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ABSTRACT

As staring focal plane array (FPA) detectors continue to mature, FPA based IR imaging systems are
available in more compact packages that are lighter and consume less power than first or second generation scanning
IR sensor packages. However, standard |R analysis modelsindicate that staring FPA based cameras, while having
excellent sensitivity, will have reduced resol ution when compared to scanning systems with similar sized detector
elements and optics. This apparent resolution limitation is created by the fixed sampling of the active pixel size native
to staring FPA systems. Micro-scanning, atechnique which moves the image in sub-pixel steps on the focal plane,
can provide some over-sampling and reduce this limitation. Standard attempts at micro-scanning using 2-dimensional
starring arrays with near 100% fill factor produce only marginal improvementsin resolution in these systems. We will
present here anew concept in micro-scanning using an InSh FPA with reticul ated detector elements and active area
masking to provide awell defined, selectablefill factor.

A compact micro-scanned imaging system design that weighs less than 8 pounds and consumes | ess than
15 wattsis presented here. MRTD (Minimum Resolvable Temperature Difference) analyses demonstrating a 2X
improvement in resolution in both vertical and horizontal directions over non-micro-scanned systems has been
measured, a performance level which micro-scanned systems with non-reticulated FPA s cannot approach. Test data
from this system will also be presented including NETD and MRTD performance.

1.0 INTRODUCTION

In the last decade, Staring Focal Plan Array (FPA) based thermal imagers have shown a steady increase in
performance —in resolution, sensitivity, compactness of package, low power and in overall picture quality. Yet, every
increase in performance is absorbed by the system user with a demand for even greater performance in the next
iteration of cameradesign. Today, most of the improved system performance comes with the need for larger arrays,
larger substrates and larger dewar/cooler/array assemblies —at the cost of amore expensive array and a higher power
cooler.

In 1997, Cincinnati Electronics Corp. (CE) devel oped a compact, low-cost, general purpose, MWIR imager
and demonstrated a significant improvement in most areas of system performance. Called the NightConqueror
system, this compact, multipurpose thermal imaging sensor is capable of displaying images from many formats of
focal plane array (FPA) detectors. The system can display images from high density 640 x 512 pixel FPAsS, medium
density 256 x 256 or 320 x 240 pixel FPAS, or one or two axis micro-scanned medium density FPASs.

In 1998 CE designed and manufactured afront-side illuminated, 100% reticul ated, low fill factor (25%),
medium density (256 x 256) array FPA to demonstrate the resol ution improvement possible with a properly
implemented 2-axis dither system. A NightConqueror camera was used to implement the system design. This paper
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will present information demonstrating how this reticulated, low fill-factor staring FPA construction can generate
almost twice the resolution performance of asimilar pitch FPA with little loss of sensitivity. Thisdouble resolutionis
asignificantly better improvement than previously published methods of using micro-scan for improving the
resolution of high-fill factor FPAs. In the following sections, this paper will describe the optical design, FPA design
and methods used to create this doubl e resolution performance.

2.0 MICRO-SCANNING —AN OVERVIEW OF PREVIOUSSYSTEMS

The process of micro-scanning involves*scanning” the scene by laying a series of imagesin fractional pixel
steps across the detector array. These partial-images are made into a composite image. Each partial-imageisafull
field image made at arate faster than the composite image. The compositeimageisbuilt at the effective “real time”
display rate of the system to maintain alive display. Since the motion between image fieldsis so small, micro-
scanning is often called “dithering” the array. Thissmall motion (dither) scanning process accomplishes two things:

- The micro-scanning technique corrects for the Nyquist sample-limited resolution performance of normal
staring arrays and extends the un-aliased resol ution performance.

- The motion can create aresolution (Modulation Transfer Function or MTF) increase based on the “less than
100% fill factor responsein the array.

When a staring (unmoving) FPA camerais used to observe a scene that is also not moving there will be a
resolution limitation due solely to the sampling lattice . Since the array and scene are not moving, the resolution limit
for high frequency scene content will occur at the point where the scene frequency is equivalent to two staring
detector element pitches. Thisisthe Nyquist sample-limited resolution performance. When astaring FPA is
dithered, theimage is shifted in sub-pixel increments and the array is sampled at each shifted location. Thishasthe
same effect on correcting for aliasing as the over-sampling of a scanned system.

FPAs may have areas between active detector elements, which are not responsive to scene image (inactive
area). Theratio of the active areasizeto thetotal array sizeisthefill factor. Dithering an array with ahigh fill factor,
or adiffuse active area dimension, can show a someimprovement in resolution when micro-scanned. However, low
fill factor arrays with finely differentiated active areas can show significant resol ution increases with micro-scanning.
The typical resolution improvement factor for a®100% fill-factor” FPA can be as much as 15% while a 25% fill factor
(availablein areticulated, frontside illuminated array) can show as much as four times the resolution (twice the
resolution in each axis).
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Figure 1. A small reticulated detector areawith low fill factor provides high
MTF while micro-scanning doubles the sampling rate in both directions.
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Inastaring array, the optical resolution (diffraction spot size) typically is set to be slightly larger than an
active element, creating a smooth image. In adithered system, the optical resolution of the optic isincreased, usually
by increasing the aperture (decreasing the f/number) until the spot size encompasses only one element. Thiswould
normally leave an image gap between elements, but the micro-scanned system fillsin the inter-element areas by
micro-scanning through the dead areas. By modifying the optics for higher resolution and dithering the image, the
system Nyquist rateisincreased. The system MTF isalso increased viathe smaller pixel active area. Both of these
improvements are required to realize asignificant increase in system resolution.

3.0 ARRAY CONSTRUCTION AND RESOLUTION

There are two different types of InSb FPA construction with significant differencesin their resolution
capability’. Backsideilluminated arrays have a continuous absorbing layer that covers all the pixels. These arrays
absorb photons on the back surface away from the P-N junction, followed by photocarrier diffusion to the junction.
This carrier diffusion is arandom process, occurring laterally to other pixelsaswell asvertically. Thisleadsto an
effective defocusing of the active areain backside illuminated arrays and limits how small the “effective active area’”
of each element can be made, reducing the overall resolution in micro-scanning operation. This effect can be
reduced somewhat by careful thinning of the absorbing layer, but islimited due to the need to absorb all the photons
and to maintain ahigh quality P-N junction. Thefrontside illuminated, fully reticulated InSh array construction,
however, places the P-N junction on the same side as the photon absorption and uses areticulated, not continuous,
absorbing layer. Sinceafrontside illuminated FPA absorbs photons strongly in the P-N junction region and the
absorbing layer isreticulated, no carrier diffusion is possible to adjacent pixels and, therefore, has a higher inherent
resolution for micro-scanning. Thekey difference between the reticul ated frontside illuminated array and the
backsideilluminated array construction isthe ability, in the reticulated design, to create a“finely delineated” active
area. Thedimension of thisareais determined by the application of a precisely controlled optically opague mask.
Thisisshownin Figure 2 for a backside andfrontside illuminated cell of identical size, where the detector sizeis equal
to 15 microns. Seereference 1 for additional background on these calculations.

For the reticulated InSb FPA used in the micro-scanned system in this paper, the active areawas reduced in
both dimensions to one-half the detector spacing (see Table 1), creating afocused response of the dimensionin
Figure2. Oncethe active element size is reduced to half its normal size in each axis, a 2-axis micro-scan can be used
to reconstruct the display frame with twice the original resolution. Datafor this paper was produced in this manner.
Figure 3 compares the calculated M TFs vs spatial frequency (f) and folded (aliased) frequencies (fs—f) of reticul ated
and backside illuminated arrays. Both are 15 micron junctions on 30 micron centers. In both cases micro-scanning
has doubled the Nyquist cutoff, however, the MTF for the reticulated array is higher and this allows much fuller
signal modulation at the Nyquist cut-off frequency. Theresultisahigher pixel MTF and lower system MRTD at
these extended spatial frequencies, and increased system resol ution.
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Figure 2. These point spread functions compare resolutions of the reticulated and backside
illuminated devices with 15 micron junctions. The bell shaped curve spreading is due to
diffusion of photo-generated carriers.
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Figure 3. These plots depict the calculated M TFs vs spatial frequency (f) and folded (aliased)
frequencies (fs—f) of reticulated and backside illuminated arrays corresponding to the spatial
domain of Figure 2. Both MTF calculationsinclude diffraction effects for f/2 optics while the back
illuminated MTF includes carrier diffusion effects from reference 1. Note that at the micro-scanned
Nyquist frequency, the signal modulation for the reticul ated array is calculated to be about 3 times
higher than the signal modulation of the backside illuminated array

40 THEREAL TIMEISSUE

One problem that must be dealt with in micro-scanned systemsis the response of the sensor, which should
approach “real-time” video imagery. For the micro-scanning technique to be effective, the micro-scanning must
occur at the effective frame rate of the system. The composite image must be built from images taken at “the same
time” so that object motion and blurring won’t reduce the resol ution enhancements or create unacceptable image
aberrations such as double images and ghosting. The maximum effective frame rate in an FPA isusually afunction of
either detector integration time or maximum readout rate of the array.

The quantum efficiency of the array plays amajor part in the real time problem. Low quantum efficiency
arrays, such asPtSi, must provide integration times of 10 milliseconds to achieve reasonable system sensitivities
(0.2°C using f/1.5 optics). High quantum efficiency arrays can easily provide better sensitivity (0.025°C NETD using
/2.0 optics) with less than 5 milliseconds of integration time. Thetrue, real timeimage display rate of adithered FPA
system will depend on the integration time and the number of dither locations used. A frame integration must be
made at each dither location and a composite image created from all dithered partial images before displaying.

The NightConqueror el ectronics were configured to control, process and display the information from the
array. The system framerate is 30 per second. The total frame time must be divided among the four partial images
that create the composite image, so the FPA was read out at arate of 120 Hz or 8.33 msec per FPA frame. Sometime
must be allowed for the dither mechanism to settle between movements. For this micro-scanning optic, 1 millisecond
was found to be sufficient. Thisleft 7.3 msec for signal integration. For the data presented here, the integration time
for each sample (four per frame) was 5.7 milliseconds, a bit under the maximum of 7.3 msec. Because of the ample
signal available at the FPA, thisintegration time was sufficient to provide 0.025°C NETD.



50 MICRO-SCAN SYSTEM DESCRIPTION

Aswas mentioned previously, the detector array for this systemis an InSb device withreticulated pixels.
The pixels are on 30 micron centers with an active areaof 16 X 16 micron. Image motion at the FPA, created by the
micro-scanning mechanism of the dithering optic, fillsin the gaps. See Figure 1 for avisualization of thisaction. The
dithering mechanism uses a high accuracy dual piezoelectric XY -positioning stage attached to one of the optical
elements. Movement of this element in two dimension orthogonal to the optical axis changes the image position at
the FPA in both the horizontal and vertical directions.

The optic has an EFL (effective focal length) of 250 mm. The detector/dewar assembly included af/2 cold
shield that provided the exit pupil for the system. At f/2, the diffraction limited Airy disc has a 20 micrometer diameter
at thefocal plane.

6.0 ANALYSSOF MICRO-SCANNING PERFORMANCE - A COMPARISON

Itisthe aim of this section to examine the projected performance of a256 X 256 format micro-scanned
system and compare it to the performance projected for a256 X 256 format non-micro-scanned system. The analysis
isto include a comparison of the projected NETD and MRTD metrics. Table 1 below summarizes some of the
fundamental parameters of both systems.

Tablel. Thisisasummary of some fundamental parameters of the two systemsthat are analyzed
and compared. Note that the fields-of-view of the two systems are the same but the pupil diameter
of the micro-scanned systemis larger to reduce the spot size for the smaller detector.

256 X 256 Micro-scan 256 X 256 Staring
Pixel Active Dimension 16 micron 26 micron
Pixel Pitch 30 micron 30 micron
Fied-of-View 1.76° X 1.76° 1.76° X 1.76°
Optics Focal Length 250 mm 250 mm
f-number 2 4
Frame Rate 30Hz 30Hz
Detector Angular Subtense 64 nRad 104 nRad
(DAS)
Nyquist Rate 8.33 cyclesmRad 4.16 cyclesmRad
Airy Disc Diameter 78 nRad 156 nRad
Entrance Pupil Diameter 125mm 62.5mm

The pixel pitch for the micro-scanned detector is 30 microns, however the reticul ated active pixel dimension
is16 micron. Image motion at the FPA by the micro-scan mechanism fillsin the spaceswith a2 X 2 dither resulting in
an equivalent pitch of 15 micron. An active pixel dimension of 16 microns was chosen to provide a slight amount of
oversampling.

The MTF of the optics isestimated by cascading the diffraction limited MTF. Thisisgiven by
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fa isthe optical cutoff frequency and f the spatial frequency. Both have units of cyclesmRad. For the empirical

constant A = 018 and awave front rmserror of WFms = 1/14, the cascaded result approximates awell-designed
real optic. Theresult is 80-85% of the diffraction limit at one-half the optical cutoff frequency.

The MTF of thereticul ated detector pixel is

W f
sinw Q
EFL @
MTFa(f) W ©)
EFL

where W is the detector pixel active area extent and EFL isthe opticsfocal length. Note that equation (3) is not
applicable to backside illuminated arrays. For BSI arrays the detector apertureis not reticulated and is limited by the
lateral diffusion of the photo-generated carriers. A detailed analysis of this effect isdiscussed in reference 1. The

Kornfeld and Lawson model® is used to model the MTF of the human observer’s eye. A high resolution monitor with
an MTF of 0.34 at the raster frequency is assumed.

An analysis of system sensitivity (noise equivalent temperature difference or NETD) was performed for the
two systems. Inthisanalysis, the integration time for the non-micro-scanned staring system was selected to be 14
milliseconds. At 14 milliseconds the full well capability of the multiplexer (1.2 X 10’ electrons) is filled when the object
temperatureis about 45° C. Asdiscussed previously, the signal integration time for the micro-scanned systemis
limited to 7.3 msec, which may affect system sensitivity. For thisanalysis, the integration time for the micro-scanned
system was sel ected to be 5.7 msec, which did not completely fill the well capacity of the multiplexer for a45C

background. Because of these set-up conditions, it is then expected that the NETD of the micro-scanned system
would be dlightly inferior.

The NETD is estimated by the equation

JNWf (T) +dNe?

NETD(T) = o N @

where NWf (T) isthe total number of charge carriers at the storage site or the total background. It includes

estimates of emissions and reflections from imperfect optics (t4, < 1) and detector leakage current, in addition to, the
photo-generated carriers caused by the scene. dNeis the noise generated within the readout circuit and processing



electronics. Itisestimated to be the equivalent of 1500 electrons. NS(T) is the number of photo-generated carriers

from the image scene mentioned above. It isafunction of the scene radiance or temperature T aswell as optics
transmission, f-number, detector active area, detector quantum efficiency and integrationtime. C(T) istherelative

thermal contrast with Mp(l ,T) the Planck spectral photon exitance of a blackbody.

I Me(l,T) dl
- TT
C(T)=— )
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Figure 4 depictsthe NETD estimates for both systems as a function of scene temperature. Note the slightly better
performance of the staring array. Thisis expected because slightly less signal is collected by the micro-scan system.
Optics transmission (80%) and detector quantum efficiency (85%) were taken to be the same for both systems.
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Figure 4. A comparison of the predicted Noise Equivalent Temperature Difference for the two
systems. The smaller well fill for the micro-scan system resultsin alarger NETD.

The Minimum Resolvable Temperature Difference (MRTD) measure takes into account both the sensitivity
and resolution or MTF, aswell as the performance of the operator. A general form of an MRTD expression isgiven
by equation (6).*
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NRH isthethreshold signal to noise ratio required to recognize the target. K( f ) isthe system noise correction
function. Et, En(f),and Ev(f) arethetemporal, horizontal spatial integration, and vertical spatial integration

factors of the eye and brain. Figure 5 isa prediction based on equation (6). The MRTD lines stop at the Nyquist
frequency of each system; the Nyquist frequency being the highest spatially frequency that can be reproduced.
Note that predicted micro-scanned MRTD is nearly identical to the staring system MRTD except that the spatial
frequencies are doubled. Thisresult isdueto the small increasein NETD in the micro-scanned system, even with
four times the sampling and shows that the micro-scanning doubles the system resolution without a significant loss
in system sensitivity (note that to achieve thisincreased resolution, that the size of the optics must be increased to
compensate for the smaller detector size). The staring system MRTD at Nyquist is somewhat better than the micro-
scanned sytem at it’s Nyquist rate because both the NETD and MTF at Nyquist are marginally improved over the
micro-scanned device.
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Figure5. These curves are modeled predictions of the MRTD of both systems and are plotted out
to the Nyquist frequency in each case.

70 TEST DATA AND COMPARISONWITH THE MODELS

The NETD of the micro-scanned system was measured at four different scene temperatures. Theresultsare
shown in Figure 6 along with the prediction that was discussed in the previous section. The test results agree
remarkably well with the model’ s prediction.
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Figure 6. The Noise Equivalent Temperature Difference data agree with the model predictions.

Figure 6 demonstrates that excellent NETDs can be achieved with micro-scan even though less than Y% the
frame timeisallowed for signal collection. High quantum efficiency detectors make this performance feasible. Thef-
number advantage of the micro-scanned system (f/2 versus f/4) resultsin a higher focal planeirradiance for the
smaller pixel areaoperated at asmaller integration time. Theresult isNETD performance approaching the staring
system. One could argue that it is not appropriate to compare NETD performance between systems with different f-
numbers. However, the larger pixelsin the staring system do not require f/2 optics and provide sufficient sensitivity
for most imaging applications at /4.

MRTD data were taken for both a 256 X 256 micro-scanned system and a 256 X 256 staring system. A
description of the measurement techniquesis provided in the appendix. The micro-scan system datais shownin
Figure 7 and compared to the predicted MRTD performance with marginal agreement, especially at low frequency.
At thistime, the source of the discrepancy is not known. The graphed dataisthe geometrically averaged data of six
separate measurements by three different observers. The micro-scanned system data clearly shows that with a pixel
pitch of 30 micron and an optic focal length of 250 mm, targets can be resolved out to 8.3 cyclessmRad. Micro-scan
has clearly doubled the sampling and Nyquist rates without impacting the system sensitivity.
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Figure 7. This chart compares the measured MRTD of the micro-scanned system with the
performance prediction of Section 6.

Figure 8 shows MRTD measurements for both the micro-scanned and non-micro-scanned systems. When
both systems have the same field of view, it is clear that micro-scanning, with its increased Nyquist frequency, can
increase system resolution by afactor of two. Asexpected, though, thisincreased resolution requires alarger optical
entrance aperture. The benefit for micro-scanning is that sensor resolution can be doubled while maintaining the
original field-of-view, abenefit similar to upgrading sensors from a 256 x 256 pixel format with f/4, 250mm opticsto a
512 x 512 pixel format with f/4, 500mm optic. The micro-scanned system will have an entrance aperture similar to the

512 x 512 optics, aswell as comparable resolution.
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Figure 8. This graph compares the measured MRTDs of the two systems. Micro-scanning has
doubled the resol ution.

The performances can also be compared by estimates of recognition ranges. These estimates can be made
graphically asshownin Figure 9. The spatial frequencies of the MRTD measurements are replotted as range
(rescaled to the target discrimination value based on atarget size of 2.3 meters and the required 3 cycles on target for
recognition). Also plotted isthe target-background temperature difference (2°C) and the reduction in target-
background temperature difference as afunction of range. The crossing of the apparent temperature line with the
MRTD lineisthe maximum range of task performance. In good weather, the target signal is not attenuated below the
MRTD limit at Nyquist and the range performance is determined solely by the Nyquist frequency. In this case, micro-
scanning doubles the target recognition range from 3.1km to 6.2km. Under limited weather conditions, the target
signal is attenuated below the MRTD limit after 3km. Here, micro-scanning only provides amarginal increasein
recognition range under limited weather conditions. For wider field-of-view applications, where recognition ranges
areunder 1.5 km for the staring system, there will be a 2x range improvement in both good and limited weather
conditions with micro-scanning.
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Figure9. A graphical solution for determining recognition ranges for imaging systems with afield-
of-view of 1.8°. The staring system recognition rangeis resolution limited to 3.2 km for both
weather conditions. The micro-scanned system isresolution limited at 6.4 km in good weather and
sensitivity limited to about 3.7 with limited weather. Signal extinction coefficients of 0.2/km for
good weather and 1.0/km for limited weather were used.

8.0 CONCLUSIONS

The use of high resolution MWIR imaging systemsis increasing as high quantum efficiency InSb focal plane arrays
find acceptance in many traditionally LWIR or scanning system applications. These MWIR systems are available at
alow cost in many “off-the-shelf” configurations. They typically requirelittle power or space and provide excellent
sensitivity and resolution. Micro-scanning, when used with a high quantum efficiency focal plane array sensor, can
increase system resol ution without |oss of sensitivity due to the excess signal available to the FPA. When a
reticulated, front-side illuminated InSh focal plane array is used in a 2x2 micro-scanned system, and thefill factor is
optimized for micro-scanning, afactor of two improvement in resolution in each axisisachieved. In this paper, both
performance predictions and initial test results from a micro-scanned system using an array of this type have been
presented. Further performance improvements are expected as this system is optimized.

The benefits of micro-scanning areticulated, front-side illuminated InSb FPA were examined by analyzing the
theoretical MTF of the array. These reticul ated pixels had superior MTF when compared to backside illuminated
pixelswith diffusion limited resolution. The primary MTF improvement of frontside illuminated, reticul ated arrays
over backsideilluminated arraysis due to the absence of pixel cross-talk from photocarrier diffusion and the presence
of an optically opague grid on the detector array that precisely defines the sensor active area. The calculated pixel
MTF and the system NETD (along with the reduction in pixel sizeto 16 microns required by micro-scanning) were
used to predict the MRTD of the micro-scanned system. These performance improvements expected with a



reticulated array were the primary motivation for fabricating and testing a high resolution micro-scanned system.
Initial testing of this system has demonstrated this predicted resolution improvement.

When eval uating the performance of micro-scanned systems, it is desirable to compare systems with the same field-
of-view. The data presented has shown that, when systems are compared in this way, the micro-scanned system has
a2X improvement in resolution in both the vertical and horizontal directionsand MRTD comparableto a512 x 512
sensor. Thisisdueto the 2x increase in the system Nyquist spatial frequency without acompromisein signal
modulation at these extended spatial frequencies. This effect was evident in the comparison of system MRTD. Note
that it is possible to increase the resol ution of a pure staring system by increasing the focal length of the optics, but
thisresultsin a 2x reduction in system field-of-view, not adesirable trade-off. Micro-scanning provides the system
designer an opportunity to increase system resol ution while maintaining field-of-view without the high cost of larger
format arrays. For resolution requirements beyond a 640 x 480 array, this same technology is available to micro-scan
a640 x 480 FPA, creating an image with 1280 x 960 pixel resolution. In thisultra-high resolution system, though, there
will still be significant issues of datatransfer rate and display resolution to be resolved.

In most applications, the increased resol ution realized by micro-scanning extends the recognition range of FPA based
imaging systems. For the FPA based system presented here, thereis sufficient sensitivity to resolve the target above
the noise. In these cases, recognition ranges are determined by system resolution, not sensitivity, and the micro-
scanned system presented here is predicted to have a 2x increase in recognition range over a non-micro-scanned
system with the same field-of -view. Even under adverse weather conditions, when atmospheric attenuation reduces
the target signal below the system noise limit, some additional recognition range will be realized in the micro-scanned
system.

Micro-scanned systems, using reticul ated, high quantum efficiency sensor arrays, can provide the system designer
an alternative to higher cost, higher density sensor arrays. In addition, where sensor technology does not exist at
the required format, system designers can choose to micro-scan state-of-the art sensors to achieve the required
system resolution. Using reticulated InSh sensor arrays with a customized fill factor will provide the best resolution
performance for systems with micro-scanning requirements.
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Appendix A —MRTD M easur ements M ethodology

Following isasummary of the MRTD methods used in this paper. MRTD isdefined as the lowest target to
background temperature difference at which a standard test pattern can be resolved by an observer. The standard
test pattern isafour bar chart with a 7:1 aspect ratio. During the test, the observer either increases or decreases the
temperature difference between the source and the background until all four bars of the test target are just visible.
Thetemperature difference isrecorded asthe MRTD at the frequency of thetest target. MRTD isgenerally a
function of the background temperature and orientation of the target. Normally, the background temperature cannot
be controlled, but it is recorded during the tests.

During the tests the operator is allowed to optimize his viewing conditions and adjust any settings or
controls on the imager under test. He may alter the illumination in the room and adjust the viewing distance. He may
also dlightly adjust the position of the target within the field of view. The following have been established as
minimum measurement conditions:

1) The emissivities of the test pattern and the blackbody must be at least 0.95.

2) The spatial frequencies must be within 5% of the values stated as nominal.

3) The blackbody and controller must have the capability of setting the temperature differenceto a
resolution of at least 0.001 degrees C.

4) Any variation in temperature across the useful area of the test target is so small as not to be detectable by
the observer

5) The transmission |osses between the imager and the test target should be known and taken into account
when the data are reduced.

6)At any time during the measurement the observer may optimize the controls on the imager, adjust the
illumination theillumination level in the laboratory, optimize the viewing distance or change the position of
the pattern within the field of view.

7) The monitor is set up for optimum viewing at the beginning of the test and not adjusted during the
measurements.

8) Measurements are taken at aminimum of four spatial frequencies. The lowest frequency chart should be
from 10% to 25% of the Nyquist frequency. The two highest frequency charts should be just below and just
above the Nyquist rate.

9) M easurements start using the lowest spatial frequency target progressing to the higher frequency bars.
10) Three or more observers are used and the results geometrically averaged.

Due to the limitations of the test equipment, the temperature difference indicated by the temperature
controller may not be the true temperature difference between the blackbody and the test pattern. To cancel out any
offset in temperature readings, the following 2 step processisfollowed. The observer starts with atemperature
difference where the target is not visible and increases the temperature until the target isjust resolved. That

temperature differenceis DTpius. Again starting with atemperature difference where the target is not visible, the

operator decreases the temperature until the target isjust resolved. That temperature differenceis DT minus. The
MRTD isthen

aPTpius- DT min usQ)
2 3

Teol ) (5.1)

where Tco isthetotal collimator transmittance.

The collimator transmittance is measured by comparing the response of a system on the collimator to the
response of the of the system without the collimator. The measurement without the collimator istaken at a distance
from the blackbody equal to the collimator focal length plus the distance from the collimator main mirror to the
system. Theinfrared system used for this measurement must have the same spectral response as the system under
MRTD test. Thetwo data sets are plotted versus calculated blackbody exitance and least squares fit to straight lines.



Theratio of the slopes of the two fitsis the collimator transmittance. Figure A.1 shows the results of a collimator
transmittance measurement using an imager with the same spectral response as the systems discussed in this paper.
The result is atransmittance of 0.937.
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Figure A.1. Theratio of the slopes of the linesisthe collimator transmittance. The lines are determined by measuring
system response with the collimator and without the collimator at the same distance from the source. The
transmittance resulting from this measurement is Tca = 0.937.
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