-Prg. (3.24)
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Formula (3.24) suggests an indirect way of determination of directional
spectral emissivity &, , by measuring its directional-hemispherical spectral reflec-
tance pyy. This way seems very attractive, especialy because in many books
or papersrelationship (3.24) is presented in an improper form

e=1- p, (3.25)

without any information about types of emissivity and reflectance that are related.

Active singleband systems try to use equation (3.24) to determine object
emissivity. These systems consist of an emitter that irradiates the tested objects
and the receiver that measures radiation both emitted and reflected by the object.
During the last half a century many papers about development of active singleband
systems have been published. These reported in literature systems were designed
using numerous solutions. However, here we are to discuss only a measurement
method and design of a modern commercially available pyrometer built as an infra-
red laser integrated with a typical passive singleband pyrometer [1]. It is manufac-
tured by the Pyrometer Instrument Co. and sold under the name Pyrolaser” [1].
The device consists of a laser emitting impulses of radiation of known power on
wavelength 0.865 um and a classica passive singleband pyrometer. It enables
automatic measurement of both emissivity and temperature within the following
ranges. emissivity 0.05-1, and temperature 600°C-1500°C.

There is little available information about measurement method used by
these active pyrometers. However, it seems that it uses the following measurement
method.

The emitter (the laser) emits modulated IR radiation of known maximal
power. The radiation that comes to the surface of the tested object is reflected in
different directions within a hemisphere, among others into direction of the receiver
[Fig. 3.17]. The receiver measures both the radiation emitted by the laser and re-
flected by the tested object and the radiation emitted by the object. However, on
the basis of known frequency and/or phase of the modulated radiation it is possible
to separate electronically the reflected signal from the emitted signal.

Next, the object reflectance in direction of the receiver po, qis calculated as

Pag =8, (3.26)
Pe
where P, is the reflected radiant flux measured by the receiver, P.is the radiant flux
emitted by the emitter, and a is the coefficient that depends on design parameter
of the pyrometer which can be determined experimentally.
Further on, the object emissivity &y, is calculated as

Eob =1~ Pond - (3.27)

Finally, a typical measurement procedure used by classical passive singleband sys-
temsis employed to calculate object’ s temperature.
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object

Active pyrometer ----------"-

Fig. 3.17. Distribution of reflected radiation in case of diffusive surface of the tested

object

Active singleband pyrometer designed as a classical passive pyrometer in-

tegrated with a laser is a small mobile device that can measure temperature
of any objects. At the same time its user do not have to know object emissivity.
However, unfortunately, as it will be presented in Chapt.7, accuracy of active sin-
gleband systems can be relatively high only in limited number of applications.
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4. Errors of passive singleband thermometers

4.1 Mathematical model

Power of radiation emitted by tested objects carries information about ob-
ject temperature. This radiation represents a certain radiometric signal that comes to
IR detector and is converted into an electronic signal. Next, the latter one is ampli-
fied and transformed into a more convenient output form. Object temperature is
determined on the basis of the value of the output e ectronic signal using this four-
step measurement procedure described in detail in Chapt 3:

1. Determination of the calibration characteristic S;p=f(Tyy)

2. Measurement of the real output signal S generated by the tested object
of the temperature T,

3. Correction of the measured signa S to the new value S, on the basis
of the assumed measurement conditions (the object effective emissivity €
the background effective temperature Tya, and sometimes the effective atmos-
pheric transmittance 1,) assumed by a user of the system.

4. Calculation of the output temperature on the basis of the value of the corrected
signal S, using the inverse calibration chart Toy =f (Sor).

The presented above measurement procedure is typically used in most sin-
gleband thermometers. However, there is no clear connection between the output
temperature T, and the true object temperature Tq,. in this procedure. A single
analytical formula that would connect these two quantities would be very useful for
any errors analysis of the measurement process.

A

signal

\/

temperature

Fig. 4.1. Relationship between the output temperature T, , the true object tem-
perature T,p,, the corrected signal S, and the calibration signal Sy,

Assuming that the difference between the corrected signal S, for the object
temperature Ty, and the signal S, for the same temperature is not high then on
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the basis of the Fig. 4.1 the relationship between T, and T, can be presented in
the following form

Tout — TOb + (SCOI‘ (Tob) ~ Sﬂb (TOb)) ) (41)
ASy
(o]}
T=Top

Formula (4.1) is a simple and convenient for calculations of the output temperature
Touw When the true object temperature T, is known. However, we must always re-
member that it represents only a simplified relationship between T, and T, that
should be used only when the difference between the corrected signa S for
the object temperature T,, and the signal S;, for the same temperature is not signifi-
cant. If it isnot the case then it should not be used for error anaysis.

Using Eq.(4.1) the error of temperature measurement AT that equals to the
difference between the output temperature T, and the true object temperature Ty,

AT = Tout - Tob — (Scor (Tob‘;S_0 bSob (Tob)) . ( 4.2)

As can we see in formula (4.2) when the signal S (To) equals the signal Si(Tow)
then the output temperature T, equals T, What means than the measurement error
AT is zero. When the equality Sor(Ton) = Siu(Tow) is not fulfilled then a difference
between T, and Ty, exists. This means that difference between the signals S.or(Ton)
and Si(Ton) generates errors of temperature measurement with singleband systems.

Let us analyze the presented above measurement procedure to find reasons that
cause that difference between the signals S (Top) and Sy(Ton) and generate the er-
rors of temperature measurement AT with singleband systems. The difference be-
tween the signal S (Top) @nd the signal Su(Top) IS When the calibration characteris-
tic Sy=f(Typ) is determined with limited accuracy and/or the corrected signal S is
determined with some errors.

The calibration characteristic S,,=f(Ty,) can be determined with some errors
during the first step of the presented earlier measurement procedure due to limited
accuracy of the blackbody used during calibration, limited number of the calibration
points, errors of the interpolation algorithm and internal errors of the electronic
block of the thermometer. The errors of determination of the calibration character-
istic Sp=f(Tw,) due to limited number of the calibration points and errors of the in-
terpolation algorithm are typically negligible in comparison to errors due to limited
accuracy of the blackbody. The errors determination of the calibration characteristic
Su=F(Tw) due system internal disturbances are also negligible in most situations as
during calibration it is possible to use special techniques to reduce the influence
of these internal electronic disturbances. Therefore the limited accuracy
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of the blackbody used during calibration is usually the main source of errors of de-
termination of the calibration characteristic Sy,=f(Tw).

Manufactures of blackbodies usualy state the interval Tyt ATy, (Top - indi-
cated blackbody temperature) within which the true blackbody temperature is lo-
cated with 100% probability. Let us assume uniform distribution of true blackbody
temperature within range [Ty, - ATw; Top + ATy Where ATy, is the limit error
of theindicated blackbody temperature. Next, we will additionally assume that lim-
ited accuracy of the blackbody is the only source of calibration errors and we can
present the signal S, as

A2

= [M T AT A (DAY, (43)

Sob(Top) =9

1

where g is the amplification of the electronic block, R’ is the peak detector sensitiv-
ity, Aq is the detector area, and F is the optics F-number (ratio of foca length f'
of the optical objective to diameter D of the objective), A; and A, are the limits
of the detector spectral band, M(T,A) is the spectra exitance at the temperature T
and the wavelength A, 1, is the transmittance of the optical objective, Ty is
the transmittance of the scanning block™, 1« is the transmittance of the filter', s(A)
isthe detector relative spectral sensitivity.

Now, let us find reasons why the corrected signal is determined with some
errors. Asit was shown in Chapt. 3 the formula for the corrected signa S, can be
presented in the following form

S — (1= €2)T a2 Son (Thaa)) = Sop (Top(a)) .

gaTa(a)

Seor = (44)

where § is the signal measured during real measurement conditions, &, is the as-
sumed object effective emissivity, T, iS the assumed effective atmospheric trans-
mittance, Ty IS the effective background temperature and Syy(Top) is the signal
generated by the radiation emitted by the optics of temperature of the optica com-
ponents equal to the temperature Top) assumed by the user.

Let us define the term "effective" before the quantities &,,, Ta@ and Tpag iN
order to interpret EQ. (4.4).
Object emissivity and atmospheric transmittance are usually not only unknown but
also wavelength dependent. It would be very difficult and inconvenient for the user
to estimate the functions &(A) and 1,(A). Next, the background of the tested object
often consists of the areas of different temperatures. The temperature distribution

19 For pyrometers, thermal scanners or thermal cameras without scanning block 7o, compo-
nent should be removed from formula (44).

1 For thermometers without optical filters 7= component should be removed from the for-
mula.
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of the background and distribution of emissivity of the background are very diffi-
cult to estimate for the user. Therefore, the user is required in the measurement pro-
cedure to estimate only numbers: the effective emissivity &, , the effective trans-
mittance 1, and the effective background temperature T..

The effective emissivity € is defined as emissivity of the graybody
of the same temperature as the tested object, that produces the same signa at
the output of the detector as the real object does. It can be calculated as the mean
value of the function of the spectraly variable emissivity gA) weighted by
the product of the function of the object radiance L(Tq, A), the camera relative sen-

sitivity sys(A) [1]

[12E)LA, Top) syS(A)dA
g=""2 : (4.5)

[ L\ Top)sys(A)A

Similarly, the effective transmittance 7, can be defined as a non-dependent
on wavelength transmittance of a transparent media that suppress the radiometric
signal in the same way as the real atmosphere does. It can be calculated as the mean
value of the function of the spectrally variable atmospheric transmittance 1,(A)
weighted by the product of the function of the object radiance L(T,,A), the camera
relative sensitivity sys(A)

IAAlz Ta(A)L(A, Top)sys(A)dA

[y L\ Ton)sysdA

Ty = (4.6)

The effective background temperature Ty, is defined as a temperature
of ablackbody of infinite sizes around the tested object that would generate
the same output signal caused by the reflected from the object radiation as the red
background does.

The errors of determination of the corrected signal S.r arise during the sec-
ond step and the third step of the measurement procedure. First, the signal S meas-
ured during the second step is determined with a limited accuracy because of dis-
turbances in electronic channel of the system which distort the radiometric signal
that comes to the detector. Second, there are usually some differences between
the assumed values of measurement conditions and the real conditions (the effective
emissivity &, and true the object effective emissivity &, the assumed effective at-
mospheric transmittance 7, and the true value Ty, the assumed effective back-
ground temperature Tnam and the true value Tpa, the assumed temperature
of the optical components Ton) and the true temperature Ty ).

If we analyze the measurement process from the detector to the system out-
put then we will find that there are many possible sources of errors generated in
electronic channel. These errors can be caused by noise in the detector or other
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analog el ectronic blocks, limited stability of cooling system, variation of the pream-
plifier gain and offset, limited resolution and limited linearity of analogue/digital
converters etc.

The real signal S at the output of the electronic channel can be calculated
using two alternative formulas producing identical results

Sr = %rra(r)ro IM (Tob1A)TF (/\)S(/\)d/\
Es Mg

+ 0o Ko To [M (e A)Te (A)SA)IA . @)

BAg
0 [ =Ry

H
+IM(op(r)’A)Eop(/\)S(/\)d/\§< T gi'OQ)EiVain

or

S = %{Sob(/\)'\/' (T A)T6(A)Ta (A)TE (A)S(A)dA

d

+ [~ 265 (M) XAIM (Toar), A2 (AT (A)T (A)S(A)dA , (4.8
My

&

: m(g +0g)tV, £V
=

+ IM(op(r)’A)Eopt(A)s(A)dAéb( AEZ11

DAy

where &g IS the true object effective emissivity, &:n(A) is the real object emissivity
at the wavelength A, T.() iS the true atmospheric effective transmittance, 7,(A)
is the atmospheric transmittance at the wavelength A, Ty iS the true background
effective temperature, Ty iS the temperature of the optics at real measurement
conditions, V,isthe random variable simulating the noise at the output of the analog
channdl, Vj is the random variable of rectangular probability distribution within
range determined by least significant bit LSB of the A/D converter, og is the stan-
dard deviation of the gain g of the analog eectronic channel treated as a random
variable, oR’ is the standard deviation of the detector peak responsivity R treated
as arandom variable.

The standard deviation V, in Eq. (4.8) represents rms value of the noise
at output of analog electronic channel. This output noise consists of two compo-
nents. the noise generated by the detector and amplified by electronic blocks
and the additional noise generated by the analog electronic blocks. For a well de-
signed electronics the noise caused by preamplifier and other analog electronic
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blocks is comparable to the noise generated by the detector. It is difficult to make
an assumption about exact proportion between these two noise components that
would be valid for all systems. Therefore let us assume that V,, equals the multipli-
cation of the coefficient u and the rms value of the noise caused by the detector,
where u can change from 1 to about 10. Now, the V,, can be calculated as

R .[AyAf

*

V, =uxg (4.9).

where D' is the peak normalized spectra detectivity of the detector and Af
is the noise equivalent bandwidth to the output of the n analog channdl.

The V4 that represents in Eq. (4.10) errors generated by limited resolution
of the digitization system can be calculated as standard deviation of rectangular
probability distribution within range determined by least significant bit LSB
of the converter

Vy=—— (4.11).

LSB can be determined as

LSB = Fsk? — Smax _ksmil’l
2 2
where FSR is the full scale range of A/D converter, the Sy and S, are maximal
and minimal values of the analog signal to be digitized at electronic channe,
and k is the bit number of the A/D converter.

The quantities og and oR" cannot be modeled mathematically similarly to
Vyor Vy. However, for awell-defined system they can be usualy estimated.

Using the formulas (4.3-4.8) we can calculate the difference S minus Sy,
that causes the temperature measurement error AT. However, to determine the error
AT using the formula (4.2) we need to define the derivative 0S,/0Tq. The latter
component of the formula (4.2) equals

: (4.12)

* AZ
_ R AT T S OM (Typ,A)
Sob(Top) = T (A)S(A)dA . 4,13
b Ob) g 4F2+1 }{ aTob F( )S(A) ( )

Now, using the formulas (4.1-4.8) we can calculate the error AT that arise during
measurements with a singleband system of known parameters on condition that
the object temperature Ty, is known.

To summarize our discussion about sources of errors of temperature meas-
urement with singleband systems we can say that the errors of temperature meas-
urement with multiband IR systems, according to their source, can be generaly
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divided into three groups: the radiometric errors, the electronic errors and the cali-
bration errors [Fig. 4.2]. The radiometric errors are caused by differences between
the limited accuracy of the estimated by the user measurement conditions: the ef-
fective emissivity &, the effective atmospheric transmittance 7, the effective
background temperature Ty and the temperature of the optical components Topya).
The electronic errors are the errors of the transformation of the radiometric signal
into output electrical signal during real measurements. Calibration errors are caused
by errors of determination of output signal due to non-accuracy of the blackbody
at laboratory conditions.

The radiometric errors and electronic errors reduce accuracy of determination
of the corrected signal S.,,. The calibration errors limit accuracy of determination

7 device
environment
: optics ————————
. i AN | )
: Obl?Ct atmosphere .| electronics
\-\l |\ \\

detector ‘\
\ N

L

— e ———— e

Tob _>§Srad (in) —>Srad (OUt) §_>Se| (in)

radiometric errors electronic errors calibration errors

external errors 5< internal errors
}.

Fig. 4.2. Graphical presentation of the measurement process with singleband sys-
tems

The difference between the corrected signal S, and the signal S, can be
treated as the error of the signal measurement AS. Therefore, using formula (4.2) we
can present the relationship between the signal measurement error AS and the error
of temperature measurement AT in the following form

- AS
AT =Toy = Top = SCXDRiob = ADRE (4.19)
A2

T (A)s(A) explc, /ATy,)
A6T02b [eXp(CZ / ATob ) - ]]2

where ADRF = %0 - g R AyTols: olc, [ dA (415
M

dTy, 4F2 +1
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The new function ADRF will be caled the absolute disturbance resistance function
(ADREF), because it represents the system resistance to the absolute errors of signal
measurement that can be treated as disturbances of the measured signal. The ADRF
gives us information about how many times the absolute error of the temperature
measurement AT is smaller than the absolute error of the signal measurement AS.

It is also possible to develop a relationship between the relative error
of the temperature measurement AT/T and the relative error of the signal measure-
ment by transforming formula (4.2) to thisform

£ = % , (4.16)
T, RDRF
where
A2
T (A)s(A) exple, / AT,
dSOb (Tob) Tob Tob I /\F ( 2)[ ( ) ?(A 2 01;])2 dA
RDRF = dTOb — A ob eXp(Cz TOb) - (417)

Sob (Tob) }2 Te (M)s(A)
M Nlexplc, /ATy ) -1

The new function RDRF was termed the relative disturbance resistance function for
similar reasons as the ADRF.

As we see in Eg. (4.15) the ADRF depends on many system parameters.
This means, that the same system for different values of gain in the electronic chan-
nel g etc. will have different ADRFs. Therefore, the ADRF is not a good measure
for comparisons of different system or the same systems working in different con-
figurations. However, the RDRF depends only on wavelength dependent parameters
like s(A) and 1=(A) and is an excellent measure for such comparisons.
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Fig. 4.3. Relative spectral sensitivity functions s(A) of the assumed detectors
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Example 1. Calculate RDRFs of four singleband pyrometers built using these de-
tectors: 1) cooled HdCdTe photoresistor optimized for 8-12um spectra band,
cooled HACdTe photoresistor optimized for 3-5um spectral band, non-cooled Ge
photodiode for 1-1.8um band and non-cooled S photodiode for 0.4-1.1 um spectral
range. The relative spectral sensitivity functions s(A) of the assumed detectors are
shown in Fig. 4.3. The pyrometers do not use any optical filters.

Solution: The calculated RDRFs of four assumed singleband pyrometers using
Eq.(4.17) are shown in Fig. 4.4.

20 ~C
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wo b T \\\\
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= S Ge - 1-1.8um
w0k, T
5 .......................... HngTe-3-5um
HgCdTe 8-12um
0
400 600 800 1000 1200

Tob[K]

Fig. 4.4. RDRFs of four pyrometers described in the Example (1)

From analysis of the results presented in Fig. 4.4 we can develop two im-
portant conclusions. First, the RDRF depends on the object temperature Ty, This
means that the relative error of the temperature measurement AT/T depends not only
on the relative error of the signal measurement AS'S but aso on the object tem-
perature T,,. The same error AS'S causes higher error AT/T for the higher tempera-
tures Ty Second, the RDRF depends significantly on location of system spectral
bands. The shortwave systems have higher DRF than the longwave ones. This
means, that the shortwave thermometers are more resistant on the errors of signal
measurement than the longwave thermometers.

4.2 Calculations

The results of the calculations demonstrated in Fig. 4.4 clearly prefer the shortwave
VNIR and NIR systems. However, accuracy of the temperature measurement de-
pends not only on the system resistance to the signal errors but aso on the level
of these errors. The RDRF can be used as a useful figure of merit for thermometers
comparison, but the most important figure of merit for comparing these systems
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isthe error of temperature measurement AT/T that can be determined using the ear-

lier developed formulas (4.3-4.17).

As it was presented in subchapter 4.1 we can distinguish following main sources

of errors of temperature measurement:

1. difference between the assumed by the user the object effective emissivity &,
and the true object effective emissivity &

2. difference between the assumed effective background temperature Tpyg)

and the true value Tya() ,

3. difference between the assumed effective transmittance 1., and the true value

Ta(r)y
4. difference between the assumed optics temperature Ty and the true value
Top(r)y
noise generated in detector or other analog electronic blocks,
variation of the detector peak responsivity R* due limited stability of cooling
system or other reasons,

7. variation of the preamplifier gain g,
8. limited resolution of analogue/digital converter,
9. limited accuracy of the blackbody used during calibration.

The first 4 sources can be considered as the sources of radiometric errors,
the next 4 sources we termed the sources of electronic errors and the last source
isasource of the calibration errors.

Now, the influence of the mentioned above sources on temperature meas-
urement accuracy with the analyzed systems will be calculated subsequently.
To calculate the errors resulting from one source we will assume that the influence
from the other sources is negligible. For example, to calculate temperature meas-
urement error due to system noise we will assume that the influence of other
sources is negligible: the values &, Toag) , Ta@), Tope Were determined by the user
without any error, there is no variation of R* or g, a perfect ADC was used,
and the a blackbody of perfect accuracy was used during calibration.

Singleband thermometers are built using different types of thermal detectors
(thermocouples, pyroelectric) or photoelectric detectors (Si, Ge, InAsGa, PbS,
PbSe, InSh, PtSi, HgCdTe ). Next, some of the mentioned above the photoelectric
detectors are available as photoresistors or photodiodes, as single or matrix detec-
tors. Further on, the photoelectric detectors can be used as non-cooled or cooled
detectors. However, to limit our discussion let us analyze only 5 systems. The first
three are pyrometers built using 3 different detectors. a thermocouple with 8-12um
filter, anon-cooled S photodiode with afilter for 0.8-1um spectral band, and a non-
cooled Ge photodiode with a filter for 1.5-1.7 um spectral band. The latter two
thermometers are thermal cameras designed using cryogenically cooled HgCdTe
detector optimized for 3-5um (mercury cadmium tellury for middle wavelength
range termed MCT-MW) and cryogenically cooled HgCdTe detector optimized for
8-12um (mercury cadmium telluric for long wavelength range termed MCT-LW).

o u
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The thermometer relative sensitivity sys(A) understood as product of the
detector relative sensitivity s(A) and the filter transmittance 1=(A) of the assumed
systems is presented in Fig. 4.5. Other parameters of the assumed pyrometers or

thermal cameras are shown in Tab. 1.1.
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Fig. 4.5. System spectral sensitivity sys(A) functions of the assumed systems

Tab. 4.1. The parameters used in the calculations

Detector | Si pyrometer Ge pyrometer | thermo- 3-5um 8-12pm
spectral 0.4-1.1pm 1-1.8um couple py- | thermal thermal
band (20°C) (20°C) rometer camera camera
(20°C) (77 K) (77 K)

D* 2 x10% 2 x10" 510° 3x10" 5x10"
[cm

HZzY2/w]

R 1AW 1AW 510°V/W | 210°V/W | 110°V/W
g 1000 V/A 1000 V/A 200 VIV 100 100

= 0.8 0.8 0.8 0.8 0.8

A0J0.8;1)pm | AL(1.5;1.7)p AL(8;12)pm | AL(3;5)um | AL(8;12)pm
m

Aq[cm?] 0.01 0.00001 0.00001
Af [kHZ] 2 1000

[ 0.9

F 2

Now, let us discuss the assumed parameters shown in Fig. 4.5 and Tab. 4.1
and explain reasons why specific values were chosen.
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The relative detector spectral sensitivity s(A) of the assumed systems are the same
as shown in Fig. 4.3. The curves shown in Fig. 4.5 differ significantly from
the curves from Fig. 4.3 the assumed optical filters are used to limit detector spec-
tral bands as it is often done in practical systems. The spectral bands of the py-
rometers built with S or Ge detectors are often limited using narrow band optical
filters of bands similar to the assumed values. Next, thermocouples with a filter
of 8-12um spectra band are manufactured in great numbers. Further on, almost all
thermal cameras have their spectral bands limited to 3-5 pm or 8-12 um bands.
Transmittance of the real filters can differ quite significantly. It was assumed a case
of high transmittance filters.

The values of the detector normalized peak spectral detectivity D* and the peak
spectral responsivity R* were taken from catal ogs of detector manufactures.

The values of the gain in the electrical channel g were chosen to keep the output
signals reasonably strong.

Pyrometers are designed using detectors of different sizes. The sizes can vary from
about 0.25 mm to about 10 mm. However, a detector of 1mm diameter for a circular
detector or 1 mm size for arectangle detector can be considered as atypica case.
Detectors used in therma cameras are much smaller than detectors used in py-
rometers in order to achieve high spatial resolution. The assumed detector size can
be treated as typical for thermal cameras built using a small linear matrix or asingle
detector. In case of thermal cameras built using alarge number linear matrix or area
matrix, the size of a single fotoelement can be a few times smaller than the assumed
value.

The assumed values of the noise equivalent frequency band Af can be treated as
typical for fast pyrometers of a measurement time about a millisecond and thermal
cameras built using a small (about 10 elements) linear matrix and frame rate about
25 Hz. It should be emphasized that the Af is usually smaller than the assumed
value for typical pyrometers. Next, the Af is higher than the assumed vaue
for thermal cameras built using a single detector.

The significant difference between values of the Af for pyrometers and for thermal
cameras is a consequence of the fact that in case of the assumed camera measure-
ments of many thousands of points on the object surface are made during a fraction
of second.

Both pyrometers and thermal cameras can use optical objectives of the different
transmittance 7, and F-number. However, the assumed values can be treated as
typical for most systems.

We will start calculations from the analysis of electronic errors because one
of sources of such errors - detector noise - determines the lower limit of the useful
temperature range.
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421 Electronicerrors

4.2.1.1 Limited analog resolution

Noise in the analog electronic channel is a source of random dispersion
of the measurement results and determines temperature resolution of the ther-
mometer. A new measure of system temperature resolution called Noise Generated
Error was recently proposed in literature [2,3]. It was defined as the standard devia-
tion of the output temperature dispersion caused by noise of the detector used by
the thermometer.

In case of noise of normal distribution, NGE is equal to the distribution
standard deviation J. Then, the probability density function f(T,) equals

1 O (T, - To P E
f(Tou )= ———=—=Exp~24_—0/ 4.18
(Tou) NGEVZr B 2NGE® g 419

In this case NGE shows temperature range around the true temperature Ty, within
which the output temperature T, lies with probability of 68% [Fig. 4.6]
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temperature

Fig. 4.6. Probability density function of the output temperature T, during measure-
ment of the true object temperature T, for the case of output temperature
dispersion having a normal distribution

Asthe NGE definition is not based on signal parametersin asingle channel,
the NGE can be used to describe temperature resolution of single-, dual- and multi-
band IR measurement systems. Generally, NGE enables comparison of non-contact
thermometers on criterion of robustness to detector noise.
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Temperature resolution NGE that is a measure of errors due to detector
noise and can be determined as the standard deviation of dispersion of absolute
error of temperature measurement AT using Eq.(4.14) if we smulate random noise
in the analog channd of rms value caculated using Eq.(4.9). However, there are
simpler ways of determining the NGE than by using Eq.(4.14).

Firgt, for case of a singleband systems NGE can be calculated as ratio
of rms value of noise in the eectrical channel V, and the dope of the system cali-
bration curve dS/ 0T [2]

— Vn
0S/0T
Assuming that the additional noise from preamplifier and other analog electronic
blocks is negligible (u=1 in formula (4.9)) in comparison to the noise generated by

the detector then the rms value of the noise in the electrical V, channel can be cal-
culated from aformula

(4.19)

R JAGOf

v, = g VAl (4.20)
D

where g is the amplification of the electronic channel, R’ is the detector peak re-

sponsivity, Aq is the detector area, D' is the detector peak normalized detectivity,

and Af is the noise equivalent bandwidth to the output of analog output.

The slope of the calibration curve dS/ 0T can be calculated using the formula

s _ R ACE ITO(J\)TF(2\)8(7\)e><|0(cz/7\To|a) Q.
aTob 4F2 +1 AA /\E‘)Tozb[e)(p(CZ//\Tob)_]]2

(4.21)

Second, as for case of singleband systems NGE equals to NETD [2] then
atypica formulafor the NETD can be used to calculate NGE.

NETD = (4F i +1)‘/_ (4.22)
MToTE \[As D I (}\)(?L(TOb A g

It is not important which way to calculate the NGE we choose; the final re-
sults will always be the same. The calculated NGE functions of the systems of pa-
rameters shown in Fig. 4.5 and Tab. 4.1 are presented in Fig. 4.7 and Fig. 4.8.
The noise on the analog channel is a source of random errors and they can be both
positive or negative. Therefore, the NGE in Fig. 4.7 and Fig. 4.8 is a standard de-
viation of these errorstreated as random variables.
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It is typically considered that thermal resolution of any temperature meas-
uring system should be below 0.1-0.2 K in the measurement range. On the basis
of this criterion we see in Fig. 4.7 that the Si pyrometer can be used to measure
objects of temperature over 720 K, Ge pyrometer - over 540 K and the pyrometer
using the thermocouple can be used for measurement in the entire analyzed tem-
perature range 300-1300K. It should be also noted that the temperature resolution
NGE depends little on object temperature in case of the latter pyrometer. However,
in case of Si pyrometer and Ge pyrometers NGE improves very quickly with object
temperature.

The thermal camera of 8-12 um spectra band fulfils the mentioned above
criterion in the entire analyzed range 250-1300 K; thermal camera of 3-5 pm band
does not fulfil it for temperatures below 290 K [Fig. 4.8]. It reflects a well known
fact of snowy images when imaging low temperature objects with 3-5um thermal
cameras. However, the NGE values are the same for both analyzed thermal cameras
for temperatures about 300K. Next, the NGE is much better in case of 3-5um ther-
mal camerafor temperatures significantly over 300K.

Noise in the analog channel generates easily noticeable effect of "snow"
inimages of thermal cameras or quick, random variations of indications of py-
rometers. Therefore, user of the non-contact thermometers often put great emphasis
on this kind of errors and try to use systems of as low temperature resolution
as possible. However, as we see in Fig. 4.7 and Fig. 4.8 the relative errors of tem-
perature measurement due to the noise are typically below 0.1% of the measured
object temperature and can be treated as negligible.
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Fig. 4.7. NGE functions of the assumed pyrometers
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Fig. 4.8. NGE functions of the assumed thermal cameras

4.2.1.2 Limited digital resolution

Anaog-to-digital converters ADC are typically used in modern non-contact
thermometers in order to have the output eectronic signal in a convenient digital
form.

Every ADC is characterized by its resolution understood as the least significant bit
LSB. As we see in the Eq.(4.12) the LSB depends on the bit number n and the full
scale range FSR of the ACD, where the latter parameter equals the difference be-
tween the maximal analog signal and the minimal analog signal to be digitized.

Due to limited resolution of the ACD its indications will be the same for the analog
signal S, within the interval (S-LSB/2; S+LSB/2). It is equally probable for
the signal S, to take any value within this interval and we can assume a case of uni-
form distribution. For such a case the standard deviation V4 of the random error
caused by the ADC equals to LSB divided by the root square from 12 as shown in
Eq.(4.11).

Let us assume that a 12-bit ACD is used to convert an analog signal within
the range from S;ii=S(Tor=0K, Tgp=300K) up t0 Spax = S(Tp=1300K, Tx,=300K).
The FSR was calculated as difference of the two assumed signals S using Eq.(4.8).
Next, the standard deviation Vy4 of the random errors of output signal measurement
due to digitization were determined employing Eqs(4.11-4.12). Finaly, the relative
standard deviation of the random errors of the temperature measurement oT/T
caused by limited resolution of the ADC were calculated using
the Eqs(4.3,4.4,4.17) and the results are shownin Fig. 4.9.
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Fig. 4.9. The relative standard deviation of the random errors of temperature meas-
urement oT/T caused by limited resolution of the ADC

Let us assume that a relative errors below 1% are acceptable. On the basis

of this criterion there were determined following temperature measurement ranges:
300-1300K for the thermal cameras with MCT-LW and MCT-MW detectors
and the pyrometer with thermocouple,
600-1300K for the pyrometers with Ge detector,
790-1300K for the pyrometers with Si detector.
High errors caused by ADC in case of the Si, Ge thermometers are generated by
very high dynamic (the ratio of the FSR and the rms value of the noise in the analog
channel V,) of the output eectronic signals overl0® in the assumed measurement
ranges for these systems, when in case of the systems using the thermocouple
or the MCT-LW detector the dynamic is only about 4 10",

There are a few ways to reduce the errors due to limited resolution
of the digitization block. First, is by employing a specia electronic system enabling
changing automatically the FSR of the ADC during the measurement. Second, is by
narrowing the measurement range of the system. It should be emphasized that it is
difficult to find rea systems that could offer measurement ranges as wide as the
measurement ranges we analyzed.

There is aso another simple way by using an ADC of better resolution.
The 8-10 hit ADCs were typicaly used in older non-contact thermometers. Nowa-
days, a 12-bit ADC seems to a standard and for such a case we carried out our
analysis. Prabably in a few years time 14-16 bit ADCs will be commonly used
and it will be possible to design systems of wider temperature measurement ranges.
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4.2.1.3 Variations of gain of electronic channel and detector responsivity

Both variations of the detector responsivity R and the gain g generate
variations of the output eectronic signal. Therefore we will analyze these factors

together.
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Fig. 4.10. The relative standard deviation of the random errors of the temperature
measurement oT/T due to random variations of the detector responsivity R*
and the gain g

It seems that for most well designed singleband systems, the variations
of the product of the quantities R and g are kept within therange + 1 % R g. As-
suming uniform distribution of the random variable R we can calculate the standard
deviation of the random variable R g equal to 0.0058 R'g. The relative standard
deviation of the random errors of the temperature measurement oT/T caused by
random variations of the random variable R g are shown in Fig. 4.10. As we can
see the errors due to analyzed source are for al the systems below the acceptable
level of 0.4%. This means that the errors from the variations of the detector respon-
sivity R and the gain g in well designed systems are not significant.

422 Radiometricerrors

As it was mentioned earlier we can distinguish 4 sources of errors of tem-

perature measurement in radiometric channel:
1. difference between the assumed by the user the object effective emissivity &,

and the true object effective emissivity &,.

2.difference between the assumed effective background temperature Tiyey
and the true value Tpy) ,
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3. difference between the assumed effective transmittance 7., and the true value
Ta(r)y

4. difference between the assumed optics temperature Ty, and the true value Top).

4.2.2.1 Errors of estimation of the effective emissivity
Difference between the assumed by the user the object effective emissivity

& and the true object effective emissivity & istypically a source of significant errors
of temperature measurement.

0.55

0.5

0.45}

effective emissivity €

0.4

400 500 600 700 800
temperature T,,[K]

Fig. 4.11. Effective emissivity € of an object of emissivity function &A) shown in Fig.
4.12 measured using a 3-5um thermal camera of the detector relative
sensitivity s(A) shown in Fig. 4.3

Formula (4.5) shows that in case of selective object the effective emissivity
can be exactly determined only when, the parameter we want to measure, the tem-
perature of the tested object, is known. As shown in Fig. 4.12 the variations
of the effective emissivity € with object temperature can be sometimes quite signifi-
cant [1]. As object temperature is not known this means that in case of selective
objects we cannot determine exactly object effective emissivity.
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Fig. 4.12. Dependence of the emissivity function £A) of an example selective object
(chamotte brick [4]) on wavelength A

The variations of the effective emissivity with object temperature shown in
Fig. 4.11 are about 10% in the analyzed temperature range and can be considered as
quite significant. However, these results were calculated for a case of an object
of emissivity gA) strongly dependent on wavelength presented in Fig. 4.12. Emis-
sivity of most objects do not depend so strongly on wavelength [4]. We can esti-
mate that the variations of the effective emissivity with object temperature are usu-
ally below the level of 2%.

The variations of the effective emissivity with object temperature are not
negligible but they usually contribute little to the relative error of estimation of this
parameter (&;- &)/& by the user. The error (&, - &)/& is often over 20% or more due
to difficulties in accurate estimation of the spectral emissivity &, because of a few
reasons. First isthat the data about spectral emissivity €,(A) of many materialsis not
available (in many emissivity tables found in literature are published only the total
hemispherical emissivity &r, directiona total emissivity in the normal direction &r,
spectral directional emissivity in the normal direction &,,). Second, even if such
datais available it often cannot be trusted as the emissivity values differ quite sig-
nificantly from one source to another. Third, the spectra emissivity &, depends not
only on wavelength but also on a shape of the surface and the angle of measure-
ment.

Errors of temperature measurement due to relative error in estimation
of the effective emissivity (&, - &)/& of the 20% level are shown in Fig. 4.13. We
can make two conclusions on the basis of thisfigure.

Firgt, that the relative errors of temperature measurement due to the ana-
lyzed source rise with object temperature. This means that we can expect higher
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errors due to improperly estimated object effective emissivity in higher temperature
range.

Second, that the errors of temperature measurement that originate from
the analyzed source are many times lower in case of the short wave Ge and Si py-
rometers than in case of the long wave thermocouple pyrometer or the 8-12 um
thermal camera.
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Fig. 4.13. Errors of temperature measurement due to difference between the as-
sumed effective emissivity &, and the real effective emissivity &

4.2.2.2 Non-accuracy of estimation of the effective background temperature

Operators of most singleband thermometers are required to estimate the ef-
fective background temperature that is the temperature of a blackbody that when
put in the place of the rea background would produce the same signal as the real
background does.

It is easy to estimate the effective background temperature in the case
of uniform high emissivity background when the effective background temperature
Tha €qQuals true background temperature. The assumption about uniform background
is sometimes fulfilled in indoor conditions. However, it is usually not fulfilled in
outdoor conditions primarily because of the radiation from the Sun. Even in indoor
conditions There are many applications when high temperature sources are mixed
with low temperature ones and is difficult to estimate accurately the effective back-
ground temperature Tpyq).-

The methods of background temperature measurement described in Ref. [5]
and manuals of different non-contact thermometers are useful. However, their accu-
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racy varies from one application to ancther. Additionally there are many situation
when these methods cannot be used or the effective background temperature
changes during the measurement process. Therefore, the accuracy of estimation
of the effective background temperature can vary significantly.

We can generally distinguish two opposite cases of the influence of the re-
flected radiation on the measurement accuracy. First, the low background tempera-
ture case when the background temperature is below about 400K. Such background
temperatures can be considered as typical in most applications. Second, the high
background temperature case when the background temperature, for example in
ovens, can reach even 1000K or more.

As can we see in Fig. 4.14 for the case of low temperature background
the errors due to background radiation are significant only for low temperature ob-
jects below 400K measured using the MIR and the FIR systems. The errors are
completely negligible for VNIR and NIR systems of spectral bands located below
3 um. Next, we can conclude that the MIR systems are less vulnerable to the re-
flected background radiation than the FIR systems are.

10
Thaa)= 300 K
8t Tha) = 330K
S 6t
=
S
4t
8-12 pm
2t thermal camera
thermocouple
3-5 pm pyrometer
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Fig. 4.14. Errors of temperature measurement for case of low temperature back-
ground

The situation presented in Fig. 4.14 prefers the VNIR and NIR as for these
systems the errors due to radiation emitted by low temperature background are neg-
ligible. From Fig. 4.15 we can conclude that for the high-temperature case we have
the same situation because the errors are the lowest for the VNIR thermometers and
the highest for the FIR thermometers. Additionally, it is clear that for the case
of high temperature object the errors due to improperly estimated effective back-
ground temperature are significantly higher for both analyzed cases when the real
effective background temperature Ty iS higher than the object temperature Top,.
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Fig. 4.15. Errors of temperature measurement for case of high temperature back-
ground

4.2.2.3 Errors of estimation of the effective atmospheric transmittance

Infrared radiation is always absorbed and scattered in the atmosphere.
The analyzed non-contact thermometers operate in atmospheric windows where
atmospheric transmittance is relatively good. However, independently of the spec-
tral band, the atmosphere always suppresses the emitted and the reflected radiation.
The atmosphere not only influences these two components, it also emits its own
radiation. Problems in the transmittance and the emittance are closely related, be-
cause a lower transmittance means a higher emittance and vice versa. Because
of the impact of effect of atmaospheric scattering, the 8-12 um military thermal cam-
eras are preferred in long distance conditions, as the effect of Solar radiation scat-
tered into a line of sight of 3-5um thermal cameras can sometimes be devastating
[10]. However, the civilian measuring thermal cameras, scanners and pyrometers
usually are used in over short paths, when the distance spans a dozen or so meters
long. Such a situation enables us to consider both the effects of atmospheric emit-
tance and scattering as negligible; only the influence from absorptance must be
analyzed.

As it was mentioned in Chapt.3 the calculation methods of output tempera-
ture used by most non-contact thermometers assume a case of a perfect atmosphere
when the effective atmospheric transmittance 7., equals one. Because infrared
radiation is always absorbed and scattered in the atmosphere the influence limited
transmittance of the atmosphere always decreases the output temperature what
causes a certain measurement error. This error caused by limited transmittance
of the aimosphere was calculated using a following procedure.
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First, the atmospheric transmittance function 1,(A) was calculated using the
well-known LOWTRAN model for a typical atmosphere. Next, the real effective
atmospheric transmittance 7, was calculated using Eq.3.7. Findly, the relative
error of temperature measurement of the analyzed systems due to the influence lim-
ited transmittance of the atmosphere was calculated using Eq.(4.16). The results
of the calculations are shown in Fig. 4.16.

Aswe can seein Fig. 4.16 the errors caused by the influence of the limited
transmittance of the atmosphere are small. For case of VNIR, NIR and FIR systems
we can even treat these errors as negligible. Only for MIR system of 3-5um spectra
band the errors become rather significant for the distance about 10m. These results
show that it is particularly important for the MIR thermal cameras to be equipped
with software enabling calculation of the effective atmospheric transmittance
and correcting the influence of the analyzed effect on measurement results.

The calculation results from the Fig. 4.16 suggest that the atmosphere do
not cause significant errors of temperature measurement with the analyzed systems.
The only exception is the MIR system. However, we must remember that results
from Fig. 4.16 were calculated for a case of short-distance testing carried out in
atypical clear atmosphere.

Non-contact thermometers are usually used in indoor conditions over short
paths, when the distance spans a dozen or so meters long and in clear atmosphere.
For such conditions the errors from the atmosphere are usually negligible even
when the user do not even to try to correct the influence of the analyzed effect on
measurement results. However, there occur also dragtically different situations
of long-distance measurements or measurements in dust, smoke etc. If not properly
corrected, the errors caused by the atmosphere can be then significant.

0 —— T T L, T e ]
______________ Sipyrometer and Ge pyrometer

8-12pm thermal camera
or thermocouple pyromete

ATIT[%]

2t 3-5um
thermal camera
Top= 1000 K
3 2 4 6 8 10

rm]

Fig. 4.16. Errors of temperature measurement due to limited transmittance
of the atmosphere
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4.2.2.4 Errors of estimation of the temperature of the optical components

The optics emits radiation in both laboratory and real working conditions.
The errors of temperature measurement from the optics radiation are caused by
difference between the assumed optics temperature Toy) and the true optics tem-
perature Toyr). The value of the Ty, is assumed by the user or, in case of modern
MIR or FIR therma cameras, is automatically measured by contact temperature
measurement method. In both cases the difference between values of Ty and Toy(
of 10K can be considered asreally high.

Aswe can seein Fig. 4.17 even for such a high difference the errors gener-
ated by improperly corrected radiation of the optical elements are small for MIR
and FIR systems; for VNIR and NIR systems they are completely negligible. How-
ever, we must remember that sometimes objects of lower temperatures than
thelowest temperature in the analyzed temperature range must be measured
and for such cases these errors can be significant.

2.0
Top(r): 310 K
s Top(a)= 300 K
= =.
e :
S
1.0 H
".‘ 8-12 pm thermal camera
0.5 '\‘ and thermocouple pyrometer
., 3-5um
“.thermal camera
00— e
400 600 800 1000 1200

Tob[K]

Fig. 4.17. Errors due to non-accuracy of estimation of temperature of optical com-
ponents

423 Calibration errors

Nowadays, there are available blackbodies that enable setting temperature
at some points within their temperature range with limit error below 0.1K or better.
However, generally the limit error of a typica commercialy available blackbody
is not better than 0.25% of the blackbody temperature. Therefore, et us assume that
the signal caused by radiation emitted by ablackbody S, can be determined ex-
perimentally at calibration condition with the randomly distributed errors AT,
within the range equal to +0.025 of blackbody temperature. Next, let us calculate
the dispersion of the signal S, values due to randomly distributed errors ATy using
the Eq. (4.3). The results of the calculations shows that the errors of temperature
measurement caused by non-accuracy of such a blackbody are within the range
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+0.025 of object temperature. Therefore, the temperature measurement errors due to
non-accuracy of blackbody used for calibration can be considered as negligible in
comparison to errors generated by the previoudy analyzed sources.

4.3 Conclusions

The accuracy of temperature measurement is an important figure of merit in
comparison with different non-contact thermometers. It is difficult to formulate one
general conclusion about superiority of one type of the analyzed pyrometers over
others or to choose the best therma camera on the basis of the presented earlier
results.

The thermocouple pyrometer has an advantage of a wide temperature meas-

urement range and can be used for measurement of both low and high temperature
objects. It is almost not sensitive to influence of atmosphere and the errors due to
limited digital resolution of the thermometer are low. However, this type of non-
contact thermometer is very sensitive to non-accuracy of estimation of the effective
object emissivity, the effective background temperature and variations of gain
of electronic channel and detector responsivity.
In case of the Si pyrometer and the Ge pyrometer we have an inverse situation.
They have relatively low sensitivity to non-accuracy of estimation of the effective
object emissivity, the effective background temperature and the variations of the
gain of eectronic channd and the detector responsivity. However, their lower limit
of temperature measurement range is located over about 600-700K and cannot be
used to measure low temperature objects.

Differences between the analyzed thermal cameras are smaller then in
the case of the pyrometers. The lower limit of the temperature measurement range
of the 3-5 um thermal camera is only a bit higher that the lower limit of the tem-
perature measurement range of the 8-12 um thermal camera. The 8-12 yum thermal
cameras are more sensitive to non-accuracy of estimation of the effective object
emissivity, the effective background temperature and variations of the gain of elec-
tronic channel and the detector responsivity, and non-accuracy of estimation
of the temperature of the optical components. However, the 3-5um thermal cameras
are more vulnerable to influence of the atmosphere.

On the basis of the calculation results presented earlier we can formulate
agenera conclusion that in order to improve measurement accuracy, spectral band
of the thermometer should be located in as short wavelength as it is possible due to
required measurement range. However, we must remember that the presented above
study is limited to thermometers working in indoor conditions and short distance
measurements. Therefore, the conclusion, formulated above, is valid only for this
group of non-contact thermometers.
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5. Errors of passive dualband thermometers

In spite of a quite wide range of applications of dualband thermometers
[1-8] the problem of accuracy of these systems has received rather small attention.
Only the influence of a few factors such as emissivity [9], limited temperature
resolution [10], location and width of the spectral bands[11,12] on the measurement
accuracy have been separately analyzed. In addition, the analyses in Refs.[9,10]
were made for the visible and the VNIR systems. Therefore, their results do not
need to be valid for the MIR and FIR systems.
Let us now develop a model that would enable determination of influence of any
source of errors on measurement accuracy with dualband systems.

5.1 Mathematical model

Dualband systems typically determine temperature of the tested objects
on the basis of the ratio between two radiometric signals measured in two spectral
bands using this 4 step measurement procedure described in detail in Chapt 3:

1. Determination of the calibration characteristic Ry,=f(Tyy)

2. Measurement of the rea output signas S; and S, in two spectral bands
and calculation of theratio of thetwo measured signalsR=S1/ S

3. Correction of theratio R is to the new value R.,, on the bas's of the assumed
ratio of the object emissivity in the two spectral bands re=&(A;)/€(A,).

4. Calculation of the output temperature T, On the basis of the value of the cor-
rected ratio Ry

Although the step 3 is conditional and used only by a small minority of dualband

thermometers let us assume that the corrected ratio is always determined and we

will develop formulas for the output temperature T, connected to the corrected

ratio Ry. If we later want to make calculations for the case when the step 3 is not

carried out we will simply assume that the corrected ratio R, equals the real ratio

R.

Assuming that the difference between the corrected ratio Ry, for object
temperature T, and the ratio Ry, for the same temperature is not high then the rdla
tionship between the T, and T, can be presented in the following form [Fig. 5.1]

Tout =Ty + (RCOI‘ (Tob) - Rbb (Tob)) ) (51)
ARy
dr T=Top

Using formula (5.1) the error of the temperature measurement AT that equals to
the difference between the output temperature T, and the true object temperature
Tob. Can be presented as
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AT = Tout _Tob — (RCOI’ (Tob) - Rbb (Tob)) . (52)
dRy,
dT|T=Tob

As can we see in formula (5.2) when the corrected ratio R (Tos) equals
thecalibration ratio Ry(Te) then the output temperature T, equals Tgp
and the measurement error AT is zero. When the equality Reor(Ton) = Ron(Top) iS not
fulfilled then a difference between T, and Ty, exists. This means that difference
between the ratios R..:(Ton) and Ru(Ton) generates errors of temperature measure-
ment with dualband systems.

A

ratio

\4

temperature

Fig. 5.1. Relationship between the output temperature T, , true object temperature
Tob., the corrected ratio R, and the calibration ratio Ry,

The difference between the corrected ratio R.,, and the calibration ratio Ry,
can be treated as the error of ratio measurement AR. Therefore, using the formula
(5.2) we can present the relationship between the ratio measurement error AR
and the error of temperature measurement AT in the following form

Tob — RCOI’ B Rbb — AR (53)

AT =T, ,
ADRF ADRF

out —

where ADRF = ARoo.
aT

T=Top

The new function ADRF can called the absolute disturbance resistance
function, because it represents the system resistance to the absolute errors of ratio
measurement that can be treated as disturbances of the measured signal. The ADRF
gives us information about how many times the absolute error of the temperature
measurement AT is smaller than the absolute error in the ratio measurement AR.
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It is possible aso to develop a relationship between the relative error
of temperature measurement AT/T and the relative error of ratio measurement
by transforming formula (5.2) to thisform

£ _ AR/R , (5.4)
T, RDRF
where
dR,,(T)
ob
RDRF = o (5.5)
Rob (Tob)

and where the RDRF was termed the relative disturbance resistance function for
similar reasons as the ADRF.

If we analyze the presented above measurement procedure then we can
conclude that the error AT is caused by limited accuracy of determination of the
calibration characteristic Ry,=f(Ty,) and limited accuracy of determination of the
corrected ratio Ryr. Let us develop mathematical models of the Ry, the Re
and the RDRF to enable us calculation of the measurement errors using the formula
(5.4).

The cadlibration characteristic Ry,=f(Ty,) is determined with some errors
mostly due to limited accuracy of the blackbody used during calibration. We can
present theratio Ry, as

_ S (To) -
oo (Tew) Sop1(Tob) (56)
where
_ Rl* 91An %. M AT. 2 s (i
Sobl(Tob) 4F12 1 HOleEl (Tbb + bb 1 )TFl( )Sl( )
O ,
* Eopt1 IM (Top(c) ,A)si(A)dAT
M1 H

Ry 92Ad2 o
Sob2 (Top) =——75— = Loz [M(Tpp £ ATy, A)Tr2(A)S,(A)dA
aF," +1 E KA,

U
+ Soptz IM (Top(c) 1/\)52 (A)dA g
VAP E

and where ATy, isthe limit error of indicated blackbody temperature.
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The corrected ratio Ry iS

Roor (Top) = —108), 57
a
wherethe R, isthe ratio of the two real signals S1/S. that equals
Sr1(Ton)
R (Top) = =2, (5.8)
T S (Ty)

and the rg, is the assumed ratio of the object emissivity in the two spectral bands
of the system:

re, =—. (5.9)

The signals measured in both two spectral bands during real measurements can
be presented on the basis of the analysis shown in subchapter 4.1 as

S = %oblral M (Tops AT o1 (A)TE1(A)s1(A)dA

AN

+ (L= gom )rar [M (Toagr) A)Tar(A)TE1(A)s,(A)dA
A

R _OR) H
+ (MIT. .\, A (/\)sl(}\)d}\l}@(g + 07, )t Vyy £V,
A){il (op(r) )Eoptl E AE2 +1 1 1 g al di

Sio= %obﬂaz IM (Tobs A)T o2 (A)TE2(A)S(A)dA
&y

+ (L= o2 )raz [M (Toary MTo2(A)TE2(A)S(A)dA
AAy

0 (R, +oR)) E
* M (Top(r) 'A)EOPtZ(A)SZ (A)dADx 2 Ja (00 ng)%iVaZ +Vy»

My> H 4F2% +1
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If we differentiate Eq.(5.6) then we obtain

dSobl (Top) dSyp2 (Thp)
_ Ry (T) _ Soo2(Top) — = ™ ~ S (Top) — o T, e
ATy, Sth2 (Top)

Next, the relative disturbance function RDRF can be presented as

ADRF

Eﬁbbz (Tob) P50 (Ton) _ So1 (Ton) 9502 (Tep) Erbb
RDRF = U AT Mo O (5.11)
- : _
SHv2 (Tow ) Rob (Ths)

Now we have all necessary formulas to calculate errors of temperature
measurement with dualband systems using Eq.(5.4).

5.2 Calculations

Dualband systems are usually built using non-cooled Si, Ge or InAsGa
photoelectric detectors of spectral bands located within VNIR and NIR ranges.
However, let us make calculations for 4 types of thermoelectrically cooled detec-
tors. Si, Ge, HgCdTe optimized for 3-5 um and HgCdTe optimized for 8-12 um
in order to estimate full capabilities of the dualband systems. Parameters of the as-
sumed systems shown in Tab. 5.1 and in Fig. 5.2 are based on data from Ref.[13].

Tab. 5.1. Parameters of the assumed four systems

Detector Si Ge HgCdTe HgCdTe

spectral band 0.4-1.1um 1-1.8um 3-5um 8-12um

D* [ecmHZ"/W] | 58 x10% 2 x10% 3x10% 6x10°

bands location A1=0.81um A=1.325um | A;=3.95um A1=8.1um
A>=0.96um A>=1.625um A2=4.95um A>=10.1um
AA=0.02um AA=0.05pm | AA=0.1um AA=0.2um

Tr 0.7

T 0.9

F 2

Aq 0.01 cm’

Af 2kHz
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2 HoCdTe | /HgcdTe
7] 3-5um 8-12um
Ge
0.2 1-1.8um
0.1
1 152 3 5 7 10 15
A [um]

Fig. 5.2. The relative sensitivity functions s(A) of the assumed four detectors

5.2.1 Reéativedisturbanceresistancefunction

The relative disturbance function RDRF gives us information on how much
the temperature-measurement error is smaller than the ratio-measurement error
andis a good figure of merit for comparison of different dualband systems. As
shown in Fig. 5.3 the RDRF clearly prefers the shortwave dualband systems.
Thevalues of the RDRF are aways higher for the shortwave systems than for
the longwave systems. Consequently, the same errors of the ratio measurement
cause smaller temperature measurement errors for shortwave systems. Next, we can
conclude from Fig. 5.4 that the systems of narrow spectral bands located far from
each other are more resistible to the disturbances than the systems of wide spectral
bands located close to each other.

4

RDRF

8-12pm

400 600 800 1000 1200 1400
Tob [K]

Fig. 5.3. The relative disturbance resistance function RDRF for four systems of pa-
rameters as presented in Tab.1 and in Fig. 5.2.
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4
A=1.325pm
A, =1.625um
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g A, =1.625pum
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1t A, =1.625um
MA=0.05pm
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Fig. 5.4. The relative disturbance resistance function RDRF for the three 1-1.8um
systems of different spectral bands

The results of the presented above calculations clearly show that the short-
wave shortwave dualband are more resistant on the errors of ratio measurement
received by the detector than the longwave ones. However, accuracy in the tem-
perature measurement depends not only on the system resistance on the errors
of ratio measurement but also on the level of the errors. The RDRF can be used as
auseful figure of merit for comparison of dualband systems but the most important
figure of merit for comparing these systems istheir accuracy.

When we analyze the measurement procedure we can distinguish following
sources of errors of temperature measurement with passive dualband systems:

1. difference between the assumed by the user ratio re, and the true ratio
I€,= Eont/ Eonz (fOr most dualband systems is assumed that re;=1),

non-negligible radiation reflected by the object,

non-equal atmospheric transmittance in the two spectral bands,

non-negligible influence of radiation emitted by the optical elements,

noise generated in detector (detectors) or other analog el ectronic blocks,
variation of the detector peak responsivity R* and variation of the preamplifier
gang,

7. limited resolution of analogue/digital converter,

8. limited accuracy of the blackbody used during calibration.

The first 4 sources can be grouped as sources of radiometric errors, the next
3 sources are sources of electronic errors and the last source is a source of the cali-
bration errors.

SUh Wb
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We pointed above 8 sources of errors with dualband systems. However, we will
limit calculations to the 4 most important sources:
1. difference between the assumed by the user the ratio re, and the true ratio

Eop! Eov2,
2. non-negligible radiation reflected by the object,
3. non-equal atmospheric transmittance in both spectral bands,
4. noise generated in detector (detectors) or other analog €l ectronic blocks.

At first let us calculate the errors of the temperature measurement caused

by the system noise, because these errors determine the lower limit of the tempera-
ture measurement range with the four analyzed systems.

5.2.2 Detector noise

Analysis of the influence of the detector noise is usualy done for case
of blackbody type objects. However, in order to better simulate real measurements,
we will make calculations of the standard deviation of the random variations
of the output temperature due to the detector noise for a case of an object of low
emissivity equals 0.3. As demonstrated in Fig. 5.5, the temperature measurement
errors caused by the system noise decrease with the object temperature, particularly
strongly for the NIR systems. We can determine the temperature measurement
range for the four analyzed systems on the basis of these errors. Let us assume that
the measurement errors from the system noise must be below the level of 1%. Ac-
cording to this condition the 0.4-1.1um systems can be used for the measurements
of temperature over the level of 800 K, the 1-1.8um systems for temperature over
the level of 600K, and the 3-5um systems for temperature over the level of 410 K.
However, the 8-12um systems do not fulfil the condition in the entire analyzed
temperature range 300-1500K. These high temperature measurement errors result-
ing from the system noise for the 8-12um system are caused by two factors. First,
by low values of the RDRF of these systems. Second, by low value of the peak
normalized detectivity of the assumed thermoelectrically cooled 8-12um detector.
Currently, the detectivity of the thermoelectrically cooled detectors for the 8-12um
spectral range is almost a hundred times lower than the detectivity of the same de-
tector for the 3-5um spectral range and this results in high temperature measure-
ment errors of the assumed 8-12um system. However, the technology of the ther-
moelectrically cooled detectors for the 8-12um range is developed rapidly, and in
near future their detectivity can be significantly improved. This improvement could
significantly reduce the errors caused by the system noise. In addition, the detectiv-
ity of the 8-12um detectors can also be significantly improved by using other, more
effective, cooling systems (liquid nitrogen, Joule-Thomson cooler, Stirling cooler).
Now, let us calculate the errors caused by the other disturbances.



112 Chapter 5: ERRORS OF PASSIVE DUALBAND THERMOMETERS

400 600 800 1000 1200 1400
Tob[K]

Fig. 5.5. The relative standard deviation of the random errors of temperature meas-
urement oT/T due to detector noise

523 Emissivity

There are dualband systems that use fully the presented earlier measurement
procedure are capable of producing accurate results even when object emissivity
isdifferent in the two spectra bands. However, the user is then required
to determine the ratio of object emissivity in the two spectral bands re to enable
correction of the difference of the object emissivity in these two bands. Thisisin-
convenient for users of dualband systems and for most systems it is assumed that
the ratio of the object emissivity in the two spectral bands is equal one. Let us limit
our analysisto just this case.

The difference between emissivity values in the two spectral bands depends
on the type of the tested object, and on the location and the width of the system
spectral bands. However, on the basis of some experience it seems reasonable to say
that the emissivity differences over the level of about 0.03 occur for many materi-
als. The errors of the temperature measurement caused by this level of the emissiv-
ity differences are plotted in Fig. 5.6. As we can see the errors increase with the
object temperature and, in general, they are high for the 8-12um systems, signifi-
cantly smaller for the 3-5um systems, and relatively small for the 0.4-1.1um sys-
tems, and the 1-1.8um systems.
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0
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Fig. 5.6. Errors of temperature measurement due to difference of object emissivity
in two different spectral bands

524 Réeflected radiation

Many measurements under industrial conditions are made in hot environ-
ments when background temperature sometimes reaches a level of 320K, or more.
As can be seen in Fig. 5.7, the background radiation reflected by the objects signifi-
cantly reduce accuracy of the MIR and FIR systems during measurements of low
emissivity objects. The errors can be treated as relatively small for the 3-5um sys-
tems over the level of 600K but they are significant in the almost entire analyzed
temperature range for the 8-12um systems.

The results of the calculations presented in Fig. 5.7 refer to the situation

when the background temperature, although high for humans, is relatively low
comparing to the object temperature. However, the measured objects are sometimes
put to a furnace, and then the background temperature can be close to the object
temperature. As demonstrated in Fig. 5.8, the errors under such conditions are
the lowest for the 0.4-1.1um systems, and the highest for the 8-12um systems.
It should be also noticed that the temperature measurement errors caused by
the background radiation are small when the difference between the background
temperature and the object temperature is small. This feature can be treated as
an important advantage of the dualband systems comparing to the singleband sys-
tems.
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&, =0.3
Thack=320K

400 600 800 1000 1200 1400
Tob [K]

Fig. 5.7. Errors of temperature measurement caused by radiation emitted by low
temperature background

0.4-1.1um

1-1.8um

T,,=800K
e=0.3

400 500 600 700 800 900 1000
Tback [K]

Fig. 5.8. The temperature measurement errors caused by the background radiation
reflected by the object for the four assumed systems. The case of variable-

temperature background.

5.25 Atmosphere

Infrared radiation is always absorbed by the atmosphere. The dualband
systems usually operate in atmospheric windows where atmospheric transmittance
is relatively good. However, independently of the spectral band, the atmosphere
always suppresses the emitted and the reflected radiation. The atmospheric trans-



CALCULATIONS 115

mission depends on many parameters. The results of many studies dealing with
the problem of determination of this parameter have been presented; sometimes
with contrary results. For an analysis of the influence of the atmosphere, the trans-
mittance was calculated with the popular LOWTRAN model for the conditions that
can be considered as typical (midlattitude, summer, visibility equal to 5km, height
equal to 2m, horizonta path). Next, the ratio-measurement errors and the tempera-
ture-measurement errors from the influence of the limited transmittance of the at-
mosphere were calculated and they are presented in Fig.10.

The ratio-measurement errors are significant for the 8-12um  systems
and the 1-1.8um systems. It can be treated as a surprise because the spectral bands
of al the systems have been located in the so called “atmospheric windows’. How-
ever, the results show that even within the “windows’ some transmission variation
occur and it can cause significant ratio measurement errors for the two above men-
tioned systems. However, due to the differences in the RDRF, the errors of the tem-
perature measurement from the influence of the limited transmittance are significant

only for the 8-12um systems.

3-5um\ 0.4-1.1pm___|

OR, 8T [%]

25 5 75 10 125 15 175 20
r [m]

Fig. 5.9. The ratio measurement errors, and the temperature measurement errors
caused by the limited transmittance of the atmosphere.

53 Conclusions

The accuracy of the temperature measurement is the most important factor
that should be used in comparison between different dualband IR systems for tem-
perature measurements. The results presented above definitively show that the er-
rors of the temperature measurements resulting from the analyzed disturbances
are generally smaller for the NIR and VNIR systems. These systems behave gener-
ally better than the MIR and FIR systems do, particularly for the low-emissivity
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objects. Therefore, if it is possible due to the required temperature measurement
range we should use the NIR or VNIR thermometers. If it is not possible due
totherequired temperature range then we should prefer the MIR systems
as the measurement errors with these systems are aways lower than they are FIR
systems.

5.4 References

1. Madague X., Dufour M., Dual imager and its applications to active vision robot weld-
ing, surface inspection, and two color pyrometry, Opt. Eng. 28, 872-880 (1989).

2. Spjut R. E., Transient response of one and two- color optical pyrometry, Opt. Eng., 26,
467-472 (1987).

3. Brownson J., Gronokowski K., Meade E., Two-color imaging radiometry for pyrotech-
nic diagnostics, Proc. SPIE 780, 194-201 (1987).

4. Jorgensen F. R. A., Zuyderwyk M., Two-color pyrometer measurement of temperature
of invidual combusting particles, J. Phys. E, 18, 486-491 (1985).

5. Levendis Y.A., Estrada K.R., Hottel H.C., Development of multicolor pyrometers
to monitor transient response of burning carbonaceous particles, Rev. ci. Instrum. 63,
3608-3621 (1992).

6. Beckwith P.J.,, Crane K.C., Two wavelength infrared pyrometer for rapid and large
temperature changes, Rev. Sci. Instrum. 53, 871-875 (1982).

7. Chrzanowski K., Madura H., Polakowski H, Pawtowski M.,Fast dualspectral pyrome-
ter, in Quantitative Infrared Thermography Conference QIRT-94, Sorrento, Italy, 1994.

8. Jiang H., Qian Y., Rhee K.T., High-speed dual-spectral infrared imaging, Opt. Eng. 32,
1281-1289 (1993).

9. Foley G. M., Modification of emissivity response of two-color pyrometers, High. Temp.
-High Press. 10, 391-398 (1978).

10. Bedford R.E., Keung M.C., Effect of uncertainties in detector responsivity on thermo-
dynamic temperatures measured with an optical pyrometer, High. Temp.-High Press.
15, 119-130 (1983).

11. Fehribah J.D., Johnson R.B., Temperature measurement validity for dual spectral-band
radiometrics techniques, Opt. Eng. 28, 1255-1259 (1989).

12. Lao K. Q., Temperature measurement using video cameras, in Proc. SPIE 819, 311-317
(1987).

13. EG& G Optoelectronics - Data Sheet 1996.



117

6. Errors of passive multiband thermometers

6.1 Sources of errors

Before we start analysis of sources of errors with passive multiband systems
let us remind presented in Chapt. 3 the basic set of equations used to determined
the output temperature Ty

Sl(Tob): g(aO:---yam-Z: A) S)b(TOUhAlI Ml) + prtl(Topt)
............................................................. (6.2)

S1(Tob)= ) (am---,am-Zy /\) S)b(Tout,/\n, AAn) + S)ptn(Topt)

where S(Tq,) is the signal measured at n spectral band generated by abject of the
temperature Ty, &@o,...,.am2, A) IS the assumed function interpolating object emis-
sivity curve at system spectral bands, S,,isthe signal caused by radiation emitted by
ablackbody of the temperature Ty, Anisthe center of system n spectral band, 4AA,is
the band width. Sy, is the signal generated by the radiation emitted by optical ele-
ments of the system in n system spectral channd that can be measured and we will
treated as a known parameter.

As we can see in the set of equations (6.1), the multiband method of tem-
perature measurement is based on assumption that the real measured signals S$+S,
that depends on the true object temperature T, are equal to certain hypothetical
signals. In our case these hypothetical signals are equal to the products of the as-
sumed emissivity function &a.,.,amA) and the assumed signal generated by radia-
tion emitted by a blackbody Sy,(Tow) @ System n spectral bands plus signals emitted
by system optical elements S, Difference between the calculated output tem-
perature T, and the true object temperature Ty, is caused by different factors gener-
ating situation when this equality is not fulfilled.

Firgt, the signal generated by the radiation emitted by ablackbody S
isusually determined experimentally during calibration at laboratory conditions
with alimited accuracy. During the calibration it is possible to reduce the influence
of the detector noise and other disturbances of the electronic channels on measure-
ment accuracy. Therefore, we will assume that the errors of determination
of thesignal Sy, called later as calibration errors are caused mostly by limited accu-
racy of the blackbody used for calibration.

Second, because of detector noise and non-linearity, limited stability
of cooling system, variation of the preamplifier gain and offset, limited resolution
of analogue/digital converters etc. the radiometric signal coming to the detector
istransformed into output electronic signal with some errors. It is possible to reduce
these electronics errors during calibration at laboratory conditions but it is not pos-
sible at real measurement conditions because of demand for measurement speed,
different environment temperature etc.
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Third, the radiometric signals coming to the detector or detectors can differ

significantly from the assumed signals and this difference generates errors that we
will call radiometric errors. The reasons for this difference are following.
In some cases object emissivity at system spectral bands A;,...,A, cannot be exactly
interpolated by the assumed function f (a,...,am, A). Next, atmosphere due to its
limited transmittance apparently changes object emissivity. Further, the signal
coming to IR detector consists not only of the signal emitted by the object
and the signa caused by radiation from optical elements as during calibration but
also of the signal reflected by the object. Additionally, the signal emitted by the
system optical elements during measurement conditions can differ from the signal
received during calibration because of change of temperature of the optical de-
ments.

To summarize our discussion we can say that the errors of temperature
measurement with multiband IR systems, according to their source, can be gener-
ally divided into three groups: radiometric errors, eectronic errors and calibration
errors. Radiometric errors are caused by differences between the assumed meas-
urement conditions (object emissivity can be exactly interpolated using the assumed
function, influence of reflected radiation is negligible, radiation emitted by optical
elements is negligible or is known, atmospheric transmittance is equa to one at all
system spectral bands) and the rea measurement ones. Electronic errors are
the errors of the transformation of the radiometric signal into output electrical signal
during real measurements. Calibration errors are caused by errors of determination
of signal generated by a non-accuracy of the blackbody at laboratory conditions.

6.2 Model of errors

It is necessary to make a few assumptions about the measurement method
and the thermometer used in measurement in order to formulate a model of errors
of temperature measurement with passive multiband thermometers.

Firgt, let us estimate the number of system spectral bands. As we can see
from the set of equations (6.1) the object temperature Ty, and parameters ay,...,am
can be determined by solving this set only if the number of spectral bands n
ishigher than number of unknowns m. From analysis of analytical functions for
approximation of object emissivity presented in work [1] we can conclude that
afunction of 1-2 parameters can well approximate emissivity functions of most
objects. As emissivity function used in multiband thermometry must very well in-
terpolate object emissivity at system spectral bands then we will assume a function
of at least 3 parameters is needed. This means that to solve the set of equations
(6.1), system of number of spectral bands higher or equal to 4 is needed.

Second, let us choose a mathematical function to interpolate values of ob-
ject emissivity in system bands. From a few possible functions we will choose
am-2-th degree polynomial inform

ep(A)=ag +a +...+a,, ,A™2. (6.2)
ob 0 1 m—2
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where m=>4.

Third, let us assume uniform distribution of true blackbody temperature
within the range [Tow - ATca; Tow + ATca] Where ATy, is the parameter describing
blackbody accuracy. Next, we will additionaly assume that limited accuracy
of the blackbody is the only source of calibration errors and the signal S, can be
predicted theoretically in form

n anAd” JM (Tou £ ATeqy , A)To(A)TE (A)sn(A)dA - (6.3)
AF2+1y

Sobn (Tout ) =d

where g, is the electronic systems amplification in n spectral channd, M(T,A) is
the spectra exitance at the temperature T and the wavelength A, R:, is the detector

peak spectral responsivity at n spectral channel, Aq, is the detector area, s.(A)
isthe detector relative spectral responsivity, 1,(A) isthe transmittance of optics, F is
optics F-number and 1=(A) isthe filter transmittance in n spectral channel.

Fourth, let us assume that the signal caused by radiation emitted by the op-
tics can be determined precisely at calibration condition and that can be expressed
as

_ 9nRA
Sopm—% i (ot A Fop ()51 (A) A (64)

where Toy and & are the temperature and emissivity of optical blocks and AAg,
isthe n detector spectral sensitivity range.
Now, we can present the set of equations (6.1) in anew form

D *
R _
S, = gL Hag + Ay +..c* 8 2 AT2) [M (T £ 8T A)To ()T 11 (W51 (A)OA
0 4F2 +1 o
O O
0+ M {o A o s ()02
E DAgy B (65)
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It is necessary to define the left part of the set of equations (6.5) -signads
measured at real measurement S,..., S, in order to solve that set of equations
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and calculate the object temperature Ty, The signal S, at the output of electronic
channel can be presented as

S, = %N) M (T A)TaA)To(A)Ten(A)5,(A) A

v

+ (1= £65(1) [Ehack WM (s Vo )TN Ten (A5 (A)A
AA
n 6.6)
0
+ M (T Fo 8 N)IAT
DAgn H

><(Rﬂ)ﬁ(gn +Ogn)§iv Ve

AF? +1 -

where &,(A,) is the real object emissivity at n-spectral band of the wavelength A,
T5(A) is the atmospheric transmittance, Tpae iS the background temperature, Torpt

is the temperature of the optics at real measurement conditions, Va, is the standard
deviation of the noise at the output of the analog n channd, V., is the standard de-
viation of the rectangular probability distribution within range determined by least
significant bit LSB of the A/D converter used in the channel n, og is the standard
deviation of the gain g treated as a random variable, oR is the standard deviation
of the detector peak responsivity R treated as arandom variable.

As we can see there are significant differences between the assumed signal

shown in the set of equations (6.5) and the real signal shown in equation (6.6). Firgt,
instead of the assumed emissivity function in form of a polynomial we have the real
emissivity function €(A\) that can differ from the assumed function. Second, signal
generated by the radiation reflected by the object is included into formula (6.6).
Third, both the signals generated by the radiation emitted and the reflected by
the object are suppressed because of limited transmittance of atmosphere.
Fourth, to the signal at the output of the detector during measurement condition
the detector noise of the standard deviation V, is added. Fifth, because of possible
variations of the detector the responsity R caused by limited stability of the detec-
tor temperature the responsity R is treated as a random variable of the standard
deviation oR'. Sixth, the gain g is treated as a random variable of the standard de-
viation og.

The standard deviation Vg, represents rms value of the noise at output
of analog electronic channel. This output noise consists of two components:
the noise generated by the detector and amplified by electronic blocks and addi-
tional noise generated by these blocks. For a well designed electronics the noise
caused by preamplifier and other electronic blocks should not be greater than noise
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generated by the detector. Therefore, let us assume that V,, equals two rms value
of the noise caused by the detector and can be calculated as

Ry Aunn (6.7).

*

Van =20,

n

where D’ is the peak normalized spectral detectivity of detector used in the channel
n and Af is the noise equivalent bandwidth to the output of the analog channel n.

The Vy, that represents errors generated by limited resolution of the digiti-
zation system used in channel n can be calculated as standard deviation of rectan-
gular probability distribution within range determined by leas significant bit LSB
of the converter

LB
Vy, = n 6.8).
dn \/E ( )
LB, can be determined as
Lsgn = Smaan_k Sminn , (69)

where Sy and Sy @e maximal and minimal values of the analog signa
to be digitized at electronic channel n, and k is bit number of the A/D converter.

The og and oR" cannot be modeled mathematically similarly to V, or V.
However, for awell-defined system they can be usually estimated.

Now, the quantities presented in the set of equations (6.5) are defined and it
is possible to determine object temperature. The set of equations (6.5) cannot
be solved analytically. It can be solved numerically using afew numerical methods;
the least squared method was chosen by authors to calculate unknown parameters
Tob, @0y 81,..., am2. All these numerical methods differ according to their calculation
speed and calculation accuracy. However, the calculation errors are negligible in
comparison to the radiometric, éectronics and calibration errors and we can say that
all these methods produce the same results. Therefore the calculations methods will
not be discussed herein detail.

6.3 Calculations

Multiband systems can be designed in many different ways. However,
to precise our discussion let us make a few assumptions about parameters of a sys-
tem that could potentially fulfill requirements of present day market and make some
calculations for these example systems.

Multiband systems, as they are more sophisticated and expensive, can find
applications only in areas where simple, low-cost single- and dualband systems
failed. Objects of emissivity whose strongly depends on wavelength and tempera-
ture are such an area. As examples we can treat: non-contact temperature measure-
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ment of thin films, some optical material or semiconductor material, metals during
heating or welding processes. For these applications it seems reasonable to assume
that the required temperature measurement range could be from about 400K up
to about 1400K.

For temperature measurement range mentioned above systems built using
such detectors as Si, Ge, InNAsGa, PbS, PbSe, HgCdTe, pyroelectric and others can
be used. All these detectors are available in non-cooled, thermoelectrically cooled
or cryogenically versions. However, to limit our discussion let us anayze only sys-
tems built with thermoelectrically cooled PbSe, PbS and non-cooled S detectors.
thermoelectrically cooled PbSe and PbS detectors were chosen because of they
cover spectral range of 1-5 um that seems to be optimal for the required tempera-
ture range and because of their relatively low cost in comparison to HgCdTe detec-
tors. Si detectors were assumed in non-cooled version as cooled such detectors are
not commonly available. Spectral characteristics of the assumed detectors are pre-
sented in Fig. 6.1 and other system parametersin Tab. 6.1.

It was shown in Ref. [2] that increasing number of unknowns m in the set

of equations means increasing errors of temperature measurement caused by
the detector noise and other internal disturbances. Therefore we will keep m low
and assume that m=4. It means that 2-degree polynomial is used to interpolate ob-
ject emissivity at system spectral bands.
It was also shown in the Ref.[2] that the same errors decreases when difference
between the number of system spectral bands n and the number of measured un-
knowns mrise. Therefore we will assume systems of 6 spectral bands to have con-
dition n > mfulfilled but not to make the system sophisticated too much.

We will start calculations from the analysis of electronic errors. One
of sources of such errors - detector noise - determine theoretical limit of system
accuracy and others can reduce it significantly even when there is no radiometric
or calibration errors.

1.0
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s(N)
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Fig. 6.1. Relative sensitivity s(A) of the assumed detectors
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Tab. 6.1. The system parameters used in the calculations

123

Detector Si PbS PbSe

spectral band 0.4-1.1um 1-2.5um 2-5um

D* [em HZ"/W] | 2 x10% 4 x10" 3x10"

R [V/W] 20000 600 000 100000

bands location A1=0.75 pm A=1.47 pm A1=3.15 um
A>=0.8 ym A>=1.6 ym A>=3.5um
A3=0.85 um A=1.75um A3=3.8 um
A4=0.9 pm As=2 pm A=4.1um
As=0.95 um As=2.2 um As=4.5 um
As=1 um As=2.35 um A=4.7 um
AA=0.02um AA=0.05um AA=0.1um

g 10

Te 0.5

T 0.8

F 2

Nf 20 kHz

Eopt 0.3

6.3.1 Electronicerrors

6.3.1.1 Noise in the analog electronic channel

The errors caused by noise in the analog electronic channel are represented
by the standard deviation of the output temperature dispersion aT. For the purpose
of the calculations noise in the analog electronic channel of norma distribution
of the standard deviation V,, was assumed. Calculations were repeated about 100
times to determine parameters of output temperature distribution with satisfactory
accuracy. A blackbody was used as a simulated measurement object.

As demonstrated in Fig. 6.2, the errors caused by noise in the analog elec-
tronic channel decrease with the object temperature. We can determine lower limit
of the temperature measurement range for the three analyzed systems on the basis
of these errors. Let us assume that they must be below the level 1 K as it occurs
for most singleband systems within their measurement range.

As we can see in Fig. 6.2, only the system using PbS detector fulfills
the mentioned above condition for temperatures higher than 800K ; the systems built
with PbSe and S detectors do not fulfill it within whole analyzed temperature
range. This means that lower limits of usable temperature measurement ranges
of multiband systems are significantly higher than those of single- and duaband
systems built using the same or similar detectors. Additionally, by comparing PbS
system and PbSe system we can conclude that location of system spectral bands
into longer wavelengths does not guarantee lowering this limit.
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Fig. 6.2. Standard deviation of output temperature dispersion oT due to the detector
noise

As temperature resolution of only PbS system is acceptable within most
of the analyzed temperature range; other systems will be omitted in next calcula-
tions.

6.3.1.2 Limited digital resolution

The analyzed temperature measurement range 400K-1400K is wider than
ranges of many commercially available singleband pyrometers. Therefore, we will
divide it into two sub-ranges 400K -900K and 900-1400K. Next, let us assume that
output analog signals are converted into digita signals using 14-bit converters
of the fixed voltage conversion ranges set up to cover whole range of signas in
analyzed two sub-ranges.

50
converter A/D: 14 bit
20 object: blackbody
3
~ \
b AN
5
2 Y
1 S
600 800 1000 1200
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Fig. 6.3. Standard deviation of the output temperature dispersion oT due to
the limited resolution of the digitization system
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As can we see in Fig. 6.3 the errors caused by the limited resolution
of the A/D converters for a system built with PbS detector are significant in both
two sub-ranges in spite of the fact that we assumed the converters of a very good
resolution for the present day. It is possible to lower these errors by optimizing
aconversion range of the A/D converter for only maximum signal difference during
a single measurement cycle. However, such solution require more sophisticated
electronics blocks and can increase errors generated by other disturbances in the
analog channedl.

6.3.1.3 Variations of gain of electronic channel and detector responsivity

From electronic designer point of view, the multiband systems can be gen-
eraly divided into two basic groups. The first group contains the systems using
linear and matrix detectors and n separate electronic channels which continuously
measure n different radiometric signals. The second one contains the systems with
asingle detector and single dectronic channel that alternatively measure radiomet-
ric signals in n different spectral bands. The measurement process of a few radio-
metric signals for the single channel pyrometer can be achieved using, for example,
arotary wheel with n optica filters[3].

For the systems using a single detector and single electronic channel

the quantities R; O Si(A), Adne Van, Van Used in formulas (6.5-6.9) are the same in

al system spectral bands. Additionally, for such systems there exist a significant
difference between the quantities Ag, AR and the quantities V,, Vg although they all
represent a standard deviation of a certain random variable. Variations of quantities
g, R arelow frequency variations and for systems using the single detector channel
the gain g and the responsivity R have the same value for all system spectra bands
during a single measurement cycle. V,. and Vg. represent high frequency variations
and they have different valuesin different system spectral band even during asingle
measurement cycle. In case of systems with n separate electronic channel all the
quantities g, R, V.. and V; can have different values in different system spectral
band even during a single measurement cycle.

Variations of the detector responsivity R and the gain g both generate
variations of the output electronic signals. Therefore we will analyze these factors
together and calculate results of variations of the random variable R g of standard
deviation equals 0.0015R'g on output temperature. Calculations carried out for
asingle electronic channel system showed that such variations do not generate any
errors of temperature measurement. The reason for such a behavior is that these
variations change the output signals proportionaly in all systems spectral bands.
However, as demonstrated in Fig. 6.4 they can cause very significant errors of tem-
perature measurement in case of system using n separated electronic channels. As
the assumed standard deviation of the product R g treated as random variable can
be considered as very low, it means that it is very difficult, amost impossible, to
design multiband systems using linear matrix of detectors and separate electronic
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channels of negligible errors caused by variations of gain of eectronic channds
and responsivity of the detectors.

object: blackbody
oR*g=0.0015R*g
120
3
— 80
o}
40
0

600 800 1000 1200
T [KI

Fig. 6.4. Standard deviation of the output temperature dispersion T due to the
variations of detector responsivity and electronic gain

6.3.2 Radiometricerrors

6.3.2.1 Emissivity and atmospheric transmittance

Results of emissivity measurements of the same objects presented in litera-
ture differ often quite significantly from one source to another [4] Authors of this
paper found out during experiments with emissivity measurements of different met-
as heated during measurement process that standard deviation of the dispersion
of the measurement results was about 2-5% of measured value. Therefore authors
cannot answer question what is the accuracy of approximation of emissivity curve
of typical objects by the assumed type of function. However, it seems almost certain
to assume that for most objects the standard deviation of the difference between
therea curve and its approximation curve will be not lower than 0.3 % of the value
of real object emissivity at system spectral band.

Emissivity of objects made from N-155ASTM steel of surface oxidized can
be well approximated by polynomial £y,(A\)=0.57 - 0.001 A - 0.036 A? in spectral
range 1-2.5um [4]. Errors of temperature measurement due to assumed random
difference of the mentioned above level between the this emissivity curve
and the real one for an the system built with PbS detector are shown in Fig. 6.5. As
can we see these errors are significant in whole temperature measurement range,
particularly for higher temperatures, although we assumed quite good accuracy
of approximation.
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Fig. 6.5. Standard deviation of the output temperature dispersion dT due to as-
sumed random difference between the assumed type of the emissivity
curve and the real one

As we do not known what is the accuracy of approximation of emissivity
curves of typical objects by the assumed 2-nd degree polynomia we cannot prove
that errors of temperature measurement due to differences between the assumed
type of emissivity curve and the real one will be significant in real measurement
conditions. However, on the basis of analysis of emissivity curves presented in lit-
erature it seems reasonable to expect accuracy of approximation to be no better than
the assumed value for most practical objects. Therefore, errors of temperature
measurement of real object with multiband systems due to differences between
the assumed type of emissivity curve and the real one should be not smaller, proba-
bly much higher, than those presented in Fig. 6.5.

It can be argued that by increasing degree of polynomial used for approxi-
mation we can increase approximation accuracy below the assumed level. However,
as shown in Ref. [2], increasing number of unknowns min the set of equations will
increase system sensitivity to detector noise and other disturbances generated in the
electronic channel. Therefore, it may bring no accuracy gain at all.

Atmosphere due to its limited transmittance apparently makes change
of object emissivity. For an anaysis of the influence of the atmosphere on meas-
urement results, the transmittance was caculated with the popular LOWTRAN
model for the conditions that can be considered as typica (midlattitude, summer,
visibility equa to 5km, height equal to 2m, horizontal path). Errors of temperature
measurement with PbS system of previoudy assumed object due to apparent change
of its emissivity curve are shown in Fig. 6.6. As can we see for the distance below
1m these errors can be considered as amost negligible. However, for a distance
of about 10 m they become quite significant in spite of the fact that system spectral
bands were located in so called atmospheric windows and transmittance was over
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98% in whole analyzed distance range. It can be expected much worse atmospheric
transmittance in many industrial conditions. Therefore we can come to the conclu-
sion that accuracy of multiband systems depends strongly on atmospheric transmit-
tance and we can expect significant temperature measurement errors due to limited
atmospheric transmittance in many industrial conditions.
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Fig. 6.6. Errors of temperature measurement due to limited transmission of the at-
mosphere

6.3.2.2 Radiation reflected by object and radiation emitted by optical elements

Theoretically, additional unknowns such as background temperature, optics

temperature, function of background emissivity, function of emissivity of optica
elements describing radiation reflected by the object and radiation emitted by sys-
tem optical elements can be added as unknowns to the set of equations used for
determination of object temperature. This could lead theoretically to elimination
of influence of radiation reflected by object and radiation emitted by optica ele-
ments on temperature measurement results on condition that the assumed type
of functions can perfectly interpolate real emissivity curves of the background and
the optics.
Because of the reasons similar to those presented in the previous section there exist
serious doubts about validity of this condition. Additionally, inclusion of the pa-
rameters mentioned above describing radiation reflected by the object and radiation
emitted by system optical elementsin the set of equations would lead to significant
increase of number of unknowns m what would cause increase of sensitivity
of measurement results to any disturbances of measurement process. Next, sophisti-
cated systems of high number of spectral bands would be needed. Therefore, such
asolution can be treated as only atheoretical possibility.

Influence of radiation reflected by object on measurement results depends
on the background temperature Tyack, itS emissivity g, and the object reflectivity



CALCULATIONS 129

Pos(N)=1-(A). As typical can be considered situation when the background emis-
SiVity &ack IS high, near one, and the object reflectivity po(A) is around 0.5. For
some industrial applications the background temperature Tpae iS NOt higher than
350K, for othersit can be can be close, or even higher than object temperature.
Calculations carried out showed that for PbS system influence of low temperature
background of temperature below 350K is almost negligible in the whole analyzed
temperature range 400-1400K. Errors of temperature measurement of object
of temperature equal to 1000K caused by high temperature background are shown
in Fig. 6.7. As demonstrated in this figure, these errors cannot be relatively small
when the difference between object temperature and background temperature
isover 100-200K or more. They become really significant only when background
temperature is higher than object temperature. This low sensitivity of accuracy
of temperature measurement with multiband systems can be treated as significant
advantage of these systems.

object g(\)=0.5
= 40t 721000 K
'58
20 }
0 J/\
-20 600 800 1000
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Fig. 6.7. Errors of temperature measurement caused by radiation emitted by back-
ground radiation

Changes of temperature of optical elements cause first changes of radiation
emitted by these elements, next -changes of signals measured in systems spectral
bands, and finaly they generate changes of measurement results. However, using
contact temperature measurement sensors located on the optical elements such tem-
perature changes can be detected and output signals corrected. Calculations carried
out for situations when temperature of optical e ements is measured with accuracy
+1K showed that errors generated by changes of radiation emitted by optica ele-
ments are completely negligible in the whole analyzed temperature range
400-1400K for both PbS and Si systems and small, almost negligible for PbSe sys-
tems.
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6.3.3 Calibration errors

Absolute accuracy of typica commercially available blackbodies is not
better than 0.25% of blackbody temperature. Therefore, let us assume that the signal
caused by radiation emitted by a blackbody S, can be determined experimentally at
calibration condition with the randomly distributed errors AT, within range equal
to £0.025 of blackbody temperature. Calculation results showed that errors of tem-
perature measurement caused by non-accuracy of such ablackbody are within range
+0.025 of object temperature. Therefore, the temperature measurement errors due to
non-accuracy of blackbody used for calibration can be considered as negligible
in comparison to errors generated by previously analyzed sources.

6.4 Conclusions

Method of temperature measurement with multiband systems is, similarly
to single- and dualband systems, based on validity of some following assumptions
about measurement conditions, system design and caibration process. First,
the product of object emissivity and atmospheric transmittance can be exactly inter-
polated by an assumed type of mathematical function. Second, the radiation re-
flected by the object and the radiation emitted by the optical elementsis negligible,
or it is known and its influence on measured signals can be corrected. This assump-
tion can be theoretically eliminated for systems of high number of spectral bands
using a set of equations with additional unknowns describing also radiation re-
flected by the object and by radiation emitted by system optical elements. Third,
errors of signals measurement generated by sources within electronics blocks are
negligible. Fourth, errors due to use of non-accurate blackbodies used during cali-
bration are negligible, too.

Errors of temperature measurement with multiband systems are strongly
dependent on validity of all of the mentioned above assumptions. However, they are
critically dependent on validity of the first and the third of the assumptions men-
tioned above.

Differences below the level of 0.1% between the assumed type of mathematical
function and the product of real emissivity curve and atmospheric transmittance can
cause very significant errors of temperature measurement even over the level
of 100%. Electronic errors generated by noise in the analog channels and limited
resolution of analog/digital converter can be also quite significant (a few percents)
even for situation when the signal- to-noise relationship is high (SNR>100) in all
system spectral bands and high resolution A/D converters are used. This is a sharp
contrast to singleband systems where difference of the level of 1% between
the assumed value of object effective emissivity and the real value of this parameter
and noise in analog channel for such a SNR generate errors of temperature meas-
urement of the level of tenths of per-cent [5,6].

Non-negligible or not corrected radiation reflected by the object and the radiation
emitted by the optical elements can cause significant errors of temperature meas-
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urement, too. However, for low temperature background and system spectral bands
located below about 3 um we can expect these errors to be significantly smaller
than the previously discussed errors.

The cdlibration errors are of the order of the accuracy of the blackbody used during
calibration. Even for typica commercially available blackbodies these errors are
usually much smaller than radiometric and electronic errors.

Indications of multiband systems with a single eectronic channel do not
depend on variation of detector responsivity and channdl gain in time. However,
in case of multiband systems with separated electronic channels such variations can
cause very significant errors of temperature measurement.

Errors of temperature measurement with multiband systems caused by most
sources of eéectronic errors significantly increase with number of unknowns m
in the set of equations used for determination of object temperature, and decrease
when difference between number of system spectral bands n and number of un-
knowns m rise. This means that to design a multiband system of negligible elec-
tronic errors number of unknowns m should be kept low and difference n - m
as high as possible.

As the number of spectral bands n cannot be to high because of system costs, it also
limits the number of unknowns of the assumed type of function used for approxi-
mation of object emissivity curve. Further, it means that to have multiband systems
of negligible electronics errors it is necessary to assume that object emissivity can
be interpolated by functions of low number of variables that can be fulfilled only
for some objects.

Finally, we can conclude that the multiband systems are capable of producing accu-
rate results of non-contact temperature measurement only in limited number of ap-
plications when the real measurement conditions are almost equal to the assumed
ones. Additionaly, multiband systems must be designed and build with much
greater care than in case of typical single- and dual band systems in order to have
low errors of temperature measurement caused by sources of eectronic errors.
It means that accuracy gains by using multiband systems are limited but the costs
of such multiband systems will be much higher than costs of singleband system.
Therefore we can come to final conclusion that multiband systems will not probably
become aredl riva for single band systems and will not improve significantly tem-
perature measurement accuracy in most industrial and scientific applications.
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7. Errors of active singleband thermometers

An active singleband thermometer can be treated as a typical passive sin-
gleband thermometer co-operating with an emitter of radiation of known power.
Such a system should theoretically determine accurately object effective emissivity
and eliminate the most important source of errors of passive singleband thermome-
ters.

We will analyze only errors of determination of object emissivity in active
thermometry as other sources of errors works in the same way as described
in Chapt.4. Let us carry out analysis for the active singleband pyrometer Pyrolaser”
described in subchapter 4.2.1. Its manufactures does not states it clearly but it seems
that the device determines automatically object emissivity using a following for-
mula

Eob =1—ai, (7.1)
Pe
where S is the output signal caused by the radiant flux reflected by the object and
measured by the receiver, S is the output signal due to the radiant flux emitted
by the emitter, and a the coefficient that depends on design parameter of the py-
rometer that can be determined experimentally.

In case of an ideal diffusive object the reflected signal S does not depend

on angular position of the active pyrometer; but it case of typical reflective-
diffusive objects the reflected signal S usualy depends on angular position
of the active pyrometer [Fig. 7.1].
In a case of typical reflective-diffusive objects their emissivity calculated using
the formula (7.1) will depend significantly on angular position of the active py-
rometer although the true object emissivity can be non-dependent on angular direc-
tion.

‘ object ‘

Active pyrometer-----—-----"">

Fig. 7.1. Angular distribution of the radiation emitted by the emitter of the active
pyrometer and reflected by a) a diffusive object b) reflective-diffusive ob-
ject
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Errors of determination of the object emissivity can be particularly high
inacase of highly reflective objects. Emissivity of such objects is very low. How-
ever, for most angular positions of the pyrometer the reflected signal S measured
by the receiver is very low. Consequently the object emissivity calculated using
the formula (7.1) will be amost 1. This means that errors of determination of object
emissivity with active singleband pyrometer can be even a few hundredths per cents
in case of highly reflective objects. These errors are a few times smaller in case
of typical reflective-diffusive objects but still they can be significant. Therefore,
practical applications of active singleband pyrometers designed like the Pyrolaser”
islimited to a narrow group of nearly idea diffusive objects.
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Appendix: Relative Disturbance Resistance Function
RDRF

In case of passive singleband thermometers the Relative Disturbance Re-
sistance Function is aratio of the relative error of signal measurement of the output
signal ASSto the relative error of the temperature measurement AT/T.

RORF = 25/S , (1)

AT/T

Vaues of the relative disturbance resistance function RDRF can be useful for
aquick determination of errors of instrument indications when the error of the sig-
nal measurement AS'S can be estimated.
Example: Calculate relative error of temperature measurement due to non-accuracy
of estimation of the object effective emissivity. System RDRF for estimated object
temperature equals 5. True object effective emissivity equals 0.5 but it was im-
properly estimated by the user as equal to 0.55.
Solution: Relative error of signal measurement is equal to relative error of emissiv-
ity determination

AS &, -

gr
———— =01 2
S @

where &, is the object estimated effective emissivity, and & is the object true ef-
fective emissivity.

Next, using formula (1) we can calculate the relative error of temperature meas-
urement AT/T as equal to 0.02 or 2%.

Using the same method as shown in the example above we can estimate
relative error of temperature measurement AT/T when the relative error of the sig-
nal measurement due to non-accuracy of estimation of effective atmospheric trans-
mittance, effective background temperature or any other source is known.

RDRF depends on object temperature and the relative spectral sensitivity
sys(A) of the non-contact thermometer. As there are many non-contact thermome-
ters of different relative spectral sensitivity sys(A), therefore there are also many
possible RDRFs. However, let uslimit analysis to the four broadband thermometers
(the thermometer built using HgCdTe detector optimized for the 8-12um spectral
band, the thermometer built using HgCdTe detector optimized for the 3-5pum
spectral band, the thermometer built using Ge detector, and the thermometer built
using Si detector) and 9 narrow-band thermometers of following centers of their
spectral bands: 7.9 um, 5.0 um, 3.9 um, 3.43 um, 2 um, 1.65 pm, 1 pum, 0.9 um,
0.65 pm.
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Vaues of the RDRF of the broad-band thermometers are shown in Tab. 1,
and the RDRF of the narrow-band thermometers are shown in Tab. 2.

Tab. 1. RDRFs of the broadband thermometers

T[K] HgCdTe 8-12um|HgCdTe 3-5um|Ge 1-1.8 pm|Si 0.4-1.1pm
ther mometers thermometers | thermometers | thermometers

200 7.64 14.59 42.76 67.62

300 5.57 10.18 29.39 45.97

400 4.53 7.996 22.56 35.20

500 3.90 6.698 18.39 28.72

600 3.47 5.846 15.58 24.39

700 3.15 5.246 13.55 21.26

800 2.90 4.804 12.02 18.90

900 2.70 4.464 10.83 17.05

1000 254 4.194 9.87 15.55

1100 2.40 3.975 9.08 14.32

1200 2.29 3.791 8.42 13.28

1300 2.19 3.636 7.86 12.40

1400 2.10 3.502 7.38 11.64

1500 2.02 3.385 6.96 10.98

1600 1.96 3.281 6.59 10.39

2000 1.76 2.952 5.48 8.62

Tab. 2. RDRFs of the narrow-band thermometers

T[K] | 7.9um [5.0um |3.9um | 3.43um |[2pum |1.65pm |1lpm | 0.9um | 0.65um

200 9.1 144 | 184 | 21 359 | 435 71.9 79.9 1104

300 6.1 9.6 12.3 | 139 239 | 29.0 479 | 53.3 73.7

400 4.6 7.2 9.2 10.5 179 | 218 35.9 39.9 55.3

500 3.7 5.8 7.4 8.4 14.3 17.4 28.7 319 44.2

600 | 3.2 4.8 6.2 6.9 119 | 145 23.9 26.6 36.8

700 2.8 4.1 5.2 6.0 102 | 124 205 | 22.8 31.6

800 | 25 3.6 4.6 5.2 8.9 10.8 179 | 19.9 27.6

900 2.3 33 4.7 4.7 7.9 9.6 15.9 17.7 24.5

1000 | 2.1 3.0 3.7 4.2 7.1 8.7 14.3 15.9 22.1

1100 | 2.0 2.8 3.4 3.8 6.5 7.9 13.0 | 145 20.1

1200 | 1.9 2.6 3.2 3.6 6.0 7.2 119 | 133 18.4

1300 | 1.8 2.4 3.0 3.3 55 6.7 11.0 | 12.2 17.0

1400 | 1.7 2.3 2.8 3.1 5.1 6.2 102 | 114 15.8

1600 | 1.6 2.1 25 2.8 4.5 5.4 8.9 9.9 13.8

2000 | 15 1.8 2.1 2.3 3.6 4.4 7.1 7.9 11.0
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