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ABSTRACT 

 

 

IMAGING INFRARED SEEKER DESIGN  

 

¦nal, Ahmet 

M. Sc., Department of Physics 

Supervisor: Assoc. Prof. Dr. Serhat ¢akēr 

 

June 2014, 78 pages 

 

The subject of this study is the design of an imaging infrared seeker for aerial targets. 

Firstly the radiant power of the target was discussed and optical design of seeker 

lenses were done with ZEMAX Optical Design Software considering the MTF 

(Modulation Transfer Function) values, optical path differences, distortions and 

detection range calculations.  After that, detection range calculations and simulation 

results of the optical system were presented.  

 

Before lock on range calculations, spectral band of the system was analyzed and 

chosen for aerial targets. After that, lock on range was calculated considering 

detector noise, background noise and target radiation. Afterward the optical 

parameters of the seeker were determined. Focal length and F# (F-number) of the 

seeker was calculated as it was receiving the aerial target and background radiation at 

5 km distance. Design was done using ZEMAX optical design program.  Moreover, 

the lens materials were Silicon, Germanium and Cadmium Selenide and Sapphire 

were dome material. Finally, optical performance parameters have been analyzed.  

 

Finally, test plate fitting is applied to the optical system. Manufacturing parameters 

were presented and discussed. 
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Keywords: Infrared Imaging, IIR, Optical Design, ZEMAX, MWIR, Infrared 

Seeker. 
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¥Z 

 

 

KIZIL¥TESĶ ARAYICI BAķLIK TASARIMI 

 

 

¦nal, Ahmet 

Y¿ksek Lisans, Fizik Bºl¿m¿ 

Tez Yºneticisi : Do­. Dr. Serhat ¢akēr 

 

Haziran 2014, 78 sayfa 

 

Bu ­alēĸmada hava hedefleri i­in kēzēlºtesi arayēcē baĸlēk tasarēmē ama­lanmēĸtēr. Ķlk 

olarak hedefin kēzēlºtesi ēĸēnēm g¿c¿ tartēĸēlmēĸtēr ve daha sonra MTF deĵerleri, optik 

yol farklarē, distorsiyon ve hedefi algēlama mesafesi dikkate alēnarak ZEMAX 

programē ile optik sistem tasarēmē yapēlmēĸtēr. Daha sonra, hedefi algēlama hesaplarē 

ve optik tasarēmēn sonu­larē sunulmuĸtur.  

 

Hedefe kilitlenme mesafesi hesaplamalarēndan ºnce hedefin spektral bant aralēĵē 

analiz edilmiĸ ve hedef se­ilmiĸtir. Daha sonra, detektºr g¿r¿lt¿s¿, arka plan 

g¿r¿lt¿s¿ ve hedef ēĸēmasē dikkate alēnarak hedefe kilitlenme mesafesi hesaplanmēĸ, 

arayēcē baĸlēĵēn optik parametreleri belirlenmiĸtir. Arayēcē baĸlēĵēn odak uzunluĵu ve 

F# (F numarasē), hedef ve arka plan ēĸēmasēnē 5 km mesafen alēyormuĸ gibi 

hesaplanmēĸtēr. Lens malzemeleri silikon, germanyum ve kadmiyum selenit, dom 

malzemesi olarak da safir se­ilmiĸtir. Son olarak, optik performans parametreleri 

analiz edilmiĸtir.  

 

Sonu­ olarak test plakalarē analizi optik sisteme uygulanmēĸtēr. ¦retim parametreleri 

sunulmuĸ ve tartēĸēlmēĸtēr.  
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    CHAPTER 1 

 

 

1. INTRODUCTION  

 

 

 

For surface to air missiles and air to air missiles, one of the examples of homing 

guidance is imaging infrared homing and it is used to detect the angular position of 

the target with respect to missile axis.  

 

The objective of this study is to design an imaging infrared seeker. Seekerôs spectral 

region is usually determined by the target radiation spectrum. In our case the target is 

an aircraft and it radiates in MWIR and LWIR regions of the electromagnetic 

spectrum due to the temperature of the object. 

 

Detection range of a seeker is related with atmospheric transmission, background 

radiation, optical transmission of the optical components, F# (F-number) of the 

optical system and the noise of the detector [3]. Most popular imaging sensor 

materials in the MWIR range are HgCdTe (Mercury Cadminium Telluride), PbS 

(Lead Sulfide) and InSb (Indium Antimonide). An InSb detector array was used in 

this work. Other sensors may also be used instead of InSb detector. 

 

Atmospheric transmission in infrared band is sensitive to the atmospheric conditions 

such as snow, rain, haze, smoke, dust and it depends on wavelength [3]. So the 

performance of the optical system or seeker depends on the atmospheric transmission 

conditions. In the world, many companies or scientific research labs use MODTRAN 

Software (Moderate Resolution Transmittance Code) to calculate the atmospheric 

transmission in related wavelength region. In this thesis, the atmospheric 

transmission will  be taken from the literature. 
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The seeker was designed to detect a target at 5 km distance. Missileôs diameter was 

assumed to be 140 mm and seekerôs optics was assumed to be rotated as Ñ90Á. So 

the space requirement for the seeker optics was determined as 70 mm. Refractive 

optical components were used in the optical system. Rayleigh criteria and pixel pitch 

of the detector were taken into account for optical performance. 

 

ZEMAX optical design program was used to reach the best performance. Lens 

parameters such as lens material, radius, thickness and distance between lenses were 

optimized for different cases. Generally, Hammer optimization was used in this 

work. Hammer optimization provides glass substitution. So that, lens conjugates that 

must be used in an optical design was determined by this method. Also the 

performance criterions like spot diagrams, MTF, distortion were discussed. 

 

In the following chapters, the details of the study are presented. 

 

In Chapter 2 basic definitions of infrared bands are given. The radiometric quantities 

are discussed for a typical aircraft. Basic definitions and brief information about 

optical system design are also given and system parameters are defined. 

 

In Chapter 3 the heat seekers and heat seeker types are explained in working 

mechanisms. Future of heat seekers is also discussed. 

 

In Chapter 4 the target radiation spectral band is determined by its temperature. After 

that lock on range calculation equations are carried out to find the detection range of 

a seeker at 5 km. The optical system requirements are determined. Finally optical 

system design was done using ZEMAX optical design software. Results were plotted 

and discussed. 

 

In Chapter 5 the study is completed with discussion of the seeker and 

manufacturability of the system. 

 

 



3 

 

CHAPTER 2 

 

 

2. BACKGROUND INFORMATION  

 

 

 

2.1 The Electromagnetic Spectrum 

 

The electromagnetic spectrum is distribution of all possible electromagnetic radiation 

according to energy, frequency or it is the characteristic distribution of 

electromagnetic radiation emitted or absorbed by a particular object [3]. 

 

The electromagnetic spectrum is the electromagnetic waves from low frequencies 

(radio communication) to high frequencies (gamma radiation). Upper limit of 

electromagnetic spectrum for long wavelength is the universe and lower limit for 

short wavelength is in the vicinity of the Planck length [3, 7]. 

 

The electromagnetic spectrum is shown in Fig. 2.1 with infrared part between radio 

and visible waves. The infrared spectrum is divided into 5 sub regions, although this 

definition is arbitrary and it can change from one author to another [2].  

 

The infrared region shown in Fig. 2.1 is based on a combination of the atmospheric 

transmittance and wavelength. In infrared region some subregions have better 

transmittance while other regions have no transmittance. The subregions or 

wavelength intervals that have better transmittance are called ñatmospheric 

windowsò. Infrared sensors or detectors are especially designed for these wavelength 

intervals. In this way, the near infrared (NIR) band is mostly used in fiber optic 

telecommunication systems, whilst the short wave infrared (SWIR) band allows to 
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work on long-distance telecommunications (remote sensing) using a combination of 

detector materials. The medium wavelength infrared (MWIR) and the long 

wavelength infrared (LWIR) bands find applications in infrared thermography for 

military or civil applications, e.g. target signature identification, surveillance, etc. 

The very long wavelength Infrared (VLWIR) band is used in spectroscopy and 

astronomy [2]. 

 

 

 

Figure 2.1 Electromagnetic spectrum and infrared sub regions [2] 

 

2.2 The Atmospheric Transmittance 

 

In Fig. 2.2, four of five main atmospheric windows of infrared: NIR, 0.74 to 1 Õm, 

SWIR, 1 to 3 Õm, MWIR, 3 to 5 Õm and LWIR, 8 to 14 Õm are shown. Most of the 

infrared systems use this band to develop infrared systems [2,3]. 
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The atmosphere is a gaseous combination of CO2, H2O, N2, O2 and O3 molecules. 

Because of the molecular vibration of these, absorption attenuates the transmission of 

the infrared radiation. Attenuation also comes from the scattering by particles in the 

atmosphere. Fig. 2.2 shows the infrared bands and molecules that causes absorption. 

NIR and LWIR bands are affected by water vapor and MWIR band is affected by 

CO2 and O3 [2] . 

 

 

Figure 2.2 Atmospheric transmittance in infrared region [6]  

 

Atmospheric transmittance is given by [9]; 

 

ReT )()( lsl -=                                               (2.1) 

 

where ů is called extinction coefficient determined by absorption and scattering and 

it is a function of wavelength. R is the distance (or range) to be calculated [20]. The 

equation shows the atmospheric transmittance of the weather and it is function of 

wavelength and range. 

 

2.3 Radiometry & Thermal Radiatio n 

 

Thermal radiation of very hot objects can be seen by human eye because the thermal 

emission of the object is in the visible region of the electromagnetic spectrum. As an 
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example, the Sunôs temperature is approximately 6000 K and it can be seen by 

human eye. For objects at room temperature, the thermal radiation is in the infrared 

region. So, it can be seen by special detectors [7]. 

 

Radiometry is a quantitative analysis of flux from thermal radiation transfer between 

optical system and an emitter object. The radiated emission from an object transmits 

through the atmosphere and it is collected by optics. Radiometry is used to calculate 

the optical power that is needed to generate electrical signal on detector [3]. 

 

Total incident radiation that interacts with an object is equal to sum of absorbed, 

reflected and transmitted part of incident radiation or sum of Transmittance (T; 

transmitted energy over incident energy), Absorbance (ɟ; absorbed energy per 

incident energy) and Reflectance (Ŭ; reflected energy per incident energy) [3]. This is 

called Kirchhoffôs Law.  It can be formulized as 

 

1=++ Tra                                                    (2.2) 

 

It is also called thermal equilibrium and Kirchhoffôs law is wavelength dependent 

absorption, emission at thermal equilibrium.  

 

 

Incident 
Radiation

Reflected 
Radiation

Transmitted 

Radiation

Emitted 

Radiation

OBJECT

Absorbed 

Radiation

 

 

Figure 2.3 Schematic representation of Kirchhoffôs law 
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Emissivity is a dimensionless quantity and it shows how much of the radiation is 

emitted from the object. It is equal to absorbed radiation of the object. If an object is 

good absorber, it is already a good emitter ( ea= (emissivity), blackbody) [3].  

 

When an object absorbs all incoming radiation strikes on it in all wavelengths, it is 

called ñblackbodyò. It does not transmit or reflect any part of the incident radiation. 

For blackbody 1==ae , 0=r  and 0=T . Blackbody objects emit maximum 

radiation of the objects at any temperature [3]. 

 

ñRadiant Exitanceò is the radiant power from a surface per area and it is a function of 

temperature and wavelength. ñSpectral Radiant Exitanceò is the radiant power from 

a surface per area, per wavelength. The relation between spectral radiant exitance 

and radiant exitance is [3] 

 

l
l

l

ldMM ñ=
2

1

                                                   (2.3) 

 

Mɚ is the symbol of the spectral radiant exitance and the unit is watt per area per
 

wavelength and the M is the spectral radiant exitance and the unit is watt per unit 

area. 
1l and 

2l are the wavelength interval. Blackbody radiation can be specified by 

Planckôs equation is [3] 

 

1)exp(

12
5

2

,

-

=

kT

hc

hc
M BB

l

l

p
l                                          (2.4) 

 

where h is the Plankôs constant, k is the Boltzmanôs constant, T is the temperature 

and c is the speed of light. Fig. 2.4 shows spectral radiance exitance versus 

wavelength corresponding to specific temperatures. 
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Figure 2.4 Spectral radiance exitance versus wavelength graph 

 

When the emissivity Ů<1, it is called grey body and some materials have emissivity 

that is a function of wavelength. 

 

 

 

Figure 2.5 Different types of emissivity 

 

Emissivity can be constant or a function of wavelength. Emissivity values of some 

materials are shown in the Table 1. 
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Table 1.1 Emissivity values at 300 K [3] 

Material  Emissivity 

Aluminum 0.05 

Highly Polished Copper  0.02 

Stainless Steel 0.16 

Brick 0.93 

Carbon 0.95 

Glass 0.94 

Sand 0.90 

Human Skin 0.98 

Distilled Water  0.96 

Snow  0.90 

Wood 0.9 

 

By definition of blackbody, emissivity can be defined the ratio of spectral exitance of 

the object to the spectral exitance to the reference blackbody [3]. 

 

ñ

ñ
¤

¤

==

0

0

, ),(

),()(

ll

llle

e

l

l

l dTM

dTM

M

M

BB

Object                                            (2.5) 

 

If the object is blackbody, Ů is equal to 1. If not, then spectral radiance exitance is 

defined as 

 

ñ=
2

1

),()(

l

l

l llle dTMMObject
                                       (2.6) 

 

Emissivity can be a constant or a function of wavelength for real objects. 

 

ñSolid angleò ñÝò is an angle in 3 dimensional space and it shows how large the 

object is seen from the observer position.  It is dimensionless and measured in square 
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radians or steradians (sr) [3]. Fig. 2.6 shows the geometric representation of solid 

angle and it can be described as 

 

2r

a
=W                                                           (2.7) 

 

where ҙ is the area of the surface on sphere and r is the distance from the source. 

 

r

Ý 
Area = ὄ 

 

 

Figure 2.6 Solid angle model 

 

Radiance exitance per unit solid angle is defined as ñRadianceò and can be 

formulized as 

ññ ñ ==W=

2/

0

2

0

sin

pp

pqqf LdLdLdM  

l
p

l

l

l

dML ñ=
2

1

1
                                                 (2.8) 

where L is the radiance and unit is Watt per unit area per unit steradian and lM

spectral radiance exitance for nonblackbody object but same equation can be written 
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for blackbody. In this situation lM will be BBM ,l  and radiance will be blackbody 

radiance [3]. 

 

2.4 Signature Estimation of an Aircraft  

 

The signature of the target is variable from target to another target because every 

companyôs aerial vehicle has specific exitance from exhaust and remote sensing 

designers have to make an estimation to find the target signature model [9]. Fig. 2.7 

shows an aircraft model for estimation of the target radiation. In Fig. 2.7 red parts 

shows hot parts of aircraft. Nose, engine inlets and leading edges cause from 

aerodynamic heats and exhaust plume comes from engine temperature.  

 

 

 

Figure 2.7 An aircraft model [4] 

 

The target can be divided into n area elements where the radiance is uniform over 

each element. The total radiance that is emitted by the aircraft 

 

ä ñ=
n

i

iTOTAL dML
i
le

p
l

l

l

2

1

1
                                           (2.9) 

 

where Ůi, is emissivity of each element, Mɚi is the spectral radiance exitance of each 

element and Ai is the area of the each element. Each element that shown in the Fig. 

2.7 are in different temperatures and maximum radiation is emitted from engine 
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nozzles. There are many radiation sources such as plume, hot parts, skin, reflected 

sky shine, reflected earthshine, reflected clouds. These sources make an exact 

determination of the signature for an arbitrary aircraft virtually impossible. So, to 

make calculation simpler some assumptions has to done. The assumptions are 

 

¶ The aerial platform is assumed to radiate as a gray body. In addition, the 

emissivity for all elements of the aircraft is assumed to be unity. 

¶ The temperature is assumed to be uniform over sources. 

¶ Aerodynamic heating effects are neglected. 

¶ Maximum radiating element is considered as a main radiation source [9]. 

 

As a result the 2.9 can be simplified to 

 

ñ=
2

1

1
l

l

l le
p

dMLTOTAL                                                (2.10) 

 

where ɚ1 and ɚ2 are the wavelength limits of the infrared band. 

 

2.5 Optical Design Parameters 

 

Single lens and parameters are shown in Fig. 2.8. 

R1R2

Optical Axis

Pô

P

ET

CT

EFL

BFLFFL

EFL
 

 

Figure 2.8 Lens parameters 



13 

 

P  is called front principle point of the lens and 'P  is called rear principle point. 

Plane that intersects principle point and optical axis is called principle plane of the 

lens. Plane that intersects P  is called front principle plane and intersects 'P  is called 

rear principle plane. 

 

EFL is effective focal length of the lens and it is distance from rear principle plane to 

focal point of the lens. CT is center thickness and the ET is the edge thickness of the 

lens. BFL is back focal length and it is distance between rear surface of the lens on 

the optical axis and focal point. 1R is radius of the front surface and 2R  is radius of 

the rear surface. Effective focal length of a thin lens is given as [22] 
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where 1R  and 2R are radius of first and second surface. For thick lens, effective focal 

length is [22] 
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where n is the refractive index of lens material and CT is center thickness of the lens. 

 

F# or F-number is defined as focal length over clear aperture (it is called ñentrance 

pupil diameterò). F# is given as 

 

CA

EFL
F =#

                                                  (2.13) 

 

where EFL is the effective focal length and CA is the clear aperture. FOV (Field of 

view) is the angle with the optical system or lens accepts light [15].  
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Figure 2.9 Optical system specifications 

 

2.5.3 Diffraction, Aberrations  and Image Quality 

 

Aberrations are failure of the optical systems. For real lenses image quality is 

degraded by aberrations. Ideal and real focuses are shown in Fig. 2.10. ñAiry discò is 

called as an ideal spot size of an ideal lens and its diameter is given as 2.44ɚ/CA 

where ɚ is wavelength. 
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a) 

Paraxial 

Lens

Image Plane
Airy Disc

 

b) 

Double Convex 

Lens

Image Plane

 

 

Figure 2.10 Focus points of a) theoretical and b) real lenses 

 

For optical systems or single lenses, aberrations are failures of the optical system to 

produce an ideal focus in image plane. There are 6 known optical aberrations [15]. 

 

One of the aberrations is called ñspherical aberrationò. As shown in Fig. 2.11, when 

the ray height above the optical axis, the rays in image space cross the axis or focus 

closer and closer to the lens. This change of focus position in focal point is called 

spherical aberration. 
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Figure 2.11 Spherical aberration 

 

As shown in Fig. 2.12 spherical aberrations can be reduced by splitting the lens or 

lens bending [15].  

 

Different Lens Bendings

Lens Splitting

 

 

Figure 2.12 Reducing spherical aberration 

 

For minimum spherical aberration for single lens 1R is given as [22] 
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for 2R  
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Another optical aberration is called ñcomaò. If the rays enter to the lens with angle, 

this causes coma aberration. As shown in Fig. 2.13 every ray is focused by the lens to 

a certain height from the optical axis [15]. 

a) 

Meniscus 

Lens

Focus for 10 Á Field

Focus for 0 Á Field

Image Plane

 

b) 

 

 

Figure 2.13 Optical aberration of a) coma, b) spot size of different fields. 
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As shown in Fig. 2.14 Coma can be reduced changing the aperture stop of the optical 

system. 

 

a) 

Meniscus 

Lens

Focus for 10 Á Field

Focus for 0 Á Field

Image Plane

STOP

 

 

Figure 2.14 Different aperture stop positions are shown in  a) coma with stop in front 

of lens, b) reduced coma with stop after lens 
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b) 

Meniscus 

Lens
Focus for 10 Á Field

Focus for 0 Á Field

Image Plane

STOP

 

 

 

Figure 2.14 (continued) 

 

Another optical aberration is called ñastigmatismò. It causes from the rays in the 

meridional and sagittal planes are not focused at the same distance from the lens. 

Astigmatism is shown in Fig. 2.15 [15]. 
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Figure 2.15 Astigmatism [15] 

 

Another optical aberration is called ñfield curvatureò. As shown is Fig. 2.16, focal 

plane is formed as a curve, not a plane. Reason for this aberration is that the back 

focal length changes with the field of the lens [15]. 
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Plane

Paraxial Image 

Plane

 

 

Figure 2.16 Field curvature 

 

To reduce this aberration, there are two known methods. In first method, a negative 

lens is used between two positive lenses. Another method is to locate a negative lens 

near to the image plane [15]. 

 

Another optical aberration is called ñdistortionò. This aberration arises from the 

change of magnification because of the field of view or distortion effects overall 
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shape of the image. It causes depart from true replica of the object.  For a good 

imaging system, the distortion should be less than 2% [1, 15]. Figure 2.17 shows 

different type of distortions. If the distortion dimension is greater than the detector 

dimension, the distortion is called positive distortion otherwise negative distortion.  

 

zero 

distortion positive or pincushion 

distortion

negative or barrel 

distortion

 

 

Figure 2.17 Distortion 

 

Final aberration is called ñchromatic aberrationò. Refractive index is a function of 

wavelength. As a result, the focal length of the lens or effective focal length of the 

optical system will change with wavelength in axial direction and this is called 

ñlongitudinal chromatic aberrationò. If the magnification changes in the lateral 

direction with wavelength, this is called ñlateral chromatic aberrationò [15]. These 

aberrations are shown in Fig. 2.18. 
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Figure 2.18 Chromatic aberrations a) Longitudinal chromatic aberration b) 

Lateral chromatic aberration 

 

For an imaging optical system, OPD (optical path difference) is a method to measure 

the optical performance. As shown in Fig. 2.19, OPD is difference between the real 

wavefront and a spherical wavefront (ideal wavefront for perfect focus). The real 

wavefront departs from the spherical wavefront [15]. 
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Figure 2.19 Optical path difference (OPD) 

 

Lord Raleigh (real name is William Strutt, a Nobel Prize winner for discovering the 

gas argon) showed that [15] 

 

ñAn optical instrument would not fall seriously short of the performance possible 

with an absolutely perfect system if the distance between the longest and shortest 

paths leading to a selected focus did not exceed one-quarter of a wavelength.ò 

 

As shown in Fig. 2.20, the image of a point source (which is known as a point-spread 

function) for different optical path differences cause different focuses. Note that the 

0.25 wave OPD is nearly indistinguishable from the perfect airy disc [15]. 
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0 ɚ Perfect Airy Disc 0.25 ɚ 

  

0.5 ɚ 1 ɚ 

 

Figure 2.20 Image of a point source with different 

optical path difference due to coma 

  

MTF is the most comprehensive of all optical system performance criteria, especially 

for image forming systems. The imagery will be degraded due to aberrations, 

assembly and alignment errors. MTF measures how the lens system transfers the 

modulation (or contrast) of the object to the image plane. Definition of MTF is 

 

Modulation=
minmax

minmax

II

II

+

-
                                           (2.15) 

 

where maxI  is the maximum intensity and minI  is the minimum intensity. MTF shows 

how the object space is degraded in image plane after passing the optical system. Fig. 

2.21 shows the object and image plane modulations. 
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Figure 2.21 Meaning of the modulation transfer function 

 

MTF is a function of spatial frequency and the cutoff frequency, which is where the 

MTF goes to zero, is 

 

)/#(

1

f
cutoff

l
u =                                                     (2.16) 

 

Fig. 2.22 shows a graphical representation of an object and of the resulting image at a 

low spatial frequency, a midspatial frequency and at high spatial frequency regions in 

spatial frequency domain [15].  
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Figure 2.22 Typical MTF curves 

 

2.6 Detector Parameters 

 

In MWIR infrared band, QWIP (quantum well infrared photodetector) and 

Photoconductive type detectors are used mostly. These are all semiconductor based 

and are processed in clean room as a detector arrays and every detector element is 

called ñpixel pitchò. 

 

NETD (noise equivalent temperature difference) and D
*  

(Specific detectivity) 

parameters are mostly commonly used parameters that show the infrared detector 

performance. D
*
 is given as 

 

NEP

fA
D d D=*

                                                    (2.17) 



27 

 

where Ad is detector area and æf is the noise bandwidth of the detector and NEP is the 

noise equivalent power which means that it is radiant flux to generate the signal to 

noise ratio is equal to 1. 

 

Another detector parameter is NETD and it is given as 
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where F# is the F number of optical system, pA  is the detector pixel area, tis the 

transmission of optical system, Ů is emissivity, )(la is the absorption coefficient of 

detector, BBM ,l  spectral radiant exitance of blackbody and NEP is the noise 

equivalent power. NETD is generally measured at the 25 ÁC Blackbody and with no 

optics for MWIR detectors [5,19]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 

 

CHAPTER 3 

 

 

3. DEVELOPMENT OF HEAT SEEKERS  

 

 

 

Infrared homing is a passive missile guidance system that uses infrared emissions 

from aircraft to detect and lock on to the target. Missiles which use infrared seeking 

are called as "heat-seekers" and many aircrafts have been lost in warfare by heat 

seekers. Objects such as people, vehicle engines and aircraft emit heat as a radiation 

source and this radiation can be detectable by special detectors [10]. 

 

Radiations emitted from target and radiations emitted from background (sky) are in 

different temperatures (For air temperature is 22 ÁC and for Helicopter exhaust 

temperature is about 500 ÁC). This difference can be discriminated using optical 

systems and the angular position of the target can be determined by using 

temperature difference of the target from background. The entire heat seekers use 

this principle with their specific working mechanisms. Schematic representation of 

target, background and heat seeker are shown in Fig. 3.1. 

 

 

http://en.wikipedia.org/wiki/Missile_guidance#Passive_homing
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Figure 3.1 Schematic representation of a heat seeker and target (FOV; Field of view) 

 

Heat-Seekers can be divided into two divisions as IR seekers and IIR (imaging 

infrared) seekers according to working mechanism how they find the angular 

position of target relative to the optical axis of heat seeker using temperature 

difference between target and background. And also they can be divided into more 

sub regions shown in the Fig. 3.2. 

 

 

Figure 3.2 Heat seekers block diagram 
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3.1 Infrared Seekers 

 

Usually, IR seekers have single detector and they use a rotating ñreticleò to detect the 

angular position of target. Optical system is used to collect and focus the infrared 

radiation from background and target onto the detector. Rotating reticle is used to 

modulate (Frequency, Amplitude) the infrared radiation on the detector. Infrared 

radiation of the background is less than the target radiation because of the 

temperature and it is uniform in all scenes, but target radiation is more powerful and 

comes to the optics on a specific angular position in scene. This difference is used to 

detect the angular position of the target. 

 

The seekers using single detector have three types of scanning method: spin-scan, 

con-scan and rosette-scan. Infrared seekers can be divided into 3 sub regions 

according to their scanning methods or working principles [11]. 

 

3.1.1 First Generation Infrared Seekers 

 

First generation infrared seekers have a reticle as shown in Fig. 3.3. The reticle has 3 

different parts. One part is fully transparent shown on the Fig. 3.3 as white, one part 

is opaque shown on the Fig. 3.3 as black and the other part is semi transparent shown 

on the Fig. 3.3 as gray. When reticle is rotated, the power falling from the target onto 

the detector will change according to the rotating frequency and the reticle structure. 

The output of the detector according the rotation of the reticle is shown in Fig. 3.3 

[11]. 
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Figure 3.3 Reticle structure and the detector output pulse [11] 

 

These types of seekers are also called spin-scan seekers. The optical structure of the 

spin-scan seeker is shown in the Fig. 3.4. There are four optical components, primary 

mirror, secondary mirror, reticle and detector. Primary and Secondary mirror is used 

to collect the radiation emitted from the target onto the detector and reticle is used to 

modulate (amplitude modulation) the infrared radiation.  This type of modulation is 

also called Amplitude-Phase modulation. 

 

Target signal and reference signal is compared while finding the angular position of 

target. When there is no target in the FOV of seeker the output of the detector is 

shown in Fig. 3.5 a). When there is a target in the FOV of the seeker, the output of 

the detector is shown is Fig. 3.5 b) and c). The difference in Fig. 3.5 b) and c) comes 

from the different angular positions of the target. 
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Figure 3.4 Optical structure of the 1. generation infrared seekers [12] 

a) 

 

b) 

 

c) 

 

 

 

Figure 3.5 Time domain analysis a) no target, b) target, c) target in different 

angular position than case b). 

 

3.1.2 Second Generation Infrared Seekers 

 

Second generation seekers are called con-scan seekers. It is developed according to 

the drawbacks of the spin-scan seekers. When the target is on optical axes, in other 

words, the angle between seeker and the target is zero, spin scan seeker modulator 

does not work because the infrared radiation falls onto center of the reticle. Another 

drawback is semitransparent region of the reticle, the infrared radiation is lost %50. 

So, it directly affects the lock on range of the missile.  
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Con-scan seekerôs optical structure is similar to the spin scan seekers. First difference 

is spin-scan seekers have stationary reticle and the structure shown in the Fig. 3.6 is 

combination of transparent and the opaque parts. Second difference is the secondary 

mirror is tilted and rotated instead of reticle. Due to tilted secondary mirror, the 

detector output signal of the modulated infrared radiation is shown in Fig. 3.6. This 

type modulation is also called Frequency-Phase modulation.  

 

 

 

Figure 3.6 Structure and Its output of the con-scan reticle seeker [12] 

 

3.1.3 Third Generation Infrared Seekers 

 

Among the various IR seekers, the rosette scanning infrared seeker RSIS is a tracker 

in which a single detector scans the total field of view FOV in a rosette pattern. The 

rosette pattern is achieved by means of two counter-rotating optical elements such as 

prisms, tilted mirrors, or off centered lenses [13].  

 

The optical structure of this type of missile is shown in Fig. 3.7. In this figure two 

wedges are counter-rotating. This provides the seeker rosette scanning property. 
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Figure 3.7 Optical structure of the rosette scanning infrared 

seeker (f1 and f2 rotating frequencies of prisms) 

 

Working geometry of the rosette-scan missile is shown in Fig. 3.8. 

 

 

 

Figure 3.8 Working geometry of the rosette-scan seekers [14] 

 

3.2 Imaging Infrared Seekers 

 

Imaging infrared seekers are state of the art in infrared seeker technology. Because of 

the imaging nature of the system, small detector area (pixel of the detector), 

algorithms such as ATR (automatic target recognition) and ATA (automatic target 

acquisition) makes seeker more resistance to the countermeasures such as flares. 

 

Imaging infrared seekers can be divided into 3 sub divisions due to working 

principles. Scanning infrared seekers has scanning component such as mirrors to 
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construct the image to the line element detector array. Staring seekers have no 

scanning optical component it uses a focal plane array to construct the image of the 

target. Dual band staring infrared seekers will be the future concept for the missile 

seekers. There is no such a seeker but it will be developed in the future because off-

the-shelf products of dual band (MWIR and LWIR) FPAs can be found in detector 

companyôs catalogs.  

 

3.2.1 Scanning Infrared Seekers 

 

Scanning infrared seekers use line detector elements and try to construct the image of 

the science using scanning mechanism with mirrors. Working principles are same 

with the IIR seekers. Only, the performance of the system depends on the scanning 

time of the mirrors. One of the scanning mechanisms of the scanning infrared seekers 

is shown in Fig. 2.32 and scanning infrared seekers can be subdivided into several 

subdivisions according to the scanning mechanisms. Dome is not shown in Fig. 3.9. 

 

Scan Axis for 

Azimuth Scan  

 

Figure 3.9 Schematic representation of scanning infrared seeker optic 

 

Because of the scanning mechanism, working principle is complex as in the IR 

seekers. As in the IR seekers need and extra area in seeker for scan mirrors. 
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3.2.2 Staring Infrared Seekers 

 

Nowadays, imaging infrared seekers are very popular in defense industry. Most of 

the missile seekers are using imaging infrared technology especially for aerial targets 

(MWIR) and for antitank missiles (LWIR). 

 

IIR infrared seekers can easily counter to countermeasures such as flares. Because of 

the imaging nature of the system, target can be easily detected with algorithms such 

as (ATA; automatic target acquisition, ATR; automatic target recognition) 

 

3.2.2.1 Refractive Imaging Infrared Seeker 

 

Optical representation of refractive imaging infrared seeker configuration is shown in 

Fig. 3.10. The configuration has 3 optical lenses (Positive meniscus, Biconcave and 

Positive Meniscus) and a focal plane array. Number of lenses and lens materials can 

be changeable according to the requirements of missiles such as FOV, focal length, 

weight etc. Dome is not shown in Fig. 3.10. 

 

Image 

Plane

Positive 

Meniscus

Biconcave

Positive 

Meniscus

 

 

Figure 3.10 Optical representation of refractive imaging infrared seeker 
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3.2.2.2 Reflective Imaging Infrared Seeker 

 

Optical configuration of reflective imaging infrared seeker is shown in Fig. 3.11. The 

configuration consists of mirrors to construct image of the science onto the FPA. 

Mostly, Cassegrain optical configuration is used in such systems. In some optical 

systems corrector lens groups can be used with Cassegrain optical configuration. 

Dome is not shown in Fig. 3.11. 
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Figure 3.11 Optical representation of reflective imaging infrared 

seeker 

 

3.2.3 Dual Band Staring Infrared Seekers 

 

This is the future concept. Dual band infrared focal plane arrays or cameras are 

newly developed. The cost is much because of the technology of the detector 

elements. In near future the ñDual Band Staring Infrared Seekersò will be off-the-

shelf products. Optical configuration may be classified into two sub categories but 

the spectrum of the band is very broad because it starts from 3Õm and ends with 12 

Õm. This makes the optical design very hard. 
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 CHAPTER 4 

 

 

4. SYSTEM DESIGN 

 

 

 

4.1 Detection Range Calculations 

 

Detection range was taken as 5 km and target was chosen as an aircraft as shown in 

Fig. 2.7. The hot part of the aircraft is its nozzle and size of the nozzle was taken as 

5000 cm
2
. Temperature of the nozzle was considered as 750 K [9]. The seeker was 

designed for 140 mm diameter missile. This diameter may vary from missile to 

missile. 

 

Before detection range calculations, spectral region must be determined. In Fig. 4.1 

Spectral Radiant Exitance is plotted as a function of wavelength. 
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b) 

LWIR 

Region
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Figure 4.1 Spectral radiant exitance graph for a) 750 K,600 K and 500 K objects, b) 

background 300 K object 

 

MWIR region has much more thermal emission than the LWIR region. Although the 

nozzle of the aircraft radiates both in LWIR and MWIR regions, detection range is 
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longer in MWIR region because the radiation power is related with the temperature 

of the object. As shown in Fig. 4.1 a) MWIR regionôs spectral radiance is greater 

than the LWIR region. As a result, for high temperature objects, detection in long 

range applications, MWIR region should be used. If the target temperature was about 

300 K, LWIR region would be used. 

 

After spectral region was determined (by considering the object temperature), 

detector parameters were specified. Parameters are shown in Table 4.1 

 

Table 4.1 Detector parameters [17] 

Detector Type InSb 2D Array 

Array Format 320 x 256 

Pixel Pitch 30 ɛm 

NETD 20 mK 

Cold Filter 3.6 ɛm ï 4.9 ɛm 

Cold Shield F#=3 

 

In Table 4.1 detector type shows the detector material. Here, InSb material is used in 

detector to detect the infrared radiation. ñArray formatò shows the number of pixels. 

During this work 320 pixels are used in vertical direction and 256 pixels are used in 

horizontal direction. ñPixel pitchò shows the dimension of the pixel. The pixel pitch 

is 20 Õm. NETD is a measure of the detector sensitivity. It shows how sensitive is the 

detector. ñCold filterò shows the spectral region of the detector and it is a narrow 

window. The spectral region is between 3.6 ɛm and 4.9 ɛm. Radiation emitted from 

the aircraft was considered in this interval. ñCold shieldò is used to cool the infrared 

detector. Schematic representation of the cold shield is shown in Fig. 4.2. 
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Figure 4.2 Cold shield and F/# 

 

As shown Fig. 4.2, this configuration was used as a starting point for the seeker 

objective design. Also F# was given. To eliminate Narcissus effect, (Secondary and 

higher reflections between lenses cause some spots on focal plane array) all objective 

lenses are thought to have antireflection coatings instead of dome material. Dome 

material was selected as a sapphire material because it is durable to aerodynamic 

effects. Transmission of dome was taken approximately as 0.85 [21]. As a result total 

optical transmission was approximately 0.85, because lenses have antireflection 

coatings. 

 

Fig. 4.3 shows interface of the software for infrared range calculation. This software 

was programmed in C# and developed codes were given in APPENDIX A. NETD is 

the figure of merit for IIR detectors. From NETD, detector noise (NEP) can be 

determined and according to results lock on range can be calculated for given optical 

parameters. Left column in Fig. 4.3, NEP was calculated. Calculation was done using 

ñtrapezoidal ruleò. NETD is 20 mK, wavelength interval is between 4.9 ɛm and 3,6 

ɛm spectral region (cold shield spectral region). Background temperature was taken 

as 295 K and emissivity was taken 0.98 [19], because MWIR sensors are tested at 22 

ÁC temperature background conditions and with no optics. So, ñT opticsò 

(Transmission of optics) is equal to 1 and F number of optics is equal 1. Absorbance 

of detector was assumed as 0.6. (From literature, it is found that the reflectance of 

InSb material in MWIR region is approximately 0.40 [18]). Using Eq. 2.16, 

ñInfrared Range and NETD Calculatorò software was programmed. Interface is 

shown in Fig. 4.3. 
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Figure 4.3 Infrared range and NETD calculator software interface 

 

The NEP of detector is approximately 3.12 x 10
-13

 W. Signal comes from the target 

must greater than the noise of detector and the background radiation.  

 

For detection range calculation, right column was used which is shown in Fig. 4.3. 

For lock on range condition, power from target must be greater than power from 

background and also NEP of detector. 
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whereA is area of target and background, atmT  is the transmission of atmosphere, 

optT is transmission of optic, Ů is the emissivity, lM  is the spectral radiant exitance in 

interval between 1land 2l and ɋ is the solid angle seen by optics.  

 

Wavelength interval was taken according to cold shield properties (between 3.6 Õm 

and 4.9 Õm). F# is a detector property and was taken as 3. targetA  was taken as 5000 

cm
2
 and backgroundA  was calculated using the geometry for single pixel as shown in 

Fig. 4.4; 
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Figure 4.4 Background dimension calculation 

 

where 
22 9)3( mmAbackground == . Fig. 4.5 shows solid angle (ɋ) calculations. For 

background and target, same solid angle was used because target and background 

were assumed as a point source. 
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Figure 4.5 Solid angle calculations. 

 

Transmission of atmosphere was calculated using Eq. 2.1 and extinction coefficient ů 

was taken as 5 x 10
-6

 cm
-1

 [20].  

 

Focal length of the optical system was determined under those situations. Focal 

length of the system is 60 mm. targetP , backgroundP  and NEP of detector were calculated 

as 3.198 x 10
-10

 W, 3.647 x 10
-12

 W and is 3.12 x 10
-13

 W. Power from background 

and NEP values are below the target radiation. As a result detection can be provided.  

 

4.2 Optical Design of Seeker Objective 

 

The spectral region of the optical system is between 3.6 Õm and 4.9 Õm. F# is 3 and 

effective focal length was calculated as 60 mm. Fig. 4.6 shows FOV calculation for 

the optical system. 
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Figure 4.6 FOV calculation for optical system 

 

FOV can be taken as Ñ3.7Á approximately. Optical parameters were summarized in 

Table 4.2. 

 

Table 4.2 Optical parameters 

Spectral Region 3.6 Õm-4.9Õm 

EFL 60 mm 

F# 3 

FOV Ñ 3.7 Á 

Optical Transmission 0.85 

 

Required effective focal length is 60 mm, diffraction limited spot diameter for 3.6 

Õm wavelength is 26.4 Õm and for 4.9 Õm wavelength 29.3 Õm.  

 

Lens parameters were calculated from Eq. 2.14. and Eq. 2.12, second surface of the 

lens with desired effective focal length was derived. The derivation was 
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Using Eq. 4.1 and Eq. 2.14 with 8 mm CT of the single sapphire (refractive index 

was taken as 1.7 [23]) lens parameters were calculated. Lens parameters are shown in 

Table 4.3. Zemax simulation results are shown in Fig. 4.13 a) shows optical system 

configuration and Fig. 4.13 b) shows spot sizes for different fields such as 0Á, 

Ñ3.7Á, etc. 

 

Distance between Lens1ôs second surface and Stop point is 39.506 mm. Total length 

of the optical system is 66.906 mm. 

 

Table 4.3 Lens parameters for case 1 

 Material 
CT 

 (mm) 

R1  

(mm) 

R2 

 (mm) 

Conic  

Constant 

Lens1 Sapphire 8 43.35 646.19 0 

BFL - 58.906 - - - 
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a) 

Lens1

 

b) 

 

 

Figure 4.7 Zemax simulations for case 1; a) optical system, b) spot sizes for 

different fields. 

 

As shown in Fig. 4.7 spot diameter of single lens was found approximately 5 mm and 

effective focal length of the system was found 68.45 mm. Required spot diameter is 

below 30 Õm and effective focal length is 60 mm. 
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First surface, second surface and BFL were optimized to desired effective focal 

length and spot sizes. Results are shown in Fig. 4.8 and Table 4.4. 

 

As shown in Fig. 4.8, effective focal length was reached to desired value (60 mm). 

Although the spot size was reduced to approximately 4 mm, it is not in desired 

dimensions. Parameters were shown in Table 4.4. 

 

Table 4.4 Lens parameters for case 2 

 Material 
CT 

 (mm) 

R1  

(mm) 

R2 

 (mm) 

Conic  

Constant 

Lens1 Sapphire 8 33.061 162.430 0 

BFL - 51.209 - - - 
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a) 

Lens1

 

b) 

 

 

Figure 4.8 Zemax simulations for case 2; a) optical system, b) spot sizes 

for different fields. 

 

To reach required values of spot size, single sapphire lens was splitted into two 

lenses. First surface of Lens1, second surface of Lens2 and First surfaceôs conic 

constant of Lens1 were chosen as variable and optimized using Zemaxôs 




















































