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ABSTRACT 

A major difficulty in determining how well an infrared 

sensor will perform under actual operating conditions is that 

testing is often unfeasible due to expense and destructive 

nature of the tests. These devices are generally tested in a 

laboratory using a simulator to represent the target. 

In presenting a scenario to a sensor, there are three 

distinct areas which must be addressed - the optical system 

which projects the scene to the detector, the target 

simulator, and the background simulator. It was determined 

that the optical system currently in use projected an 

acceptable scene except in those scenarios where the target 

was at high altitude against a low radiance background. The 

mirrors act as room temperature graybody sources which combine 

to introduce enough unwanted radiation into the projected beam 

to significantly increase the apparent background temperature. 

Several single mirror collimators were designed for use in 

these situations. In designing target models, an important 

consideration is how the radiation seen by the sensor changes 

as the target-sensor separation distance changes. At long 

range, the target appears to the sensor to be a "point" source 

with radiation that is a sum of all the component radiances of 

the target. A procedure for representing long-range targets 

as an equivalent blackbody of equal in-band radiation is 

described. As the target-sensor distances closes, the 

individual temperature regions become resolved at the 

detector. A mUlti-engine simulator was designed which, when 

used with the JAWS apparatus, will project the appearance of 

hot engines and the cooler fuselage. The two most 

significants improvements designed deal with the problem of 

projecting the background. The first design is a coldsource 

which allows projection of colder than room temperature 
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backgrounds to the detector. This is done by limiting the 

amount of room radiation which can enter the optical train to 

that necessary to achieve the lower temperature. The next 

improvement was the use of large sheets of polyethylene of 

varying thickness to attenuate the radiation projected. By 

using large sheets, the entire background can be moved, 

eliminating the frame rate problems inherent in most projector 

technologies. 
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CHAPTER 1 

INTRODUCTION 

The goal of this project was the development and 

implementation of a system which will allow a seeker assembly 

to be tested against a wide range of realistic target and 

background scenarios within a laboratory environment. 

Generally, there are two distinct methods of providing 

target and background information to a seeker during a test 

operation. The first and more widely used method is a 

computer simulation. This method allows a digi tal 

representation of the scenario to be input directly to the 

detection system. The detector responds to the grey levels 

that represent the variations in temperature across the field 

of view, but no actual heat sources are used. The second 

method, Hardware in the Loop (HWIL), attempts to use various 

heat sources and patterns to proj ect to the sensor a true 

representation of the scenario being evaluated. HWIL testing 

is a more desirable method of simulation but has many 

technological disadvantages. This project is an attempt to 

find methods which will overcome some of these difficulties. 

The usefulness of simulation 

Before equipment can be used it is necessary to ensure 

that it will operate as designed under all possible operating 

conditions. In some cases it is not feasible to actually test 

a piece of equipment in its true operating environment, due to 

the expense and the destructibility of the components being 

tested. This is the case with a missile seeker assembly. In 

cases such as this it is necessary to ascertain the 

capabilities of the detector assembly in a laboratory before 
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any attempts are made to actually use the device. These tests 

take the form of simulations of the many possible scenarios 

that the device under test (OUT) may be exposed to in actual 

operation. These simulations need to be designed to present 
to the OUT the same information that would be available if the 

device was actually in use in its true environment. In any 

simulation, the amount and complexity of the necessary 
information can vary significantly, and it is not possible to 

represent every scenario with absolute accuracy. Therefore it 

is important to determine the level of simulation necessary to 

test the device under each of the desired scenarios. Figure 

1 (Holter, et aI, 1962) shows the various sources of radiation 

which could reach the OUT. For this discussion, the source is 

the target being simulated, all other direct or scattered 

radiation will be considered part of the background. 

APERTURE 

Figure 1. Radiometric paths to detector 
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simulations can be run in many forms. Often all that is 

required, other than the optical system which project a scene 

to the DUT, are various thermal sources of temperatures and 

emittances appropriate to properly represent the desired 

target radiation. By proj ecting the radiance from these 

sources to the detector, it is possible to determine if the 

DUT can properly find and identify the simulated target. These 

sources are not necessarily at the same temperature as the 

represented target, but instead are at a temperature 

determined so that the radiance from this source on the 

detector is the same as would be recei ved from the true 

target, taking into account the separation distances, 

atmospheric attenuation and any other factors which may affect 

the radiance from the source seen by the detector. As the 

only basis for testing, this method has several significant 

shortcomings which include an inability to represent target 

sources having multiple or varying temperatures, and the 

inability to project background information of any complexity. 

In general, simulation systems must be able to project to the 

DUT significantly more complex information than can be derived 

from heat sources alone. This inability to represent 

background information is currently one of the maj or drawbacks 

to HWIL testing. 

The scenarios to be simulated 

To properly test a missile sensor assembly, enough 

varying scenarios must be projected to represent all possible 

operating conditions. Major considerations include the 

altitudes of both the target and the sensor, the background 

temperatures as well as background complexities which will 

appear to vary as the target moves across the field. Specific 

scenarios range from both 

altitude of 42000 feet (13 

target and seeker at a high 

km) wi th a cold uncluttered 
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background, to a mid-level target against a cloudy sky, to a 

low-level target crossing against an urban background as well 

as variations on these situations. In each of these 

scenarios, it is necessary to consider the effects that the 

elements in the background (i. e. bodies of water, grain 

fields, buildings, power plants or possible friendly aircraft) 

have on the sensors ability to identify a target. Targets to 

be considered include not only missiles, but fighters, 

bombers, and command and control communications (e3) aircraft 

operating at speeds and altitudes commensurate with the 

target. A particular goal is to be able to identify the type 

of the target based on its radiometric signature 

specifically to include the ability to determine the number of 

engines in a given target at the longest possible range. 

There are three distinct facets to implementing this 

project. First, an optical system must be available which 

will be able to project an appropriate representation of each 

of the scenarios to the target. The sponsor required the 

projection system have a resolution of 0.1 mrad in the 8-12~m 

region. The next concern is to design models which accurately 

represent any of the possible targets. The model needs to not 

only represent the real target radiometrically, but it also 

must be able to be changed in scale, shape, and temperature 

distribution as the separation and aspect between the target 

and detector changes. The third requirement is to be able to 

provide to the projector a complex and dynamic model of the 

background. This background needs to represent the radiation 

variations within a given "snapshot" of the background as well 

as to change the radiation distribution in a manner indicative 

of the change in the portion of the background observed by the 

detector as it follows a moving target. 
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operation of an air-to-air seeker 

The task of an air-to-air seeker is to maintain a path 

which will allow the seeker and missile to intercept a target 

in flight. The target is initially located by another sensor 

system and ini tial target course information is used to 

initially direct the seeker towards the target. After the 

seeker is airborne, the seeker acquires the target on the 

detector. Information about the location of the target is 

used by the navigational equipment of the seeker to adjust its 

path to maintain the target centered wi thin the detector 

assembly. The detector is able to erase to old target signal 

and form a new one on a cyclical basis. The frequency with 

which a detector can completely update the image seen is 

referred to as the II frame-rate" of the detector. As each new 

frame is received, the information is sent out and the flight 

path corrected. A frame rate of at least 60 sec-1 is the 

minimum necessary for a tracking system, but rates of better 

than 500 sec-1 are projected in the near term (Mobley & 

BUford,1992). 

The current optical system 

A major component of any simulator is the optics. The 

optical system needs to represent to the sensor a simulated 

target that may be located anywhere between infinity and near 

approach distances of about 200 meters. One of the 

constraints of this project is to design the various scenarios 

around an infrared target projector system previously acquired 

by the sponsor as surplus. An evaluation of the design, 

including its capabilities and limitations, as well as a 

determination of its suitability for the task at hand was 

desired by the sponsor. We were able to obtain information 



17 

about the mirrors and spacings in the system and the 

evaluation was performed using the ZEMAX-XE optical design 

program (Focusoft, Inc., Pleasonton, CA). 

There are both short term and long term goals for this 

existing simulator, called JAWS. These include a two color 

band capability, adding 3-5~m to the present 8-12~m system, 

initially using one band at a time, but eventually as a 

simultaneous system, as well as the ability to accurately 

simulate a changing or 'moving' background, the use of 

countermeasures, and the ability to include endgame situations 

in the scenarios. 

Targets 

The design of acceptable models for the various possible 

targets requires consideration of both the radiometric 

signature as well as the physical structure of the target. 

The radiometric model must provide on the detector an 

irradiance that is the same as would be received from the true 

target. This irradiance must include all contributions to the 

radiometric signature of the target such as the radiation from 

the various parts of the target body, which are usually at 

several different temperatures, as well as the exhaust plumes 

coming from the engines. The mechanical concern of the 

simulation involves the ability to change the form of the 

simulated target as the distance between the target and 

detector changes. A target at a great distance from the 

detector can be approximated as a point source. A target 

model at near approach needs to represent one or several 

engines which are at a much higher temperature than the other 

parts of the target housing, such as the fuselage of an 

aircraft. A method to analyze distant targets and to 

calculate the effective temperature of such a target as seen 
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by a seeker is shown. Also shown is a specific model for a 

mUlti-engine aircraft. This model is designed to project the 

up to four engines, including the increase in engine 

separation as well as size as seen by the sensor as the 

separation between the target and sensor decreases. The model 

also allows the sensor to distinguish the engines from the 

fuselage by the effective temperatures projected by the two 

model components. 

Backgrounds 

Providing background models which adequately represent 

the range of complexity and dynamism which can be seen in the 

course of a single scenario is the major shortcoming of HWIL 

testing. The model backgrounds must be able to represent a 

wide range of temperatures, from 180K to 320K as well as to 

include a wide range of features within a background. Among 

others, these features can include clouds, buildings, oceans, 

and vegetation. Each item in the background has a different 

spectral signature which would be seen as a different 

irradiance at the detector. In projecting these background 

models, both the variation within the instantaneous field-of

view of the detector as well as the variations seen by the 

detector as the field-of-view changes as the detector follows 

the target must be considered. Two major technical 

limitations of background modelling were solved during this 

project. A method of radiometrically representing below room 

temperature backgrounds in a laboratory environment was 

designed, the major advantage of this method is that no vacuum 

system is required. Additionally, by using moving large 

sheets of polyethylene machined to several thicknesses to 

attenuate the output of a large blackbody source, we were able 

to project varying complex background scenes through the 

projector. The design of these sheets eliminates any frame 
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rate limitation on the simulator which could have limited the 
seeker detector because the actual region of interest in the 

background scene is physically moved, rather than erased and 

updated as in other projection devices. 
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CHAPTER 2 

EXISTING PROJECTOR-SEEKER ASSEMBLY 

Description of JAWS. 

The in-place optical/mechanical test bed, called JAWS, is 

an infrared target projection system which presents a 

collimated beam eight inches in diameter with an eight degree 

full field of view. The output beam is directed towards a 

missile seeker assembly positioned on a CARCQ® Flight 

Simulator (six degree-of-freedom) Table, allowing the seeker 

to simulate approach of the projected target from any 

direction. The system is not designed for any specific 

seeker, but is intended to allow the use of any seeker housing 

that falls within the overall dimensional constraints of the 

projected beam and any detector that is not limited by the 

resolution of the proj ection system. The seeker assembly 

(OUT) is placed in the exit pupil of the projector system, 

which is external to the optical table housing the projector, 

as shown in Figure 2. 

The components of the projector consist of six, high

quality, coated aluminum mirrors; five are spherical, and one 

conic. The conic is required to be perpendicular to the 

optical axis, a constraint which requires the design of the 

system to have the exit pupil off-axis and decentered with 

respect to the optical axis. The pupil center is 25.15 cm 

above the axis and the collimated output is projected at ±4° 

from an angle of 22 degrees to the axis. The system is 

fairly compact, covering a 6 ft by 10 ft pneumatic optical 

table, with the mirrored elements confined to an area of about 

6 ft by 6 ft. The system also includes a germanium 

beamsplitter/combiner as well a two large mechanical devices, 
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also referred to as JAWS, located in the focal plane of each 

path through the beam combiner. These devices each consist of 

two pairs of plates, one pair opening horizontally, the other 

pair vertically. It is the operation of these plates which 

give rise to the name ItJAWS". Each of the JAWS can provide a 

separate input to the system, these inputs are then combined 

and projected through the remaining optics to the DUT. We will 

consider the capabilities and limitations of the optical 

components as well as the system as a whole to evaluate the 

ability of the system to perform the desired tasks. The JAWS 

optical table is shown in Figure 3. 

Evaluation of the optical system. 

The projection optics consist of the six mirrors 

previously mentioned. In evaluating this system, an initial 

concern was the number of mirrors involved. A well-corrected 

collimator covering a reasonably large field of view can be 

designed using only three mirrors, with usually one an 

aspheric (simple conic). A preliminary consideration is 

determining the benefits, if any, which result from using the 

additional mirrors and whether a system with equal performance 

could be designed using fewer mirrors, possibly some of those 

in the current system. A system with fewer components would 

have the advantage of easier maintenance, simpler alignment 

with fewer sources of future alignment problems, and fewer 

surfaces to introduce unwanted radiation into the optical 

path. Several three mirror anastigmatic designs, including 

Cooke systems, Wide Angle Long Reflective Unobscured systems 

(WALRUSs), and all-reflective Schmidts were considered 

(Korsch,1991, Cook, 1987,Hallum, Howell, & Wilson, 1986). In 

evaluating the effectiveness and suitability of these other 

systems, several advantages of the current system became 

clear. These other systems, although having fewer mirrors, 
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have a much larger footprint, most being too large to fit on 

even a large optical table. They also generally cover a large 

field of view only in one direction, such as 12° x 3° or 22° 

x 1°, rather than a large field in all directions such as the 

SO x SO field covered by the JAWS optics. Although the JAWS 

system has many mirrors which shape the beam, they also serve 

to direct the beam path within a 2-meter square region even 

though the optical separation between the source and the exit 

pupil is about 3.3 meters. By maintaining the optics, and 

only the optics in this region, a removable cover can be 

lowered over this section of the table to shield the system 

from sources of extraneous radiation. Proper coating of the 

inside surface of this cover can virtually eliminate the 

effects of scattered external radiation from the system, an 

important consideration in low radiation scenarios. Also, by 

spreading the required curvatures over more surfaces, the size 

of the mirrors are smaller than would be required for a three

mirror system having a similar entrance pupil diameter and 

focal length. Based on this evaluation it was determined that 

in most instances the advantages of using the current system 

outweighed the possible benefits of using fewer mirrors as 

long as the system performance met the optical criteria 

specified, and an evaluation of the optical system was 

performed. A situation where this system does fail will be 

discussed later. 

Initially very little information about the JAWS II 

optical system was available since it had been acquired by the 

sponsor from surplus equipment, but eventually the original 

supplier of the system, Electro-Optics Industries, Inc. 

provided the basic mirror prescription. The prescription was 

inserted into ZEMAX-XE to determine the performance 

characteristics. The major concern was whether or not the 

system would provide an output of sufficient quality to 
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adequately test the current and possible future generations of 

sensors. The criterion established by the sponsor was that 

the optical system needed to have a resolution of 0.1 

milliradian or better in the wavelength regions of interest. 
The resolution of an optical system, is defined as the ratio 
of geometric blur size of the image to the focal length of 
the system 

Resolution (rads ) Blu:r: diamete:r: 
Focal length 

(2.1) 

since this system is used as a collimator, it is easier to 

evaluate it in reverse, as if a source at infinity was being 

focused to the source locations (focal planes), rather than as 
a point source being focused to infinity, and in this context 

the blur size is that of an image on the focal plane since an 

object focused at infinity has infinite extent. There is both 
a maximum and a minimum size constraint on the blur size. The 

blur diameter is taken to be either the size of the geometric 

blur in the focal plane or as the size of the Airy disk, 

whichever is larger. In diffraction-limited systems, the Airy 

disk is used because this is a generally accepted limit of the 
minimum resolvable obj ect size. The diameter of the Airy disk 

is (Laikin,1991) 

Ai:r:y disk (diameter ) =2.44l(F/#) (1 + m) (2.2) 

where 

A is the wavelength, 

F/# is the focal ratio, and 
m is the magnification, for JAWS m = 3. 83x10-1I , :::::0. 

In an all-reflective system, the size of the geometric 

blur is independent of wavelength, but the Airy disk diameter, 

which is used to define the diffraction-limited resolution of 
the system is proportional to wavelength. Because of this it 
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is possible to have an optical system that is diffraction 

limited (geometric blur ~ Airy disk diameter) in one 

wavelength region of interest but not in another (compare 

Figs. 11 and 15). For this system there are two wavelength 

regions of interest and the image quality must be evaluated in 

each band. The following calculations are based on the mid

point wavelength in each band, 10Mm for the 8-12~m band and 

4~m for the 3-5~m band. 

The system performance specifications were determined to 

be: 

Image space F/#: 4.78 

Effective Focal Length: 972.1 mm 

Maximum Blur Diameter: 0.0254 mm (w/o BS) 

0.0305 mm (wI BS) 

Airy Disk Diameter: 0.1168 mm (at 10~m) 

0.0457 mm (at 4Mm) 

Resolution (diff. ltd. ) : 0.12 mrad (at 10~m) 

0.05 mrad (at 4Mm) 

In attempting to evaluate this system using a lens design 

program, an initial problem was determining how to account for 

the tilted and decentered pupil, since no design code can 

properly account for a titled entrance pupil. The layout 

design used is shown in Figure 4. Although this layout is 

decidedly non-physical, it does properly represent the true 

physical design. In reproducing the system layout the only 

mirror which required special consideration was M4, the 

aspheric element. To be properly accounted for in the 

aberration calculations it is necessary for this mirror to be 

positioned along and perpendicular to the designated optical 

axis. since all the other mirrors are spherical, the 

contribution to the total aberration from each element depends 



TARGET PROJECTOR 
FRI JUN 11 1993 
TOTAL TRACK I 125.1?B~~ IN 

LAYOUT 

Figure 4. JAWS optical system design 

TARGET PROJECTOR 
THU AUG 1115 1993 
TOTAL TRACK I 125.1?B~~ IN 

LAYOUT 

Figure 5. Extended mirror layout 

27 



28 

on the shape of the element, not its distance from the axis. 

The layout shows several on-axis segments of very large 

spherical mirrors, even though in the actual JAWS system these 

mirrors are actually located off the optical axis. Since a 

spherical mirror has no preferred axis, all segments of a 

given mirror are optically equivalent. This is shown in 

Figure 5. Since a lens design code traces rays sequentially 

from one surface to the next, it does not realize that past or 

future surfaces may be in the way, which allows the rays to 

seemingly just pass through a solid surface as seen in the 

layout diagram. By using this property of the lens code, we 

can use this model to properly evaluate a system which could 

not be modelled in a more physically accurate fashion. 

Although the specifications given earlier do describe the 

quality of the performance of this optical system, it is often 

easier to understand what these numbers mean by looking at a 

graphical representation of the data. Several components of 

the optical analysis are included as Figures 6 through 15. 

The lens prescription, including the total and surface 

aberration coefficients are found in Appendix C. The figures 

include plots of the wave fans showing the optical path 

difference (OPO) across the field, the ray-intercept curves, 

and modulation transfer function (MTF) plots. The MTF plot for 

each wavelength region also shows the diffraction-limited 

MTF for the system. Also shown are through-focus MTF (TFMTF) 

plots for both wavebands, a plot of the radial distribution 

of the light energy and the spot diagrams for each band with 

the corresponding Airy disk inscribed. The spot diagrams show 

the image at several locations across the field, and Fig. 15 

shows the image at a few positions inside and outside the 

"best" focus position. Unless otherwise indicated, the figures 

are for a system evaluated in the 8p,m-12p,m region. The 

performance of the system is seen graphically in both the spot 

diagrams as well as in the encircled energy diagrams to be 
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diffraction-limited in both spectral regions of interest, both 

with and without the germanium beamsplitter (Figures 16 & 17) 

in place. without the beamsplitter in place, the optical 

system is entirely reflective, and therefore the appearance of 

the image is independent of wavelength. This can be seen 

clearly when comparing the two sets of spot diagrams (Figs. 11 

& 14). The size and shape of the image is identical at the two 

different wavelengths, the difference is that the Airy disk 

diameter, which identifies the diffraction-limited spot size, 

is proportional to wavelength. This results in a 16ILm 

diameter blur filling a larger portion of the Airy disk at the 

smaller wavelength. The size of the Airy disk is given on 

each figure. Even with the beamsplitter (1.27 cm thick, anti

reflection coated germanium) in place, the effect on the 

system aberrations is so small that it is almost unnoticeable. 

The on-axis geometric spot size is increased by about 20%, 

from a 7.96 ILm diameter to a 9.84 ILm diameter, but is still 

well within the diffraction-limit, so there is no change at 

all in any MTF evaluation. Figures 16 and 17 show an 

encircled energy plot and the spot diagrams for the JAWS 

system with a beamsplitter. This data was taken in the 3-5ILm 

band. The encircled energy plot also shows almost no change. 

It should be noted that after placing the beamsplitter in the 

optical path, a new best focus position was found. Using the 

diffraction limited resolution criterion, the system 

resolution at lolLm is 0.12 mrad, subjectively meeting the 0.1 

mrad goal established by the sponsor. However it must be 

remembered that the Airy disk criterion is only one method of 

approximating the resolution limit, and the actual physical 

size of the blur is much smaller than this and for all 

practical purposes the system can be considered to meet the 

0.1 mrad resolution desired at lOILm. Conversely, although the 

blur size at 4ILm is close to the diffraction limit, the 

performance is well within the 0.1 mrad resolution goal. 
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operation of the JAWS apertures 

The JAWS mechanisms are each made up of two sets of 

plates, one horizontal pair and one vertical pair (See Figure 

18.). These are located at the first focal plane of the 

optical system so that any input to the system located within 

the JAWS aperture is projected as collimated output to the 

DUT. The plates can be controlled to shape and position a 

source input anywhere wi thin a 6 inch by 6 inch maximum 

aperture. A computer operated controller is used to allow the 

open region of the aperture to move rapidly within the full 

aperture, as well as to control the size and shape of the 

opening. Located behind each aperture is a large area 

blackbody, each of which can serve as the source of the target 

or background radiation into the system. By background, we 

are referring to a simulated background representing the real 

target environment, not the local test facility background. By 

using blackbodies as large as the maximum JAWS aperture it 

allows the position of a small open area in the aperture to be 

changed to simulate the movement of target across the field of 

view of the detector while maintaining a constant output of 

radiation. similarly, by allowing the opening to increase in 

size, the effect of a reduction in the distance between the 

source (target) and the detector can be simulated. The JAWS 

apertures are temperature controllable from -10·C to + 30·C 

relative to the ambient temperature. In addition to being able 

to simulate movement within the aperture, it is also possible 

to move the position of the entire aperture assembly as needed 

to simulate a target distance that is not "infinite". For any 

given target distance, there will be a range of distances 

inside and outside the determined best focus position where 

the target/object remains "in-focus". The "best-focus" 

position determined for an object at infinity does not 

actually indicate a position where the image is focused to a 
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2 Sets of "Elevator" doors: 

• 1 set in the vertical plane 

• 1 set in the horizontal plane 

F1gure 18. JAWS Aperatures 
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"point". Due to aberrations and the behavior of spherical 

mirrors, the system never forms a point image of the object; 

instead the parallel rays which are intercepted by the optics 

come to focus at different axial locations, depending on where 

in the field the ray was intercepted. Rays located within a 

small radius of the axis come to focus at the paraxial focus, 

but rays intercepted near the edge of the field come to focus 

at the marginal focus, located inside the paraxial focus. 

Rays entering from the middle regions of the field come to 

focus between these two extreme foci. A surface proscribing 

all these rays forms a surface of revolution called the 

caustic surface. The surface looks somewhat like a cone that 

closes in and then expands along the axis. An image plane 

located perpendicularly to the caustic surface sees an image 

that is a small circle, called a circle of confusion (Shack). 

Generally, the determined "best-focus" position is at that 

location where the local diameter of the caustic surface is 

the surface minimum. This region is called the circle of 

least confusion. Al though this is the location of the 

smallest image, the system can be considered to be "in-focus" 

anywhere within the region between the marginal focus and the 

paraxial focus. This range of focal position is called the 

depth of focus,d, of an optical system. In a diffraction

limited optical system illuminated with incoherent radiation 

the total depth of focus is (Laikin, 1991) 

d (depth of focus I J.Lm) = 4 A. (F /#) 2 
(2.3) 

The depth of focus for this system is 0.914 mm at 10~m. The 

depth of focus can be explained graphically using Fig. 8, the 

TFMTF calculation. The depth of focus corresponds to the 

amount of focus shift to either side that can be introduced 

without reducing the modulus to less than 80% of the maximum 
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value. The wavelength dependence of the depth of focus 

explains why the peak in Fig. 12, the TFMTF in the 3-5JLm 

range, is so much narrower than in Fig. 8. At 4JLm, the depth 

of focus is only 0.366mm. In addition to being able to place 

a target at the focal surface so the seeker has the best 

opportunity to locate and identify it, the seeker must be able 

to track on targets located at varying distances which may not 

correspond to a simulated target placed at the best focus of 

this optical system. This could require repositioning the 

plane in which the target is simulated. However, it may not 

always be necessary to reposition the JAWS apertures for all 

variations in apparent target distance. The depth of field of 

a system describes a change in object distance that shifts the 

image a distance equal to the depth of focus. If the optics 

are properly focused to simulate an object located at 

infinity, the image is considered to be centered within the 

depth of focus region. Combining the focal shift with the 

depth of focus it is possible to calculate the closest 

distance an object can be and still be within the depth of 

field, this distance is determined from (Laikin,1991) 

(2.4) 

These are seen pictorially in Appendix A. Since we are basing 

this calculation on an object located at "infinity", an 

outward depth of focus is meaningless. For a 20.3 cm pupil 

diameter at a 10JLm wavelength, distances beyond 2.06 km would 

appear to be adequately focused. In the 3-5JLm region, this 

distance is 10.32 km. Inside these distances it is necessary 

to shift the physical location of the aperture to properly 

simulate the source distance. The shift in location of the 

obj ect plane can be determined from the Newtonian image 

equation (spiro & Schlessinger,1989): 



40 

xx' = f2 (2.5) 

where 

x is the "object" distance, 

x' is the displacement of the "image" from the focus, and 

f is the system focal length. 

Because this system is actually used as a collimator 

rather than an imaging system, the identity of the object and 

image are somewhat transposed. The result of this exchange is 

that the shift in the object position in this case is toward 

the optics, inside the system focal position, rather than 

outside the focus. The mechanical constraints on the aperture 

assembly allows for a shift of up to about 1. 52 cm, or a 

simulated target distance of about 62.5 meters. Table 1 shows 

the shift necessary to represent a target at several different 

distances. 

The resolution of a 1 meter object is calculated as this 

is about the size of an engine of an aircraft. The number and 

separation of an aircraft's engines is one of the 

characteristics which is used to help identify a target. 

Therefore, the distance at which an object this size becomes 

resolved is a large factor in determining how far (or near) a 

target is before an IFF (identify, friend or foe) 

determination can be made. Knowing at what distance smaller 

objects become resolved helps determine the degree of 

complexity necessary in various target scenarios, and will 

also be important when considering end-game situations, a 

possible continuation of this project. 
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Table 1. Focal shift and object resolution 

x x, field of 1 m object object @ O.lmrad 

r.m] [mm] [mrad] [m] 

10000 0.0945 0.1000 1.0000 

5000 0.1890 0.2000 0.5000 

2000 0.4725 0.5000 0.2000 

1500 0.6299 0.6667 0.1500 

1000 0.9449 1. 0000 0.1000 

750 1. 2599 1. 3333 0.0750 

500 1. 8898 2.0000 0.0500 

250 3.7796 4.0000 0.0250 

125 7.5592 8.0000 0.0125 

65 14.5369 15.3846 0.0065 

Detector requirements 

In considering the performance of the optical system as a 

whole, we must also include the final optical element, the 

detector, which is located inside the missile assembly, which 

is mounted on the CARCO® table. As the test bed is not 

designed around any specific detector, we will- consider 

several types of detectors that are in the higher capability 

range of those available today (Makky, 1992). The detector 

will be made up of a two dimensional focal plane array (FPA) 

consisting of some type of charge-coupled devices (CCDs) or 

charge injection devices (CIDs). Any of several intrinsic, 
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extrinsic or hybrid types of devices could be considered. 

These devices have a wide region of wavelength coverage, for 

example, mercury cadmium telluride (HgCdTe) can be made into 

both monolithic and hybrid FPAs with a spectral response over 

the 2-14~m region, while operating at a temperature of 77K. 

An extrinsic si: Ga FPA covers a slightly wider region {2-

161-'m) , but has an optimum operating temperature of 18K 

(Dereniak & Crowe, 1984). This temperature may be difficult to 

maintain under real-world conditions. For some test 

applications it will be desirable or necessary to cover only 

one of the two wavelength regions of interest, in which case 

a platinum silicide (Ptsi) array in the 3-5~m region or a 

HgCdTe array in the 8-12~m region would be good choices. The 

FPA will be made up of 16000 (214) individual detector elements 

(pixels) arranged in a 128 element by 128 element array, or 

65000 (2 16 ) pixels, arranged as a 256 x 256 array. The size of 

the individual elements can range between 100 ~m x 100 ~m down 

to 25 ~m x 25 ~m. Naturally, the cost increases and the 

availability decreases as the size of the pixels get smaller 

or the number of pixels gets larger. A pixel size of 25~m is 

at the edge of the current infrared detector technology. High 

quality detectors have a specific detectivity, D*, ranging 

between 1011 - 1013 cm-YHz/watt. A detector performance of this 

quality can only be achieved by cooling the detector and 

shielding to reduce the effect of background radiation. 

Although a detector temperature on the order of 80K would be 

adequate for this system, in the real world operating 

environment of the seeker, cooling with a cryogen, such as 

liquid nitrogen, is not a viable solution. A more suitable 

method of cooling would be provided by a Joule-Thompson 

refrigerator, preferably a closed-cycle engine. The operation 

of these refrigerators is rather simple. The unit consists 

basically of a high pressure gas tank connected to a large 
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insulated vessel. The high-pressure gas travels through a 

tube inside the insulated container. Near the top of the 

container the tube ends in a small orifice or porous plug and 

the gas is released into the larger container. As the gas 

expands adiabatically to fill the larger volume, the 

temperature of the gas is reduced. This cooler gas now 

envelopes the outside of the injection tube, lowering the 

temperature of the tube, which serves to lower the temperature 

of the unreleased gas. As this cooler pressurized gas gets 

ejected into the volume it continues the same adiabatic 

process. Since the temperature of the gas on ej ection is 

lower, the temperature of the expanded is also lower, which 

cools the gas injection tube even more. This is a continuous 

process which, if left to its own devices, would eventually 

result in the gas actually liquefying upon expansion. In an 

open-cycle Joule-Thompson refrigerator this does occur, and 

the coolant is lost. In a closed-cycle system, the cooled gas 

is collected and recompressed outside the system and the 

refrigerator can cycle the coolant constantly and 

continuously. Since the coolant must be collected in gaseous 

form, liquification does not occur in the closed-cycle system. 

The gas is collected at a point just before liquification 

would occur so little is lost in terms of the final cooled 

temperature, however any slight increase in the temperature to 

which a detector can be cooled is more than compensated for 

with the increased life cycle of the system. The recompression 

is done outside the basic system to prevent the heat generated 

on recompression from entering the system and heating the 

detector. The ability to operate for a longer time using a 

smaller gas cylinder makes the closed-cycle engine preferable 

to the open-cycle engine. These engines can easily cool a 

detector to temperatures of 77K without adding significantly 

to the size and weight of the detector package which must be 

designed to fit in the appropriate housing. These engines 
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generally cannot be used to attain temperatures much below 

this range, which is why extrinsic detectors, which may need 

to be operated at temperatures as low as 4K, are not generally 

used. (Donabedian, 1985) 

Detector performance analysis 

Having considered the types of detectors that could be 

used and the cooling requirements, we can now consider the 

physical layout of the seeker and the housing and the further 

constraints this places on the detectors. The system is 

designed to accept missile housings which have entrance 

windows up to 20.3 cm in diameter. The incident signal will 

be focused onto the detector array. The most desirable 

detector optics would allow for fast operation of the sensor, 

to accommodate frame rates of up to 1000 Hz. This requires 

the detector optics to have a short focal ratio, F/l or F/2. 

with a defined aperture, a fast system also forces the focal 

length of the system to be shorter, which can make the design 

of the focusing optics less complicated. We need to determine 

how well several possible detector designs perform optically, 

and to see under what circumstances the detector itself limits 

the performance of the system as a whole. As was done with 

the JAWS optics, we looked at the resolution limits of several 

detector configurations, and determined whether the system 

performance is diffraction-limited. Table 2 compares the 

results from several different detector arrangements operating 

at 4Mm and 10Mm in an F/2 system with a 20.3 cm diameter 

aperture. 

The pixel size assumes a square pixel, the pixel 

resolution is the ratio of the pixel "diameter" to the focal 

length. The diffraction (Airy) blur is 2.44 times the ratio 
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I Table 2. Detector configurations, F/2 dia = 20.32cm I 
A pixel pixel Diff Angle Angle 

size resol limit 128 256 

[I'm] [I'm] [#,rad] [#,rad] [deg] [deg] 

4 25 61.52 48.03 0.451 0.902 

4 50 123.03 48.03 0.902 1. 804 

4 100 246.06 48.03 1.804 3.608 

10 25 61.52 120.08 0.451 0.902 

10 50 123.03 120.08 0.902 1.804 

10 100 246.06 120.08 1.804 3.608 

of the wavelength and diameter. Anglel28 and Angle256 refer to 

the total angular subtense of a linear array of 128 or 256 

elements respectively. A square array would subtend this 

region in two dimensions. Since the pixel resolution is 

determined by the pixel size and the focal length, a pixel of 

a given size, operated at the same F/#, sees the same angular 

subtense at all wavelengths. Similarly, the diffraction

limited resolution is proportional to the ratio of the 

wavelength and the diameter, so that for a given wavelength 

and diameter, the diffraction-limit is constant across F/# 

and/or pixel size. In determining the suitability of a given 

detector array, we need to include an allowable degree of 

degradation in performance acceptable in the detector. From 

the data in Table 2 we can see that the diffraction-limit is 

about 0.1 mrad at 10Mm. The angle subtended by pixels of 25 

J.Lm on a side is considerably less than this. The 100 J.Lm 

pixels see a much larger angular subtense, and the 50 J.Lm 
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pixels see just over 0.1 mrad. This indicates that a standard 

1 meter object that is just resolved (in a diffraction-limited 

sense), will cover a 2x2 segment of the 25 ~m array, a single 

pixel on the 50 ~m array, and will significantly underfill a 

pixel on the 100 ~m array. 

In evaluating these various arrays there are two primary 

considerations - firstly, does the output from the projector 

limit the performance of the detector, and, secondly, in what 

way, if any, does the detection system limit the performance 

of the simulator as a whole? We compared detector designs 

having different pupil diameters, 20.3 cm and smaller and with 

focal ratios ranging from F/1 to F/5. These ranges are in 

keeping with the 8" diameter, F/4.78 design of the projector. 

These systems are compared in Table 3. 

In each design we needed to determine which attributes of 

the proj ector and the detector are most important. The 

projector is designed to have a resolution of 0.1 mrad at 10~m 

and to project over a full 8° field of view. since we wanted 

the quality of the projected image to be better, or at least 

not worse, than the detector's ability to detect, the systems 

having a pupil diameter of 20.32 or 10.16 cm present a good 

match. A system having a smaller pupil could also be used, 

but proper consideration should be given to the larger 

diffraction-limited resolution. Another important 

consideration which needs to be balanced is the field of view 

which can be seen by the detector. If we look at a detector 

system having a 20.32cm pupil, operating at F/1, utilizing 

25~m pixels, each pixel can just resolve an object subtending 

0.1 mrad. This is in line wi th the proj ected target. 

However, an entire 256 x 256 element detector can only cover 

a full field of 1.8°, far smaller than the 8° field in which 

the target can appear to move through. Considering that at 
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I Table 3. Detector systems, varyinq F/# and diameter I 
~ pixel F/# pupil pixel Diff Anqle Anqle 

size size resol limit 128 256 

[I'm] H,m] [cm] [I'rad] [I'rad] [deq] [deq] 
10 50 1 20.32 246.06 120.079 1.804 3.608 

10 50 3 20.32 82.02 120.079 0.601 1.202 

10 50 4 20.32 61. 52 120.079 0.451 0.902 

10 50 5 20.32 49.21 120.079 0.361 0.722 

10 25 1 10.16 246.06 240.158 1.804 3.608 

10 25 3 10.16 82.02 240.158 0.601 1.202 

10 25 5 10.16 49.21 240.158 0.361 0.722 

10 50 1 10.16 492.13 240.158 3.609 7.218 

10 50 3 10.16 164.04 240.158 1.203 2.406 

10 50 5 10.16 98.43 240.158 0.722 1.444 

10 100 1 10.16 984.25 240.158 7.217 14.434 

10 100 3 10.16 328.08 240.158 2.406 4.812 

10 100 5 10.16 196.85 240.158 1.444 2.888 

10 25 1 5.08 492.13 480.315 3.609 7.218 

10 25 5 5.08 98.43 480.315 0.722 1.444 

10 50 1 5.08 984.25 480.315 7.217 14.434 

10 50 5 5.08 196.85 480.315 1.444 2.888 

10 100 1 5.08 ,968.50 480.315 14.435 28.870 

10 100 5 5.08 393.70 480.315 2.887 5.774 
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long range the target may occupy only a small part of the 

total projected field, this small field of coverage places 

significant scanning requirements on the detector housing so 

that a small target is not overlooked. An F/2 system with a 

10.32cm pupil using a 256 x 256 array of 100 ~m pixels covers 

a field of 7.21°, almost all of the projected field. The 

problem that this system presents is that the pixel resolution 

is such that the intensity from two or more objects that may 

need to be resolved, such as two engines on an aircraft, could 

all fallon the same pixel, and would not be distinguished 

until the target comes nearer the target, which limits 

response time. A trade-off has to be made that balances, for 

a particular scenario, the ability to identify a located 

target with the ability to rapidly locate a moving target 

within the projected field. The important factor to note is 

that in almost all cases the simulator, which is diffraction

limited, projects over a larger field (8° FFOV) than the 

available sensors, i.e., the simulator projects as well or 

generally better than the sensor can detect. Between several 

systems having a common entrance pupil diameter, it is seen 

that the resolution of the system increases as the F/# 

increases, due to a corresponding increase in the focal 

length. Since the JAWS optics operate at F/4.78, using an F/# 

for the detector optics in this range would be acceptable, 

although the longer F/#/S can complicate the optics necessary 

to focus the signal onto the detector since the physical 

constraints limit the amount of space available between the 

window and the detector. Designs using Cassegrains or other 

telescope type optics are necessary to fit the optics within 

the housing. Although the size of the pixels angular response 

decreases with F/#, the diffraction blur does not, so that 

even out to F/5 there are pixel fields corresponding to an 

angular resolution of less than 0.1 mrad at a wavelength of 

10~m, but the diffraction resolution is only 0.24 mrad for 
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the 10.16cm diameter, and 0.48 mrad for the 5.08cm diameter 

apertures. This is a physical limit of the diffraction spot 

size, which leads to the conclusion that in some instances, 

especially in the longer wavelength band, the size of the 

detector aperture will itself limit the performance of the 

system as a whole. The actual effect of using a smaller 

aperture seeker is to cause a target to become resolved at a 

nearer distance. For example, assuming diffraction-limited 

performance, a system having a resolution of 0.1 mrad will be 

able to resolve a one-meter target at a distance of 10 km. A 

system having a resolution of 0.25 mrad cannot fully resolve 

this same one-meter target until it approaches to within 4 

kilometers. The target should have been seen by the sensor at 

the longer distance, as long as it was able to properly scan 

over the entire projected field, but an identification, such 

as determining the number of engines a target has in an IFF 

situation is delayed until the target becomes closer. This 

is really not a problem in the projector or the detector 

optics, it is simply a result of the optical constraints 

placed on any optical system. 
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CHAPTER 3 

TARGET SIMULATION 

Characterizing and simulating an infrared target 

In characterizing a target by its infrared signature 

there are several factors which must be considered. Before 

a target can be simulated properly, it is necessary to 

understand all of the individual components which make up the 

spectral signature. For example, the signature from an 

aircraft can include radiation from the larger body parts, 

i . e. the fuselage and wings, as well as one or several 

engines. Each of these can be considered to be a graybody at 

the appropriate temperature. It can also include the radiation 

from any exhaust plumes which may be seen by the detector, 

depending on the line of sight and relative orientation 

between the sensor and the aircraft. Also to be considered is 

the effect of the atmospheric path between the target and the 

detector which will serve to attenuate the signal (Spiro & 
Schlessinger, 1989). The amount of attenuation is very 

strongly wavelength dependent. 

In designing a simulation system, it is only necessary 

that the irradiance at the detector from the simulator is the 

same as the detector would see if it were actually viewing a 

real target located at the appropriate range and altitude. 

A detector measures radiation over a limited, specified, 

spectral range; in this case, over two spectral ranges from 3 

to 5~m and from 8 to 12~m. The detector does not break these 

regions into sub-intervals of wavelength. Consider, for 

example, that there are two targets at equal distance from a 

detector, each emitting the same amount of radiation within 

two different narrow wavelength regions. One target radiates 
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only at 9~m ± O.l~m and the other radiates only at 11~m ± 
O.l~m. Assuming all else is equal, the detector will receive 

equal radiation from each target and will be unable to 

distinguish between the two targets. This property of 

detectors can be used to greatly simplify the simulation of 

complex targets, especially in the sub-resolution situations. 

Rather than attempting to recreate hot engines, CO2 

plumes, water vapor trails, and warm or cold sections of the 

fuselage separately, it is only necessary to sum up the total 

radiance from each of the components across the detector's 

response spectrum and use this to determine the equivalent 

blackbody temperature which would provide this same intensity 

to the detector. That is 

I = l: EiAiLbb (Ti ) 
~ 

where 

I is the intensity on the detector, 

€j is the emissivity of the i th component, 

Aj is the area of the i th component, and 

(3.1) 

Lbb (Tj) is the blackbody radiance of the i th component 

which is at a temperature, T{K). 

In-band blackbody radiation 

Any body at a temperature above OK emits radiation, the 

amount being a function of the temperature and emittance of 

the body. The amount of radiation emi tted by a body at 

temperature T per unit area and solid angle varies with 
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wavelength in accordance with Planck's law (Planck,1901): 

with 

2he 2e{A) 1 
-----:,-----

A 5 exp ( he )-1 
AkT 

(3.2) 

A the wavelength, [in ~m] 

T the temperature, [in Kelvins] 

LA(T) the spectral radiance at wavelength A emitted by a 

body at temperature T, 

h is Planck's constant, 6.626 x 10~ Joule"seconds, 

c is the speed of light, 2.9979 x 108 meters/second, 

€(A) is the emissivity of the body, and 

k is Boltzmann's constant, 1.3806 x 10~ Joules/Kelvin. 

To determine the total radiation emitted from a body at 

temperature T across a band of wavelengths it is necessary to 

integrate this equation over the wavelength band 

"'2 
L (All A2 ) (T) = £ L", (T) dA (3.3a) 

"'2 
= 2hC 2 [ e (A) dA 

A5 exp ( hc ) -1 
1 AkT 

(3.3b) 

Generally, the wavelength dependence of the emissivity can be 

ignored over small wavelength bands and the emissivity can 

also be removed from the integral. Although this integral 

cannot be solved in closed form, it can be approximated by 
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methods such as a step-wise trapezoidal approximation or a 

Romberg type integration which can be readily accomplished by 

programs such as Mathcad®. The radiation emi tted by a 

blackbody at several different temperatures in the 3-5~m as 

well as the 8-12~m regions is shown in Table 4. 

I Table 4. In-band blackbody radiance I 
Temp Radiance [W/cm2sr] Temp Radiance [W/cm2sr] 

[X] 3-5 p.m 8-12 p.m [X] 3-5 p.m 8-12 p.m 

250 2.17E-5 1.46E-3 700 1. 30E-1 7.37E-2 

260 3.55E-5 1.83E-3 710 1. 40E-1 7.63E-2 

270 5.61E-5 2.24E-3 720 1. 50E-1 7.89E-2 

280 8.61E-5 2.72E-3 730 1. 61E-1 8.16E-2 

290 1. 28E-4 3.25E-3 740 1.73E-1 8.42E-2 

300 1.87E-4 3.85E-3 750 1. 85E-1 8.69E-2 

310 2.65E-4 4.51E-3 760 1.97E-1 8.96E-2 

320 3.69E-4 5.24E-3 770 2.10E-1 9.24E-2 

330 5.05E-4 6.03E-3 780 2.23E-1 9.51E-2 

340 6.79E-4 6.88E-3 790 2.37E-1 9.79E-2 

350 8.97E-4 7.80E-3 800 2.52E-l 1.00E-l 

This table provides information which will be of use in 

simulating different components of a scenario, which may be at 

widely separated temperatures. At the lower temperature, the 

increase in radiance due to a temperature change of lOOK is 

relatively significant, 4000% in the 3-5~m region and 400% in 
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the 8-12J,.£m region. At the higher temperature the net increase 

is less than 100% between 3 and 5J,.£m and only 35% at the longer 

wavelength. This indicates that a slight error in the 

irradiance of a lower temperature source, such as might result 

from a slight change in the emissivity of the radiator, will 

not significantly affect the apparent temperature of the 

obj ect as seen by a detector. Also, even with a larger error, 

on the order of 10K, the total irradiance is still much lower 

than that of the higher temperature aspects of the target and 

would not usually adversely effect the scenario. conversely, 

at higher temperatures, errors in the emitted radiance can 

appear as noticeable shifts in the apparent temperature of the 

source. The degree of precision required between different 

components of a scenario is largely dependent on the 

temperature variations within the scenario. When two objects 

of similar temperature need to be resolved, the precision 

required is much greater than for components of widely 

disparate temperature. Curves showing the radiance as a 

function of wavelength for several bodies at 400K having 

different emissivities are shown in Figure 19. Contrast these 

to Figure 20, which shows the radiance curves for several 

blackbodies of different temperatures, where the temperature

dependence of the peak wavelength is apparent. For a body of 

constant emissivity, that is €¢€(~), the difference in 

radiation between a body with an emissivity of one (€=1), a 

blackbody, and a body with 0.0 ~€{1, a graybody, is simply a 

linear scaling of the blackbody radiance by the emissivity. 

By determining the total in-band radiance of a target, it 

is possible to calculate the temperature a blackbody or 

graybody of known emissivity would need to have to produce the 

same in-band radiance. When spectral radiance data is 

available for a given target or component of a target which 

radiates as a black- or graybody it is also possible to 
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extrapolate the temperature of the component by locating the 

wavelength which has the highest spectral radiance. This is 

a consequence of Wien's displacement law, which is determined 

by differentiating Planck's law and solving for the maximum 

value. This result is 

AMAX'T = 2898 [llm'K] , (3.4) 

This relationship between the peak spectral radiance and 

temperature, which is linear on a log-log scale, is also shown 

in Figure 20. 

Engagement models 

To determine the in-band radiance needed for a 

simulation, it is necessary to evaluate 

scenario independently. General target 

each target and 

data that were 

provided includes plots of the target intensity as a function 

of wavelength as well as the value of peak spectral intensity. 

We were able to reproduce the spectral intensity data, which 

is shown in Figures 23-35. Using this data as well as some 

general information on the types of targets involved, we were 

able to determine the sizes and temperatures of the various 

components, as well as the sources for the various "spikes" 

seen on some of the plots. 

Although many scenarios can be derived from all the 

variables involved, there are eleven different engagement 

models in particular that we will consider. These include a 

bomber both at low-level and low-speed as well as at a higher 

altitude and speed, a long range fighter at high altitude, a 

very long range fighter at several different altitudes and 
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commensurate speeds, two types of command and control 

communications (C3) aircraft, such as the Boeing E-3 Airborne 

Warning and Control System (AWACS), the Grumman E2C Hawkeye 

Airborne Early Warning (AEW) aircraft or the Grumman EA-6B 

Prm<ller Electronic Countermeasures (ECM) aircraft. Also 

included are models for a high-altitude, high-speed missile 

and a low-altitude, low-speed missile. A. problem arose in 

evaluating some of the targets, particularly the missiles, 

because of the small amount of data available on the 

missiles, while quite a bit of information on the various 

aircraft was either provided by the sponsor or is readily 

available (Lambert, et al, 1992, Hudson, 1969). Table 5 

describes the 11 engagement models. 
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Table 5. Engagement models 

Mission Target Target Altitude Speed Decoys 

Type Number Type [Jon] [Mach] 

1 1 Bomber 0.5-8 0.8 yes 

2 1 Bomber 8-10 1.2 yes 

3 2 L. Range 10-20 2.0 ? 

Fighter 

4 3 V.L.Range 10 0.9 yes 

Fighter 

5 3 V.L.R.F. 0.5-8 0.9 yes 

6 3 V.L.R.F. 8-10 1.2 yes 

7 3 V.L.R.F. 0.5 0.9 

8 4 C3 10-15 0.5 

9 5 C3 10-15 0.5 

10 6 High Alt 8-27 3.5 no 

Missile 

11 7 Low Alt 0.1-1.5 0.75 no 

Missile 

Knowing the engagement models we can determine the sizes 

of the targets, again from sponsor-provided information or 

from other references. Table 6 gives the approximate 

dimensions of the included types of targets. 
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I Table 6. Target Dimensions I 
Number Type Length Span wing Area 

[m] [m] [ml] 

1 Bomber 25 15 70 

2 L.R.Fighter 21.7 13.5 64 

3 V.L.R. 21. 6 14.7 65 

Fighter 

4 c3 20 20 60 

5 c3 20 20 40 

6 Hi Missile 11. 7 3 2 

7 Low Missile 6.3 3.5 9 

Using the information on the targets and engagement 

models we can reduce the number of scenarios which must be 

presented, at least as the initial attempt, by determining the 

limiting cases and modelling those first. This assumes that 

if the simulator can reasonably model the extreme cases, the 

intermediate cases can also be modelled. Looking at the data, 

we can see that there is some redundancy in the situations 

presented in terms of approximate size, speed and altitude of 

the target. The second engagement model, a bomber at high 

altitude is a reasonably difficult situation to model, a 

somewhat small aircraft at high-altitude and a relatively 

high speed. This model is not substantially different from the 

first,third or fourth engagement models, with one being a 

little bit faster, one a little bit larger, and one a little 

bit slower, but otherwise at about the same altitude, speed 

and size. The ECM aircraft presents a separate model, being 
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at a higher altitude but at a lower speed. This type target 

also generally flies in a circular pattern around an area of 

interest, rather than flying a straight path in either 

approach or retreat. The two missile types are the smallest 

targets, with one having the highest speed and altitude and 

the other the lowest speed and altitude of all the models. 

However due to the paucity of data available on these targets, 

the ability to insure a model which represent fully and 

accurately the scenario is more limited with the missiles than 

the other targets. 

Specific target models 

We will specifically look at three engagement models, 

Model 2 using Target 1, Model 9 using Target 5, and Model 10 

using Target 6. We need to analyze and to reproduce the 

spectral intensity plots provided by the sponsor by using 

blackbody/graybody calculations as well as information about 

the temperature, wavelength regions of interest, and size of 

the exhaust plumes found in the technical literature dealing 

with these aircraft (Lambert, 1992, Hudson,1969). 

Target 1 

Several data plots were provided that represent Target 1. 

Using these in conjunction with eqn. 3.4, it is possible to 

determine the temperature of each of the component parts of 

the model. Data provided included the intensity plots for a 

detector located at the target with a view from 20 0 to the 

nose. Also provided was the same aspect for a target located 

at a distance of 5 km and an altitude of 13 km. The altitude 

data, which was not specifically given, could be deduced by 

applying the appropriate spectral atmospheric attenuation 

factors, which were determined by entering the requisite 
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wavelength and al ti tude data into the computer program PC-TRAN 

(ONTAR corporation, Brookline, MA), using the model for the 

1962 US Standard Atmosphere. PC-TRAN uses the LOWTRAN code 

published by the Air Force Geophysical Laboratory to model the 

transmission and radiance of the atmosphere as a function of 

wavelength. It accounts for the atmospheric gases, path 

distance and look angle. Figures 21 & 22 show the atmospheric 

transmission for a 5 km path at sea level and at an altitude 

of 13 km. Once a model for the target is determined, by 

applying the appropriate atmospheric data, the target can then 

be simulated at almost any desired distance and altitude. In 

this manner it was concluded that the data represented a 

target at an altitude of 13 km, not at sea level. Data were 

also provided for Target 1 as seen from the rear at 10° to the 

axis. We will consider the nose-on target model first. 

Using the data available, the spectral intensity plot has been 

reproduced as Figure 23. In this instance the detector is 

located at the target, there is no atmospheric path. It was 

modelled as a blackbody curve with four additional narrow

band peaks due to gas plumes. Figure 24 shows the same 

target but at a range of 5 km and both target and detector are 

at an altitude of 13 km. Figure 25 again shows the intensity 

signature that this same target would generate if it were 

located at a distance of 5 km, but with target and detector at 

sea-level. Since the peak of the graybody curve is located 

at approximately 12J.1.m, using eqn 3.4 places the temperature of 

the main body of the target at 241. 5K. The information 

provided to us listed the peak spectral intensity of this 

target as 480 W' sr-I • J.l.m-I • Using this calculated temperature to 

solve eqn 3.3a, the radiance provided by such a blackbody in 

any wavelength band can be calculated. The only unknown 

remaining in eqn 3.1 for this component of the target is €A, 

called the emissivity-area product. This is determined so 
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that the product of €A and peak spectral radiance, Lh
bb , totals 

the given peak spectral intensity. By using a best guess for 

the peak wavelength, a blackbody temperature is then 

calculated which is used in the €A calculations. The 

calculated model is then compared to the actual target data 

provided. If the data does not match, the blackbody 

temperature is then changed slightly and the data recalculated 

until the two sets of data match. The guessed wavelength was 

generally close to the actual, and few iterations were 

necessary on any given target. The four "spikes" seen on the 

target model plots are due to the gases in the exhaust plume, 

water vapor (H20) in the region around 6.0 and 6. 5J1.m, and 

carbon dioxide (C02 ) near 4.4 and 14J1.m. These peaks are 

modelled as gaussian distributions having a wavelength width 

o about a blackbody of temperature 673K (4000C) (Hudson, 1969) • 

The complete information on Target 1 from this orientation is 

listed in Table 7. comparison between the three figures show 

the effect of atmospheric attenuation on the gas peaks both 

due to differences in altitude as well as in distance. 

I Table 7. Target 1, 20 0 to nose I 
L €A T A 0 

[m2] [X] [I'm] [I'm] 

1 142.5 241. 5 

2 0.18 673 4.3 0.1 

3 1. 64 673 14 0.1 

4 0.26 673 6.5 0.25 

5 0.31 673 6.0 0.25 
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The second view of Target 1 is somewhat more complicated. 

Because the target is seen from the rear, the hot engines as 

well as the fuselage and plumes can be seen by the detector. 

The effect of adding the hot engines to the model is to add a 

second blackbody radiance source, with a temperature of 720K, 

which is also determined from eqn 3.4 after locating 

wavelength with the peak radiance, which occurs at about 4 Mm. 

This calculated value closely matches that given in the 

Ii terature for the cruising temperature for these engines 

(Hudson,1969). This information is added to that determined 

above to complete Table 8. The temperature of the fuselage 

and the content of the gas plumes is not affected by the 

orientation so that these items remain as found in the first 

model. Since the orientation between the target and detector 

has changed, the size of these components seen does change, 

which accounts for the change in the emissi vi ty-area products. 
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Also provided is a spectral intensity plot, Fig. 26, 

determined from the data in Table 8 which again matches the 

sponsor data, which represents the target and detector at 

close range at an altitude of 13 km. F'igure 27 shows the 

signature for this same target at the same altitude but 

located 5 km from the detector. The spectral intensity plots 

are calculated by applying the information in the respective 

table to eqn 3.1, and calculating the sum of the intensity at 

several wavelengths. For models where the target and detector 

are separated, these intensity sums are then reduced by an 

amount corresponding to the attenuation due to the intervening 

atmosphere at each of the wavelengths, which is determined 

from the results of the PC-TRAN calculations (Figs 21 & 22). 

Table 8. Target 1, 10 0 to rear 

t EA T A & 

[m2
] [K] [pm] [pm] 

1 75 241. 5 

2 0.55 724.5 

3 0.30 673 14 0.2 

4 0.13 673 4.3 0.1 

5 0.04 673 6.6 0.1 

6 0.18 673 6.0 0.2 
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Target 5 

Target 5 refers to the smaller of the c3-type ECW 

aircraft. Data presenting this target was provided for three 

different views; a 20° view to the nose, a 10° view to the 

rear, and a side-on view. Each of them was modelled using the 

same procedures as described in the evaluation of the Target 

1 models. The approximate body temperatures for the larger 

sections of the aircraft were calculated by locating the peak 

spectral wavelength for each of the components. Since the gas 

peaks were seen at the wavelengths as Target 1, the same plume 

temperature was used. An interesting difference between 

Target 1 and Target 5 can be seen by looking at the blackbody 

temperatures used to represent Target 5. The temperatures 

seen from the three orientations vary. Looking to the nose, 

the detector senses a body having a temperature of about 290K, 

which would corresponds to the main body temperature. From 

the side, two temperatures are seen, 290K and a second smaller 

body at about 161K. From the rear, the detector sees a small 

body with a temperature of about 414K and a much larger body 

having a temperature of 161K. This can be explained by 

considering the design of this type of aircraft. Looking 

towards the nose, it looks much like any other airplane, but 

is actually significantly different in design. These planes 

have a very large electronic equipment pod above the rear 

section of the fuselage and also have a rear-mounted engine. 

These pods are circular, with a large diameter, about 10 

meters, but the thickness, as seen from the side is about 2 

meters. In these models, the different views see totally 

different parts of the plane, and therefore see different 

apparent temperatures. From the nose, what is seen is the 

basic aircraft fuselage, which is at a temperature which is 

similar to the fuselage temperature seen for Target 1. From 
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the side, again the fuselage is seen, as well as the side part 

of the pod, which is much colder than the main body of the 

aircraft since it does not absorb heat from the engines as the 

fuselage can. From the rear, the detector sees the large body 

of the pod as well as the rear engine but sees no noticeable 

radiation from the fuselage itself. The pod also reflects the 

surround, which is at the same temperature as the pod. All 

orientations do see the exhaust plumes to some degree. Table 

9 and Figs. 28 and 29 provide the relevant information for the 

target as seen from the nose, the figures show the signatures 

due to both the aircraft and detector being at an altitude of 

13 km, with one being a near approach and the other for a 

separation of 5 km. Table 10 and Figs. 30 and 31 show the 

same information for the side view situation. Table 11 and 

Figs. 32 and 33 refer to the rear approach scenario. Figure 

32, the rear view, shows the two separate temperature 

components, due to the engine and pod, which make up the body 

of this target. 
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I Table 9. Target 5, 20 0 to nose I 
L £A T A & 

[m2] [R] [I'm] [pm] 

1 224 289.8 

2 0.07 673 4.3 0.1 

3 0.60 673 14 0.1 

I Table 10. Target 5, side-on I 
L £A T A & 

[m2
] [R] [I'm] [pm] 

1 250 289.8 

2 25 161 

3 3.0 673 14 0.1 

4 0.33 673 4.3 0.1 

5 1.0 673 6.5 0.2 

6 0.7 673 6.0 0.2 

I Table 11. Target 5, 10 0 to rear I 
t £A T A & 

[m2
] [R] [pm] [pm] 

1 30 414 

2 1700 161 

3 2.99 673 14 0.1 

4 0.33 673 4.3 0.1 

5 0.30 673 6.5 0.2 

6 0.34 673 6.0 0.1 
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Target 6 

As discussed earlier, very little information was 

provided or readily available relating to the missile-type 

targets. The sponsor provided the spectral intensity data for 

a high-altitude, high-speed missile in flight. The aspect was 

given as being toward the nose. From the data the temperature 

seen by the detector was determined to be about 580K, 

significantly hotter than either the bodies or the engines of 

the airplane targets. The exhaust peaks are also different 

from those seen previously, with a small peak being seen at 

2.7~m and a very sUbstantial peak occurring at 4.3~m. since 

no peak is seen at 14~m, this peak is probably not due to just 

CO2 • The propellants which are responsible for these peaks 

are not specifically indicated but could be any mixture of 

COu H20, HF, or hydroxyl (OHO) ions (Spiro & Schlessinger, 

1989). In the case of these peaks, we have a problem with 

using the intensity equation since there are two unknowns, 

the emissivity-area product as well as the plume temperature. 

Previously we calculated the spectral radiance and used it in 

conjunction with the given peak spectral intensity to 

determine the emissi vi ty area products, but since the radiance 

is a function of the temperature of the plume, we need to be 

able to determine a reasonable plume temperature before we can 

complete the model accurately. In searching the available 

literature the estimates on the plume temperature for various 

missiles ranged from 550°C (823K) to 1725°C 

(2000K) (Accetta,1993). For this model, a temperature of 900K 

was selected. The effect of using an incorrect temperature is 

seen as an error in the net radiance used to model the target. 

The peak spectral intensity will still be correct since a 

proportionate error in the emissivity-area product will cancel 

the error in radiance. For the temperature selected, the two 
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plumes were found to have emissivity area products of less 
than 1 square meter. Since a missile engine diameter is on 

the order of 0.5 meter and the emissivity of metals and vapors 
are well less than one, these results seem to be reasonable, 

but it must be emphasized that it is not based on the best 

possible information, just the best available. Table 12 and 

Figs. 34 and 35 show the derived information as well as the 
spectral intensity signatures for this target both in close 

approach as well as at a distance of 5 km. 

I Table 12. Target 6, 20° to nose I 
L €A T A 6 

[m2
] [It] [pm] [pm] 

1 2.8 580 

2 0.85 900 4.3 0.2 

3 0.25 900 2.7 0.2 

Modelling a complex target 

Now that we can reproduce with reasonable accuracy the 
spectral signatures of the various targets, we must determine 

the best method of recreating the radiances and irradiances 

which represent each of the targets. In addition to being 
able to model the targets we need to know the spectral range 

and responsivity of the actual detectors being used. This is 

because to model the targets we only need to match the total 

radiances from the target, not the individual components, and 

the in-band radiance seen is obviously a function of the band. 
In general, the two bands we are interested in are at 3-5~m 

and 8-12~m, but the sponsor did also express an interest in 
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possibly the 3-6~m range instead. Also wide-band detectors, 

such as those covering from 2-16~m or 2-20~m could also be 

used. Each model will be represented differently depending on 

the detector used. Additionally, the sharpness of the cut-on 

and cut-off of the detector at the edge wavelengths is 

important, especially in cases where a peak due to an exhaust 

plume occurs near one of the wave-band edges. Unless a wide

band detector is used, the effect of the CO2 peak at 14~m is 

not seen and can be ignored. A detector which operates over 

the 8-12~m region does not see either H20 peak or the CO2 peak 

at 4.3~m. The basic modelling procedure consists of 

determining the total radiance in a detection band, both from 

the blackbodies as well as from any plumes which might have an 

effect. From this total radiance value a temperature can be 

determined which would be appropriate for a blackbody that 

would present the same amount of in-band radiation to the 

detector as all of the individual sources. 

For the purpose of this model we will assume several 

different detectors which cover different wavelength bands and 

compare the requirements for the simulator for different 

situations. Although unrealistic, for these calculations we 

will assume that each detector has a sharp cut-on/cut-off at 

the band edges. The total radiance from a target is 

determined by summing the radiances from each component. A 

procedure for developing the model temperatures is listed in 

Appendix B. For any of the targets (particularly one of the 

aircraft since the signature is more complicated) this is 

found by integrating each of the components over the band of 

interest. For example considering the side view of Target 5, 
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Table 13 shows for each target and view the total in-band 

radiance and the effective blackbody temperature necessary to 

produce the required radiance over detector bandwidths of 2-

20J,.£m, 3-5J,.£m, 3-6J,.£m and 8-12J,.£m. To determine the radiance 

received from a target at a range of five kilometers, the 

integral was modified by the wavelength interval a"tmospheric 

attenuation factors determined with the PC-TRAN program. In 

using the PC-TRAN data two possible types of error are 

introduced into the radiation/temperature calculation. This 
program generates data taken at specific wavelengths, or 

actually, wavenumbers. The data used was taken at the 
smallest interval, which is 5 cm-I • At the longer wavelengths 

(or smaller wavenumbers) the spacing between samples is much 

greater than at the shorter wavelengths. At 2 OJ,.£m , the sample 
interval is 0.2 J,.£m, while at 2J,.£m, the sampling occurs at 0.002 
J,.£m intervals. The two problems that this can cause are 

first, the approximation method used to calculate the integral 

is limited by the sampling interval, which is quite large at 

the longer wavelengths, and the transmission attenuation 

factor is treated as constant across each interval, which may 

not be an accurate assessment. To determine the effect of the 
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Table 13. Rad1ance I temperature equ1valents 

Range = 0 km Range = 5 km 
Target Waveband Radl.anee Tcff Radl.anee Teff 

J,Lm W· em-" • sr-! K W • em-" • sr-! K 
Target 1 2-20 5.246E-2 427 3.716E-2 395 

(Fwd) 3-5 1.006E-2 466 1.102E-3 358 

3-6 2.026E-2 472 9.895E-3 425 

8-12 1. 201E-3 242 1.159E-3 241 

Target 1 2-20 5.155E-1 740 4.384E-1 711 

(Rear) 3-5 1. 653E-1 734 1. 315E-1 702 

3-6 2.396E-1 738 2.003E-1 710 

8-12 8.237E-2 733 7.918E-2 721 

Target 6 2-20 3.420E-1 668 2.450E-1 616 

(Fwd) 3-5 1. 174E-1 687 6.407E-2 617 

3-6 1.438E-1 664 8.858E-2 605 

8-12 4.566E-2 589 4.380E-2 574 

Target 5 2-20 2.031E-2 345 9.071E-3 289 

(Fwd) 3-5 1.106E-2 467 1. 181E-3 361 

3-6 1.045E-2 429 1.445E-3 333 

8-12 3.277E-3 291 3.157E-3 289 

Target 5 2-20 5.074E-2 424 3.158E-3 390 

(Sl.de) 3-5 1. 016E-2 467 1. 181E-3 361 

3-6 1. 846E-2 466 1.445E-3 333 

8-12 3.342E-3 292 3.219E-3 290 

Target 5 2-20 7.972E-2 471 5.993E-2 441 

(Rear) 3-5 1. 400E-2 488 4.267E-3 418 

3-6 2.215E-2 479 1. 153E-2 435 

8-12 1. 546E-2 416 1.487E-2 412 
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error due to the sampling interval in the integration, the 

radiation at zero distance was calculated two ways, first 

using a trapezoidal approximation with the spacing that 

corresponded to the PC-TRAN separations and then using a 

Romberg algorithm which was allowed to select the best 

interval across the entire target integral. In the 8-12Mm 

region the difference in the results was about 1% across all 

the targets. In the 3-5Mm, 3-6Mm and 2-20Mm regions the 

difference was on the order of 0.1%. These errors compared to 

the other factors are negligible. The second error, due to 

the transmission factor would also be larger at the longer 

wavelengths, but most of the atmospheric attenuation effects 

occur between 2 and 6Mm or around 15Mm, so this effect should 

also be negligible. At high altitude with the exception of 

the dropout around 15Mm and a smaller attenuation around 9Mm, 

the transmittance is uniformly high beyond 8Mm. As the 

altitude decreases transmittance beyond 14Mm approaches 0 and 

the variation between 8 and 12Mm is significantly smaller than 

at the lower wavelengths. 

Developing a specific target model 

Simply providing an appropriate net irradiance to the 

detector without regard to the shape and temperature 

distribution of the target will only adequately represent a 

target at long distance. As the separation between the target 

and detector decreases, the individual temperature regions of 

the target begin to become clearer and we must be able to 

accurately represent the resolving target at the various 

target distances. As a specific model of a simulated target 

we were requested to design a model target, which would be 

able to simulate an aircraft with between one and four 

engines, which would be viewed from a rear aspect at distances 

ranging from several miles to a near approach. The goal was 
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to develop a model that would represent accurately the view to 

the detector as the distance between the target and detector 

decreased. This model will be discussed in terms of a four

engine aircraft, but could be readily adapted to cover any 

appropriate number of engines. 

When locating such a target, the sensor initially will 

detect only a single spot while the target is still outside 

the resolution range of the detector. Generally, the engine 

temperature will be significantly higher than that of the 

fuselage and at long distances the temperature seen will be 

largely due to the engine. As the distance closes, the hot 

spot will appear to spread out and eventually each engine will 

appear as a separate hot spot surrounded by the rest of the 

aircraft, which is at a much lower temperature and therefore 

emits significantly less radiation. A suggested 

implementation for this target consists simply of four hot 

carbon rods. The rods are at a temperature to radiometrically 

model the actual engines. The rods are on a track which 

allows the space between the rods to increase as the engines 

become resolved. The movement of the rods is controlled by 

shaped, thin low emissivity metal strips which are designed to 

not add significant radiance of their own to the background 

scene insuring that the sensor only sees a combination of the 

hot engines, the fuselage and any possible background scene 

which is desired. In this design the physical size of each 

hot spot remains constant, only the spacing is changed. A 

diagram of this model is shown as Figure 36. The engine model 

would be placed in front of one of the JAWS apertures, with 

the aperture at a temperature appropriate for the body of the 

aircraft. As the spacing between the engines was increased, 

so would the size of the opening in the aperture, reflecting 

the apparent increase in the size of the entire aircraft. It 
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would be possible to also allow the size of the hot spots to 
change, either by a complicated aperture system, which could 
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Figure 34. Four Engine Target Simulator 

be a source of significant extraneous radiation, or to 

increase the size in a step-wise fashion by having several 

layers of carbon rod separated by layers of an insulating 

material with the expanding carbon layers separately heated at 
the appropriate simulation distance. Using a carbon material 

with a low thermal conductivity will help prevent bleed-over 

of the heat to outer layers of the "engine" (Scholl,1979). 

since both of these solutions add considerable complexity to 

the model, until it is determined that this level of 

sophistication is necessary, the simpler model will suffice. 
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CHAPTER 4 

BACKGROUND SIMULATION 

Components of the Background 

Providing an adequate simulation of the background is 

probably the most difficult aspect of modelling in the entire 

scenario. This is because the backgrounds under consideration 

vary significantly, among the different scenarios as well as 

within a given scenario. The backgrounds range from a very 

cold, uniform sky at high altitude to a lower altitude, higher 

temperature cloudy sky to a low al ti tude scene which can 

encompass buildings, clouds, grain fields, oceans and other 

vegetation and even "hot spots" such as power plants or non

target aircraft. In addition to there being many different 

types of backgrounds, several different backgrounds can occur 

during a single scenario as the movement of the target across 

the horizon is simulated, unlike the target model, which 

changes largely only in scale as the simulated distance 

between the target and detector changes. Each of the changes 

in the background is seen as a change in the radiance to the 

detector. This radiance change is due to changes in the 

temperature, emissivity (absorptivity), reflectivity or 

transmissivity of a particular element in the background. For 

example, a large field containing several different crops 

would generally be at the same atmospheric temperature 

throughout, but because the various plants can vary in 

reflectivity and absorptivity, the radiometric temperature 

would not be uniform. presenting a background to the detector 

that even partially represents these continuous variations has 

proven to be very difficult and expensive to achieve, 

especially on the scale of a 15 cm x 15 cm aperture to a 

detector system with a framing rate of 30 Hz or more. 
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Additionally, although a very cold, static high-altitude 

background does not have the complexity of the other 

backgrounds, it does present a difficulty of projecting to a 

detector an identifiable radiance from a body at a temperature 

well below room temperature in a laboratory environment. I 

have come up with two unique and effective methods which will 

allow us to satisfactorily deal with both problems. 

Modelling a cold background 

Based on the engagement models presented earlier, the 

coldest scenario occurs when both the target and the detector 

are at high (13 km) altitude, with a horizontal path between 

them. Again using PC-TRAN, the integrated radiance for the 

1962 US Standard atmosphere in the 8-12JLm region is 2 x 10-4 

W·cm-2 ·sr-1 • The path radiance between 3-5JLm is 1.4 x 10-6 

W' cm-2 • sr-1 • These radiances correspond to a blackbody at a 

temperature of 182K in the 8-12JLm region and 205K in the 3-5JLm 

region. The next step was to determine a way to present these 

radiances to the detector. A possible method of doing this is 

to place the entire system within a vacuum, but this is an 

expensive and cumbersome solution. 

It is necessary to see how much radiation from a colder 

body is seen by a detector in a room temperature environment. 

The initial approach taken was to fill the view of the 

combining beamsplitter with a high emissivity coldbody, at a 

temperature of about 195K, the temperature of a dry ice and 

alcohol slush. In identifying the best surface materials to 

use on a large area blackbody, it was determined that the best 

emissivity that would be reasonably achievable would be about 

0.98. This is due both to limitations in the materials 

available as well as, in part, to the possible formation of 
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thin frost layers on the external cold surfaces, since frost 

also has an emissivity of 0.98. In the band of 3-5~m a large 

blackbody of this temperature and emissivity introduces 

significantly more radiation into the background than desired 

due to the reflection from the cold surface of the surrounding 

room (300K) radiation. In the 8-12~m band this reflection 

also occurs, but the source itself radiates more radiation to 

the projector than desired due to the higher than desired 

source temperature. Due to room humidity and rapid cryogen 

boil-off, the frost layer that formed was not always in direct 

contact with the cold surface. A very thin layer of air, 

which was trapped between the cold surface and the frost 

layer, served as a thermal insulator, allowing the temperature 

of the frost to be significantly higher than the temperature 

of the blackbody. Due to this layer, the actual temperature of 

the frost was measured using a Fluke digital multimeter and 

temperature probe to be about 270K, around the water freezing 

point, rather than the expected 195K. This contributed to a 

significant increase in the radiance emitted from the 

background source into the projector. However, as seen in 

Table 4, slight fluctuations (~T - 2K)in the temperature of 

the cold source have a negligible effect on the simulation, 

but using a source that is not cold enough, even one as cold 

as 195K, introduces more radiance directly into the system 

than desired. Using a radiometer to measure the radiance from 

the cold surface showed that even with the frost removed, the 

radiance seen was considerably larger than expected. This is 

the result of a portion of the surrounding room temperature 

radiation being reflected from the cold surface back into the 

field of view of the detector. The amount of radiation 

reflected back off the cold source is (1 - eCs ) of the total 

incident. For a cold source with an emisssivity of 0.98, 2% 

of the incident radiation is reflected back out. 
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The need to model this scenario is included because 

although it seems totally reasonable to assume that a hot 

target can be readily seen against a very cold, low radiance 

background, the sponsor wanted to have this assumption 

verified. Additionally, there is a desire to determine how 

low the temperature of the target could be and still have it 

detected. To proceed we needed to solve two problems. First, 

the temperature of the cold source needed to be reduced, and, 

second, the effect of the reflected radiation from the 

surround had to be reduced. The approach taken was to look 

at the radiance at the seeker as a sum of two radiances, that 

from the cold body and that reflected from the room, with the 

desire to use the requisite amount of the room radiation to 

provide most of the net radiation required. That is, use a 

cold body source of a temperature low enough that it emits 

only a minimal portion of the desired total radiation and then 

construct a baffle for the source that limits the amount of 

background radiation that can be reflected from the cold 

surface so that the net path radiance corresponds to that from 

the desired blackbody. 

The choice for the new source temperature is 77K. The 

radiation from a 77K blackbody is minimal in both the 3-5~m 

and 8-12~m bands and this temperature is readily and 

inexpensively obtained using liquid nitrogen as the cryogen. 

The equation governing the design of this device is 

(4.1) 

The total radiation into the system is the sum of the 

radiation emitted from the blackbody plus that reflected from 

the blackbody due to the surround. The amount of radiation 

reflected from the surround depends on the bidirectional 
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reflectance distribution function (BRDF) of the blackbody 

(ps/n), as well as the solid angle of the room that can enter 

through the baffling (nROOM). A reasonable starting point for 

the calculations is letting ps/n = (1 - €bb) /n. The desired 

radiance is determined from the radiance of a 182K blackbody 

when looking at the wavelength region of 8-12Mm and 205K when 

looking at the 3-5~m region. An emissivity for the 

blackbody/baffle system is selected - an emissivity in the 

range of 0.95 - 0.98 is readily achievable. By knowing the 

emissivity and the radiance from a 77K blackbody in the region 

of interest, we can determine the allowed amount of reflected 

radiation and then calculate the solid angle which the baffle 

assembly can accept to meet this goal. Once the necessary 

solid angle is known, the length of the baffle tube needed 

can be determined from the angular relationships n = n'sin28, 
and tan 8 = tube diameter/tube length. The diameter of the 

tube is designed so that the 45°, 12" diameter beam-splitter 

is fully filled with the cold background. A tube diameter of 

9" will suffice as long as the baffle is not in contact with 

the beamsplitter. In the 3-5~m range, to "project" the 

radiance of a 205K blackbody requires a length/diameter ratio 

of between 2.4 and 0.6 for emissivities between 0.95 and 0.99. 

For the 8-12~m scenario, using a material with an emissivity 

of 0.95 can provide the proper radiation without baffling. 

See Table 14 for all the values. The effective temperature 

projected in the 3-5 Mm range if no baffle is used is also 

shown. For some scenarios, this may be an adequate 

representation, especially with higher emissivity source 

materials. The design for the source is shown in Figure 37. 
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Table 14. Cold Background Baffle Requirements 

Source Length/Diameter No baffle 

Emissivity [3-Sl'm] [8-12I'm] Temperature 

0.95 2.38 0 234 

0.96 2.08 0 231 

0.97 1.73 0 226 

0.98 1.29 0 219 

0.99 0.58 0 209 

The housing and baffle are made of a high emissivity metal, 

such as black-anodized aluminum. A small baffle segment can 

be made as an integral part of the cold source, allowing this 

section (11.4-23 cm) to be filled with the coolant along with 
the back plate. Additional baffle segments would fit over the 

end of the previous segment and would be radiatively cooled to 

the source temperature. There are fill and vent tubes on the 

top of the source to steer the nitrogen boil-off away from the 

rest of the system. Provision for liquid nitrogen has already 

been planned for JAWS, so this does not add to the cost of the 

proj ect. using a radiometer to measure the effects of the ice 

layer that can form on the surface or in the tube showed 
negligible change in effective temperature for very thin frost 
layers. By designing the baffle tube to be made up of several 

overlapping sections with interdigitating fingers on each to 
allow the length of the tube to be changed as the desired 

background temperature is changed lengthening (adding 

sections) for lower temperatures (or a higher temperature 

surround) or contracting (removing sections) for higher 
background temperatures. Particularly in the case of the 8-
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12Mm band switching the coolant to the dry ice/alcohol slush 

can be done as soon as the desired temperature allows, about 

200K. This type of background model is necessary for many 

sky or cloudy sky background scenarios where the background is 

slightly to significantly below room temperature in addition 

to the very high altitude, very cold scenario. 

It may be necessary to provide backgrounds colder than 

room temperature to both paths of the proj ector for some 

scenarios. This could also allow each path to be used to 

represent a different color band if such a scenario is 

desired. This design is not able to reduce the introduction 

of radiation into the system from the other optical elements 

in the train - beamsplitters, mirrors, etc, which will also 

appear to be thermal sources at around 300K. To use both 

paths projecting different temperatures would require the 

beamsplitter to be properly coated to prevent radiation from 

one side reflecting through the beamsplitter down the other 

path and being re-reflected into the system off the other cold 

surface, but this could be used to provide a way of testing 

both color bands simultaneously. 

Alternate optical systems 

Due to the amount of radiation introduced by the many 

optical components within the JAWS system, it is not possible 

to present the proper radiation to the detector for the very 

high altitude detector and target scenario, even if the proper 

amount is introduced from the background source. The mirrors 

in the current system are specified to have an emissivity of 

about 3% and a reflectivity of 97%. Each mirror emits 

unwanted radiation into the system as a graybody at room 

temperature. The radiation is then reflected off each 

succeeding mirror and projected toward the detector. Over 
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several mirrors this effect can be significant. For a six 

mirror system, the radiation introduced from the optics is 

calculated using 

where 

6 6 

LMIRRORS = ~ €iLROOM· II Pk 
1=1 k=i+1 

LMffiRORS is the radiance from all the mirrors, 

€j is the emissivity of the i th component, 

L ROOM is the room radiation, and 

(4.2) 

Pk is the reflectivity of the other elements in the 

path. 

For example, the radiance from the first mirror which is 

proj ected toward the detector is P6PSP4P3P2€ ILROOM • Assuming a 

room temperature of 300K, this proJects to the detector, from 

only the mirrors, a radiance equivalent to 257K in the 3-5~m 

band and 213K in the 8-12~m band. For scenarios where this 

temperature is too high, a second optical projector is 

required. This second system is very limited in scope as well 

as in optical elements. Several single mirror off-axis 

parabola systems are shown which would project this scenario 

in a better manner. Each system is designed to achieve a 

resolution of 0.1 mrad in the focal plane. The stop distance 

in each case was selected to be 250 cm, since this is about 

the distance to the first surface in the original system. The 

aperture size of 20.3 cm is maintained. In all three cases, 

the off-axis segment of the parabola used is centered 25 cm 

from the optical axis. This segment allows a variety of 

sources to be used, including the rather large JAWS aperture. 

Since the amount of aberration introduced into the system 

increases strongly with the distance the segment is off the 
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axis, using a smaller source which would allow a smaller 

displacement should be considered. A small source would 

generally be adequate in that this system is largely going to 

be used to initially locate unresolved targets. The ability 

to use a larger source was included only to maintain more 

commonality with the basic system. 

In these designs a focal plane distance was selected to meet 

the design parameters using a parabola as the basic mirror 

shape. In the course of optimizing the design the conic 

constant, radius of curvature and the tilt of the focal plane 

about the x- and y- axes were allowed to vary. Additionally, 

the surface was allowed to take on a higher order asphericity. 

The final designs all showed that a parabola without 

additional aspheric was the best surface choice. The attached 

figures (Fig. 38 - Fig. 49) and Table 15 show what each 

system would look like. As the field-of-view is increased, 

the focal length and F/# also increase, making the system more 

difficult to fit into the constraint of being contained on an 

optical table. Looking at the layout for the ± 1 degree field 

design, the source would be located almost adjacent to the 

seeker unless a tilt mirror was used to reposition it, which 

would start to add back more of the emitted radiation we are 

designing to eliminate. The smaller fields do not have this 

problem. The projected field for each of these systems can 

also be fully covered by many of the detector arrays discussed 

in Chapter 2 without the need for scanning. 

In addition to the two views of the optical layout for 

each system, also shown are the MTFs and spot diagrams with 

Airy disks. comparing the system to the diffraction limit 

(Airy disk) best shows the performance of this system. The 

optical system prescription data can be found in Appendix C. 

In addition to using only one mirror, it is also necessary to 
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insure the mirror is both highly reflective and of very low 

absorptance. As indicated previously, the mirrors in the 

current design, having a reflectance of 97%, allowing up to 3% 

of the blackbody radiation to be re-emitted into the system. 

In a single mirror system, using this same mirror quality, the 

effective temperature is 226K (3-5Mm) or 169K (8-12Mm). If 

the emissivity of the mirror is reduced to 1%, these reduce to 

209K (3-5Mm) and 148K (8-12Mm), values low enough for an 

adequate simulation. The final choice of the new optical 

system depends almost entirely on how small a field can be 

accepted. A field of 0.25 to 0.5 degrees would be sufficient 

for most long-range target simulations. 

ITable 15. sinqle mirror collimators I 
FOV F/# EFL 0.1 mr Blur Diff Limit 

[deg] [cm] [Mm] [Mm] 

± 1.0 12.54 254 254 153 

± 0.5 9.42 191 191 115 

± .25 6.32 127 127 77 

± .175 4.78 95 92 58 
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Modelling complex backgrounds 

When the target is seen against a lower altitude 

background there are two changes that are seen in the 

background. As the altitude decreases, the dominant 

temperature of the background increases, from 183K at 13 km to 

about 3 OaK at near sea level. The complexity of the 

background also increases, changing from cold but clear 

through warmer with possible clouds to views encompassing 

buildings, vegetation, and oceans, etc. The simulator needs 

to be able to represent all of the background elements as well 

as to allow the background seen to change as an effect of the 

simulated movement of the target. 

Currently the types of background models used often 

consist of either a bland (one temperature, no variation) 

background or a single aspect "snapshot" scene, which has the 

necessary radiance variations, but cannot change during the 

course of a scenario. It is this inability to adequately 

represent changing complex backgrounds that currently is the 

greatest shortcoming in the use of HWIL testing. Several 

efforts are being made to develop technology to deal with this 

problem. We will look at several of the major research 

efforts which are ongoing and compare them to a method we have 

found to project variable complex background scenes. 

Infrared transducer technologies 

Bly Cell 

A Bly cell (Bly, 1982) is a passive visible-to-infrared 

converter. This device consists of a very thin piece of 

polymer which has one surface optically blackened that has 

been mounted inside a small evacuated chamber. The front and 
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back surfaces of the chamber are windows, one of which 

transmits visible radiation, the other transmits infrared. A 

visible image (the object), which can even be in the form of 

a movie, is brought to a focus at the rear surface of the 

polymer. The radiant energy from the visible image is 

absorbed within the polymer. This absorbed energy is emitted 

in blackbody fashion, and the emi tted infrared energy is 

transmitted through the front window where it is collimated 

and projected to the DUT. The Bly cell has significant 

advantages over many of the other technologies: its operation 

is simple, the cost is relatively low, a dynamic (movie) scene 

can be projected, and the device represents currently 

available technology. The temperature range which is able to 

be represented is on order of a ~T of 35K around a base 

temperature. Although a larger range is desirable in some 

situations (i.e. countermeasures or non-target engines), this 

is adequate for many background situations. The major 

shortcomings are that the device is limited in size because 

the flutterings in the membrane increase with size and these 

affect the projection, and the thermal time constant of 20 

msec limits the frame rate to 50/s (Barnett, 1987). 

Infrared cathode ray tube eIR CRT) 

The goal of an IR CRT has been under consideration for 

some time. The idea is to develop a tube which acts just as 

a standard television tube, but that emits in the desired IR 

region. The drawback to this device is that no replacement 

phosphor-type material has been found to coat the tube surface 

(Rusche, 1987). Even if a suitable material could be found, 

the framing rate would be limited by the TV frame rate (30/s) 

as well as by the thermal constant of the coating making this 

approach of limited use. 



102 

Infrared liquid crystal light valves (IR LCLVs) 

The IR LCLV is a device which can transform an input 

visible image into an IR image which is projected towards a 

DUT. In operation, the input signal creates photo-generated 

carriers in a semiconducting material. These carriers form a 

pattern of voltages in the semiconductor corresponding to the 

radiation level across the scene. This voltage picture is 

transferred to a liquid crystal (LC) layer above the 

semiconductor. This voltage distribution induces an electric 

field which reorients the molecules in the LC layer. The 

output from the LCLV is combined through a beam-splitter with 

the output from a blackbody source. The reorientation of the 

molecules in the LC induce a polarization in the energy from 

the blackbody. This induced polarization rotation is 

projected through the system, with the effect on the 

polarization proportional to the local intensity of the 

original visible image (object) (Mobley & Buford, 1992). This 

is also a gray scale rather than a thermal projector. 

Deformable mirror devices (DMDs) 

DMDs are mirror surfaces which are made up of many 

individual small mirror elements. Each element sits on an 

actuator which adjusts the position of the element in response 

to an input signal. In this case the input signal is a 

voltage which is related to the amount of radiation from a 

corresponding location in a desired background scene. A 

thermal source projects radiation onto the mirrored surface. 

The actuators adjust the angle of each of the elements so that 

only the desired amount of the thermal radiation is reflected 

so that it is captured by a relay lens, collimated and sent to 

the DUT. The rest of the radiation is reflected along a path 
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so that it is not collected, but is rejected from the system 

(Gregory, et aI, 1988). 

Electrically heated arrays 

These devices are large arrays (up to 512 x 512) of 

individually addressable resistive elements. To understand 

how they operate, consider that a scene is superimposed on the 

array. The amount of radiation in the scene which would fall 

wi thin each resistor block is determined and from this an 

equivalent blackbody temperature is calculated. This 

temperature value corresponds to a current necessary to heat 

an individual resistor to the temperature required to send 

that amount of radiation to the projector. The array matrix 

is designed to limit the amount of heat that can spread 

between the elements, and the entire matrix is mounted on a 

heat sink which can remove the heat from the system as 

necessary when the temperature of an element must decrease as 

the scene changes. It also helps to limit the crosstalk even 

further. The temperature information is computer driven, 

which allows real-time compensation for non-uniformities 

across the resistors. The goal of this design is to be able 

to produce a temperature range of 30K around ambient, with a 

thermal time constant of about 4 msec (250/s frame rate). The 

frame rate goal has been met, but with a much smaller 

temperature range (Lake, et aI, 1991). 

Generally, all of these methods offer significant 

improvement over the methods that are currently in use. The 

major drawback to them, ignoring the feasibility and technical 

limitations, is the cost. with the exception of the Bly cell, 

the costs range from $500,000 to over $2,000,000 for the 

devices that are presently available. For some uses these 

devices are probably a necessity and, therefore, worth the 
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cost, but all of these are beyond the range considered for 

this project. We will now consider an alternate solution. 

Polyethylene masks 

The solution we devised is much simpler, and in some ways 

more effective than the methods previously described. It is 

important to look at what we are trying to do and understand 

what is required to meet that goal. We are trying to project 

to a detectbr a representative view of the background the DUT 
will be tracking a target against or locating a target within. 
This background must be able to simultaneously display regions 

which give off different amount of radiance and to be able to 

change the entire section of the background currently seen by 

the DUT as it follows a target. The frame rate refers to how 

fast the scene can be changed. Generally, if a portion of the 

scene in one frame was at a higher temperature and needs to be 

cooler (~T about 25K) in the next frame, the frame rate is 
determined by how long the screen takes to change between the 

temperature extremes. The frame rate needs to be at least as 

good as the rate at which the detector updates, 301 s is 
acceptable but 60/s or more is desired. In looking at how to 

introduce several different radiances simultaneously into the 

scene, it was necessary to look at the scene from several 

different perspectives. For example, if a surface has an 

exitance of 0.012 W· cm,2 in the 8-12JLm band, is the detector 

seeing a blackbody at a temperature of about 300K or is it 
seeing a graybody with an emissivity of 0.90 and at a 

temperature of about 307K? Using this process, a scene can be 
considered to be made up of many blackbodies of different 
temperatures or as one larger body of constant temperature 

with regions of different emissivities. 
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This second idea was used as the starting point fro m 

which we developed our background scene generator. Since 

designing a large graybody that not only had a surface with 

several different emissivities but that also allowed the 

emissi vi ty regions to change locations across the surface was 

not a physically realizable concept, the approach was changed 

slightly. Rather than varying the radiance at the source, the 

amount of radiance from the various parts of the scene would 

be attenuated in transmission, like using several neutral 

density filters. 

To project a portion of a given background scene, the 

area with the highest radiometric temperature needed to be 

located. The graybody source, having an emissivity of about 

0.95 to 0.98, would be set to the necessary temperature to 

provide this maximum amount of radiation. The scene details, 

in the form of a mask, would be placed in front of the source, 

with the mask or filter being of appropriate shape and 

transmission (thickness) to provide the proper radiance for 

those aspects of the scene where the apparent temperature is 

lower. In the regions where the scene is at the highest 

temperature, there will be no masking. The first requirement 

in developing such masks is to determine what materials are 

suitable for use in these filters. The commonly used IR 

optical materials, such as zinc sulfide or germanium were not 

considered due to both the material cost as well as the cost 

and complexity of machining it to the proper dimensions. The 

ideal material would be inexpensive, lightweight, have a high 

and preferably uniform transmission across the wavebands of 

interest, and have a low emissivity so that it will not act as 

a second heat source at the basic background temperature. The 

material search proceeded based on two pieces of information. 

The first was that Baggies® transmit in both bands of 

interest, a fact I knew. The second item, provided by Prof. 
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Wolfe, was that Saran Wrap® (Wolfe, 1990) does not transmit. 
Several samples of plastic-type materials were collected from 

around the lab and tested using a Nicolet Fourier Transform 

Infrared Spectrometer (FTIR). Some samples were polyethylene, 

polyvinyl chloride, LEXAN®, Plexiglass®, Teflon® as well as 

several materials which were of unknown makeup. The material 
which seemed to have the best properties was polyethylene, the 

stuff of which Baggies® are made. We purchased three 

different types of polyethylene, low density (LOPE) as found 

in the plastic bags, al though much thicker, high density 

(HOPE) and ultra-high molecular weight (UHMWPE). The higher 

density materials transmi tted a higher percentage of the 

incident radiation for a fixed thickness, so the UHMWPE was 

used to make further tests. The transmission is not as flat 
as desirable, but is adequate for the model being presented. 

Transmission plots for this material are shown in Figures 50 
and 51. Another advantage of the UHMWPE is that it is 

significantly stiffer than the other material, a Va inch thick 

piece can almost remain standing without support. A large 

piece of this material was machined to various thicknesses. 

The final layout, shown in Figure 52, consisted of several 
sections having dimensions in proportion to the standard bar 
chart, with each larger section having an additional 1/64 inch 

removed from the original thickness, so that the 6 blocks had 

about 1/64 inch removed, the 5 blocks had about 2/64 inch 

removed, etc. After the material was milled, it was 

positioned in front of a large steel plate which was uniformly 

heated by a space heater to about 42°C (315K). Figures 53 

through 55 are thermographic images which show the temperature 
variation across the material in both the 8-12~m and 3-5~m 

regions. The large circular region is a 12.5 mm hole drilled 

completely through ·the sheet. Figure 53 is a photograph of 

the display from an Inframetrics Model 510 infrared thermal 
imaging system. This detector operates in the 8-12~m region. 
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The display shows the central portion of the target (1 and 0 

orders). The size of the segments range from a 14 mm square 

with a base thickness of 1/64 inch down to segments 4.5 mm x 

0.9 mm which are 7/64 inch thick. In the photograph even the 

smallest size element in the first order are visible. All six 

thicknesses of the zeroth order can be seen. Figure 54 shows 

a line scan taken across the the bottom region of Fig. 53. 

The scale indicated on the picture is a ~T of 50K, so between 

each pair of display lines is a temperature differential of 

5K. This region shows a differential of about 17K. This scan 

does not include a section having the least thickness of the 

material or a region where there is no material. When a range 

including the center circle is included the range is greater 

than 35K. Figure 55 is a similar image but taken in the 3-5~m 

region using a AGEMA Infrared Systems IR-1 scanner. Both of 

these are in line with the temperature differentials available 

with the other techniques, although a larger differential, 

especially in the shorter band region is desirable. 

Accurately determining the temperature range of this sample 

was be affected because the detector was overfill by the open 

area of the mask. More accurate measurements should be 

attempted with other equipment and with the clear area 

blocked. 

UHMWPE, as well as other types of PEs are readily 

available in sheet sizes of up to 4 feet x 8 feet. What is 

envisioned is machining a scaled view of the background 

covering the entire field the detector could see, even up to 

180°, and moving this background sheet in front of the source, 

which, when combined with the target projection would simulate 

a target moving across the background. A 12 inch wide 

section, 8 feet long could be inexpensively machined and would 

contain a representation of about a 96° arc of the horizon. 
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Figure 53. Grey Scale Image, (8-12pm) 

Figure 54. Temperature Scale Image, 50K 



Figure 55. Thermal Image, 3-5~m 
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By moving the background in this manner, there is no 

issue of framing - there is no previous scene to erase, since 

the entire section of material changes, not the temperature 

within a single section. A significant degree of complexity 

in the projected background can be machined into the material, 

as seen in the small size of the sections in the inner bar 

chart we had machined. 

since this work was completed, DuPont has announced an 

infrared transmitting form of Teflon. Standard Teflon® was 

tested originally and could almost be described as a band 

block filter in the longer IR, even with a sheet 0.05 mm 

thick. If further work is to be done on this project it would 

be interesting to sample some of this new material. It may 

also be worthwhile to contact some other manufacturers of 

polymers to see if transmission information is available on 

other materials. Although the UHMWPE is not totally ideal, 
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especially in regards to the shape of the transmission curve, 

it is a material and a process which will allow a true 

complex and dynamic background to be projected to a detector 

system, solving the major hurdle for realistic HWIL testing. 
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CHAPTER 5 

CONCLUSIONS 

The aim of this project was to develop the methods 

necessary to project complex dynamic target models and the 

associated robust backgrounds to a missile detector assembly. 

In addition to devising these models, an evaluation of an 

existing optical system was necessary to determine its 

functionality in the desired scenarios. 

The evaluation of the current optical system, JAWS, 

showed that the system had a resolution of 0.1 mrad over a ± 

4° field of view and would provide more than adequate scenario 

projections for most detectors since this is a better 

resolution and/or larger field than could be accepted by the 

sensors. In the special instance when the background 

temperature needed to be signif icantly below room temperature, 

the photons emitted by the mirrors themselves into the optical 

path significantly increased the irradiance on the detector. 

For this type of scenario a second optical system filling the 

same pupil requirements as JAWS was necessary. Several 

systems consisting only of a single off-axis segment of a 

parabolic mirror were designed which would meet the necessary 

resolution. The system of choice will depend largely on the 

minimum field of view necessary to provide adequate coverage 

for the scenario. 

To design models for the various possible targets, the 

spectral signatures of some representative targets were 

evaluated and the temperatures necessary to provide the 

spectrum were calculated. A simple procedure was developed 

that allows any distant target, of any complexi ty , to be 

modelled radiometrically. The model allows for inclusion of 
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all aspects of the target such as the engines, wings and 

fuselage, as well as the exhaust gas plumes. The model also 

allows accounts for the atmospheric attenuation of the target 

irradiance as a function of the distance between and the 

altitudes of the target and. the sensor. As a specific complex 

target, a model of a four-engine aircraft was designed which 

will allow simulation of the apparent growth and separation of 

the engines as seen by the detector as the distance between 

the target and detector decreases. By maintaining the JAWS 

blackbody at the temperature equivalent to that of the 

fuselage or other large body section, the apertures can also 

be opened proportionally with the engine separation to show 

the body of the aircraft at a different temperature as would 

be seen at the detector during target approach. 

In designing the background models, two unique methods 

were devised which represent maj or improvements over the 

current technology. The first is the use of a baffled 

blackbody to project below room temperature radiance levels to 

the detector. To do this without requiring the entire optical 

projector be confined in a vacuum system considerably reduces 

both the cost and the complexity of the simulation. Even 

using the current six mirror system, temperatures as low as 

257K (3-5Mm) and 213K (8-12Mm) can be represented. In room 

temperature scenarios, the effect of the radiation emitted by 

the mirrors adds only about 6-10K to the apparent temperature. 

This will not adversely affect most scenarios. The second 

development is the use of polyethylene masks which have been 

machined to varying thicknesses as large transmission filters. 

These masks project radiation to the system in accordance with 

the thickness. A thin section transmits more radiation and 

therefore presents a higher apparent temperature than a 

thicker section. By making very long masks wide enough to 

fill the JAWS entrance aperture, the appearance of a 
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continuously changing background can be simulated by simply 
moving the mask in front of the blackbody source being used to 

provide the temperature being modified. Because the mask 

itself is moved, rather than the image on a stationary mask 

being changed, there is no need for the mask to be cooled to 

show the next scene progression. This eliminates any framing 

requirement. 
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The caustic surface contains the range of focal positions 

of an optical system. Looking at the above diagram, it can 

clearly be seen that the marginal rays, those rays passing 

through the edges of the optical system, come to a focus at a 

location nearer the back surface of the last optical element 

than do the paraxial rays, those rays closest to the optical 

axis. This implies that at some point the marginal rays must 

cross over the paraxial rays. The leading edge of the caustic 

occurs when the outermost rays first begin to cross the path 
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of rays just in from the marginal. The external caustic is a 

surface of revolution that contains all of the crossing rays. 
The circle of least confusion, or the minimum blur, is located 
where the marginal rays re-expanding after focus recross the 

converging paraxial rays. At this location, the physical size 

of the image blur is at its smallest. At any location between 

the marginal focus and the paraxial focus a radial locus 
(zone) of rays passing t~rough the optical system comes to a 

unique focus. This region encompasses the depth of focus of 

the optical system, with the "best focus" generally considered 
to be the region of the minimum blur. 
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APPENDIX B 

MODELLING TARGETS 

When given spectral intensity data for an actual target, 

the following procedure was used to construct a 

radiometrically equivalent model: 

1. Assume the target is made up of one or more ~~es 

and treat any gas exhaust plume as a Gaussian 

distribution. 

2. Using A~OT = 2898, and the approximate peak 

wavelength of the predominant graybody to determine a 

starting temperature for the calculations. 

3. For a blackbody of this temperature, use Planck's law 

to determine the spectral radiance. Use this value in 

conjunction with the provided value of the peak spectral 

intensity to calculate the EA product for this element of 

the target. 

4. Using this temperature and EA product generate a bin 

spectral intensity plot for the model and compare it to the 

actual target data. Adjust the temperature and recalculate 

the EA product as necessary to match the model to the target. 

5. If the target has other temperature components, 

subtract the first component from the total target plot. 

The remaining data is also treated as a sum of temperature 

dependent components. Again determine the approximate 

location of the peak of the remaining target element(s) 

and proceed from (2.) above. 
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6. For each of the exhaust plumes, determine the central 

wavelength and exhaust temperature, information is either 

provided or can be determined from literature. 

7. Use plume temperature and peak value to calculate €A 

product. 

8. Model the plumes as Gaussian distributions about the 

central wavelength having a width which can be 

extrapolated from the target data provided to determine 

the contribution to the intensity due to each plume. 



APPENDIX C 

OPTICAL SYSTEM SURFACE DATA 

JAWS II optics: 

GENERAL LENS DATA: 

File Name 

Lens Title 

Number of surfaces 

Effective Focal Length 

System Aperture Type 

Image Space F/# 

Working F/# 

Entrance Pupil Diameter: 

Entrance Pupil position: 

Exit Pupil Diameter 

Exit Pupil position 

Total Track 

Paraxial Magnification 

Paraxial Image Height 

primary Wavelength 

stop Surface 

units 

Defined Fields 

Field number 1 

Field number 2 

Field number 3 

Defined Wavelengths 

Wavelength Number 1 

Wavelength Number 2 

Wavelength Number 3 

INFRARED 

TARGET PROJECTOR 

10 

-38.26586 

Entrance Pupil Diameter 

4.783232 

4.809294 

8 

o 
27.29451 

-130.5583 

125.1784 

o 
2.67581 

10.000 microns 

1 

Inches. 

3 

0.00 deg weight: 

2.80 deg weight: 

4.00 deg weight: 

3 

8.000 microns 

10.000 microns 

12.000 microns 

1.000 

1. 000 

1. 000 

1.000 

1.000 

1. 000 

120 

weight 

weight 

weight 



SURFACE DATA SUMMARY: 

Surf Type Radius Thickness Glass 

OBJ STANDARD Infinity Infinity 

STO STANDARD Infinity 99.861 

2 STANDARD -89.913 -47.622 MIRROR 

3 STANDARD -45.794 47.693 MIRROR 

4 STANDARD -93.333 -46.064 MIRROR 

5 STANDARD -129.524 29.333 MIRROR 

6 STANDARD ·31681. 6 0 MIRROR 

7 STANDARD Infinity -53.862 

8 STANDARD 118.331 95.733 MIRROR 

9 STANDARD Infinity 0.10644 

IMA STANDARD Infinity 0 

GLOBAL VERTEX COORDINATES AND DIRECTIONS: 

Surf X coord Y coord 

1 0.0000 0.0000 

2 0.0000 0.0000 

3 0.0000 0.0000 

4 0.0000 0.0000 

5 0.0000 0.0000 

6 0.0000 0.0000 

7 0.0000 0.0000 

8 0.0000 0.0000 

9 0.0000 0.0000 

10 0.0000 0.0000 

Wavelength 

Petzval radius 

optical invariant: 

Z coord X direc 

0.0000 0.0000 

99.8610 0.0000 

52.2390 0.0000 

99.9320 0.0000 

53.8680 0.0000 

83.2010 0.0000 

83.2010 0.0000 

29.3390 0.0000 

125.0720 0.0000 

125.1784 0.0000 

10.0000 microns 

716.3382 

0.2797 

121 

Diameter Conic 

0 0 

8 0 

21. 87256 0 

6.295233 0 

19.72678 0 

13.25678 5.375 

15.17357 0 

15.17363 0 

21. 41104 0 

5.35702 0 

5.340125 0 

Y direc Z direc 

0.0000 1.0000 

0.0000 1.0000 

0.0000 1.0000 

0.0000 1.0000 

0.0000 1.0000 

0.0000 1.0000 

0.0000 1.0000 

0.0000 1.0000 

0.0000 1.0000 

0.0000 1.0000 
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SEIDEL ABERRATION COEFFICIENTS: 

Surf SPHA COMA ASTI FCUR DIST CLA CTR 

STO 0.0000 0.0000 0.0000 0.0000 -0.0014 0.0000 0.0000 

2 0.0007 0.00012 0.00002 -0.0017 -0.0003 0.00 0.0000 

3 -0.00002 -0.00001 -0.0000 0.0034 0.00079 0.0000 0.0000 

4 0.00112 0.00026 0.00006 -0.0017 -0.00038 0.0000 0.0000 

5 -0.00256 0.00053 -0.00119 0.00121 0.00093 0.0000 0.0000 

6 -0.00001 -0.00001 -0.0000 0.0000 0.0000 0.0000 0.0000 

7 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

8 0.00067 -0.00089 0.00119 -0.00132 0.00017 0.0000 0.0000 

9 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

IMA 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

TOT-0.00010 0.00001 0.00008 -0.00011-0.00015 0.0000 0.0000 

TRANSVERSE ABERRATION COEFFICIENTS: 

Surf TSPH TSCO TTCO TSFC TTFC TDIS 

STO Inf Inf Inf Inf Inf Inf 

2 0.00396 0.00069 0.00207 -0.00966 0.00942 -0.00168 

3 -0.00011 -0.00003 -0.00008 0.01719 0.01718 0.00397 

4 -0.07732 -0.01802 -0.05405 0.11115 0.10275 0.02590 

5 -0.01991 0.00412 0.01237 0.00014 -0.01835 0.00719 

6 -0.00009 -0.00004 -0.00013 0.00002 -0.00003 -0.00001 

7 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

8 -0.00320 0.00427 0.01282 0.00062 -0.01078 -0.00083 

9 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

IMA 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

TOT 0.00047 -0.00005 -0.00016 0.00014 -0.00063 0.00074 

LONGITUDINAL ABERRATION COEFFICIENTS: 

Surf LSPH LAST LFCP LFCS LFCT LAXC 

STO Inf Inf Inf Inf Inf Inf 
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2 -0.04449 -0.00269 0.10991 0.10857 0.10588 0.0000 

3 -0.00110 -0.00012 0.17315 0.17309 0.17297 0.0000 

4 -10.63915 -1.15562 15.87290 15.29509 14.13947 0.0000 

5 -0.30932 -0.28718 0.14574 0.00215 -0.28502 0.0000 

6 0.00134 0.00068 -0.00059 -0.00025 0.00043 0.0000 

7 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

8 0.03065 0.10909 -0.06051 -0.00596 0.10313 0.0000 

9 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

IMA 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

TOT -0.00454 0.00733 -0.00500 -0.00133 0.00600 0.0000 

WAVEFRONT ABERRATION COEFFICIENTS: 

W040 W131 W222 W220P W311 W020 W111 W220S W220M W220T 

TOT -0.03 0.01 0.10 -0.07 -0.20 0.00 0.00 -0.02 0.03 0.08 



+0.25° single mirror collimator 

GENERAL LENS DATA: 

File Name 

Lens Title 

Number of surfaces 

Effective Focal Length 

System Aperture Type 

Image Space F/# 

Working F/# 

Entrance Pupil Diameter: 

Entrance Pupil position: 

Exit Pupil Diameter 

Exit Pupil position 

Total Track 

Paraxial Magnification 

Paraxial Image Height 

Primary Wavelength 

stop Surface 

units 

Defined Fields 

Field number 1 

Field number 2 

Field number 3 

Defined Wavelengths 

Wavelength Number 1 

Wavelength Number 2 

Wavelength Number 3 

IRQTRPAR 

+/- .• 25 DEG FLD, .1 MRAD 

5 

49.99927 

Entrance Pupil Diameter 

6.249909 

6.322286 

8 

o 
7.999766 

-49.99707 

100 

o 
0.2181643 

10.000 microns 

1 

Inches. 

3 

0.00, 0.00 deg weight: 1.000 

0.00, -0.25 deg weight: 1.000 

0.00, 0.25 deg weight: 1.000 

3 

8.000 microns 1.000 weight 

10.000 microns 1.000 weight 

12.000 microns 1.000 weight 
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SURFACE DATA SUMMARY: 

Surf Type Radius Thickness Glass Diameter Conic 

OBJ STANDARD Infinity Infinity 0 0 

STO STANDARD Infinity 100 8 0 

2 COORDBRK -------- 0 0 -----
3 STANDARD -99.99854 -50 MIRROR 0.2 -1 

4 COORDBRK -------- 0 0 -----
IMA STANDARD Infinity 0 0.4465033 0 

SURFACE DATA DETAIL: 

Surface 2 COORDBRK 

Decenter X 0 

Decenter Y 10 

Tilt About X 0 

Tilt About Y 0 

Tilt About Z 0 

Surface 3 STANDARD 

Aperture Circular Aperture 

Minimum Radius 0 

Maximum Radius 5 

Y- Decenter -10 

Surface 4 COORDBRK 

Decenter X 0 

Decenter Y 0 

Tilt About X 11. 47889 

Tilt About Y 0 

Tilt About Z 0 
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GLOBAL VERTEX COORDINATES AND DIRECTIONS: 

Surf X coord Y coord Z coord X direc Y direc Z direc 

1 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 

2 0.0000 10.0000 100.0000 0.0000 0.0000 1.0000 

3 0.0000 10.0000 100.0000 0.0000 0.0000 1.0000 

4 0.0000 10.0000 50.0000 0.0000 -0.1990 0.9800 

5 0.0000 10.0000 50.0000 0.0000 -0.1990 0.9800 

ABBERATIONS: 

Wavelength 

Petzval radius 

optical invariant: 

10.0000 microns 

49.9995 

0.0175 

Seidel Aberration Coefficients: 

Surf SPHA COMA ASTI FCUR DIST 

STO 0.0000 0.0000 0.0000 0.0000 -0.0000 

2 0.0000 0.0000 0.0000 0.0000 -0.0000 

3 0.0000 -0.00006 -0.00001 -0.00001 -0.0000 

4 0.0000 0.0000 0.0000 0.0000 0.0000 

IMA 0.0000 0.0000 0.0000 0.0000 0.0000 

TOT 0.0000 -0.00006 -0.00001 -0.00001 -0.0000 

Transverse Aberration Coefficients: 

Surf TSPH TSCO TTCO TSFC TTFC 

STO Inf Inf Inf Inf Inf 

2 Inf Inf Inf Inf Inf 

3 0.0000 -0.00035 -0.0011 -0.0001 -0.0002 

4 0.0000 0.0000 0.0000 0.0000 0.0000 

IMA 0.0000 0.0000 0.0000 0.0000 0.0000 

TOT 0.0000 -0.00035 -0.0011 -0.0001 -0.0002 

CLA CTR 

0.0000 0.0000 

0.0000 0.0000 

0.0000 0.0000 

0.0000 0.0000 

0.0000 0.0000 

0.0000 0.0000 

TDIS TLAC 

Inf Inf 

Inf Inf 

-0.0000 0.0000 

0.0000 0.0000 

0.0000 0.0000 

-0.0000 0.0000 



127 

Longitudinal Aberration Coefficients: 

Surf LSPH LAST LFCP LFCS LFCT LAXC 

STO Inf Inf Inf Inf Inf Inf 

2 Inf Inf Inf Inf Inf Inf 

3 -0.0000 0.00095 0.00048 0.00095 0.00190 0.0000 

4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

IMA 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

TOT -0.0000 0.00095 0.00048 0.00095 0.00190 0.0000 

Wavefront Aberration Coefficients: 

W040 W131 W222 W220P W311 W020 W111 W220S W220M W220T 

TOT 0.00 -0.07 -0.01 -0.00 -0.00 0.00 0.00 -0.01 -0.01 -0.02 



±0.5° single mirror collimator 

GENERAL LENS DATA: 

File Name 
Lens Title 
Number of surfaces 

Effective Focal Length 

System Aperture Type 

Image Space F/# 

Working F/# 

Entrance Pupil Diameter: 

Entrance Pupil position: 

Exit Pupil Diameter 
Exit Pupil position 

Total Track 

Paraxial Magnification 

Paraxial Image Height 

Primary Wavelength 

stop Surface 

units 

Defined Fields 

Field number 1 

Field number 2 

Field number 3 

Field number 4 

Field number 5 

Defined Wavelengths 

Wavelength Number 1 

Wavelength Number 2 

Wavelength Number 3 

HALFTNTH 

+/- .5 DEG FLD, .1 MRAD 
5 

74.9972 

Entrance pupil Diameter 

9.37465 

9.422948 

8 

o 
23.99642 

-224.9552 

100 

o 
0.6544907 

10.000 microns 

1 

Inches. 

5 

0.00, 0.00 deg weight: 

0.00, -0.38 deg weight: 

0.00, 0.38 deg weight: 

0.00, 0.50 deg weight: 

0.00, -0.50 deg weight: 

3 

8.000 microns 1.000 

10.000 microns 1. 000 

12.000 microns 1.000 
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1. 000 

1. 000 

1. 000 

1. 000 

1.000 

weight 

weight 

weight 
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SURFACE DATA SUMMARY: 

Surf Type Radius Thickness Glass Diameter Conic 

OBJ STANDARD Infinity Infinity 0 0 

STO STANDARD Infinity 100 8 0 

2 COORDBRK -------- 0 0 

3 STANDARD -149.9944 -75 MIRROR 0.2 -1 

4 COORDBRK -------- 0 0 

IMA STANDARD Infinity 0 1.322816 0 

SURFACE DATA DETAIL: 

Surface 2 COORDBRK 

Decenter X 0 

Decenter Y 10 

Tilt About X 0 

Tilt About Y 0 

Tilt About Z 0 

Surface 3 STANDARD 

Aperture Circular Aperture 

Minimum Radius 0 

Maximum Radius 5 

Y- Decenter -10 

Surface 4 COORDBRK 

Decenter X 0 

Decenter Y 0 

Tilt About X 7.608865 

Tilt About Y 0 

Tilt About Z 0 
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GLOBAL VERTEX COORDINATES AND DIRECTIONS: 

Surf X coord Y coord Z coord X direc Y direc Z direc 

1 0.0000 0.0000 0.0000 0.0000 0.0000 10.0000 

2 0.0000 100.0000 1000.0000 00.0000 00.0000 10.0000 

3 00.0000 100.0000 1000.0000 00.0000 00.0000 10.0000 

4 00.0000 100.0000 250.0000 00.0000 -0.1324 0.9912 

5 00.0000 100.0000 250.0000 00.0000 -0.1324 0.9912 



±1° single mirror collimator 

GENERAL LENS DATA: 

File Name 

Lens Title 

Number of surfaces 

Effective Focal Length 

System Aperture Type 

Image Space F/# 

Working F/# 

Entrance Pupil Diameter: 

Entrance Pupil position: 

Exit Pupil Diameter 

Exit Pupil position 

Total Track 

Paraxial Magnification 

Paraxial Image Height 

Primary Wavelength 

stop Surface 

Units 

Defined Fields 

Field number 1 

Field number 2 

Field number 3 

Field number 4 

Field number 5 

ONETNTHP 

+/- 1 DEG FLD, .1 MRAD 

5 

99.99238 

Entrance Pupil Diameter 

12.49905 

12.53528 

8 

o 
104972 

-1312050 

100 

o 
1. 745373 

10.000 microns 

1 

Inches. 

5 

0.00, 0.00 deg weight: 

0.00, -0.70 deg weight: 

0.00, 0.70 deg weight: 

0.00, -1. 00 deg weight: 

0.00, 1. 00 deg weight: 

Defined Wavelengths 1 

1.000 

1.000 

1.000 

1.000 

1. 000 

Wavelength Number 1 10.000 microns 1.000 weight 
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SURFACE DATA SUMMARY: 

Surf Type Radius Thickness Glass Diameter Conic 

OBJ STANDARD Infinity Infinity 0 0 

STO STANDARD Infinity 100 8 0 

2 COORDBRK -------- 0 0 --------
3 STANDARD -199.9848 -99.99238 MIRROR 0.2 -1 

4 COORDBRK -------- 0 0 --------

IMA STANDARD Infinity 0 3.514739 0 

SURFACE DATA DETAIL: 

Surface 2 COORDBRK 

Decenter X 0 

Decenter Y 10 

Tilt About X 0 

Tilt About Y 0 

Tilt About Z 0 

Surface 3 STANDARD 

Aperture Circular Aperture 

Minimum Radius 0 

Maximum Radius 7.5 

Y- Decenter -10 

Surface 4 COORDBRK 

Decenter X 0 

Decenter Y 0 

Tilt About X 5.662884 

Tilt About Y 0 

Tilt About Z 0 

SOLVE AND VARIABLE DATA: 

variable Curvature of 

Thickness of 

3 

3 Solve, marginal ray height = 0.00000 
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Tilt About X 4 . Variable . 

GLOBAL VERTEX COORDINATES AND DIRECTIONS: 

Surf X coord Y coord Z coord X direc Y direc Z direc 

1 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 

2 0.0000 10.0000 100.0000 0.0000 0.0000 1.0000 

3 0.0000 10.0000 100.0000 0.0000 0.0000 1.0000 

4 0.0000 10.0000 0.00762 0.0000 -0.09868 0.9951 

5 0.0000 10.0000 0.00762 0.0000 -0.09868 0.9951 

ABERRATION DATA: 

Wavelength 10.0000 microns 

Petzval radius 99.9924 

optical invariant: 0.0698 

Seidel Aberration Coefficients: 

Surf SPHA COMA ASTI FCUR OIST CLA CTR 

STO 0.0000 0.0000 0.0000 0.0000 -0.00002 0.0000 0.0000 

2 0.0000 0.0000 0.0000 0.0000 -0.00002 0.0000 0.0000 

3 0.0000 -0.00006 -0.0000 -0.00005 0.00001 0.0000 0.0000 

4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

IMA 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

TOT 0.0000 -0.00006 -0.0000 -0.00005 -0.00003 0.0000 0.0000 

Transverse Aberration Coefficients: 

Surf TSPH TSCO TTCO TSFC TTFC TDIS TLAC 

STO Inf Inf Inf Inf Inf Inf Inf 

2 Inf Inf Inf Inf Inf Inf Inf 

3 0.0000 -0.0007 -0.0021 -0.0006 -0.0006 0.00013 0.0000 

4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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IMA 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

TOT 0.0000 -0.0007 -0.0021 -0.0006 -0.0006 -0.0004 0.0000 

Longitudinal Aberration Coefficients: 

Surf LSPH LAST LFCP LFCS LFCT LAXC 

STO Inf Inf Inf Inf Inf Inf 

2 Inf Inf Inf Inf Inf Inf 

3 -0.0000 0.0000 0.01523 0.01523 0.01524 0.0000 

4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

IMA 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

TOT -0.0000 0.0000 0.01523 0.01523 0.01524 0.0000 

Wavefront Aberration Coefficients: 

W040 W131 W222 W220P W311 W020 W111 W220S W220M W220P 

TOT 0.0 -0.07 -0.00 -0.03 -0.04 0.00 0.00 -0.03 -0.03 -0.03 



Accetta, Joseph S., 
Electro-optical 
Electro-optical 
(1993) . 
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