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The Early History of Temperature Sensing

Year Events
1592 | The first instrument to measure temperature — The thermoscope Galilei, Greek
1611 | Temperature scale was added (but uncalibrated). Galen
1613 | Using a thermoscope to record “degrees of heat” of winter snow, summer heat...| Sagredo
1624 | “Thermometer” appeared in the literature. Leurechon
The first sealed thermometer filled with spirits of wine — The Florentian : c
1654 thermometer Ferdinand II, Italy GE)
1661 | The Florentian thermometer was exported to Rome, Paris, England. o
>
1663 | Attempted to calibrate and standardize thermometers — using ice point. Hooke 2
1694 | Suggested ice point and boiling point as two fixed points and scale 12. Renaldini GE)
1701 | Defined two fixed points: ice point and armpit temperature. Newton, British b
Modified Romer(a Danish astronomer) scale to a Fahrenheit scale, substitute : &
i i : Fahrenheit, c
1708 | mercury for spirits, used a mixture of sea salt, ice, and water to produce the zero o
: o " - Netherland O
point. Ice point = 32, boiling point = 212.
1742 | Invented a scale with O at the steam point and 100 at the ice point. Celsius, Sweden
1743 Inverted Celsius scale and named “centigrade” to indicate a scale divided into S =
100 parts.
1848 | Define a thermodynamic (absolute) temperature scale with ideal gas (H). Kelvin
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What Is Temperature?

q Qualitative Definitions:
1. The degree of hotness or coldness of a body.
2. All bodies have the same temperature if they are in thermal equilibrium.

3. The level of thermal energy. (cf. Electrical energy; Mechanical potential energy.)

g Units of temperature (one of System International units, Sl) :

Unit Symbol  Quantity measured
1. Meter m Length
2. Kilogram kg Mass
3. Second S Time
Dimensioned 4. Ampere A Electric current
5. Kelvin K Temperature
6. Mole mol Amount of substance
7. Candela cd Luminous intensity
. _ 8. Radian rad Plane angle
Dimensionless _ ,
9. Steradian Ssr Solid angle
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How to Quantify 1t?

q Four common temperature scales:
Fahrenheit(1708), Celsius(1740), Kelvin(1848), Rankine(1730)

°F °C K °R 9
Boiling point 212 —100 —373.15 —672.67 °F = g(0 C) +32
0 —_ 5 (0]
Ice point 32 0 | 273.15 | |-492.67 C= 5( F- 32)
0
K=273.15+ °C
Absolute zero [I] 459,67 273.15 0 0 °R =459.67 + °F

g Fundamental temperature scales:

The relationship of measured variable to temperature depends only on fundamental
physical constants, not on arbitrary calibrating constants.

Examples:

1. Thermodynamic, PV=PV(T, Na, k)

2.Thermal radiance, W=W(T, Kk, c, h)
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What 1s Concerned?
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Temperature Sensor Classification

Principle

Electrical
electric |Resistance

Carrier | Thermal Electrical
Mobility | Radiation | Capacitance

Resonant
Frequency

Thermal

. Others
Expansion

Thermocouple

Thermopile
RTD(PTC, NTC)
Thermistor

P-N junction

Optical pyrometer

Pyro-electric

Quantum

Spectroradiometer

Cooling IR imager
Uncooled IR imager
Gas

Liquid

Bi-metal

Quartz

Liquid Crystal 1
Others 2,3,4,5

[Remark]: 1.Reflectance, 2.Index of Refraction, 3.Ultrasonic, 4.Microwave, 5.Acoustic
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Ther mocouple Sensor

g Thermoelectric Effect (Thomas Seebeck, Germany, 1821):

Two wires composed of dissimilar metals are connected at both ends, to make a
complete electrical circuit, an electrical current will flow in the circuit if one of the
ends is heated. (Thermocouple - Nobili, 1829)

Metal 1 .\ Metal 1 (P)
co<<_© >hot @{ >
V,=a DT
hot cold -
Metal 2 Metal 2 (N)
V. =a,+aT+a,T°+a,T°+a,T"+
Letter P wire N wire Range Accuracy Order

T Cu NissCuss -160~4007C 0.5C 7th
J Fe NissCuss 0~760C 0.1C 5th
E NigoCrio NiasCuss -100~1000°C 0.5C 9th
K NigoCrio NigsMn2Al2Si1 0~1370C 0.7C 8th
R Pts7Rh13 Pt 0~10007C 0.5C 8th
S PtooRh1o Pt 0~1750C 1.0C 9th
B Pt7oRh3zo PtesaRhe 870~1700C - -
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Thermopile Sensor

g Thermopile (Melloni,1833): A thermopile is serially connected thermocouples.

IR light window

base

temperature
sensor

hot junction

cold junction

metal A |
metal B

[
membrane

IR radiation
7,

Hot junction Material 1
Material 1 ; Material 2 /
A
haN

N\
Cold junction

T
SiN membrane
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Practical Circuit of a Thermopile
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RTD and Thermistor

q Resistance Temperature Detector (RTD)
For general metal,
PTCR : Positive Temperature Coefficient of Resistance

R(T) = I:\)0[14"'5‘0(-'_ B To) +a1(T B To)2 + ]

a= 1drR Owing to a good linearity

RdT |

g Thermal Sensitive Detector (Thermistor)
For Semiconductor,

NTCR : Negative Temperature Coefficient of Resistance

11
B(—-7) 1 dR B
— T TO a =—— = -
R(T)=R,e RAT|,, T2
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RTD Sensors
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Pyro-electric Sensor

window
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ceramic support
mf tﬂI Cﬂn ':. g ‘1. . '|l ‘ '-. ! -|l [ ‘: U l-Il - ":. i '
n:. i # 3 & & L} & J cjrcujl
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Optical Pyrometer

q The disappearing filament optical pyrometer

o
FIELD FILTER
TEST
SPOT LENS
PRISM g
RHEDSTAT —
SWITCH NI-CAD ==
BATTERY =7 EYE
AMMETER LENS
OBJECTIVE {E ;
PYROMETER
LRl LAMP
e —— — CLEAR
PRISM
DOPTICAL
WEDGE ERECTOR
LENS
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. .
Spectroradiometer/Radiometer

Blackbody radiation
spectrum fitting

) T
Spectroradiometer F

ltems Specifications

Spectral range 0.2 to 25 microns . .
FOV 0.3 mrad - 100 mrad \
Focusing range 2.5m to infinity g
Scan rates 0.015 to 30 scans/sec Radiometer I
Chopping Frequency 100 to 1800 Hz.
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Temperature Scales

q Requirements for establishing a temperature scale:
1. Set the fixed points and given the temperature value.
2. Choosing an appropriate instrument to interpolate scale.

3. Determine the relationship between the measurement variable and the temperature.

g The International Practical Temperature Scale:

The International Committee of Weights and Measures(1927,.. 1960,.. 1968,.. 1990)
Fixed points: 6(ITS-27), 13(IPTS-68), 17(ITS-90)

Defining fixed points of the ITS-27 C

Number °C Substance State
1 -182.97 oF) Boiling Point Range °C Interpolating Instrument
2 0.000 H20 Freezing Point I -182.97 ~ 0 Platinum resistance
3 100.000 H20 Boiling Point I 0 ~ 660 Platinum resistance
4 444.60 S Boiling Point
1] 660 ~ 1063.0 S-type thermocouple
| 5 | 960.5| Ag | Freezing Point
: : A% >1063.0 Optical pyrometer
6 1063.0 Au Freezing Point
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1 TS-90 (1)

q The International Temperature Scale of 1990 (ITS-90)

[Ref]:http://www.omega.com/techref/intitemp.html

1. Units of Temperature

The unit of the fundamental physical quantity known as thermodynamic temperature, symbol T, is the kelvin symbol
K, defined as the fraction 1/273.16 of the thermodynamic temperature of the triple point of water.

Because of the way earlier temperature scales were defined, it remains common practice to express a temperature in
terms of its difference from 273.15 K, the ice point. A thermodynamic temperature, T, expressed in this way is known
as a Celsius temperature, symbol t, defined by:

t/'C=T/K-273.15

The unit of Celsius temperature is the degree Celsius, symbol °C, which is by definition equal in magnitude to the
kelvin. A difference of temperature may be expressed in kelvins or degrees Celsius.

The International Temperature Scale of 1990 (ITS-90) defines both International Kelvin Temperatures, symbol T90,
and International Celsius Temperatures, symbol t90. The relation between T90 and t90 is the same as that between
Tandt,i.e.

tyy/ C = Tgy/ K - 273.15

The unit of the physical quantity T90 is the kelvin, symbol K, and the unit of the physical quantity T90 is the degree
Celsius, symbol C, as is the case for the thermodynamic temperature T and the Celsius temperature t.
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1 TS-90 (2)

2. Principles of the International Temperature Scale of 1990 (ITS-90)

The ITS-90 extends upwards from 0.65 K to the highest temperature practicably measurable in terms of the
Planck radiation law using monochromatic radiation. The ITS-90 comprises a number of ranges and sub-ranges
throughout each of which temperatures T90 are defined. Several of these ranges or sub-ranges overlap, and where
such overlapping occurs, differing definitions of T90 exist: these differing definitions have equal status.

3. Definition of the International Temperature Scale of 1990
Between 0.65 K and 5.0 K T90 is defined in terms of the vapour-pressure temperature relations 3He and 4He.

Between 3.0 K and the triple point of neon (24.5561 K) T90 is defined by means of a helium gas thermometer
calibrated at three experimentally realizable temperatures having assigned numerical values (defining fixed points)
and using specified interpolation procedures.

Between the triple point of equilibrium hydrogen (13.8033 K) and the freezing point of silver (961.78°C) T90 is
defined by means of platinum resistance thermometers calibrated at specified sets of defining fixed points and
using specified interpolation procedures.

Above the freezing point of silver (961.78°C) T90 is defined in terms of a defining fixed point and the Planck
radiation law.
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Defining Fixed Points of the I TS-90

| | Temperature | |

| Number | Too/K | tg0/°C | Substance | State
1 3t0o5| -270.15t0 -268.15| He Y,

. 2 |  13.8033 -259.3467 | e-H, | T
E ~17| ~-256.15| e-Hy(orHe) | V (orG)
| 4 | ~20.3| ~-252.85| e-Hy(orHe) | V (orG)
. 5 | 245561 -248.5939 | Ne T

. 6 | 543584 -218.7916 | O, | T

. 7 | 83.8058] -189.3442 | Ar T

. 8 | 2343156 -38.8344 | Hg T
9 | 273.16| 0.01| H,0 T

| 10 | 302.9146| 29.7646 | Ga M

. 11 | 429.7485| 156.5985 | In | F

. 12 |  505.078| 231.928| Sn | F

. 13 | 692677 419.527 | Zn | g

. 14 | 933473 660.323 | Al | F

. 15 | 1234.93| 961.78 | Ag . F

. 16 |  1337.33| 1064.18 | Au | F

. 17 | 1357.77| 1084.62| Cu | F

V: vapor pressure point; T: triple point; G: Gas thermometer point;
M: melting point; F: Freezing point
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Evolution of IR Sensor Technologies

1800 ~ 1899

1900 ~ 1979 1980 ~ 1989|1990 ~ 1995

1996 ~ 2001...

IR discovery
(Herschel, 1800)

Thermo-electric
effect
(Seebeck,1821)

Thermocouple
(Nobili,1829)

Thermopile
(Melloni,1833)

Bolometer
(Langley,1880)

Radiation theory
(1884)

2T

2 ' ! -
O R

A

Single detectorﬁ

Single / Linear / Area array detector
LN,, n,/ argon gas cooling, mechanical scan

Thermal-type

Quantum-type

Uncooled IRFPA
electronic scan

Microbolometer
Micro-pyroelectric

4

Low cost
Thermal Imager

Thermal-type

Measurement and Simulation of @

Optomechatronic Systems

LRI EHE TR o
Opto-Electronics Teaching Resources Center

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com



http://www.fineprint.com

Development of Uncooled IR Imagers

1970 1979 1980 1985 1986
100x100 Microbolometer
Uncooled IR Detector BST Array Array SRTS
NVEOD, Honeywell, Philip Tl Honeywell TI, Honeywdll
Magnavox (1x64 PbSe)
1987 1988 1989 1991 1995 1996 1997 2001
HIDAD 80000 pixels/ Microbolometer I mager/ Commercialized
NETD < 1.0C NETD =0.1C Uncooled IR I mager
Honeywell, T TI Honeywell Honeywell TI (Night Sight) Raytheon
Hughes (BST) (V,0y) 336x240 (TI, Hughes,
Rockwell 328x245  64x128 ™Sa lloral 2 Rockwell Amber)
3. Hughes 4. Raytheon Martin
5. Alliant Techsystems (Loral)
NVEOD : Night Vision & Electro-Optics Directorate Boeing
BST : Barium Strontium Titanate pyroelectric detectors (Rockwell)
SRTS: Short-Range Thermal Sight program / NVEOD & DARPA Microbolometer £ g
-> uncooled rifle sights | RFPA (AGEMA,
HIDAD : High-Density Array Development program /NVEOD & DARPA |nframetric)
-> 80000 piXdS, 2x2 mils, NETD<0.3C NEC, INO,
LETI...
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The Electromagnetic Spectrum

Radio (VLF, LF, MF, HF, VHF, UHF) MW IR VIS UV X-Ray Gamma-Ray
100km 10km 100m 10m 1m 10cm Imm 1mm 0.1mm 100A 10A 1A 0.1A
Wavelength

IR(15-0.75mm) Vi (0.75-0.4mm) UV(0.4-0.01mm)

Near IR (NIR) :  0.75-3mm
MiddleIR (MIR) :  3-6mm
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Visible cf. Thermal Radiation (1)

q Target signature (Spatial Distribution)

Visible(0.4-0.75nmm) FIR(8-12rmm) FIR(8-12mm)

§ Active sensing : Visible, NIR
§ Passive Sensing : Visible, NIR, MIR, FIR
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Visible cf. Thermal Radiation (2)

q Background signature (Spatial Distribution)

Wor ks equally well in daylight

Ref. “Thermal imaging solutions”, TI NIGHTSIGHT interactive explorer.

Sees in total darkness

Enhances vision through
haze, fiog and dust

Enhances vision through
haze, fog and dust
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Thermal Radiation Theory

g Thermal Radiation

All heated objects will emit EM radiant energy owing to the accelerated charges in
the objects.

q Kirchhoff (1860)

§ Introduced the radiation transfer law, good absorbers are also good radiators.
§ Proposed the term blackbody to describe a body that absorbs all of the incident
radiant energy. - A standard radiator: can be used to compare any other source.

g Key events of research for blackbody radiation

§ Stefan(1879), Boltzmann(1884)
- the total amount radiation of a blackbody is proportional to the fourth power of its
absolute temperature.
§ Wien (1894)
- attempted to give a general form for spectral distribution of the blackbody radiation.
§ Rayleigh, Jeans (1900)
- used a cavity model with the concepts of classical physics, QR
derived an expression and attempted to fit the experimental Oy
data at long wavelengths. PR

a " .
a
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Planck’s L aw

qg Planck (1900)

§ The radiant energies of oscillators increases only in discrete step, differing by the
quantity hn.

§ The spectral distribution of the radiation from a blackbody, spectral radiant
emittance W, is

_ _2phc? 1 |
Emittance ?

k,= 1.38" 1023 joule/K, Boltzmann’s constant L
Emissivity and

h = 6.63x103* joule-sec, Planck’s constant ]
Emittance ?

g Convenient form

W, = Cy s 1 c, =3.7415° 10" [W >xcm ®u *] : 1st radiation constant
5 NnT .
1> e™ -1 c, =14388" 10" [u K] : 2"d radiation constant
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The Blackbody Radiation

1.0E+1

1.0E+0

1.0E-1

1.0E-2

1.0E-3

Spectral Radiant Emittance[w>cm-2m?]

1.0E-4

o

Wavelength [mm]
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The Standard Radiative Sour ces

q Blackbody types

Nl

s
N

III[L

—
|
B
P
-‘_"‘—-— Extended

Metal Freeze Temp.[C] Uncertainty
q Standard types Copper 1084.62 0.50
Gold 1064.18 0.40
1. Primary Silver 961.78 0.40
Aluminum 660.32 0.30
2. Secondary Zinc 419.53 0.30
: Tin 231.93 0.20
3. Worklng Indium 156.60 0.20
Emissivity : 0.999 £ 0.0005
Measurement and Simulation of QY (TLEHREFTRY ©
Optomechatronic Systems Opto-Electronics Teaching Resources Center

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com



http://www.fineprint.com

The Concepts of Emissivity

q Definition:
e W/ W,
q Kirchhoff’s law:
W, /a =W,
§ € =, (Only for a given temp. !)
ga, +r, +t; =1
§ For semi-transparency object

e :(1' I’,)(l-t,)
1-r,t,

q General form

gewd e wd
e =

QW d sT*

Relative Radiant

1.0
i —— Graybody
8 06 | —— Selective radiator
C .
[ i
= 04t
=
T} L
0.2 +
00 L e . . o . . <
Py
>
n
0
e
(NN

"0 5 10 15 20
Wavelength [rm]
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Emissivity of Common Materials

Metal Temp[’C] e Metal Temp[C] e

polished 100 0.05 polished 40 0.21

Al anodized 100 0.55 Fe oxidized 100 0.64

vacuum deposited 20 0.04 rusted 20 0.69

Stainless | polished 20 0.16 Ni ﬁgligl?sdhe q ;8 ggi

Steel oxidized at 800°C 60 0.85 oxidized o fipen

Steel polished 100 0.07 Cu polished 100 0.05

oxidized 200 0.79 oxidized 20 0.78

Au polished 100 0.02 Ag polished 100 0.03

Mg polished 20 0.07 Sn polished 100 0.07

Others Temp[C] e Others Temp[°C] e

candle soot 20 0.95 . dry 20 0.92

celen graphite 20 0.98 el wet 20 0.95

distilled 20 0.96 frost -10 0.98

peate ice -10 0.96 NS snow -10 0.85

Skin human 32 0.98 Plaster Rough coat 20 0.91

Paper white 20 0.93 Concrete | - 20 0.92

Glass polished 20 0.94 Sand - 20 0.90
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. .
Temperature and Skin Materials

q Hot or cold skin?
in actual situations, @, and € are not to be equal for a surface due to
the temperature dependence of them and temperature differences
between two sources. Using this fact, a hot or cold skin can be achieved
by selecting materials with a high or low value of @, /€ .

§ The ratio of the absorptance a. for solar radiation (6000K)
and the emissivity €, for low-temperature radiation (300K)

Material as €, as /e,
polished 0.387 0.027 14.35
Al sandblasted 0.42 0.21 2.0
anodized 0.15 0.77 0.19
Cu 0.782 0.49 1.60
Al 0.54 0.45 1.2
Paints | Mg 0.936 0.844 1.11
TiO2(gray) 0.87 0.85 1.0
TiO2(white) 0.19 0.94 0.2
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Atmospheric Transmittance

g Atmospheric transmittance
— Sl
t(1,x)=es0)x
s(l ) : Spectral total coefficient of attenuation
(absorption, scattering s.)
size<<I|, s,pl4 (Rayleigh)
size3 5, s = constant (Mie)
1.0 ool b .. ... ... A\.J
: . 1.0f
I Spectral total transmittance Yol
0.8 T } M for a propagation range i Aerosol
0.6 [ [
; ool . ... Vv 0 .,
0.4 | 1.0f v
i s N2
0.2 b i
O_O_Il 1 2 LN S Y S N N [y [N (S I NG| 0'07‘.““““‘.,.,
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Wavelength [rm]
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Atmospheric Trans. v.s. Range (1)

1.0
I Weather condition:
" 0.8 r —o— 8-14m Altitude : sea level
2 - —°— 3-5m Pressure : 1008mb
g 0.6 - Temperature : 10°C
= Rel. humidity : 50%
= i
c Visibility : 12km
S 047
|_
0.2 |
0.0 ! ] ! ] ! ] ] ] ! ] ! ] ! ] ! ] ! ] !
0 1 2 3 4 5 6 7 8 9 10
Range [km]
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Atmospheric Trans. v.s. Range (2)

1.0
- Weather condition: - Weather condition:
08 I —0— 8-14m  Altitude : sea level - —0— 8-14m  Altitude : sea level
8 - —0— 3-bm Pressure : 1008mb & —0— 3-bm Pressure : 1008mb
C Q o
S o061 Temperature : 25C - Temperature : 32°C
E Rel. humidity : 50% - l\o Rel. humidity : 90%
2 04 Visibility : 12km Visibility : 12km
©
I_ o %o ; o 0
0.2 + ""::::..
0.0 L. . i I »
o 1 2 3 4 5 6 7 8 9 100 1 2 3 4 5 6 7 8 9 10
Range [km] Range [km]
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Radiometry Ter minology

Terminology Symbol Unit
Radiant energy U Joule
Radiant power(flux) P Watt
Radiant emittance W W cm™
Radiance N (L) W cm™ sr
Radiant intensity J () W sr
Irradiance H (E) W cm™

[Remarks] : Spectral + item = item per wavelength
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Point Radiator

q Point source

1. The physical size is not concerned but the subtend angle of the sensor.

2. If sensor has no optics, any source can be considered as a point source
at a distance > 10 times the largest dimension of sensor.

3. If sensor has optics, the source size can not fill the FOV of the sensor.

g Radiant Intensity
The radiant flux emitted per unit solid angle

1P

10

Normal of sensor

dP _JdQ _Jcosqq

H= .
dA, dA, d
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Extended Radiator

q Extended source
1. If sensor has no optics, the source at a distance < 10 times the largest
dimension of sensor.
2. If sensor has optics, the source size can fill the FOV of the sensor.

g Radiance
The radiant flux emitted per unit solid angle per unit area
2
N = P
cosq TATW
dP
= — = N cosq dW
an OV eosd
=p N (for Lambertian surface) Normal of sensor

H = N dA cosq cosq, _ W dAcosq cosq,

d? pd?
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Optical System Consideration

q Spectral irradiance for an optical system in real world
(for target size fills FOV of the optical system)

§ in front of optical system

H, =t,e Nw
A
=t e N, f—g

§ on the detector

Hy = Ht, PDe
di = "'ol* ol
4A,
_pe Nt ty _eWtyt,
2 2
4F 4F
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The Effect of Misalignment

q The irradiance variation when misalignment occurs

—

N, dA

§ for extended source

_ N dAcosg cosg _ NdA

— | = —
( )2 d

cosq

H cos’q = H, cos’q

§ for point source

J cos J
H = 4 - cos’q = H, cos™y
d ) d 2 0
oS q
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| R Measurement in the Nature

e,,W,, A,
N\ W,
: d,t,
Atmospheric
Transmission B_ackground
Signature
Target
W, Slgnature A

i t’ t
| ——
|

t.eW
P AW = (t e W, +(L- t )W, +t,(1- e )W, +t,(1- g) SV
p pd,
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The Radiation Relationship

g The radiation relationship between target and sensor

et1Wt1Tt """" Htaetpt

oy, N R 1]
S e t.a-a)r, (.
P R
W, T,

P.=AwWW,/

L = AWW, TP Original blackbody radiant flux
§ Detector responsivity P. =AwW, /p| received by sensor from target,

background and atmosphere.
R=V/P [Volt/Watt] P, =AWW, /p

§ Sensor signal output
Vt(t)t =t aetvbtb +1 a(l' et)vb + (1' ta)va
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Temperature M easurement Process

q The signal response of radiation from a blackbody target

VAR | 1.1
VARSI S | VA S |V
e (et WV, et(ta A

q Treatment procedure

t
1. Measure V.,

2. Set €, (by measurement or lookup table)

3. Set t | (by measurement or theoretical calculation)

4. Set ambient temperature (by measurement) to obtain VV, and V, by using the
calibration curves

5. Substitute Vi,€,,t ..V, and V. into the above formula to calculate Vi, ,
then obtain target temperature by using the calibration curves
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Calibration Model

q Transfer function for various system specs

K =k (F,.t, tyq R, ,A;) Aperture, Lens, Filter,

ol ?

q System calibration by using a blackbody at various
temperatures

I2
Vout = Q RI HdI (T)Ad dl

1

1 J2 C 1
T QRIAdtoItfoIWI(T)dI W, (T) = é c
no 1 | e 2/' T _ 1
— kl
k,/T
k,e™?" -1
Vout :Vout (kl’kZ’kS’T)
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Typical Calibration Curves

F/1.8 F/2.5 F/3.6 F/5.1 F/7.2 F/10 F/14 F/20
10.0 e Y R A A e e
BREeaneeses [EF (SEeT IEETRT FURREY Sy immaas ; SEzan=s F
9.0 FHHH H ?t; i immmEmE i . HH A .
T } f | [ 'I' :’- ! ’r ”I 1l A
— - i T T WS NN R ._] i | IH Wi
n 1 '—F""t-l mE "iiu i 1 .
= 50 e e e rassassass
g . I ] 'r'! '1' ; £ o 13 J 0
7.0- || 11 i ! [ If —
> - HHH e f' ammaa k1,2, - kl,Z,B(Fno’t ol ! fl ’R| ’Ad)
@ 6.0+ O A A A AR AT HAH i
- | ] ; 1 ' aum . -,'r’ r{ ] _‘r.r 1_1, ;n’ L
5 ! ] l'; ﬂ IJ I il :ff: :.rf ] ff' ]
S SO
S o
O A A e s ! :
o EEEEEEEEEYSEE EENVENENSENEYARRR'. OGS INES".0 HA j | ! 1
@© 1 1 an W 4 :"Il"""‘"'q.-'-' N EEN ' R
+— 30 EEEEY AN AEE A 7 7 AT ' ] T
IS ' PP A A FHH BEEEEmmssmaansaaas
> 20 HAR A A A DA : u o .
7 T 57 P I | I o
I .'l?_.-l" | ™l _"1": - : . — .:] ]
1.0 A =@ T T BEE S EENE NN RN S AR NERRE
AL i 1 I BE T =
Lt | _r!.,r | | Ll L] 11 ! = I . —t T
0.0 T 'F:"!'|  GiiiEsiEmaasEEEsRmNERRERASNANN =5 BussnE ".Jj.. Il i}‘zml:‘-"“r
800 900 1000

0 100 200 300 400 500 600° 700"
Temperature ['C]
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Emissivity M easurement M odel

g The general form of target emissivity measurement

_Vt;t ~ 1:aVb B (1' 1:a)Va

t ta(Vas - V)

q Eliminating the atmospheric radiance contribution
1. Using a reference source with known emissivity e, close to the target

Vi, =t.eV, +t . (1-e )V, +(1-t )V,

tot

2. Subtract V,,, from V.,
Vt<t:)t - Vt(r)t =t a(etvbtb - eerrb) +1 a(er - € )Vb

3. The new form
Vt(t)t B Vt:)t + S (Vbrb - Vb)

t t
t a(Vbb B Vb)
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Emissivity M easurement Methods (1)

q Case 1 (the commonest case)

1. Heat target to a known temperature or measure its temperature with any
contact sensor

2. Obtain Vbtb by using the calibration curves

3. Align the sensor with the normal of target and place it as close as possible,
in order to neglect the effects of ambient conditions, i.e. t, =1 V, »0

4. Measure V', and calculate the emissivity with the formula, €, =V, /Vy,

P.S. Using an available (calibrated) IR thermometer,
you can adjust the emissivity value to force
the indicator to display
and to fit the correct
known temperature. Vbtb = V“t)t /e,
b 4 X

display measure adjust
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Emissivity M easurement M ethods (2)

q Case 2 (the general case)

1. The same as case 1
2. The same as case 1

3. Obtain V,, and V, with the same method as V,,
4. Calculate t, with LOWTRAN model

5. Measure Vt;t and V, calculate the emissivity with the formula,

e :Vt(t)t ) Vt(;t +.8 (Vbrb ) Vb)
t ta(Vbtb ) Vb)
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Emissivity M easurement M ethods (3)

g Case 3
Using ambient (background) as the reference source

1. Obtain V,, and V, with the same method as case 2
2. Calculate t , with LOWTRAN model

3. Measure V., and V. calculate the emissivity with the formula,

A

t r
o = Vi " Vi reference source
t t
ta(\/bb B Vb)

target

g Case 4
The portion of target is coated and as the reference source

1. The same as case 3

2. The same as case 3

- — Vtct)t - Vt(r)t
3. The same as case 3 but with the formula, €, = t +e
t a(Vbb B Vb)
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Emissivity M easurement M ethods (4)

q Case 5 (spectral emissivity)
Using a spectroradiometer and a blackbody source as the reference
source with known temperature equals to that of target

1. The same as case 1

2. The same as case 1

3. Obtain V(I ) and V, (I ) with the same method as V,, (I )

4. Calculate t , with LOWTRAN model

5. Measure th)t andV,, calculate the emissivity with the formula,

Vt(t)t (I ) - Vt(;t (I ) + e (I )
ta(l )(Vbtb(l )‘Vb(l )) r
Note: in this case,

e(1)»1 V() »Vbtb (1) '
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Classification of IR Thermometer

q Wideband
Most IR thermometer use a wideband and choose 8-14nm range for

adequate target radiation and atmospheric transmittance.
Ex. Radiometer, Thermal Imager

g Narrowband
The IR thermometers use a narrowband are costlier because they need

a special filter and usually to be constructed by a complicated

optomechanical system.
Ex. Optical pyrometer, Thermal Imager for high temperature or

special purpose measurement

q Ratio (Two-color)
Measuring the ratio of radiations at two selected narrow bands

(near 0.9 mm for high temperature measurement).
Ex. Two-color IR thermometer
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Narrowband M easur ement

g Wien’s law and Planck’s law

_C 1 _ C, 1
W (T )wien = 15 @Con T > W, (T )ponek = 15 @CaliT _ 1
Error = W| (T)Planck - WI (T )Wien — e'CZ/IT
W| (T)Planck
Ex. T=1000K

Error =23.7% (10m)
Error = 2x108% (0.655m)

qg The brightness temperature

-5 C,/IT
c,| e e 1 _ 1 . an-
e = & — — = - 4552 10 "°Ine
C1| Sg T e/l Ty T Ty
for | =0.655mm
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The Effect of Emissivity Errors

160011

1400}

1200} -

Bright Temperature [C]

1000+

8oL

0.6 0.8 1.0
Emissivity
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Two-color M easur ement

g Why two color?

1.0

—=— Blackbody

081 —— Graybody

0.6 1 ;Z
0.4} ,[
0.2 |
ooﬂé
0 5 10 15 20
Wavelength [rm]

Relative Radiant
Emittance

g Advantages and Disadvantages

§ If the change in emissivity at the two selected wavelength is the same, the effect of
emissivity is eliminated.

§ The target need not fill the FOV of the thermometer. The effects of dust, smoke, and
distance can be neglected as long as the ratio dose not vary.

§ The accuracy will be less than 1-color thermometer if the ratio highly varies.
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Two-color Temperature

q Derivation of two-color temperature

The received radiation ratio R of two selected wavelength

o o Ked YW, Mydl, k(i yed eyl ;%" "Tdl
k(I )e( )W, (T)dl, k(I ,)e(l ,)c,l ;e %" dl,

TS S c,
", L InR +5In(1, /1) - In[k(1,)/k(1,)] - Infe(l ) /e(l ,)]

If the transmission factor and emissivity are the same at both wavelength,

Tc:(l_ 1) C2
I, 1. InR+5In(1,/1,)
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Analysis of Two-color Methods

q The error occurs between actual temperature and T,

1 _ Infk(l,)/k( )] +Infell,)/ed,)]

Error = — -
T 1 1
¢ Cz( - )

ll |2

§ The measured temperature T, can be equal, lower, or higher than actual
temperature, it is different from the result of other IR thermometers which
always get a lower one.

qg The better measurement conditions

§ Higher target temperature

§ Shorter wavelength used

§ The bandwidth for each color must be very narrow

§ To obtain the ratio of emissivity and transmission factor at both wavelength
if they are not equal
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|R S.E. for Point Sensing

S.E.: System Engineering

e : Background IR point sensing system

0—[1—CcE

Atmospheric
Conditions

_'l'_

L Optics  Detector Electronics
| | = —
I ! !
Signature Noise Evaluation model
! Spprzeile! i Detector u Range
U Temporal 1/ no6 It 91/2
Johnson ENEI -SNR
z /2
(i System gq e J t, At, dl 3
NEI €& NEP>SNR U
g d

NEI: Noise Equivalent Irradiance NEp=Yo = Vo NE| = NEP

NEP: Noise Equivalent Power R, V./P, At
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IR S.E. for Image Sensing (1) g

S.E.: System Engineering

IR image sensing system

01—t

Optics IRFPA Electronics

@, Background

Atmospheric
Conditions

=y

_'l'_

o .
i : R
Sighature MTE Noise
U Spatial (i Optics i Detector
U Spectral i Detector 1/f +——
(i Temporal (i Electronics Johnson

\

Evaluation model
U MRTD, Range

U Display U System
U Eye NETD

NETD: Noise Equivalent Temperature Difference
MRTD: Minimum Resolvable Temperature Difference
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IR S.E. for Image Sensing (2)

S.E.: System Engineering
8 Background

IR image sensing system

Atmospheric

Conditions

0~ 1-O=

Optics IRFPA Electronics

Evaluation model

U MRTD, Range

2

A2, 2 z
e O € u e
MRTD = Bﬁ: 2 NETD & = ke NETD 3
ft d te a e(MTF )system U e(MTF )system U
AF2 Af
NETD = o —
D" Q| tt, (q]v'l\'/) dl VA (MTF)system - P (MTF)I

|
T=Tg
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Evaluation of System Perfor mance

10
— Target IR imager
n DT,: 10°C Pixel size: 95m
8 Height: 20m IFOV: 0.5mrad
o [ F/no: 1.8
L 6 F.L.: 190mm
=, - Target DT NETD: 0.04°C
O
T 4 -
= MRTD
&) —  Weather
2 = Airtemp.: 25°C
_ Rel. humidity: 65%
0 L ) ; I 1 1 Y A ! — ReCOgnitiOﬂ
0 1 2 3 4 5 6 7 8 9 10 Range [km]
00 02 04 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 f,[c/mrad]
I
f =—2P cycle/mrad
hrd, [cy ]
__________________________________ -
— — h, ¢
=
33 : Identification Recognition Classification Detection !
¢ dt »I
O
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Military Applicationsof IR sensing (1) =

P&tk oo g Sk ji X1
o (1 Feg E2 | P 1~ &0
S | REEE S gl i | R B2
@i (1T AR 1 AREEL s R
RS f;‘gfﬁ ')F"J
B‘é;‘ﬁ!'&‘% ‘L Ve V
1 2R R
VOB (14§ i 175 % i
LA 04 R i
1 S F e
| Bk o L RS2 TR (1B BETTAR
e | FERTR R E |0 BAER R v S LR
e AT L .
T iE o~ ok i
I ﬁ i fﬂ-ﬁ?ﬁ?l\l
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Military Applications of IR sensing (2) =

q IR reticle seeker
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Military Applicationsof | IR (1) =

g FLIR system lIR: Imaging IR Sensing

B
1)
a
B

=

E =

Measurement and Simulation of QY (T1EREFTRY <
Optomechatronic Systems Opto-Electronics Teaching Resources Center

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com



http://www.fineprint.com

Military Applicationsof | IR (2) =

q Military Surveillance/ Search and track
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Commercial Applications of IR sensing
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Consuming Applicationsof IR sensing (1)

q PIR system for lighting switch

IR motion detector

pyroelectric
crystal

Surveillance

region
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Consuming Applications of IR sensing (2)

e fmEE
o — -
LE

Probe Cap —\\ |
L 7
Probe —
y

Shutter Release Bution /

.-'-FF-’-
Battery Cover ——

LCD Display
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|ndustrial Applicationsof | IR (1) =

qg General nondestructive testing

B earemes

. BV

Efi.

U R
128°C

LA

1

.
TIF FILE b
OUTRUT |
® (2BIT
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|ndustrial Applicationsof | IR (2) =

g PCB nondestructive testing
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|ndustrial Applicationsof | IR (3)
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Industrial Applicationsof IR (4) =

Ref. The IR Observer, AGA infrared systems AB.
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Medical Applicationsof IR (1) =
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