RADIOMETRY-BASED RANGE PREDICTION FOR MID- AND LONG-WAVE
INFRARED IMAGING SYSTEMS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

BERK BERKAN TURGUT

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
MICRO AND NANOTECHNOLOGY

SEPTEMBER 2018






Approval of the thesis:

RADIOMETRY-BASED RANGE PREDICTION FOR MID- AND LONG-WAVE
INFRARED IMAGING SYSTEMS

submitted by BERK BERKAN TURGUT in partial fulfillment of the requirements
for the degree of Master of Science in Micro and Nanotechnology Department,
Middle East Technical University by,

Prof. Dr. Halil Kalipcilar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Burcu Akata Kurg
Head of Department, Micro and Nanotechnology

Assoc. Prof. Dr. Alpan Bek
Supervisor, Physics Dept., METU

Assist. Prof. Dr. Serdar Kocaman
Co-supervisor, Electrical and Electronics Eng. Dept, METU

Examining Committee Members:

Prof. Dr. Barig Akaoglu
Physics Engineering, Ankara University

Assoc. Prof. Dr. Alpan Bek
Physics Department, METU

Assoc. Prof. Dr. Akin Bacioglu
Physics Engineering, Hacettepe University

Assoc. Prof. Dr. Serhat Cakir
Physics Department, METU

Assoc. Prof. Dr. Ozgiir Ergiil
Electrical and Electronics Engineering Department, METU

Date:




I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced all
material and results that are not original to this work.

Name, Last Name: BERK BERKAN TURGUT

Signature

v



ABSTRACT

RADIOMETRY-BASED RANGE PREDICTION FOR MID- AND
LONG-WAVE INFRARED IMAGING SYSTEMS

Turgut, Berk Berkan
M.S., Department of Micro and Nanotechnology
Supervisor : Assoc. Prof. Dr. Alpan Bek

Co-Supervisor : Assist. Prof. Dr. Serdar Kocaman

September 2018, [77| pages

The present study is about the mid- and long-wave infrared imaging systems in which
radiometry-based range prediction are performed. In this study, radiometry-based de-
tection, recognition and identification range prediction equation is derived by using
an optical design, optomechanical and optoelectronic structure for particular targets,
atmospheric conditions, and backgrounds. Analysis of the atmospheric transmittance
value for four different atmospheric conditions at mid- and long-wave is performed in
detail with help of MODTRAN™ 35 software. Detection, recognition and identifica-
tion range for land, sea, and air targets is obtained using Johnson criteria. In view of
different target types, the effect of the target area on range is examined. Furthermore,
the effect of optical aspects of infrared optical systems -aperture and transmittance-
and atmospheric conditions on range prediction performance is examined and dis-

cussed for both mid- and long-wave bands in this thesis.



This study is designed to provide useful information for forthcoming infrared imaging

system designers significantly in their designs targeting infrared search and tracking.

Keywords: Infrared, Range, Radiometry, MODTRAN
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ORTA VE UZUN DALGABOYU KIZILOTESI GORUNTULEME
SISTEMLERI ICIN RADYOMETRI TABANLI MENZIiL TAHMINI

Turgut, Berk Berkan
Yiiksek Lisans, Mikro ve Nanoteknoloji Boliimii
Tez Yoneticisi : Dog. Dr. Alpan Bek
Ortak Tez Yoneticisi : Yrd. Dog. Dr. Serdar Kocaman

Eyliil 2018 ,[77] sayfa

Bu tez calismasinda, orta ve uzun dalga boyu kizilotesi goriintiileme sistemleri i¢in
radyometri tabanli menzil tahmini {izerine bir ¢alisma yapilmigstir. Calsma esnasinda
belirli bir senaryo i¢inde bulunan hedefi, belirli bir atmosferik kosul ve belirli bir arka
plan varliginda tasarlanmisg bir optik, optomekanik ve optoelektronik sistem ile tespit,
teshis ve tanimlama amacli olarak radyometri tabanli menzil tahmini denklemi ortaya
konmustur. MODTRAN™S5 yazilimi yardimi ile orta ve uzun dalga boyunda dort
farkli atmosferik kosul icin atmosferik gegirgenlik degerinin analizi detayli olarak
yapilmugtir. Johnson kistasina gore kara, deniz ve hava hedefleri i¢in tespit, teshis
ve tamimlama menzil degerleri elde edilmistir. Hedef tipleri birbirlerinden olduk¢a
farkli olabildigi i¢in hedef alaninin menzile etkisi incelenmistir. Buna ek olarak, optik
sisteme Ozel giris acikligi ve optk gecirgenlik degerleri ile atmosferik gecirgenlik

degerinin menzile olan etkileri iki dalga boyu bandinda detayl olarak incelenmistir.
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Yapilan bu calisma, kizilotesi goriintiileme sistemi tasarimcilar icin gelecekte yap-
may1 hedefledikleri kizil6tesi arama ve takip sisteme tasarimlart agisindan 6nemli ve

yararl bilgiler saglamigs olacaktir.

Anahtar Kelimeler: Kiziltesi, Menzil, Radyometri, MODTRAN
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CHAPTER 1

INTRODUCTION

1.1 Scope of Thesis

In this thesis, mid- and long-wave infrared imaging systems are analyzed in the sense
of radiometry-based range. The aim is to develop a radiometry-based detection,
recognition, and identification range performance database with respect to Johnson
criteria of infrared imaging systems. In literature, an database for comparing the
ranges of mid and long wave infrared imaging systems is lacking. In this work, The
effects of the optics, detector, target, background, and atmospheric model parame-
ters on range performance are examined and discussed in oder to provide the missing
crucial information in literature. The accurate prediction of the expected range perfor-
mance is of utmost importance imaging system designers with a purpose of infrared

search and tracking.

1.2 Historical Background

The invention of infrared radiation is ascribed to William Herschel who announced
his finding in 1800. Herschel is the first to detect radiation beyond the red region of
the spectrum, through an increase in the temperature recorded on a thermometer. He
used a prism to refract light from the sun. He called this radiation as "Calorific Rays"

[L, 2]. The term "infrared" was commonly accepted late in 19th century [3].



After the "infrared" term, there has been a lot of milestones regarding research in
the infrared. Here, significant discoveries which are directly related to this thesis are

listed below:

e In 1840, John Herschel created the first thermal image thermograms [4]. These
thermograms provide a method to detect radiation in the long- infrared range

and to capture creative images of that radiation.
e In 1860, Gustav Kirchhoff formulated the blackbody theorem [5]].

e In 1901, Max Planck published the blackbody equation and corresponding the-

orem [6]].

e In 1905-1908, William Coblentz published infrared spectra in units of wave-
length (microns) for several chemical compounds in "Investigations of Infra-

Red Spectra" [[7, 8, 19].

e In 1917, Theodore Case developed the thallous sulfide detector. British scien-
tist built the first infra-red search and track (IRST) device which is capable of

detecting on aircraft at a range of one mile (1.6 km) [10} [11]].

e In 1929, Kalman Tihanyi invented the infrared-sensitive (night vision) elec-

tronic television camera that is used for anti-aircraft defense in Britain [[12,13]].

e In 1945, The Zielgerat 1229 "Vampir", first portable infrared device for military

applications was developed. [3]].

e In 1958, Falcon and Sidewinder missiles were developed using infrared tech-

nology [5].

e In 1958, W.D. Lawson discovered IR detection properties of Mercury Cadmium

Telluride (HgCdTe) [3].

e In 1965, First IR Handbook; first commercial imagers (Barnes, Agema); U.S.
Army’s night vision lab formed were developed, and Rachets develops detec-

tion, recognition and identification modeling there [, [14].

The developments in this area are evolving rapidly day-by-day thanks to the advance-

ment in technology. Infrared radiation is used in industrial, scientific, military, law
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enforcement, and medical applications. Comprehensive uses for military and civilian
applications include target acquisition, surveillance, night vision, homing, and track-
ing [15]. In this study calculation for range prediction of infrared imaging system

used in military applications is explained in detail.

Mohammad et al. [16] have worked on range prediction [16]. The lock-on range of
infrared heat seeker missile is studied in their work. An analytical expression form of
range is also derived. The "Lambert W function" is used for the range prediction in
this work. However, in this work atmospheric attenuation was not modeled in detail.
In addition to that, background noise from background temperature fluctuations was
not taken into. Only Noise Equivalent Irradiance (NEI) was used for characterization

of noise.

Another study on the same topic is by Shahid Baqgar [17]. He mentioned lock-on range
only as a part of his doctoral thesis. He has obtained an analytical formula of range
on that part, but a detail analysis was not performed [17]. His solution was based
on "MATLAB™ fzero function" for the range prediction, because range prediction

equation doesn’t have an exact solution.

1.3 Organization of the Thesis

The remaining part of the thesis consists of five chapters as follows: In Chapter 2] the
fundamental information of electromagnetic radiation at the infrared band is given in
detail. In Chapter [3, using MODTRAN™ software, atmospheric transmission value
of the mid and long wave infrared band at different atmospheric models is investigated
in detail. In Chapter ] how to obtain theoretically range prediction formula using
radiometry and range discrimination is discussed in detail. In Chapter[5] calculation
and result of radiometry based range prediction formula and the effects of properties
of optics, detector, target, background and atmospheric model parameters to range
performance is examined in detail. In Chapter [6] conclusion and discussion of this

thesis work is provided.






CHAPTER 2

THE ELECTROMAGNETIC RADIATION AT THE INFRARED

The electromagnetic (EM) spectrum is very broad and includes all types of electro-
magnetic radiation, ranging from Gamma - rays to Radio waves [18]]. One significant
region of the EM spectrum is infrared (IR) radiation, located between visible and

radio waves, as illustrated in the Figure [2.1]
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Figure 2.1: Electromagnetic spectrum [18]

IR is discovered experimentally around the year 1800 by Sir Fredick William HER-
SCHEL [18]. The IR spectrum has five different subregions. These regions are de-
pendent on an association transmittance of atmosphere and wavelength. Some sub-
regions of the IR region have higher atmospheric transmittance, on the other hand,
others have less or none at all. Because of this, those regions or wavelength inter-
vals are defined as "atmospheric windows" [20]]. IR sensors or detector branches are
designed by taking into account atmospheric windows. There are four utmost at-

mospheric windows of the IR region, known as the Near Infrared Band (NIR), Short
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Wave Infrared (SWIR), Mid Wave Infrared (MWIR) and Long Wave Infrared (LWIR)
[19] are shown in Figure [2.2] For the fiber optic telecommunication systems, NIR is
the most suitable band, whilst SWIR is the best choice for long distance telecommu-
nications such as remote sensing [21,29]. Hence, MWIR, from 3 to 5 ym, and LWIR,
from 8 to 14 ym have many applications both in IR imaging for civil and especially
military areas such as, target signature detection, recognition, identification, tracking,
searching, and surveillance, etc.[21} 28, 31]] . The value of transmittance directly de-
pends on gases in the atmosphere, which include a combination of carbon dioxide
(CO,), water (H,0), nitrogen (N3), oxygen (O;), and ozone (O3) molecules. These
molecules affect diverse IR bands. For example, while (H50) is effective in the NIR
and LWIR bands, ozone (O3) and (CO,) are effective in the MWIR band. The ab-
sorption occurring due to their vibrations attenuates the transmission of IR radiation.
In addition to absorption, the scattering that occurs from particles in the atmosphere

also attenuates transmission [20]].
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80 |- -
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Figure 2.2: Atmospheric transmittance in infrared region [20]]

The fundamental difference between visible, which can be observed, and infrared or
thermal radiation, is that visible radiation requires reflection and external source ra-
diance, whereas IR radiation does not. All objects have above absolute zero (i.e., 0 K
=-273.15 °C) defined as "Self Radiation" which is a physical property [19]. All ob-
jects made of atoms, emit infrared or thermal radiation due to the vibration of those
atoms. That kind of radiation is directly related to properties of the object such as

temperature, surface characteristics (i.e., emissivity, reflectivity) and etc [21]]. Ob-

6



jects with higher temperatures emit more radiation than those with low temperature.
Smooth surfaces emit lower radiation as compared to objects with rough surfaces.
These surfaces with very high temperatures get red-hot and the thermal radiations
can be noticed with respect to sight. For instance, the sun, example of object, which
is almost 6000 K is seen by humans that emits IR radiation [21]]. But even at calm
or average in amount temperature, the radiation can be distinguished as heat but not
in visible region. IR radiation of the objects with below a certain temperature cannot
be felt by the humans but that radiation still exists. In fact, at low temperatures such
as room temperature (i.e 293.15 Kelvin), the objects have IR radiation with different

wavelengths and severity [21].

IR radiation is invisible to naked eye. Infrared imaging systems are often used to make
this radiation visible and form images of objects under all conditions and any time.
Infrared imaging system depends on the interaction of several subsystems which are

shown in Figure[2.3]

Optics
,E/Aml \ Scanner (Optional)
Target l

7Detect0r FPA

Image Processing & Display

Electronics

. ¢

Human Observer =7

Figure 2.3: Infrared imaging system concepts [21]

Infrared imaging systems have three main subsystems: optical system, atmosphere,
and detector. Subsystems such as electronics and imaging processing support the
main subsystem. Optical system, in short optics, is used to collect and divert the opti-
cal path by reflecting and refracting the infrared radiation from the objects and focus
all radiation on the Detector Focal Plane Array (FPA)[21, 30]. The optic systems
consist of a combination of diverse types optical components such as lens, prism, and
mirror. The infrared detector is a sensor, or transducer, that is used to convert the sig-
nal proportional to the total infrared radiation incident on the IR detector FPA surface
into an electrical signal and electronics amplifies that to a useful level [21]. After

image processing the object can be seen by the naked eye through a display.
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Table 2.1: Radiometric quantities and units

Radiometric Quantity Symbol Unit

Irradiance E W\cm?
Radiance L W\cm?sr
Radiant Intensity I Wisr
Spectral Exitance M, W\cm?m
Total Exitance M W\cm?
Radiance Temperature T K

Radiant Flux or Power @ \%

Solid Angle Q ST

Any object emits IR radiation that can be given in assorted radiometric quantities.
The term radiometry is the science that handles measuring IR radiation with regard
to its power, spectral characteristics, temperature, and other parameters according to
source location and detector configuration. It means that radiometry is a quantitative
understanding of flux transfer or power between a source and a sensor. Radiometric
quantities and their units are essential to accomplish radiometry based calculations

which is given Table [21].

The quantities, exitance (M), radiant intensity (I), and radiance (L) of an object depict
the power emitted at all frequencies from an object surface, whilst irradiance (E)
represent the power at all frequencies incident upon a surface. These quantities are

demonstrated in Figure [2.4]

Planck’s radiation law is discovered by Max Planck that explained how to calculate
the radiometric quantities [6]]. This law is also defined as the blackbody equation. It is
a term which is used to describe absorbing all incoming radiation and it is also perfect
radiator according to Kirchhoff’s law which is also called thermal equilibrium that is
the total incident radiation is equal to the sum of absorbed, reflected and transmitted
part of incident radiation after interacts with an object [18]. It can be formulated in

Equation [2.1] [18]] and illustrated in Figure [2.5]

at+p+r=1 (2.1)



ol

b

SV
/

Figure 2.4: Radiometric quantities: a. radiant exitance b. radiant incidence c. radiant

intensity d. radiance [22]]

Here, « stands for reflectance, p denotes the absorbance and 7 is the transmittance.
These are wavelength dependent. For the blackbody, which is good absorber, is also
good emitter (o« = €) [23], « = e =1, p =0 and 7 = 0. In other words, it does not

transmit or reflect any part of the incident radiation [23]].

Spectral exitance of blackbody, which is wavelength and temperature dependent, can

be specified with using Planck’s radiation law which is given Equation [2.2][23]].

B 2mhc? 1

h
S v |

M, (2.2)
Here, h is the Planck’s, and k is the Boltzman’s constant: T is the temperature, c is the
speed of light and A is the wavelength. The spectral exitance of a blackbody for the
different temperature values from 300 to 1000 K with respect to wavelength results

with using Equation [2.2] are shown Figure [2.6]

As seen in Figure [2.6] if the temperature is increased, the spectral radiant exitance
also increased for the all wavelength, because of this, each individual result curve

for each temperature never crosses each other. Furthermore, the peak value of the
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Figure 2.5: Schematic demonstration of Kirchhoff’s Law

spectral radiant exitance wavelength is shifted to shorter wavelengths. At specific
temperature, for instance 300 K, total spectral radiant exitance can be obtained with

the integrating in all wavelength that is given in Equation [2.3][23]].

* 2rhc? 1
M= / ) 2.3)
0

exT — |

Radiance is derived with using total radiant exitance as expressed in Equation [2.4]

[23].

o
- /d 2.4

Here, df2 denotes solid angle. In the 3-D geometry, it is defined as area on the surface
of a sphere (A) divided by square of the radius (r) written in Equation [2.5] [23] and

illustrated in Figure [2.7][21]]. This is measured in steradians and dimensionless.
A
Q=— (2.5)
r

If solid angular subtense of any surface of interest is desired, solid angle can be writ-

ten in Equation 2.6a with differential form. Using the spherical coordinate, which
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Figure 2.6: Spectral exitance of blackbody

Figure 2.7: Solid angle

is given in Figure and dA = 12 cosf sinf df d¢, and inserting in Equation
radiance should be obtained easily (Equation 2.6¢) but if the source is Lambertian
whose radiance is independent of view angle. Blackbody is the best example for the

Lambertian source which is the same amount of radiance in all direction, or in solid

angle [21].

a0 = (2.62)
r
3 2
M = /LdQ = L/ cos(@)sin(@)d&/ dp =L (2.6b)
0 0
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(2.6¢)

Figure 2.8: Spherical coordinate system [21]

All formulas and information are explained for the ideal source like a blackbody, but
in the real world or nature, object or source does not act like ideal one. In fact, perfect
blackbody, which would have an emissivity value is one i.e € = 1, the source also
does not exist. However, any real object or source would have an emissivity value of
less than one i.e € < 1 which is called or defined graybody. Both types of source or
object’s emissivity are independent of wavelength and can be constant but a selective

object or source emissivity is an explicit function of A [24]. All diverse types of

emissivity is showed in Figure[2.9]

1 T | 1 T |
i
@
RE - i
£
L
S L il
©
o
a
@ Blackbody |
Graybody
Selective Body
O | | | |
Wavelength

Figure 2.9: Diverse types of emissivity [18]]
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By the definition of the blackbody, emissivity is divided by the spectral exitance of a
real object or source to that of a perfect blackbody at the specific temperature which
is expressed in Equation 2.7a [23]]. Using Equation 2.7a, spectral or total exitance of

real can be obtained in Equation 2.7b, Equation 2.7c¢ and 2.7d [23]].

Msource(/\)

eN) = —m— 2.7a
) Myjackbody () (2-72)
Msource()\> - E(/\)Mblackbody(/\) (27b)

2nhe? 1
Msource A) = €(A - 2.7¢c
) = T — @)

° 2mhc? 1
Msource = A dA 2.7d
/0 e(A) R (2.7d)

In this thesis work, spectral exitance, M, [W\cm?um], total exitance, M [W\cm?] and

especially radiance, L [W\cm?sr] are used for all calculation.

Next chapter gives the information about the atmospheric transmittance of the mid-

and long-wave infrared band at four different atmospheric conditions.
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CHAPTER 3

ATMOSPHERIC TRANSMISSION OF MID-AND LONG-WAVE
INFRARED BAND

Every infrared imaging system is extremely influenced by atmospheric situations such
as clear sky, rain or fog etc. The transmission of infrared radiance through the atmo-
sphere is attenuated. In the literature, MODTRAN™ is the most up-to-date and com-
mon software for modeling atmospheric transmittance [23]]. As a result, in this thesis,
the MODTRAN™ 5.3.2.1 (MODTRAN™5) software is used to obtain transmittance
value for the various atmosphere models at mid-wave and long-wave spectral band. In
this work, the mid-wave is defined between 3.6 and 4.9, while long-wave is from 7.7
to 9.3. To calculate the transmission value, MODTRAN™S35 need many input data.
In addition to these, for the target/infrared imaging system simulation, information
regarding range and altitudes is required. In this way, by working MODTRAN™35
a few times the transmittance value for the various atmospheric model, constant alti-
tude and ranges from target to infrared imaging system are calculated and stored in

an Excel spreadsheet in terms of wavenumber or wavelength.
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Table 3.1: Four atmospheric conditions

Parameters Variety
Atmospheric Model Mid — Latitude Summer
Aerosol Model No Aerosol or Clouds

Rural - Vis 23 km
Rural - Vis 5 km
Seasonal Spring — Summer
Cloud/Rain Aerosol Extension No
Cumulus Clouds: base = 0.066 km, top = 3.0 km
Rain Rate = 2 mm/hr

MODTRAN™S provides six different standard model atmospheres and also user de-
fined model. One of the atmospheric model is the 1976 U.S. Standard Atmosphere
which is from a standard atmosphere model but the others are five seasonal models
which are Tropicals (15 N latitude), Mid-Latitude Summer and Winter (45 N latitude,
July and January, respectively), Sub-Artic Summer and Winter (60 N latitude, July
and January, respectively). These model is composed by data from a broad diversity
of informant to act for usual seasonal and latitude in atmospheric model. In addi-
tion to these model, user defined Model Atmosphere allows the user define their own
atmospheric profiles. The model atmospheres describe a 34 layer atmosphere and in-
cludes the following data for each layer: altitude, pressure, temperature, water vapor
density, and layer concentration of ozone, methane, nitrous oxide, carbon monoxide,
carbon dioxide, oxygen, nitric oxide, sulphur dioxide, nitrogen dioxide, and ammonia

[25].

For the aerosol model that is used for the 0-2 km calculations, MODTRAN™35 pro-
vides twelve various aerosol model which are Aerosol Free Clouds, No Aerosol
Attenuation, Rural - VIS=23 km, Rural - VIS=5 km, Navy Maritime, Maritime -
VIS=23 km, Urban -VIS=5 km, Tropospheric - VIS=50 km, User Defined - VIS=23
km, Fog advection - VIS=0.5 km, Fog advection - VIS=0.2 km and Desert Extinction
[25].

Furthermore, seasonal parameter in MODTRANT™S5 provides the two options which
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are Spring—Summer and Fall-Winter. This parameter is depend on the aerosol
model. For instance if the region is a tropical, spring-summer should be generally
used, on the other hand if the region is subarctic, fall-winter should be used due to

depend on the amount of tropopause [25]].

Cloud/Rain Aerosol option permits use of a sequences of cloud extinction models
such as, No Clouds or Rain, Cumulus, Altostratus, Stratus, Stratus/Strato and Nim-
bostratus Clouds and 2.0, 5.0 12.5, 25.0 as well as 75.0 mm/hr Rain that are provided
as part of MODTRAN™S5 [23]].

With this information regarding MODTRAN™S5, four different atmospheric models
are chosen for this thesis and main input parameters are given in Table However,
any number of atmospheric model and other information can be calculated and saved

in the same Excel spreadsheet.

Atmospheric transmittance value is obtained by using MODTRAN™S5 in Mid- and
Long-Wave infrared spectral band for the each atmospheric condition given in

Table

First, atmosphere transmittance at the mid-wave infrared band for the atmospheric
condition given in Table [3.2]is investigated. The distance between the infrared imag-
ing system and target is constantly alter throughout the system-target engagement
simulation. Atmospheric transmittance value directly depends on the range. Range
values of 1, 5, 10 and 20 km are taken in this work at constant altitude to better un-
derstand the effect of range. Furthermore, theoretically atmospheric transmittance is

calculated in Equation [3.1] [23]]. This equation also known as Beer-Lambert law

—oR
Tatmosphere — € 7 (31)

All result are calculated with using MODTRAN™ 5 software at mid-wave spectral
band and long-wave for the atmospheric model given in Table[3.2a] — [3.2d| with regard

to various ranges: R = 1, 5, 10, and 20 km at constant altitude illustrated in Figure

—[3.4]and Figure [3.5] — [3.8| respectively.
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Table 3.2: Atmospheric conditions for mid-wave and long-wave spectral band

Parameters Variety

Atmospheric Model Mid - Latitude Summer
Aerosol Model No Aerosol or Clouds
Seasonal Spring — Summer

Cloud/Rain Aerosol Extension No

(a) First atmospheric condition

Parameters Variety

Atmospheric Model Mid - Latitude Summer
Aerosol Model Rural - VIS 23 km
Seasonal Spring — Summer

Cloud/Rain Aerosol Extension No

(b) Second atmospheric condition

Parameters Variety

Atmospheric Model Mid — Latitude Summer
Aerosol Model Rural - VIS 5 km
Seasonal Spring — Summer

Cloud/Rain Aerosol Extension No

(c) Third atmospheric condition

Parameters Variety

Atmospheric Model Mid — Latitude Summer
Aerosol Model Rural - VIS 23 km
Seasonal Spring — Summer

Cloud/Rain Aerosol Extension Cumulus Clouds:
Rain Rate = 2 mm/hr

(d) Fourth atmospheric condition

18



1 ﬂ T T T T
l.‘;;. IJT' f r “P; /‘L"’[;:\:u -
0.8 | Jl""’l R N, },L Yy
LY | \ i h|| It
c ||H | | \ il k
9 ! 3 | l
| i v I R 1|| 1
@ 0.6 it . Illlh iy
7 ||||| uh M“ &) ‘)]\l “I‘ 'l ]\”“w‘, ||'| |'|
g 04 IMM LI \\|| Il\ | n’l'"\ H I:I H \ll
= bl ’ | ’ T T i
ld'““lﬂ ! '\\ I ﬂlml‘ ﬂ| M i || I"“ﬂ' fl
02 i fjiy ¥ W ,,l“‘ W) g I'nﬂnj.”‘“ﬂn
I fq n\ I }hw |;lb lf(lr “||,||! llli I
0 ! I I i\ BRaLN ‘“L'l AL ‘%L Iyl
3.6 3.8 4 4.2 4.4 4.6
Wavelength (m)
— — — Average Transmission Value = 0.66087 at R = 1 km
— — — Average Transmission Value = 0.53858 at R =5 km
Average Transmission Value = 0.41232 at R = 10 km
— — — Average Transmission Value = 0.28113 at R = 20 km
Figure 3.1: MWIR - Atmospheric condition 1
1 T T T T
| \, 'l["'\,("""*"‘“»..
|||l| [M'\ -
lf”lh M' 'H h T
0.8 ||'| ;‘l;||||| 1| l\ 1? RN \ |lil |H |I' :|I I l
l ", M, k
5 |||\i I|H P AN “ nl,."' I |'|'|l“”ll ”{'1 i
2 0.6 | ' lu Hu \' \i hi oy n M| ""I"h |I “ ,||'|','h| y
227 fim Mn v ( tl
g 'ﬂ"h' l l!! d \l"l \ L { |} ‘lﬂ |l‘l| IH||||,|| |
g 04 .*"H}'"}t«"'ﬂ 7 ""u. ?‘ iy \ "?‘\“ |l\'lll“‘l\lll1'|“F 'uw H""lnf.|
=L '||| .‘nn g I f ||| | ,|| i \lu”” '
i JILHR § i " | | Ll S
02 iy IM ] J ML |'“Ml‘
ﬂ,‘ﬂ'd” uh l AL i M || '\“‘“I \,n i
' |I\lI : ! AN I Jullv ’ {L)' I'“"‘l‘v‘l h”l IV} \‘\M "\ln \|Irl !
0 1 ! 1 y ,..,I/‘\ll av iy lh L/V
3.6 3.8 4 4.2 4.4 4.6 4.8

Wavelength (um)

— — — Average Transmission Value = 0.72874 at R =1 km

— — — Average Transmission Value = 0.49495 at R =5 km
Average Transmission Value = 0.34903 at R =10 km

— — — Average Transmission Value = 0.2007 at R = 20 km

Figure 3.2: MWIR - Atmospheric condition 2

19




Transmission

Transmission

1 T T T T
WY e lﬂﬁl Vet
('[“’ ”'*" L I
i :" | \ l‘\u'fw"”ﬂl'lﬂt Ly
| | I !
06 | ‘ " 'ﬂl b {":' |;H,'|||||ld\'1'n':"'|“ i
6 ot , 1 WAL
1"\:""""“ i |”H I'h ml,| h fhrf ™ | | N h \"ll '|| '1 \‘l:ill":ll |
“| |« ll,'ll ! L h . u. |\ ||
ﬂ‘ ll l V! 'Y’ ”W” I”* | 4||'|| ‘I 'H |'ll |
| \l "1 1|Il||,H '|
u \rvh '“M"i' TRl | "l \'\ | , “ | \
0 f “ U' ll' '“l l th I u‘“ﬂﬁ ujlvr \“/v‘l\m\' /I//\_lhh UL \
3.6 3.8 4 4.2 4.4 4.6 4.8
Wavelength (pzm)
— — — Average Transmission Value = 0.68312 at R =1 km
— — — Average Transmission Value = 0.35747 at R =5 km
Average Transmission Value = 0.18162 at R = 10 km
— — — Average Transmission Value = 0.054115 at R = 20 km
Figure 3.3: MWIR - Atmospheric condition 3
1 T T T T T T
0.8 T
0.6 T
LWJ 11'1! I*W\[w ”quwr«-—my\\\ |44 .
| | n m, ¥ IH I lp” u,.”m I ;1
1, Pl iy |
" \ * oy (g
02 | \’ LR H'h"lm d
) L | W |' 1 !IN
0 WA AW ==\ ™ A At p Ay
3.6 3.8 4 4.2 4.4 4.6 4.8

Wavelength (xm)

— — — Average Transmission Value = 0.39954 at R = 1 km
— — — Average Transmission Value = 0.026608 at R =5 km

Average Transmission Value = 0.00117 at R =10 km
— — — Average Transmission Value = 0 at R =20 km

Figure 3.4: MWIR -

Atmospheric condition 4

20



Transmission

Transmission

1 T T T T T T T T
(n [ | [ (Mv /\M\/\/ AN /—‘ AN
0.8 fey ’\H\l/ﬂ\ﬂ J\V,\ '«\l/ K |l/ i ‘“Hllf \\, \1' 1y
| | [ \ l
I\l\ ! ‘ll/l“lr\' l: \l T Ilﬂll ! ‘\I Il \’ ll
0.6 [ ]”I\l” I\uv \ [ |' ! : bl \' ‘
Y AT L T s
“lh i ll'lI |,| | Al llr |l \\l/ ‘”' / WI/ l“"! ‘/\IH | V\I iy
oaf N b Al ;I||\' ! WALy
oy gl IGI RNl ””l LA I S ATR
LT ||| | \Illl l\\|l\u \! U\|I, : Hl H TURALY h‘ () \I |,
T R KAt e O PR ‘| | Iy
Rl A [ e 1 ‘Irw}‘N’ ol Ty ”\'
I IRUBYIAW e \{’ AU S U AV \{” \/\/\/ e
7.8 8 8.2 8.4 8.6 8.8 9 9.2
Wavelength (m)
— — — Average Transmission Value = 0.61215atR =1 km
— — — Average Transmission Value = 0.28346 at R =5 km
Average Transmission Value = 0.13509 at R = 10 km
— — — Average Transmission Value = 0.036189 at R = 20 km
Figure 3.5: LWIR - Atmospheric condition 1
1 T T T T T T T T
A Va “
081 ”\} » I\l/ WA i M ]\|/\/ \\l(\/ \I'MV
, | A I l\ oy [
0.6 , I i e [ I ‘5 : oy b
A B D O S
- A
gy A RIPRIE A R T NIRRT
0.4 ¥ TNy ‘Il il AR ‘I'x 1,'[1 '”‘!lv\'|/\‘|{ l\'; ) l|ll\l ”\1’\! \" ,

M Loyl ! Wl R | If IR '
LR T \;ll, * |’u R IR RPN R TRV
O'ZH,’\IM' o ﬁ\; N ] u{ TR ¥ ey
0 k ‘J .\]/\\\ RS \J’,I yr \L{/ ! L{‘ N WJA \l! AN N W TN AN T N

7.8 8 8.2 8.4 8.6 8.8 9 9.2

Wavelength (um)

— — — Average Transmission Value = 0.60307 at R =1 km

— — — Average Transmission Value = 0.26133 at R =5 km
Average Transmission Value = 0.1141 at R = 10 km

— — — Average Transmission Value = 0.025512 at R = 20 km

Figure 3.6: LWIR - Atmospheric condition 2

21



Transmission

Transmission

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

Wavelength (xm)

— — — Average Transmission Value = 0.30084 at R =1 km

— — — Average Transmission Value = 0.010165 at R =5 km
Average Transmission Value = 0.0002439 at R = 10 km

— — — Average Transmission Value = 0 at R =20 km

Figure 3.8: LWIR - Atmospheric condition 4

22

- \f " 1 Vi VoYY YN A T AN
R R A e T S TR VAT
L O | T (R TR T
| \ T | | [ 1 il | I |
R A R A T T I S R 0
TN T cohy ! I
L T R T N (N BN
PR RN LT N TR R VR R i
|/‘;‘ “,'l i q’\ 1 ||’~\, \‘\IIJ\ “:\,\”I/\{r ﬂ\ an “\w\m,\ N M
| | IWARTNEN | !
IR TR R BT T T ATRY A R
LA A Y e [ A R T A L RN
T | Il /”\lIlI\I\I \l/Mjﬂv \’ \'l \\ll | IJ i ) \{
| \,41//\\,1 vl\n By [l l'. JA! J I p Ve v Yy |
7.8 8 8.2 8.4 8.6 8.8 9 9.2
Wavelength (pzm)
— — — Average Transmission Value = 0.56928 at R = 1 km
— — — Average Transmission Value = 0.19161 at R =5 km
Average Transmission Value = 0.061567 at R = 10 km
— — — Average Transmission Value = 0.0070368 at R = 20 km
Figure 3.7: LWIR - Atmospheric condition 3
r ST T TN T NN T Y
PN N T T A o 1A T A R
Y A Y T B [ I
VIV e oyl [ l
PR T A TR O A b ]
A I I .
oy ’\\! R R "
VI\]I\ \ /) Ly f\ll ' ﬁl'w 1— N I~ ———
7.8 8 8.2 8.4 8.6 8.8 9 9.2




According to all results of four different atmospheric conditions at both spectral bands
used in this thesis, the average transmittance values which are calculated without zero
values are summarized and given in Table [3.3] As range increases, the average trans-
mittance decreases for each atmospheric model at both spectral bands as seen at Table
3.3] In these atmospheric conditions, MWIR band is higher than LWIR band with re-
gard to atmospheric transmittance. Once the outcomes are investigated, the rainy
atmosphere is more likely to affect the transmittance. Also, the transmittance is in-
versely proportional to the diameter of raindrops and amount of rain such as 2 mm/hr
used in this study. Furthermore, the range is an utmost critical parameter for atmo-
spheric transmittance. In fact, as some range value at some atmospheric condition,
the transmittance value is zero. For instance, the range is 20 km at the atmospheric
condition as given in Table[3.2d], the transmittance is zero for both spectral bands. For
this reason, no matter how good the infrared imaging system is, it can not successfully
perform because it does not detect the sufficient amount of radiance emitted from the
target due to atmospheric transmittance value. Eventually, atmospheric transmittance
is extremely significant for the infrared imaging systems.

Next chapter provides methods to obtain radiometry-based range prediction equation

and range discrimination.

Table 3.3: Average atmospheric transmittance values

Range (km) AC*1 AC2 AC3 AC4

1 0.66087 0.72874 0.68312  0.39954
5 0.53858 0.49495 0.35747  0.026608
10 0.41232 0.34903 0.18162  0.00117
20 0.28113 0.2007  0.054115 0.0

(a) Mid- wave spectral band

Range (km) AC*1 AC2 AC3 AC4

1 0.61215 0.60307 0.56928  0.30084
5 0.28346 0.26133 0.19161  0.010165
10 0.13509 0.11410 0.06156  0.000243
20 0.03618 0.02551 0.007036 0.0

(b) Long- wave spectral band

*AC: Atmospheric Condition
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CHAPTER 4

RADIOMETRY-BASED RANGE PREDICTION

4.1 Introduction

Range prediction is a significant part of the infrared imaging system at military ap-
plications. IR range prediction computer-based calculation contributes a very cost-
effective means to analyses a broad series of scenarios. The objective of this chapter
is to give an explanation of the factors influencing IR signature of a scene and ob-
taining theoretically range prediction formula. Target and background are the main
significant steps in the development of IR signature model. Furthermore, atmospheric
transmission, detector, and optics are also part of the IR signature model. Range pre-
diction formula is obtained with using radiometry power transfer concepts and the IR

signature model.

4.2 Background IR Signature Model

In an IR scene, the background may be made up of one consistent background or mix-
ture of various sub-backgrounds which can be the sky, desert, concrete, forestry etc.
In this work, the background is uniform such as desert, meaning constant emissivity
value ,i.e independent of wavelength, but less than one, so it is defined as a type of

gray-body.

To model IR background signature model needs some input parameters and informa-
tion: the temperature, emissivity, area of background, and range of the background

from the detector.
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4.2.1 Radiance of Background in IR Signature Model

Background’s IR radiation especially depends on it’s temperature and emissivity. Us-
ing the Planck’s law equation as given in Chapter [2] as Equation [2.2] and the
background radiance can be calculated for specified temperature and emissivity value.

The total spectral radiance of background, over detector band, can be obtained in

Equation 4.1

1 [Heut=ors 2mhc? 1
Lbckgrnd = ;/ (Ebckgrnd)( 7 )d)‘ (41)

5 —__he
)\ e)‘kackg'rnd —_ 1

)\cut—on

where, Licigrna 18 the radiance of the background, Tjcpgrnq is the temperature of the
background, €pcrgrnq is emissivity of the background material, A..¢—on, 1 the cut-on

wavelength value of detector, A.,:—o ¢ is the cut-off wavelength value of detector.

If the background consists of a combination of diverse sub-background, each sub-
background radiance can be calculated separately. The total spectral radiance of
background should be obtained by collecting each sub-background radiance. The

Figure {.T| shows one example of multiple background.

Clear Sky Clear Sky

Figure 4.1: Schematic illustration of multiple background
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4.3 Target IR Signature Model

For the military application, in an IR scene may include many different types of target
such as tanks, aircraft, ships, leaguer, helicopter, military satellite communication
area, etc. However, target type directly depends on the background scene. In fact, if
the background IR scene consists of only water, target IR scene include quite likely
ships. These targets comprises various diverse materials which contain warm and hot

surface. Engine of the any target is significant example of hot surface.

To model IR target signature model requires some input parameters and information
of each target or sub-target: the temperature, emissivity, area of background, and

range of the background from the detector.

4.3.1 Radiance of Target in IR Signature Model

Assuming that target is defined as gray-body and also Lambertian source, target’s IR
radiation especially depends on its temperature and emissivity. Thanks to Planck’s
law equation which is given in Chapter [2] as Equation [2.2] and and knowing
temperature as well as emissivity value of target, its radiance can be calculated. The

total spectral radiance of target, over detector band, can be obtained in Equation 4.2

1 [heut=oss 2mhe? 1
Lt'rgtt = ;/ (Gtrgt)( )d)\- 4.2)
)\cut—on

5 hc
A e MTirgt — |

where, L4 1s the radiance of the target, 73,4 1S the temperature of the target, ;.4 15
emissivity of the target material, \.,;_,, is the cut-on wavelength value of detector,

Acut—of f 18 the cut-off wavelength value of detector.
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For the multiple or sub-target, the radiance of each is to be calculated independently.

The different types of the target are illustrated in Figure #.2]

TR Y

Figure 4.2: The different types of the target: a. and b. land, c. and d. sea, e. and {. air

[26]

4.4 Atmosphere IR Signature Model

All IR model is sensitive to atmosphere. Radiance and transmission value are atten-
uated due to atmosphere. Each different weather conditions such as rain, fog, clear
sky, haze, snow and etc. have a different and significant atmospheric effect at IR
model. To calculate transmittance of IR atmosphere required some input parameters
and information for desired spectral band: weather condition and model, altitude, and
path types such as horizontal or slant and etc. In chapter 3] this issue is investigated

in detail.
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4.4.1 Atmospheric Transmittance in IR Signature Model

Atmospheric transmittance for desired spectral band and atmospheric model value

can be obtained in Equation 4.3

Tutm = € °F. (4.3)

Here, o is the atmospheric attenuation coefficient, 7, is the atmospheric transmit-

tance, and I? is the slant range between target and the sensor or detector.

4.5 IR Detector and Optic Model

The IR detector or optic spectral include perchance any waveband from 1 to 15 um.
The infrared imaging system which combines detector and optic is designed which
could depict the whole scene inside its field-of-view (FOV) as a matrix of the pixel.
The infrared imaging system is designed with using 640x512 pixel detector. On the
other hand, pixel detector can be reduced to less than 640x512, such as 256x256,
128x128 or can be increased to more than 640x512, such as 1024x1024. Pixel detec-
tor represent resolution of detector. Characteristic properties of optic, such as FOV,
solid angle, transmission of optic, diameter are also significant to design the infrared

imaging system.

Signal-to -noise ratio (SNR), focal length (f), transmittance of optic 7,,;, diameter of
optic, detector pixel size, cut-on and cut-off wavelength of detector and also some

noise features of detector are required for IR imaging system.

4.6 Range Prediction in IR Signature Model

Radiometry is a notion that seeks to quantitatively understand the transfer radiant
flux or power emitted from a source through the atmosphere and optic elements. The
utmost question in the concept of radiometry is how much power emitted from a target

or source is gathered by infrared detector. The range prediction can be estimated by
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the amount of power falling in the infrared detector. Fundamental and general power
or flux transfer is illustrated in Figure 4.3] Par-axial approximation is used in this

thesis for the simplification.

Source/Target Infrared Optic System Detector

-~

Figure 4.3: Schematic illustration of power transfer in radiometry

Figure[d.4illustrates an example of a scenario in which three targets (land, sea and air)
are given is used for the range prediction in this thesis. These targets are at the same
distance from the detector. Target and background radiance collected at the detector
in IR signature scenario are computed using example illustrated in Figure d.4] Before
the calculation, it is necessary to define the area of the image plane, or IR model
scene, as captured by imaging system is the projected area of the detector as given
Equation [4.4] If the target distance from the detector is not same as image distance
from the target, which means the target is the distance between image plane and
detector, exposed area of the target as projected on image plane must be calculated.
Nevertheless, in this work the target distance and image plane from the detector are
the same. To better understand regarding the area of target, background and image
plane, schematic illustration is given Figured.5] According to Figure[d.5] background

area is calculated as given Equation4.5]

R
Aimgpln - (%)2 (44)

Here, pp is the pixel pitch of detector, f is the focal length of imaging system, R is

the slant range between image plane and the detector.

Abckgrnd = Aimgpln - Atrgt' (45)
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Figure 4.5: Schematic illustration of target, background and image area

Due to solid angle of imaging system, both radiance from target and background falls
in the detector. The information of solid-angle is given in Chapter[2] The solid-angle
of imaging system as viewed from background and target is computed separately
with using formulated in Equation [2.5] However, the assumption in this work is that
R is the distance generally large and area might be specified with regard to infrared

imaging diameter reformulated as given in Equation [4.6]and Equation[4.7]

(4.6)



T Do t
chk rnd — — 2- (47)
I 4 ( Rbckgrnd )
The total power collected at the detector when the target iexists is the aggregate of
the power owing to the target and the background which is not concealed at the rear
of the target. First step to determine the total power is that power coming from target
and background must be calculated individually. The detector is collected the power

per unit area coming from the target is given in Equation and equivalently, the

power per unit area from the background is specified by Equation[4.9|

Powery,
gt
-, = Qt'rgtToptLtrgtTatm‘ (48)
unitarea
Powery.x
grnd
. - chkgrndToptLbckgrndTatm' (49)
unitarea

Here, Powery,q is the power from target, Powerycigrnq 18 the power from back-
ground, 7., is the atmospheric transmittance, 7, is the transmittance of imaging
system, L4 is the radiance of target, Lycrgrnq 18 the radiance of background, 2.4
is the solid angle of infrared imaging system as viewed by the target, Qycxgrna s the

solid angle of infrared imaging system as viewed by the background.

Nevertheless, for the more calculations, such as the range prediction, the power unit
area is multiplied by the specific target area to obtain the total power thanks to target

as specified in Equation [4.10]

PoweTtrgt - QtrgtToptAtrgtLtrgtTatm~ (410)

Similarly, the power unit area is multiplied by the specific background area to obtain

total power owing to background as given in Equation [4.TT]

Powerbckgrnd = chkgrndToptAbckgrndLbckgrndTatm- (411)
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When the target is present, the total power is calculated by Equation[4.12]

Poweroq = Poweryekgrng + Poweryg. 4.12)

The other situation is that there is no target, background power is calculated with

using image plane area as given in Equation[4.13]

Powerimgpln - QimgplnToptAimgplnLbckgrndTatm- (413)

For any target to be noticed, the difference of total power collected at the infrared
imaging system when the target is existing and that of just background (image plane)
ought to be a large amount than least distinguishable power of the infrared detec-
tor [17]. Distinguishable power of the infrared is defined as product of total noise,
which is sum of the detector noise, i.e., noise equivalent power (NEP) and noise from

temperature fluctuations in image plane [335], and signal-to-noise ratio (SNR) [34] as
specified in Equation

Powerprq — Poweripgpn > (SNR)(T.Noise). (4.14)

To obtain range prediction, total power given in Equation 4.12] should be inserted in
Equation 4.T4] And then, the expression of power of target, background and image
plane is given Equation [4.10}, [4.T1] @4.13] respectively should be inserted in Equation

Poweryekgrng + Poweryg — Powerimgpin > (SNR)(T.Noise). (4.15a)

(chkgrndToptAbckgrndLbck:grndTatm) + (QtrgtToptAtrgtLtrgtTatm)_

(QimgplnToptAimgplanckgrndTatm) Z (SNR) (T.NOiSG) .

(4.15b)

In addition to these steps, solid angle of infrared imaging system as viewed by target,

background and image plane with using Equationd.6|and area of background as given
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in Equation 4.3 put in the Equation [d.15D]

m D opt m, D opt

Z ( Rtrgt

)2 Topt (Aimgpln - Atrgt ) LbckgrndTatm) + ( ) 27—opt Atrgt LtrgtTatm) -

4 Rbck grnd
m D opt

(Z( )2TOptAimgplanckgrndTatm) > (SNR) (T.NOiSG).

Rim gpln

(4.16)

The scenario for this thesis is that all distances (gt = Ricigrnd = Rimgpin = R) from
detector are equal. In order to simplify, Equation .16 can be rewritten owing to all

common multiples or symbols.

_)ZToptTatm)[((Aimgpln - Atrgt)Lbckgrnd) + (AtrgtLtrgt) - (Aimgplanckgrnd)]
> (SNR)(T.Noise).
(4.172)

T Do t
(Z(?p)zToptTatm)[((Aimgplanckgrnd - AtrgtLbckgrnd) + (AtTgtLtTgt)_ (4.17b)

(Aimgplanckgrnd)] > (SNR) (TNOZSG)

D, .
(%(%)2Topt7—atm> [Atrgt(Ltrgt - Lbckgrnd)] > (SNR) (T-NOZS€>- (417C)

If the R is revised, the theoretically range prediction formula of the imaging system

is derived an given in Equation [4.18]

7T(l)o t)ZTo tTathtr t(Ltr t Lbck rnd)
R< P P g g g ) 4.18
- \/ 4(SNR)(T.Noise) (4.18)

The maximum value of range prediction is the one situation that left and right sides

of the Equation [4.18] are equal to each other.
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4.7 Range Discrimination Methodology in IR Signature Model

In this thesis study, Johnson Criterion which is the simplest method for the range
discrimination methodology is utilized. According to the Johnson criterion, it is as-
sumed that the target is at the center of the field of view of imaging system and that
the imaging system does not need to find the target [27]. Within the Johnson criterion,
three various discrimination term are defined for the range: Detection, Recognition
and Identification. That criterion also defines the minimum number of cycles required
for the calculation of range. The minimum number of cycles required for range pre-
diction value with the probability of 50% is defined as one for the detection, four
for the recognition and eight for the identification [27/]. However, if the lower and/or
higher probability is demanded, Johnson criterion provides some multipliers and that

is stated in Table 411

Table 4.1: Value of probability and multiplier [27].

Probability(%) Multiplier

100 3.0
95 2.0
80 1.5
50 1.0
30 0.75
10 0.50
2 0.25
0 0

For the target with massive aspect ratio, a number of pixels are used in preference
to that of cycles as claimed by Johnson Criteria. Although the number of pixels and
cycles are not the same and these are not replaced by each other, the use of Nyquist
Criteria is appropriate when the pixels are at issue. In keeping with Nyquist Criteria,

two pixels are required for one cycle [27]. The total number of pixels for two pixels
per cycle is given Equation

Npixels = (2Nx)(2Ny) (419)
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Here, IV, is horizontal number of cycles, [V, is vertical number of cycles, N5 15

the total number of pixel in the detector.

Next chapter is that calculation and results of the radiometry-based range prediction
for both band and effects of particular parameters on range performance is investi-

gated.
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CHAPTER 5

COMPUTATIONAL RANGE PREDICTION

This chapter computes range predictions at MWIR and LWIR spectral band for partic-
ular target, background, optics, detectors, and SNR parameters using the theoretical
formula driven in Chapter {] and the results of atmospheric transmittance of MWIR
and LWIR spectral bands calculated with using MODTRAN™S5 in Chapter [3| Fur-
thermore, the impact of the change in some of those parameters on the prediction

results are presented in this chapter.

5.1 Particular Parameters

The technical specifications and values of parameters for both spectral bands are cho-

sen, and they are given in Table[5.1] —[5.6] respectively.

Table 5.1: The technical specifications and values of detector

Technical Specifications MWIR LWIR
Infrared Spectral Band (xm) 3.6-49 7.7-93
Focal Plane Array (FPA) 640 X 512 640 X 512
Pixel Pitch (pm) 15 15
Noise-Equivalent Temperature Difference (NETD), (mK) 20 25
Noise-Equivalent Power (NEP), (W) 290X 107 270X 10713
Noise-Equivalent Irradiance (NEI), (W\cm?) 128X 1078 126X 107"
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Table 5.2: The technical specifications and values of imaging system

Technical Specifications MWIR LWIR

Infrared Spectral Band (um) 3.6-49 7.7-9.3

Focal Length (mm) 50 50
Aperture (mm) 25 25
F-Number 2 2
Field of View (FOV), (°) 14 14
Transmittance 0.81 0.81

Table 5.3: The technical specifications and values of target and background

Technical Specifications MWIR and LWIR
Temperature of Target (K) 293.15 - 313.15
Emissivity of Target 32} 33]] 0.54

Temperature of Background (K) 293.15

Emissivity of Background for Land, Sea and Air [32,33] 0.90, 0.20 and 0.05

Table 5.4: The technical specifications and values of target size

Technical Specifications Width (m) Length (m)
Land : S-300 Launcher 2.75 11.3

Sea : Arleigh Bruker Destroyer 20.0 154.0

Air : F-16C 10.0 15.03

Height (m)
2.85

9.3

5.09

Table 5.5: The technical specifications and values of number of pixels

Technical Specifications Number of Pixel

Detection 6
Recognition 24
Identification 48

Table 5.6: The technical specifications and values of atmospheric transmittance

Technical Specifications MWIR
Transmittance of Atmospheric Condition 1  0.47
Transmittance of Atmospheric Condition 2 0.44
Transmittance of Atmospheric Condition3 0.31

Transmittance of Atmospheric Condition 4 0.10
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5.2 Range Prediction for Mid- and Long-Wave Infrared Imaging System

This section investigates the detection, recognition and identification (DRI) ranges for
land, sea and air targets using the aforementioned parameters, theirs values and the
range prediction formula obtained in the Chapter {4, First, the noise and SNR terms
in Equation @ are determined. For this study, the SNR is chosen to be 3 dB. The
noise distorts the real signal emitted from the target. This study assumes the noise
constitutes the detector noise and background noise due to background temperature
fluctuations, which is calculated. The detector noise, which is labeled as the Noise
Equivalent Irradiance (NEI) or Noise Equivalent Power (NEP), is obtained for the
detector data sheet. The advances in the technology enabled production of detectors
with very low NEI and NEP. The background noise also is calculated using the Planck
formula. As shown in Table [5.3] the background temperature is chosen to be 293.15
K . The background temperature distribution is not uniform. The temperature fluctua-
tions in the background is modeled using MATLAB™ random number generator with
+2/3 standard variation for 10000 different temperature points. For all temperatures
values, the background radiances were calculated using the Planck equation. The
mean value of the background radiances represents the background thermal noise.
The sum of the background thermal noise and the detector noise represents the noise

term in Equation d.14]

The detection, recognition and identification (DRI) range predictions at a given atmo-
spheric condition are calculated for both infrared imaging system using MATLAB™,
The effect of the temperature difference between the target and background on the
range predictions are shown in Figures [5.1| — [5.3] for the mid-wave and Figures[5.4] —
[5.6/for long-wave, respectively.
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Figure 5.1: DRI ranges at MWIR of land target as function of AC 1
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Figure 5.2: DRI ranges at MWIR of sea target as function of AC 1
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Figure 5.4: DRI ranges at LWIR of land target as function of AC 1
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Figure 5.6: DRI ranges at LWIR of air target as function of AC 1
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A range of 20 K, from 0 to 20 K with steps of 1 K, is used as temperature differ-
ence between the target and background (AT). The most interesting characteristics
of the range predictions at mid-wave infrared imaging systems for three different tar-
get types is that DRI range predictions are decreasing for the land target, as the AT
approaches 14 K. That characteristics is same for the long wavelengths, but the tem-
perature difference increases from 14 to 20 K in long- wave infrared imaging systems.
This result shows that up 14 and 20 K AT for the mid- and long-wave, respectively
the background is more dominant than the target. This phenomenon is caused due to
the emissivity coefficient. In this thesis, background is chosen to be soil and the emis-
sivity coefficient of the soil is significantly higher than the coefficient of the steel, as
given in Table[5.3] Calculations with these coefficients and the Planck equation show
that the background radiates more than the target up to temperature difference of 14
and 20 K for the mid- and long-wave infrared imaging systems, respectively. For
sea and air targets, range predictions do not show similar characteristics for the both
bands, as the background emissivity coefficients for water and air are significantly
lower than the steel. Table shows coefficients for water and air as well. Finally,
all figures for both bands show that DRI range prediction is possible at a AT of 0 K.
The no temperature difference range predictions are possible because the difference in
radiant coefficients causes different radiance between the target and the background

even when there is no temperature difference between them.

5.2.1 The Effect of the Atmospheric Conditions on the Range

Keeping other variables constant, the effect of atmospheric transmittance on the range
is investigated for land, sea, and air targets. Figures[5.7]—[5.9]show DRI range predic-
tions at MWIR for a land target for remaining three different atmospheric conditions,

given in Table[3.2]

Figures - show DRI range predictions at LWIR for a land target for re-

maining three different atmospheric conditions, given in Table[3.2]
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Figure 5.7: DRI ranges at MWIR of land target as function of AC 2

— — — Detection Range Prediction of Land Target at Atmospheric Condition 3
— — — Recognition Range Prediction of Land Target at Atmospheric Condition 3
Identification Range Prediction of Land Target at Atmospheric Condition 3

Figure 5.8: DRI ranges at MWIR of land target as function of AC 3

44

T T T T T T T T T
\\\ _
~ 7~
L - _ i
\\ //
- \\ _
———_ “ /
~ / -
N\
1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
AT (Kelvin)



o o
fo) o

Range Prediction (km)
o
~

o
(V)

=
P o

Range Prediction (km)
=}
(&)

T T T T T T T T T
\\\
\\ //
n - > i
~ e
\\ Ve
— — /
i - ~ L % i
~—~__ N Y
~— _ N / ~
—~ / //
- \ —
L < / L .
\\///
\\\/
1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
AT (Kelvin)

— — — Detection Range Prediction of Land Target at Atmospheric Condition 4
— — — Recognition Range Prediction of Land Target at Atmospheric Condition 4
Identification Range Prediction of Land Target at Atmospheric Condition 4

Figure 5.9: DRI ranges at MWIR of land target as function of AC 4
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Figure 5.10: DRI ranges at LWIR of land target as function of AC 2

45



Range Prediction (km)

Range Prediction (km)

o
~

=
o

=

o
o

1.2

=

o
o

o
o

10 12 14 16 18
AT (Kelvin)

20

— — — Detection Range Prediction of Land Target at Atmospheric Condition 3
— — — Recognition Range Prediction of Land Target at Atmospheric Condition 3
Identification Range Prediction of Land Target at Atmospheric Condition 3
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Figure 5.12: DRI ranges at LWIR of land target as function of AC 4
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The land target range predictions same characteristics similar to the previous study,
shown in Figure[5.1] This results demonstrates that changes in atmospheric conditions
only affect the value of the range prediction. Atmosphere changes do not affect the

characteristics of the range prediction curves.

Same study is repeated for a sea target for three different atmospheric conditions and
the results are shown in Figures [5.13] — [5.15| for MWIR and Figures [5.16 — [5.18] for
LWIR .
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Figure 5.14: DRI ranges at MWIR of sea target as function of AC 3
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Figure 5.15: DRI ranges at MWIR of sea target as function of AC 4
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Figure 5.16: DRI ranges at LWIR of sea target as function of AC 2
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Figure 5.17: DRI ranges at LWIR of sea target as function of AC 3
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Figure 5.18: DRI ranges at LWIR of sea target as function of AC 4

Similarly, results for an air target are presented in Figures[5.19—[5.21] for MWIR and
Figures[5.22] — [5.24] for LWIR, respectively.
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Figure 5.19: DRI ranges at MWIR of air target as function of AC 2
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Figure 5.20: DRI ranges at MWIR of air target as function of AC 3
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Figure 5.21: DRI ranges at MWIR of air target as function of AC 4
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Figure 5.22: DRI ranges at LWIR of air target as function of AC 2
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Figure 5.23: DRI ranges at LWIR of air target as function of AC 3
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Figure 5.24: DRI ranges at LWIR of air target as function of AC 4
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All the results show that the range prediction values are highest for the first atmo-
spheric condition for all types of targets at all temperature difference values. For the
land target, results show that the DRI range values at MWIR for the first atmospheric
condition are 3.11, 18.16, and 52.53% higher from results obtained at the second,
third, and the fourth atmospheric conditions respectively. Similar trends observed for
sea and air target types study. The range predictions at the first atmospheric condition
are higher by 3.93, 18.31, and 52.48%. The air target values are 2.73, 17.70, and
59.50%. Furthermore, the DRI range values at LWIR for the first atmospheric con-
dition are 3.33, 11.77, and 47.10% higher from results obtained at the second, third,
and the fourth atmospheric conditions respectively. The sea target values are 2.62,

11.81, and 46.69%. The air target values are 3.63, 12.02, and 47.00%.

This study and results suggest that the rain is the most important atmospheric factor.
Raindrops absorb the radiation significantly causing performance degrade. Another
important factor is the visibility. When visibility range drops down from 23 to 5 km,
which represents the switch between atmospheric condition two to three, the detection
range drops by 16.16%, the recognition range drops by 15.24%, and the identification
range drops by 15.14% for the land target at MWIR. These values are 9.66, 7.77, and
8.71% for the LWIR band. These values at MWIR are 14.89, 15.46, and 14.53% for
sea target; 14.81, 15.72, and 15.61% for the air target. For the LWIR, the detection
range drops by 9.10%, the recognition range drops by 9.76%, and the identification
range drops by 9.44% for the sea target; 8.01, 9.14, and 9.70% for the air target.

In conclusion, as expected, results demonstrate that the decrease in atmospheric trans-

mittance values for both bands decreases the range prediction.
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5.2.2 The Effect of the Optical Aperture on Range

This section studies the impact of the optical aperture of the infrared imaging system
on the range predictions. The aperture size is changed between 10 and 50 mm with 5
mm steps. Figures [5.25] — show DRI range predictions at MWIR as a function

of AT at different aperture sizes.
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Figure 5.25: Detection range of land target at MWIR as function of aperture at AC 2
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Similar trends are also observed in this atmospheric condition for LWIR as well. The

effect of the change in aperture size on the range predictions at LWIR for a land target

is depicted in Figures[5.28] — [5.30]
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Figure 5.28: Detection range of land target at LWIR as function of aperture at AC 2

57



g 2 Bl T T T T T T T
< == __ "= ——=__
§15F T T -——=——_Z---=——"ZIZIZ--=-_ I 1
g8 +t-——-___ """ ———--Z-=-—ZIZzZ=Z=Zz=-]
® lr-——————— -1z -=T==73
o . _ ____ T ———_ZZ-<z=
005 __ T T T T ———— T E
> ———— - TIZ-IZZ-zZ=--
2 —
g 0 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20

AT (Kelvin)

— — — Aperture 10 mm
— — — Aperture 15 mm

Aperture 20 mm
— — — Aperture 25 mm
— — — Aperture 30 mm
— — — Aperture 35 mm
— — — Aperture 40 mm
— — — Aperture 45 mm
— — — Aperture 50 mm

Figure 5.29: Recognition range of land target at LWIR as function of aperture at
AC?2

§1.5 T T T T T T I I !
< [CIZZz---——-_
S F-—-IIZ-Z---=--ZIZIZZ----
S 4fpIITZ------IZIZzZ--=ZIZzz--- ]
5 ‘[ ———-——--_-C"-"Z"-—-=—--ZZZ-=--ZZ-z To-—-
S T ———— - ——ZIZ-T--==IZ==1
3 - - —-———-CZZz—=T"z==1
Y ST T oo —-—=IZ I
o [[———————————____”_-Z-Z--—=
> (F——————-——-—-—-—- I _I-Z--Z———==
: —f=z=
ad 0 1 1 | | | 1 | L !

0 2 4 6 8 10 12 14 16 18 20

AT (Kelvin)

— — — Aperture 10 mm
— — — Aperture 15 mm

Aperture 20 mm
— — — Aperture 25 mm
— — — Aperture 30 mm
— — — Aperture 35 mm
— — — Aperture 40 mm
— — — Aperture 45 mm
— — — Aperture 50 mm

Figure 5.30: Identification range of land target at LWIR as function of aperture at
AC?2

58



At the second atmospheric conditions and keeping other variables constant, for the
land target, results show that the DRI range predictions increase as the aperture size
increases. The reason is that the imaging system with larger aperture size naturally
collects more radiance. When the aperture is changed from 10 to 50 mm, the increase
in DRI range prediction is 400% at both band for the land target. For example, the
detection range at MWIR at 0 K AT for 10 mm aperture size is 0.76 km, whereas it is
3.83 km for an aperture size of 50 mm. For the LWIR, these values are 0.78 km and

3.94 km, respectively.

For the other remaining atmospheric conditions and target types at both bands, when
the aperture size is changed from 10 to 50 mm, DRI ranges prediction is raised by
400%.

5.2.3 The Effect of the Optical Transmittance on Range

This section investigates the impact of the optical transmittance of the mid- and long-
wave infrared imaging system on the range predictions. The optical transmittance is
altered between 0 and 1.00 with 0.25 steps. For both band, if the optical transmittance
value is the zero, result of range prediction can not be estimated because radiance
from target can not fall in the detector through the optical system. In addition, a value

of 1.00 for the transmittance represents the ideal situation.

Figures [5.31] — [5.33] show DRI range predictions at MWIR as a function of AT at

various optical transmittance.

Similar trends are also observed in this atmospheric condition for LWIR as well. The

effect of the change in optical transmittance on the range predictions at LWIR for a

land target is depicted in Figures [5.34] —[5.36
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Keeping other variables constant, for the land target, results show that the DRI range
predictions under the second atmospheric condition increase as the optical transmit-
tance increases. The reason is that the imaging system with optical transmittance
naturally collects more radiance. When the value is changed to 1.00 from 0.00, the
increase in DRI range prediction is 100% at both band for the land target. For exam-
ple, the recognition range at MWIR at 0 K AT with 0.25 transmittance is 0.37 km,
whereas it is 0.75 km for a transmittance value of 1.00. For the LWIR, these values

are 0.39 and 0.78 km, respectively.

For the other remaining atmospheric conditions and target types at both bands, once
the optical transmittance is changed from 10 to 50 mm, DRI ranges prediction is

raised by 400%.
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CHAPTER 6

DISCUSSION AND CONCLUSION

In this thesis, radiometry-based range predictions are calculated for three different
target types using mid-and long-wave infrared imaging systems. The details of the
development of the range prediction equation are presented. The impacts of four
different atmospheric conditions on range predictions for both wavelengths are also

investigated.

The impacts of the atmospheric transmittance, optical aperture size and transmittance
on the range predictions are investigated directly. The impacts of the target area on
the range predictions are investigated indirectly, as different target types represent
different target areas. Results are presented and results are analyzed in detail in this

section.

Chapter 3] presented results of four atmospheric conditions impact on the range pre-
dictions for both wavelengths. Furthermore, for each atmospheric condition, the ef-
fect of the different target-detector distances on the transmittance is also investigated
in this chapter. Results demonstrated that for all the conditions, increasing distance
between target and detector decreases the transmittance. At 1 km of target and de-
tector distance, for both wavelengths, the best average transmittance values are ob-
tained, whereas at 20 km the worst average transmittance values are obtained. For
example, for the mid wavelength, at the first atmospheric condition, at 1 km of target
and detector range, the transmittance is found to be 0.66, whereas at 20 km range, the

transmittance decreases to 0.28.

The results also demonstrate that the transmittance for the mid wavelength is higher
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than that of for the long-wavelength. Furthermore, mid- and long-wavelength, the
best transmittance value is obtained at the first atmospheric condition. Atmospheric
transmittance values are very important for the detector manufacturers and infrared
imaging system designs. If ignored, the optical design and the detector might not

perform well, as the received signal will not be as strong.

Chapter ] presented the details of the development of the range prediction equation.
Detection, recognition, and identification range definitions are also introduced in this

chapter.

The results are computed using the developed range prediction equation and chosen
required variables in Chapter [S| The impacts of these variables on the range predic-

tions are investigated and presented in this chapter.

Firstly, the impacts of the atmospheric conditions on the range predictions are investi-
gated, keeping all the other variables constant. For mid wavelength infrared imaging
system, results demonstrated that the first atmospheric condition give best range pre-
dictions for the land target. With respect to the results of the first atmospheric condi-
tion, DRI range predictions decreased by 3.11, 18.16, and 52.53% at the second, third,
and fourth atmospheric conditions respectively. As it can be interpreted from the re-
sults, certain atmospheric conditions impact range predictions significantly more that

other atmospheric conditions.

For a land target, up to 14 K target-background temperature difference, AT, increas-
ing target temperature decreases DRI range predictions. This trend changes after 14
K AT, as increasing target temperature increases range predictions. These results
demonstrate that background radiance is dominant up to that threshold. The radi-
ance difference between the target and background is decreasing until 14 K AT, and
after this threshold, the radiance difference is increasing with increasing target tem-
perature. This is due to the constant background temperature and emissivity, and
increasing target temperature. As target temperature increases, the radiance from the

target approaches to the background, and then overpasses the background radiance.

This phenomenon does not occur for sea and air targets as the background emissivity

significantly lower than that of targets. Because of the constant background tempera-
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ture, increasing target temperatures increases DRI range predictions.

When all the other variables kept constant, DRI range predictions are the best at
the first atmospheric condition. With respect to the range predictions at this condi-
tion, DRI predictions decreases by 3.93, 18.31, and 52.48% at the second, third, and
fourth atmospheric conditions respectively for the sea target. Similarly, DRI range
predictions decreases by 2.73, 17.79, and 59.50% at the second, third, and fourth at-
mospheric conditions respectively compared to the DRI range predictions at the first

atmospheric condition for the air target.

Similar characters are also observed with the long-wave infrared imaging system as
well. Similar to mid-wave study, the land target range predictions have a temperature
difference threshold up to where background radiance is dominant; however, this
threshold occurs at 20 K for the long-wave imaging system. For the sea target, with
respect to the values at the first atmospheric condition, the DRI range predictions
decreases by 3.33, 11.77, and 47.10% at the second, third, and fourth atmospheric
conditions respectively. The corresponding numbers for the air target are 3.63 , 12.02,

and 47.01% respectively.

For mid- and long-wave infrared systems, DRI range predictions decrease as the at-
mospheric transmittance value decreases. However, although the impact of the at-
mospheric transmittance on the range predictions is expected to be the same all tar-
gets, the observations demonstrate small difference. This is due the random noise
fluctuations for the background temperature distribution, which is simulated with

MATLAB™ randn function.

For a given atmospheric condition and fixed other variables, the effect of the optical
aperture size on the DRI range predictions is investigated in detail. Independent of
the wavelength of the imaging system, increasing aperture size increases the DRI
range predictions as presented in the results section and an example of this situation is
shown in Figure[6.1] Similar trends are also observed during the optical transmittance
value studies as increasing transmittance increases the DRI range predictions. An

example of this situation is shown in Figure
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Results of this thesis work demonstrate that Long-wave DRI range predictions are
better for temperature differences up to 18, 13, and 12 K for the land, sea, and air
targets respectively. For temperature differences larger than 18, 13, and 12 K, the
mid-wave DRI range predictions are better for those targets. The results of the de-
tection range prediction of land target at both bands under the second atmospheric
condition are shown in Figure [6.1] and Figure [6.2] as an example of this situation.
These results are observed because long-wave imaging systems receive more radi-
ance at room temperature, whereas mid-wave imaging systems receive more radiance
at higher temperatures, as observed in Planck’s radiance curves, which is given in

Chapter

The target area affects the DRI range predictions. Under normal circumstances, in-
creasing target area increases the DRI range predictions. However, in this thesis work,
DRI ranges for an air target with smaller target area are higher than that of an sea tar-
get with higher target area due to the fact that the background emissivity values are

significantly different for the sea and the air.

In summary, temperature and background emissivity are the two utmost important pa-
rameters for radiometer-based range values. In fact, For DRI ranges of a target against
the background, it should either have higher-temperature differential or higher emis-
sivity differential or a combination of the both. Therefore, the wavelength choice
depends on the different operating scenarios. For scenarios simulated in this thesis
work, mid wavelength system performs better for higher target temperatures. Fur-
thermore, for both wavelengths, increasing optical aperture size and transmittance
increases DRI range predictions. Similarly, increasing atmospheric transmittance in-
creases DRI range predictions. Results suggest that for range predictions comparison,
all the variables have to be taken into account. This work is an early, investigative
study. Scenarios simulated in this thesis can be expanded for the optimum design for

range.

Following the studies explained in this thesis, it is aimed to test the scenarios dis-
cussed here first on hardware in the loop simulation (HWIL) environment and af-
terwards to test them in real-life. Thanks to these planned follow-up studies, the

theoretical studies would be approved by the HWIL and real-life experiments.
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APPENDIX A

MATLAB™ GUI PROGRAM

In this thesis, graphical interface program for range prediction with using the MAT-
LAB 2015A®) is prepared. The interfaces of program is given in Figures [A.T] [A.2]
and [A.3] Welcome section is shown in Figure [A.I] Particular parameters section
which is shown in Figure[A.2) are required to compute the range prediction. And last

section is an output section which is given Figure[A.3]

Range Prediction GUI Program

- -
-

o Berk Berkan TURGUT
TUBITAK SAGE MSG Optik Tasanm Birimi

Figure A.1: MATLAB GUI 1
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Figure A.2: MATLAB GUI 2
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In this thesis, MODTRANS(®) software is used to compute the atmospheric transmit-
tance at various atmospheric conditions for MWIR and LWIR imaging systems. The
interfaces of the software are given in Figure [B.1] [B.2] [B.3] and [B.4] The parame-
ters of atmosphere are chosen using atmosphere tab which is demonstrated in Figure
B.T]and [B.2] For the aerosol model, aerosol tab is used as illustrated in Figure

Finally, the scenario is determined to calculate the atmospheric transmittance. The

APPENDIX B

MODTRAN™ PROGRAM

geometry tab is used for this purpose and that tab is shown in Figure [B.4]
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Figure B.1: MODTRAN interface 1
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Figure B.2: MODTRAN interface 2
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Figure B.3: MODTRAN interface 3
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Figure B.4: MODTRAN interface 4
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