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ABSTRACT
This paper describes the development, characterization, and modeling of a Tunable Filter
Camera (TFC). The TFC is a new multispectral instrument with electronically tuned
spectral filtering

and low-light-level sensitivity.

It represents a hybrid between

hyperspectral and multispectral imaging spectrometers that incorporates advantages from
each, addressing issues such as complexity, cost, lack of sensitivity, and adaptability.
These capabilities allow the TFC to be applied to low-altitude video surveillance for real
time spectral and spatial target detection and image exploitation.
Described herein are the theory and principles of operation for the TFC, which includes a
liquid crystal tunable filter, an intensified CCD, and a custom apochromatic lens. The
results of proof-of-concept testing, and characterization of two prototype cameras are
included, along with a summary of the design analyses for the development of a multiplechannel system.
A significant result of this effort was the creation of a system-level model, which was
used to facilitate development and predict performance. It includes models for the liquid
crystal tunable filter and intensified CCD. Such modeling was necessary in the design of
the system and is usefiil for evaluation of the system in remote-sensing applications.
Also presented are characterization data from

component testing, which included

quantitative results for linearity, signal to noise ratio (SNR), linearity, and radiometric
response. These data were used to help refine and validate the model. For a pre-defined
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source, the spatial and spectral response, and the noise of the camera system can now be
predicted.
The innovation that sets this development apart is the fact that this instrument has been
designed for integrated, multi-channel operation for the express purpose of real-time
detection/identification in low-light-level conditions. Many of the requirements for the
TFC were derived from this mission. In order to provide background for the design
requirements for the TFC development, the mission and principles of operation behind
the multi-channel system will be reviewed.
Given the combination of the flexibility, simplicity, and sensitivity, che TFC and its
multiple-channel extension can play a significant role in the next generation of remotesensing instruments.
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CHAPTER 1 INTRODUCTION
In the 1960s, film-based cameras with broad color filters set the stage for remote spectral
imaging. However, electronic imaging provided the enabling technology for modem
remote spectral sensing. In the early 1970s, when the Landsat and Skylab programs
pressed the first film-less multispectral instruments into service', both the commercial
and military remote sensing communities began to realize the powerful tool that was
provided by remotely-sensed multispectral imaging (MSI). By dividing the spectrum into
discrete bands, or spectral slices, differences in reflectance or emission could be used to
draw conclusions not possible with panchromatic imagery.

An entire industry was

fostered by these instruments, which were applied to a host of remote sensing problems.
Multispectral instruments are used on a variety of platforms—spanning satellites to
unmanned aerial vehicles (UAVs), and they play a role in industry for process control
and laboratory instrumentation. A common feature of these instruments is the collection
of spectral data in a small number of discrete spectral bands, which is typically
implemented using dedicated detectors for each channel or band.

This geometry

facilitates use with video-based sensors, and has the distinct advantage that the sensor in
each band can be adjusted to optimize the signal. Additionally, the optical configuration
of MSI sensors is typically simple and compact, and the data output fi-om a limited
number of bands is usually manageable, either in data link or recording. On the other
hand, there is an unfortunate drawback to the geometry: continuous coverage of even a
moderate spectral range at high spectral resolution is not feasible due to the large number
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of sensors required.

Thus, one must choose between broad spectral bands with

overlapping spectral regions or narrow spectral bands with discontinuous coverage of the
spectra. This often presents a problem for Multispectral processing algorithms, which
exploit spectral differences between the target and background.

When the spectral

differences between the target and background are known, and are limited to a discrete
number of regions, MSI can provide a simple and compact solution. Unfortunately,
while differences in spectra can often be limited to a discrete number of regions (to
obtain usefiil data), they are typically not fixed (primarily due to the changing
background). If spectral differences are not known, the effectiveness of MSI depends on
the proper selection of bands, and tlierefore can be limited.
The desire to overcome the discrete band limitation of MSI led to the development of
hyperspectral imaging (HSI) instmments, an era heralded by the development of
instruments such as the AVIRIS (Airborne Visible/Infrared Imaging Spectrometer), and
later by the Hyperspectral Digital Imagery Collection Experiment (HYDICE)".

In

hyperspectral instruments, light is typically dispersed into a continuous spectrum by a
grating or prism. This spectrum is then sampled by one or more detecting arrays, which
obtain spectral and spatial information in a pushbroom or whiskbroom scanning mode^ '*,
relying on the motion of the platform to spatially sample an object in the along-track
direction. Among the enabling developments for the HSI systems was the development a
multiple spectrometer architecture, which allowed a single system (of multiple sensors) to
cover an extended spectrum at high spectral resolution (as in the case of AVIRIS); and the
development of high-resolution array based detectors, some of which allow a single array to
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cover the visible through the SWIR (as in the case of the Indium Antimonide sensor in
HYDYCE)^.

This extended spectral coverage provides tremendous utility for the

instrument, where now hundreds of detectors (pixels) sample the continuous spectrum
instead of the scant few bands of MSI. Such capability comes at high cost, however, both in
development and in operation. The optics for HSI systems are much more complex (than
MSI), and the signal of individual bands cannot be optimized during collection, often
resulting in poorer SNR. There is also a large amount of processing overhead required to
process and store large amounts of 10 to 16-bit data that are provided by the push broom
sensor—all but precluding real-time analysis of all data. Finally, while quite suitable for
moderate- to high-altitude operation against fixed targets, low-altitude operation and mobile
targets produce artifacts that are difficult to remove from the data (although this is not due to
the HSI architecture alone). Nonetheless, the phenomenology data that continue to be
obtained are unprecedented, and are generating a vast database of information that enhances
our understanding of spectral phenomena. Recent processing innovations have led to
attempts to apply HSI instruments to real-time anomaly detection. In this mode, a limited
number of bands are used to circumvent the processing bottleneck.
Still, there is a gap in capability that remains to be filled—a hybrid sensor that combines
HSI and MSI attributes. Such a sensor can be applied to real-time target identification
issues (including moving targets), and can operate on platforms where size and power are at
a premium. One solution is ofifered in this dissertation: the Tunable Filter Camera.
Similar to the HSI, development of a TFC was enabled through technology advances. In the
case of the TFC, it was electronically-tuned filtering.

Using a tunable filter with an
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intensified solid state camera, a spectral instrument could be created that allows electronic
aujustment of the all of its electro-optical properties on the fly*. This instrument combines
some of the best aspects of HSI/MSI; the simple configuration and the ability of MSI to
optimize the signal in each band, and the HSI ability to obtain arbitrary bands or a spectrum
of data.
To the best of the author's knowledge, up to this point, there has not been a tunable filter
camera that was designed for both the rigors of deployment on a remote-sensing platform,
and with real-time spectral detection capabilities.

When this research began in 1992,

tunable filter-based imaging devices were largely limited to telescopic or microscopic
instruments. Since then, a number of tunable filter-based devices have been developed by
putting the pieces together in prototypical form. These systems have been used in a
variety of applications, including archeological inspection of the Dead Sea Scrolls,^ apple
7
Q
inspection, and gem grading.

The Liquid Crystal Tunable Filter (LCTF) is also

commonly used as a separate unit on microscopes and telescopes.
The innovation that set the TFC apart fi*om other spectral instruments is the fact that all of
its electro-optical parameters can be adjusted on-the-fly—it has been specifically
designed for integrated, multi-channel operation, with express purpose of real-time
detection/identification in low-light-level conditions.

* This includes gain, exposure, linearity, polarization, registration, and wavelength. A method for the
adjustment of spectral bandwidth was also conceived but was not developed.
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Many issues come to the fore when considering the use of a timable camera for real-time
remote sensing. These include filtering technology, configuration, environmental issues
relating to the filter limitations, size weight and power, throughput, etc. Further, accurate
modeling of filter and sensing instrument is necessary to help the design process, and
evaluate the sensor in various applications. Attention to these details, with the intent of
creating an expandable multi-channel system makes the TFC unique.
Within this dissertation, some of the important steps in the development of this system
are summarized, along with the results of trade-off analyses that helped define the final
system. These include use of multiple apertures (versus a single common aperture), the
use of intensifiers, and trade-off of filtering technologies. Particular emphasis is placed
on the characterization and modeling of the filter and camera as a system. This modeling
was an invaluable tool for the design process, and once validated, it can be effectively
used to predict sensor performance in various applications.

REQUIREMENTS

The requirements for the TFC were derived fi*om the tactical mission of low-altitude,
multispectral surveillance by the USMC for the purposes of landmine detection,''

and

from the demonstrated utility of video-based surveillance of the Predator unmanned
aerial vehicle (UAV) system and related programs." Although there are many detailed
requirements for the performance of the system for these missions, the general design and
configuration of the TFC was primarily dictated by a few top-level mission requirements:
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1) Real-time spectral and spatial target discrimination in the visible and NIR spectral
regions at all times during the day (dawn to dusk), with nighttime operation being
desirable.
2) Target spectra are generally known, but can only be confined to certain regions.
Background spectra and magnitude are dynamic, and can change drastically due to
illumination or platform motion. For landmine detection, the target size is -14 cm.
3) Operation is required on a light aircraft or urunanned aerial vehicle at altitudes from
300 m to more than 3000 m, and at speeds between 60 and 120 knots. (In the case of
the Pioneer UAV, data are sent to the ground through 10 MHz. data-link.)
stabilization is available.

No
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CHAPTER 2 SYSTEM CONCEPT AND DEVELOPMENT
SUMMARY
Figure 1 shows the design concept for the TFC, which is a multi-channel configuration.
Each channel consists of a liquid crystal tunable filter that can be continuously tuned in
wavelength, a custom-built 90-mm objective lens, and an image intensifier that is fibercoupled to a 760x480 CCD array. Continuous spectral coverage fi-om the near ultra
violet (NUV) to near infrared (NIR) is provided by three channels (which can be
expanded to four), with each channel spanning slightly different and overlapping spectral
regions. Imagery is obtained simultaneously in each channel, and then digitally mixed in
the control and processing electronics.

In this way, the channels can be linearly

combined to create color composite images, or monochrome images that represent a
prescribed correlation between bands.
In the integrated system, each of the major optical systems (3 filters, sensors and lenses)
is modular, and can be exchanged with different components to support different
missions.

The electro-optical parameters of any channel (polarization, center

wavelength, exposure, gain, focus, and linearity) can be changed to respond to dynamic
scenes or mission scenarios. These features allow the TFC to be readily adapted to a
wide range of remote sensing problems.
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Figure 1: TFC Design concept block diagram, showing three intensifled CCD channels in a separate
aperture configuration. The integrated system was designed to incorporate up to four parallel
boresighted channels.

A number of general design issues for the sensor were derived from the mission
requirements. These are listed below, along with the design approach that was used to
address them. In most cases, one or more design studies were undertaken to show that
the approach was valid. The bulleted text of Figure 1 indicates some of the supporting
design analyses. Collectively, they cover most of the development of the TFC; however,
in the interest of brevity, they are only summarized below (with supporting details in the
appendices).

OPERATIONAL SCENARIO FOR DATA COLLECTION

Figure 2 shows a conceptual diagram of the data collection by the TFC. Imagery is
collected simultaneously in the boresighted, tunable spectral channels (up to four are
supported, and optionally a fifth external video device, e.g., IR camera, can be fused into
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the data stream). The imagery in each channel is digitized and registered (pixel by pixel)
in the digital electronics. The channel data are then mixed by a user-programmed matrix.
Each new digital output (the primed channels) represents a detection or correlatiou image
that corresponds to a pre-programmed spectral distribution. This output is available in
digital form and in analog form (for low bandwidth transmission or display).
Additionally, the electronics can be programmed to obtain a false-color composite image
that is a combination of the mixed imagery, and is available for transmission or
recording.
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Figure 2: Conceptual diagram of the data collection by the TFC.
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Since the imagery is collected simultaneously at 30 Hz., target or platform motion have
little effect on ilie data, and platform forward motion is not required to obtain spectral or
spatial data. Spectral filtering can be used to remove clutter from the image to increase
the probability of detection. Further, we can use spectral correlation (provided by the
mixing matrices) to pre-process the image data and increase the effectiveness of the
spatial correlation and target identification.
If the spectra of the target are not known, then the TFC can be used in a scanning mode.
In this mode, the tunable filter wavelength in each channel is scanned at the frame rate of
the camera to obtain a continuous spectrum of data. Scanning can be done statically, or
with forward motion in a push broom mode.

(Since each band has two spatial

dimensions, and since at typical air speeds there is a substantial over-sampling of spatial
data, a hypercube can be constructed by spectrally scanning the filters and combining the
data (much the same way as pushbroom sensors).)

Configuration fitr Real-time Operation
The requirement for real-time spectral and spatial detection drove the design of the
system in several ways.

Simultaneous data collection required multiple boresighted

apertures with two-dimensional arrays, each filtered

in a different spectral region.

Several design analyses were conducted to evaluate the camera configuration'^, including
a study of inter-charmel registration and of separate versus common aperture optics*.

* See Appendix A.
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Ultimately, separate apertures were selected because they offered the most flexible
configuration, and the best performance both in terms of light throughput and interchannel registration.

(Surprisingly, common aperture optics offered no significant

advantage in stability or registration. See Appendix A.)
One of the innovations incorporated into the TFC system is a digital mixing or fusion
capability, as depicted in Figure 2. The TFC electronic circuitry stores the digital image
of each channel, and applies a 3x3 user-defined mixing matrix to the images before they
are sent to the output ports. By entering values between -1 and 1 in this matrix, arbitrary
linear combinations of any channel can be created and mapped to a new output channel.
This is accomplished with a pipeline delay of one field of video data. By using this
feature, real-time principle component analyses can be performed on the digital data, and
used to create a reduced data set for transmission to the ground. A reduced data set
represents compression of information, which is important for real-time operation with
limited data transmission.

Registration and Image Fusion
Registration between channels is a large concern for multiple-aperture systems. Spatial
mis-registration between channels can come firom a variety of sources, including
chromatic and distortion errors in the lens, distortion of intensifier or other coupling
components, and parallax due to separation of the channels, and misalignment.
Early analyses'^ indicated that commercial objective lenses were not adequate to
maintain registration to less than three pixels over the design 370-950 nm spectral region.
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Thus, a custom, low-distortion apochromatic lens was designed for each channel in the
system.' Distortion of intensifier components was handled through tight specification on
distortion in the tube assembly. Lastly, the camera digital electronics incorporates a
memory map look up table (LUT), which allows any input pixel to be assigned to an
output pixel. Using this feature, parallax can be removed by a simple x-y shift in this
LUT.* Non-linear distortions can also be removed using this LUT, however it must be
done on a discrete (integer) basis (currently, there is no provision for interpolation
between pixels). This feature can also be used to match the resolution and boresight of
an external sensor with a different array format than the TFC.

Once matched, the

external sensor data replaces one of the internal channels, and its data can then be mixed
with the other channels using the mixing matrix.

Dispersion and Filter Selection
Analysis of real-time and low-altitude mission requirements led to the selection of a
tunable-filter based dispersion (in a multispectral configuration) as opposed to fixed
filters or grating/prism-based systems. In part, this choice was influenced by the desire to
support video surveillance. Further, low altitude operation on a small, un-stabilized
platform, and the possibility of moving targets precluded the use of hyperspectral sensors.
The technology chosen for the timable filtering was the LCTF, primarily due to its large
aperture and mature design. A comparison of tunable filter technologies is presented in

* Appendix B Apochromatic Lens
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Chanter 3. In addition to the tunable dispersion, the location of the filter in the optical
system was also -nnalyzed^. Ultimately, the filter location was chosen to be in front of the
lens, where off-axis effects on the filter transmission were limited. It also offered the
most flexible design—in this location, the thickness of the filter has a minimal effect on
spatial performance.

Therefore, filters with different thickness (dispersion) can be

exchanged without effect on the optical system.
The ft-ee spectral range (FSR) of the LCTFs dictated the spectral coverage for each
channel in the system. Commercially available liquid crystal (LC) filters are typically
limited in the blue region to 430 nm. Research conducted by the Coastal Systems
Station'"* indicated that extension of the sensor response into the ultraviolet (UV) has the
potential to eliminate shadows due to increased Rayleigh scattering. This resulted in a
requirement to extend the response of the system into the UV (to <370 nm), and a
specially-designed filter was obtained to meet this requirement. The result produced a
filter with response fi-om 370 to 470 nm, thus defining the NUV channel in the system.
The final spectral coverage for each channel is listed in Table 1.

Table 1 : Spectral coverage of TFC channels.

NUV
Visible
NIR

* Edge pixels are lost in non-overlapping areas.
* See Location of Filter section in Chapter 4.

370-470 nm
430-750 nm
650-950 nm
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(It should be noted that the system electronic and mechanical design was built for fourcharmel operation. Only three channels were populated in this development.)

Sensitivity
Several elements combine to reduce the light that reaches the sensor. Among the most
limiting is the short exposure time required for low-altitude operation. (An exposure time
of <0.2 ms is required to keep the motion blur to <10% of a pixel.) This short exposure,
combined with the filter and lens throughput, as well as the requirement for operation
during all daylight hoiu-s, places stringent requirements on the sensor, ultimately driving
the design to use an intensified array. Although use of an intensified sensor allows the
low-light level mission requirement to be met, the intensifier also limits the signal-tonoise-ratio at the high end (compared to non-intensified sensors), where more light is
available.
The spectral response of the intensifier was also an area of study, where short wavelength
response of existing tubes was limited to wavelengths greater than 450 nm. For this
work, a special tube with spectral response of more than 20 ma/W (quantum efficiency >
20%) at 400 nm was specified and procured to obtain blue and near-UV response in the
system (discussed in Chapter 4).

Data Output
Data recording and transmission is always limited on a small aircraft, however, with the
increasing capability of recording media, artificially restricting the data output is not
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desirable because a suitable recording solution may be developed in the near future.
Thus, options for data manipulation were implemented into the design. In the TFC, the
data output modes are as follows:
1) A video multiplexing circuit that captures and holds three simultaneous frames of
data for serial transmission;
2) Image fusion via matrix mixing (discussed above);
3) Data fusion by including all system settings and situational data on each video frame;
and
4) An analog (NTSC) color composite video output that represents a mix of all three
channels. This composite video is intended to allow transmission of the composite
detection image to the ground at lower resolution (and thus lower bandwidth).

Resolution and FOV
In early design analyses for the TFC, 1024^ pixel (or larger) arrays were analyzed as
candidates for the CCD'^, but the bandwidth and electronic complexity required to
support such arrays proved to be cost prohibitive. Further, this type system was not
compatible with existing recording, transmission and display equipment.

The

recommended approach used standard 2/3" 760x480 pixel, 30 Hz. CCD arrays (with
11x13 |im pixels) that were coupled to an intensifier with a 1.6x fiber coupler.* The

Appendix C Intensifier coupling.*
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resulting pixel size was used in conjunction v.ath the specified 300 m operational altitude
and 14 cm object size (IF0V=7 cm, or two pixels in the cross-track direction) to establish
the objective lens focal length of 90 mm. The final cross-track FOV for the system is
8.7° (the in-track FOV is 6.5°).

Extended Capabilities
Several capabilities were built into the design of the TFC to allow the instrument to
support active and poiarimetric remote-sensing investigations. These include the use of a
tunable wave plate as the first stage of each tunable filter.

Using this stage, the

polarization of the input light can be electronically analyzed at the frame rate of the
camera or across multiple channels. Additionally, the electronics were designed to allow
the camera to operate synchronously with a laser source in an active mode.

The

sensitivity and short gating provided by the intensifier makes it well suited for this mode
of operation. (Use of the TFC with lasers supports active multispectral sensing in day or
night, or obscurant penetration.)

Environmental Issues
Although not the focus of this paper, the environmental issues of the expected mission of
the TFC should be mentioned because they influenced the configuration.

Most

prominent are the thermal issues. The expected airborne environment for the TFC may
have temperature extremes that exceed the limited temperature range of the liquid
crystals: 20-40° C. This is likely the reason that, to date, LCTFs have not been deployed
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in remote aircraft. Thermo-electric heating/cooling elements were incorporated into the
design of the LCTF housing to allow operation in ambient environments from -10 to
50°C.
The size and shape of the TFC were dictated by the expected aerial platform, which was
the Pioneer UAV. The Pioneer envirormient also required a rugged and sealed enclosure
for the optical and electronic components. In the final system, the optical cavities are
sealed and filled with nitrogen, while the electronics cavity is sealed and filled with an
inert liquid called Fluorinert (which also dissipates heat).

TFC System Description
In this section, the opto-mechanical de;''m and configuration of the multi-channel TFC
are summarized. With the exception of the sensor in the First prototype, the systems that
were used to test the model were subassemblies of this system. These will be discussed
later in this chapter.
The mission and design requirements presented earlier largely defined the opto
mechanical configuration for the multi-channel TFC. In particular, the desire to operate
on a UAV or other light aircraft required a compact and rugged system. Modularity was
desired to allow the system to support different missions.
Figure 3 shows an assembly drawing of the TFC system, which was designed to be
rugged, modular, and compact enough to fit on the Pioneer UAV. (The overall envelope
is I2"xl2"xl8", and projected weight is -68 lbs.) The modules labeled B through F
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represent all of the optical assemblies for the TFC, collectively referred to as the optics
cube (which is an 8" cube, see Figure 4). The optics cube is sealed and can be filled with
nitrogen. The channel configuration is in a 2x2 grid, with a channel centerline separation
of 2", and designed to allow quick interchange of sub-assemblies.

The control

electronics enclosure houses all of the system electronics.
Each of the major sections has been labeled, and is described below. All modules are
sealed and can be back-filled with nitrogen through self-regulating relief valves. The
electronics housing (A) and the optic cube (B through F) are separable by up to six feet
(to allow gimbal mounting). Each of the optic cube modules can also be separated, and
powered and tested independently. Shielded cables (within an external channel) transfer
signals between the control electronics and the various optical modules. The optical cube
assembly is attached to the control electronics by four bolts that run through all the
modules. Fins for heat dissipation are located at both the top and bottom of the TFC.
Thermal transfer is maintained throughout all the modules. Temperature regulation of the
LCTFs is provided by using thermoelectric coolers, which are located in the LCTF
module (F).
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Figure 3: Diagram of TFC assembly.

Figure 4: Optical head assembly.

Figure 5 below shows various representations and photographs of the TFC, both
assembled and partially assembled.
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Control Electronics
CCD. Gating and HVPS modules with
standard c-mount lenses for Iris closure
protection during initial intensified system
i
tests.

Figure 5: Top left shows solid model drawing of the TFC; top right shows the assembled system.
Bottom photographs show the TFC partial assembly on test bench.

A. Control Electronics Housing - This electronics enclosure houses all of the system
control electronics (Figure 6), including the digital and analog video circuitry, filter
controller cards, microprocessor, power supplies, and intensifier gate timing boards.
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In order to keep the enclosure compact, boards were located within 0.5" of each other,
which required the enclosure to be sealed and filled with Fluorinert to dissipate heat
from the electronics. This also prevents corrosion from outside air. The electronics
enclosure provides all the interface connectors to the user, including digital and
analog video, serial ports, and the 28V power interface. Video is available through
BNC and AIA connectors, or through the main power cable, which also includes the
power input. Shock isolation moimts are located on this enclosure.
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Figure 6: Control electronics housing detail.
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B. Sensor module - This module houses up to four CCDs and supporting electronics.
The CCDs are shielded to reduce fixed-pattern or other noise in the video stream, and
are bonded to the intensifiers through fiber minifiers.
C. Intensifier module - This module holds up to four intensifiers (Figure 7). Each is
fiber-coupled to a CCD. The intensifiers are mounted in x-y-theta adjustable mounts
to allow precise inter-charmel alignment. On the input side of the intensifiers is a
fixture that allows a C-mount lens to be used for laboratory testing.
Gating Module with
Intensifier Holders and
Photochode Drivei PCS

Clunn^l O
NUV .

,

Channol C
. NIR

o-.,.

• O-JH Mif

> i'c

'-'X

Chanivjl A
VIS

Figure 7: Intensifier module detail (C).

D. HVPS module (Figure 8) - This module houses the high voltage power supplies for
the intensifiers, and the gating circuitry to control the exposure of the tubes. Space
has been left for expansion of the gating circuitry to accommodate a fast-gate board,
which will allow gate widths to approach the nanosecond level.
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High Voltage Power Supply Mcduie

Stainless Steel
Cap Screws &
Lock Washer
Grommet
Protects HV Wires

Power Supply
Cavity.
(4 supplies)

Silicone 0-ring
Dovetail Groove

Figure 8: HYPS module detail (D).

E. Lens module - This module holds up to four motorized-focus, custom lenses (90-mm
focal length). Lenses are interchangeable in the visible and NIR channels. This
module can be replaced with a longer module with longer focal length lenses if
necessary (Figure 9 and Figure 10).
Lens Module
Focus Drive
(timing belt.
3;l)

Flexure Bulkhead
(Translation adjustment)

0-Ring

Spring
(Maintains Preload)

Plastic BafTle

Figure 9: Lens module detail.

AM 1524
Stepper Motor
(24 step/rev)
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Figure 10: Lens module photograph..

F. Filter module (Figure 11) - This module holds up to four LCTF filters, which are
mounted in front of the lenses.

TECs are used in the module to regulate the

temperature of the filters, which cannot be used outside 20-45 °C. Charmels for
cooling liquid are also provided in the housing for the module to allow external
cooling to supplement the internal devices if desired. The front die module provides
a threaded interface for a standard 49-mm photographic filter, which will serve as a
disposable window, thereby protecting the optical assemblies beneath. The filters
used within the Sentinel are different in size, with the NIR filter having the smallest
aperture (see photograph Figure 12).

Bolt hole patterns in this module allow

interchange of filters between charmels. This module is also configiu*ed to hold a
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multi-color laser-diode array, currently being developed at Laurence Livermore
National Laboratories (LLNL) for eventual use with the TFC.

Filter Module
Adapter
Integral Seal Screw
(Remove for filter attach
screw access)

Replaceable Window
(Std. photographic 49mm filter)
Schraeder Valve Port
(Nitrogen Purge)

Plug
(cooling channel)
Power Supply^^^
(TEC drive)

Cold Plate
Thermoelectric Cooler
(qty 8)

Access Cover''^
(Power supplies
and TEC control)

Curved Washer
(Cold plate preload, qty 8)
Power Resistor
(qty 2)

Temp Sensor
PWB
Figure 11: Filter module detail.
Tunable Filter
Module Assembly
NIR Channel C

NUV Channel D
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Figure 12: Photograph or filter module assembly.
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Model Development and Validation
The development and test of a model for one channel of the TFC is the subject of the
balance of this paper—since the TFC is a new remote sensing system, a new system-level
model must be developed. This model considers the spectral and spatial response, and
the SNR of a prototype of the visible charmel (extension to the other channels is
straightforward). Given that the filter can be timed to an arbitrary wavelength, it is
impractical to develop LUTs for all possible filter settings. Thus, an analytical model is
desired. Within this effort, new analytical models for the filter transmission, and ICCD
SNR were developed and incorporated into a composite model that will allow prediction
of the channel response to an arbitrary input. Such models will support evaluation of the
use of the TFC in other applications, and will assist in system design enhancements.
Three different prototype assemblies were created in order to support these analyses and
the corresponding system development. The first was a proof-of-concept camera, which
was used to demonstrate the basic principles of operation.

Analysis of intensified

multispectral imagery collected during this test demonstrated the utility of the proposed
channel-mixing design to generate principle components of the spectral bands.

In a

multiple-charmel system, four bands could be represented by as few as two bands,
providing a significant reduction in the required data bandwidth. The results fi'om test of
this device are presented later.
The second and third were prototypes created fi-om the components of the visible
channel. Each prototype was built with components that were extracted firom the final
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system.

These prototypes were created to generate performance data for model

validation and system-related design analyses. These results will be presented in Chapter
7.
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CHAPTER3 TUNABLE FILTERING
The tunable filtering of the TFC sets the instrument apart from hyperspectral and
multispectral instruments, and fundamentally defines its performance.

Early design

analyses considered the acousto-optical tunable filter, continuously graded filter wheels,
and the liquid crystal tunable filter (LCTF) for use in the TFC.

Ultimately, it was

concluded that the LCTF was the best solution for a compact system with a simple
objective lens due to its relatively large aperture and compact geometry. Below, we will
discuss the selection of LCTF type, its performance and theory of operation, and its
implications on system design. The limitations in LCTF spectral coverage contributed to
the recommendation of separate apertures for the multiple-channel TFC system.*
At the start of this study, tunable filter systems were primarily limited to devices using
AOTFs.'^ Since this time, other prototype systems have been developed that also use
liquid crystal tunable filters. These include a two-charmel CCD system built by OptoKnowledge Systems Inc.'^, and a two-channel intensified system buiU by JPL'^. In both
cases, the prototypes were built as non-integrated, separate cameras that operate together,
rather than an integrated multi-channel system (such as the TFC) that is designed for real
time spectral detection fi-om a light aircraft. Further, a validated, predictive sensor model
was needed to allow evaluation and improvement of this type sensor.

* Refer to Common versus Separate Aperture Analysis, Appendix A.
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TUNABLE FILTERING PRINCIPLES OF OPERATION

Filtering within the TFC is based on polarization interference within birefringent liquid
crystal (LC) materials'^. Two types of liquid crystal tunable filters were considered for
the TFC: nematic' and ferro-electric. In both cases, a stack of elements is built that
consist of liquid crystals sandwiched between polarizers. An electric current is used to
align the crystal molecules, thereby altering the birefringence of the LC material and
changing the retardance.

In ferro-electric liquid crystals (FLCs), the electric field

produces a binary state of polarization: the bipolar molecules of the crystal are rotated
perpendicular to the optical axis.

Whereas in the case of nematic liquid crystals,

application of an electrical field produces continuous rotation of bipolar molecules
between two states (aligned tangent to or perpendicular to the optical (z) axis (see Figure
13)). This effect creates a variable birefringence (and therefore variable retardance), and
allows continuous tuning of the center wavelength of the pass band. This fundamental
difference in crystal properties delineates the tuning properties of the LCTF types: binary
(FLC) or continuously tunable (nematic). Thus, if N is the number of liquid crystal
elements in a nematic LCTF, the FLC device would have between 2N and 2"^ liquid crystal
elements to obtain comparable dispersion. Relative to a nematic LCTF, this would decrease
throughput, increase thickness, and make construction and precision control of the device
substantially more diflScult. The flexibility that is offered by the continuously tunable
nematic filter is highly desirable for spectroscopic applications. (Not surprisingly, the

* Mesomorphic state, where molecules aie in a linear arrangement.
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nematic filter is also the most mature design.) For these reasons, the nematic design was
chosen for the spectral filtering in the TFC.
Front View

Light Propogation

Polarization Vectors

Polarization Vectors

Figure 13 The nematic Liquid Crystal with a) No electric field or birefringence; b-d) increasing
electric field/birefringence (and therefore optical thickness).
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FILTER PROPERTIES

Within the nematic liquid crystal, the bipolar molecules generally tend to align with the
long axes pointed in the same direction, while their centers are randomly distributed.
With no external field present, the crystal will exhibit no birefnngence (Figure 13a), and
there is no difference in the optical path traversed by arbitrarily polarized light. With the
application of an electric field, the degree of molecule rotation and therefore amount of
birefringence of the crystal can be changed (Figure 13b-d). Given a certain wavelength,
the difference in optical thickness along orthogonal axes (ordinary (o) and extraordinary
(e)) of the filter will change with the amount of current applied to the field.

This

difference will gradually increase up to the molecule orientation of 90 degrees, which is
the maximum birefiingence. Below it will shown that the transmission of a liquid crystal
filter stack is based on differences in optical thickness between light polarized in the o
and e axes. A continuous change in field strength will produce a continuous change in
center pass band, or, wavelength tuning.'" Important performance parameters are as
follows:
Transmission width variation—using liquid crystals and the theory of polarization
interference, the transmission of the filter is described by a sine fionction whose band pass
width will change with the wavelength setting. Specifications on FSR and band pass will
define the filter construction.
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Peak transmission—the envelope describing the peak filter transmission will vary with
wavelength due to material properties of the optical components. This envelope function
is estimated based on material transmission.
Apodization - through a variety of proprietary means, the filter manufacturers effectively
suppress or apodize the side lobes of the typical sine transmission function of the filter.
(This was modeled using a convolution function.)
Performance specifications that dictated the selection of the filter properties are:
Spectral coverage - for the multiple-channel system, 370-900 nm was specified, with a
visible charmel covering 420-750 nm. (The visible channel was used for testing within
this work.) As will be discussed below, the spectral coverage or fi-ee spectral range
(FSR) of the filter is limited by the geometry of the filter and by the spectral transmission
of the polarizer. This specification will dictate the thickness (in integral number of
wavelengths) of the thinnest stage.
Nominal pass band—the pass band full width at half maximum (FWHM) was specified
to be -30 nm in the visible. Below it is shown that this requirement will dictate the
number of stages.

Location of Filter
The location of the filter with respect to the lens has a direct bearing on its performance.
Ideally, interference filters should be located in front of the focusing optics. This is done
for two reasons: first, the optical thickness of the glass will cause a spectrally dependent
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shift in the light focused through the filter. Secondly, the effects of off-axis light are
accentuated because both the f-cone and field of view (FOV) angles must be considered
with respect to the incidence angle at the filter.
In the design of the TFC, location of the filter behind, within and in fi-ont of the lens was
considered. Each location had advantages and disadvantages. Location of the filter
behind the lens requires a custom and asymmetric lens design that compensates for the
large amount of glass in the focusing cone. Since each filter range has a different
thickness, the lens design for each channel must be unique. Further, once designed,
flexibility in filter selection (for a different mission) would be limited because the optical
thickness must be maintained or performance is sacrificed. As mentioned above, both the
f-cone and FOV angles degrade filter performance. On the other hand, the lens aperture
would not be constrained by the filter aperture, which can be 35 mm in the NUV and
visible channels, and 22 mm in the NIR.
Location of the filter within the lens was considered because this location protects the
filter, and (with clever optical design) reduces the angles of incidence as compared to the
rear location. The filter aperture limitations pose much less of a problem for the lens
design; however, the design is much larger and more complex than a simple objective
lens. Also, the optical thickness requirements for the filter limit the ability to exchange
filters in the ftiture, and the system could not be operated or tested without the filter in
place.
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Although the limited aperture of the NIR filter requires a higher f-number lens when the
filter is in front of the lens, this location offers the ruost flexibility and best performance
(of both lens and fiher). Further, the use of intensified CCDs more than offsets the loss
in aperture. In this location, the filter can be changed without affecting the focus of the
lens, further increasing its flexibility. For these reasons, the filter in front location was
chosen as the best option.
In this location, only the FOV half angle needs to be considered for off-axis effects. It
will be shown that given the narrow FOV of the TFC lens, off-axis effects in the
birefiingent LC material should be negligible.

45°
LC
Polarizer d

45°
Polarizer

LC
2d

45°
Polarizer

LC
2^d

45°
Polarizer

Blocking
Filter

Figure 14: A schematic diagram for the Lyot aematic liquid crystal filter.

Transmission
The TFC LCTF is a Lyot-type filter^', which consists of a stack of alternating polarizers
and liquid crystal (LC) plates with geometrically increasing thickness. The construction
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is shown schematically in Figure 14, where d is the thickness of the thinnest plate, 2d is
the thickness o f the second plate, increasing to 4d.. . f d .
Consider incident light that is un-polarized, incoherent and collimated. The transmission
(7) of a stack of N plates can be modeled using Jones vectors^^, to obtain
(1)

S = 2nd(ne-no)/^, the phase difference between the ordinary and extraordinary (o and e)
axes of the LC. Here, tie and rio are the e and o indices of refraction in the crystal
material, and A is the wavelength, and d is the thickness of the thinnest plate. This
expression reduces to*^
(2)

where
_ nd{n^ - n j ^ 5
"
A
2•
From this relation, and with proper selection of the indices and plate thickness, we can
plot the transmission against the wavelength (Figure 15). The distance between peaks of
the two curves in Figure 15 is the theoretical free spectral range (FSR) of the filter,
typically less than a factor of two in wavelength. (In practice, this range may be reduced
further due to polarizer or other material transmission limitations). Note that the width of
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the filter pass band, or full width at half maximum (FWHM), increases as the wavelength
is increased.
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Figure 15: Transmission of theroetical 4-stage Lyot filter (Equation (2)) plotted against wavelength.
Also shown are the free spectral range (FSR) and FWHIVI of the filter.

We can use equation (2) to determine Av, the FSR of the filter;
c

(3)

d{n,-n„)

where c is the speed of light. From equation (3) we find that the FSR of the filter is
determined by the thickness of the thinnest plate id).
From Yariv and Yeh , we find that the FWHM (in terms of wavelength) is:

AAjyj — 0.886"

X"

(4)
- n j'

From equation (4), we can see that the FWHM band pass of the filter will increase with
the square of the wavelength, and its magnitude is determined by the width of the
thickest plate {^d).
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Typically in Lyot LCTFs, the electrical field is applied to the crystals in prescribed values
at each stage. The result is a continuous and synchronous change in optical thickness,
thereby maintaining the geometric progression of thickness, and effectively tuning the
center frequency of the pass band within the FSR of the filter.

OFF-AXIS EFFECTS

Thus far, we have considered the theoretical transmission of collimated light. However,
by virtue of the LC birefringence, polarized off-axis light will experience a difference in
optical path length depending on its orientation. In the design of the TEC, this issue
contributed to the decision to locate filter in front of the lens (as opposed to behind or
within). In this location, only the FOV half-angle need be considered, whereas if the
filter were located behind the lens, f-cone (marginal ray) angles would also contribute to
off-axis light.
The primary effect of angle of incidence is to cause a slight widening of the filter pass
band in the blue direction (toward shorter wavelengths). The widening also has the effect
of shifting the center of the pass band slightly toward the blue.
Through derivation, we find that the peak wavelength due to incidence angle (defined in
terms of the original wavelength Ao) is
(5)

n is the average of, tie and rio . The change in peak wavelength is given by
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A/l — A,q —

— AQ 1 - J l -

(6)

sin" 0

The percent increase in pass band is then (Figure 16):
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Figure 16: Percent change in center wavelength due to angle of incidence.

The percent increase in the pass band is found by the ratio of Equation (6) to (4), which
in the case of the TFC is 3% or less.
The net effect of the increased transmission with angle is an increase in pixel response
from the center to the edge—more wavelengths pass the filter at the higher angles of
incidence.

The non-uniformity resulting from this effect creates an ambiguity in

remotely sensed data.

To the extent of this non-uniformity, one cannot distinguish
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between a narrow source that changes intensity from center to the edge, or a broadband
source that is static.
From the equations above, given the 5.4° half-angle of the TFC FOV, the transmission
variation of the filter is negligible; however, test data indicates that other effects are
involved. This is discussed further in the testing section.

Peak Transmission Envelope
In the previous section, we have shown the theoretical filter performance with unity
transmission (times 50% polarizer transmission).

We must also account for the

absorption and reflection losses due to the numerous elements that comprise the filter
stack.
These losses can be approximated by using the material properties of each element;
however, without exact design criteria from the manufacturer, several assumptions must
be made. First, it will be assumed that each LC-glass substrate is primarily BIC-7 glass,
with the LC material being closely matched to the BK-7. An air gap is assumed to
separate the stack. With these assumptions, we can model the transmission using Fresnel
equations. For normal incidence, we define the transmittance Vbk? at each surface^^:

'bklV^)~ I

(/I,

,\2 •
+1)

nbkii^) - index of refraction for BK-7 glass as a fimction of wavelength, and «/ is the
average liquid crystal index.
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To obtain 30-nm filter bandwidth in the visible, we determine that N=4 stacks. Thus,
there are eight surfaces, and therefore Tf,k7 must be raised to the S"' power.
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Figure 17: Transmission of the polarizer material used in the LCTF.

The other major element in the filter is the polarizer. A transmission curve (polarized
light) for the material used in the filter is plotted in Figure 17. Each stack is assumed to
contain a polarizer on each side—eight total elements. Multiplying Vbk?^ by the polarizer
transmission (also raised to the eighth power), we obtain an estimate for the transmission
of the filter, shown in Figure 18. The polarization of the element begins to break down
above 750 nm, and therefore the transmission of the filter will tend to leak above this
wavelength. Since our sensor has response between 750 and 900 nm, a filter should be
used to reduce the transmission of the filter above 750 nm. A KG-1 absorption filter was
assumed for this purpose. The net estimated transmission of the filter is shown Figure
18. This curve represents the peak transmission envelope for the filter.
multiplies the sine transmission of (2) to obtain the filter transmission curve.

This curve

57

DA
•aA

I
\

400

7CO
WAvtlMim

Figure 18: Estimated transmission envelope for the LCTF.
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Figure 19: Model transmission for the visible LCTF at intervals of SO nm (showing envelope
function).
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When plotted on a linear scale, the model result shown in Figure 19 looks reasonable;
however, when plotted on a log scale (e.g., 650 nm in Figure 20), significant oscillation
of the function outside the transmission band is seen.
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Figure 20: Log scale plot of the transmission of the 650-nm band (shown on a linear plot in the
previous graph). Note significant error outside the desired transmission band.

Side lobes of the filter transmission can be suppressed by manipulation of the voltage at
each stage, and by "de-tuning" the polarization off optimum angle.

In the theory,

convolution techniques can be used to suppress the side lobes of the filter model, thereby
simulating the apodization^^ of the filter transmission. In the model, these techniques
will be used with a least-squares fit to the data to estimate the out-of-band transmission.
Figure 20 shows a plot of the sine function (from Equation (2)) plotted against measured
data ("+") from a filter that has been apodized. The dotted line shows the effect of using
convolution to smooth the sine function. For the model, the apodizing technique involves
shifting the curve slightly to either side of the peak wavelength, and averaging the results.
The effect is assumed to be the same, regardless of the wavelength setting. Using this
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technique, the fiUer performance can be effectively modeled. (This will be discussed
ftirther in the modeling section.)

Filter Selection
The LCTFs that were selected for use in the TFC were manufactiu-ed by Cambridge
Research Inc. (CRI). CRI filters represent the most mature LCTF design that is available
off-the-shelf A band pass width of -7% (at the center wavelength of the filter FSR) was
specified by the US Navy/US Marine Corps (USMC) customer. The visible and NIR
channel filters were commercially available, however the NUV channel required a
modification to the visible filter to pass the UV light (glass and polarizer material). As a
part of this effort, the filter control electronics were also miniaturized and incorporated
into the control electronics enclosure.
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CHAPTER 4 SENSOR
The sensing array for the TFC is an image intensifier that is optically coupled to a
standard 2/3" CCD. Image intensifiers are light amplification devices that operate using
the principles of photoemission. Their operation is similar to that of a photomultiplier
tube, except that the spatial properties of the incident image are maintained during the
amplification process. Optical gains of more than 10,000 can be achieved in modem day
devices, which makes them ideal for low-light-level applications. Because of their high
gain, intensifiers have been used extensively as night-vision devices (in the form of
goggles and cameras) for more than 30 years. For the same reasons, intensifiers were
selected for use in the TFC, where the combination of reduced exposure, optical aperture,
spectral dispersion and a variable light source can conspire to drastically reduce the light
reaching the sensor array. In many ways, narrow-band spectral imaging from an airborne
platform is a low-light-level situation for the sensor. This issue is one of the reasons
high-cost, low-noise, 14- and 16-bit CCDs are required in hyperspectral devices—during
operation, much of the information of interest resides in the lowest bits of data.
The gain provided by the intensifier provides at least two orders of magnitude more
limiting sensitivity than CCD-based systems. This increased sensitivity can be used to
increase the spectral resolution (through higher dispersion); increase operational time
limits (possibly before dawn or after dusk); increase the aircraft speed/coverage rate
(shuttering to reduce ground blur); and/or to reduce the optical aperture, thus allowing the
use of small, compact optics. One of the additional benefits of the use of intensifiers is
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their ability to shutter on and off for extremely short duration—10 ns or shorter. This
property allows the intensified CCD (ICCD) to quickly respond to large changes in light
(e.g., sun and cloud glare), or to be used synchronously with a pulsed source, such as a
laser. When used synchronously with a pulsed laser, referred to as laser range-gated
imaging (LRGI), the system can be used to penetrate obscurants (fog, water, smoke,
etc.,), or to stimulate fluorescence in remote fluorescence spectroscopy. The ability to
address the last two fields of remote sensing is a byproduct of the use of intensifler
technology, and has been built into the TFC. One of the primary drawbacks in the use of
intensifiers is the limiting SNR (discussed later in this chapter).

PRINCIPLES OF OPERATION

Figure 21: ICCD block diagram.
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A block diagram of the ICCD is shown in Figure 21. Incident photons traverse a glass
input plate and strike the photocathode, where they are converted to electrons with some
probability called the quantum efficiency.

Electrons that are emitted from the

photocathode are accelerated across a gap to the microchannel plate (mcp)—a fiber optic
plate that has been hollowed out and coated with electro-emissive material (Figure 22).
Applying a potential difference across the mcp stimulates secondary emissions of
electrons, and provides an electron gain at the mcp output. Electrons that are emitted
from the mcp are accelerated across a potential difference to the anode phosphor, which
converts them back to photons (green). The green photons that are emitted from the
phosphor are transferred to the CCD by a coherent fiber optic element. In the TFC, this
element reduces the magnification of the phosphor output by ~1.6x, so that the CCD area
is matched to the intensifier clear aperture (optimizing the collection area).

- - -

Z'

Figure 22: Intensifier microchannel plate. The tubes in the hollowed fiber plate are typically inclined
by 5 degrees to increase the probability of secondary emission.
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The majority of commercially available high-performance intensifier tubes use gallium
arsenide that is doped with cesium oxide (GaAs:CsO) as basis for the photocathode. The
CsO is a low electron-affinity material that creates a negative electron affinity in the
composite material. Spectral response at long wavelengths is usually limited to -900 nm
by the composite work function of the material.^^

At short wavelengths, spectral

response is limited to -450 nm by the absorption and reflection losses of the glass input
plate. This short wavelength response was identified as the limiting factor in the spectral
coverage of the TFC. Therefore, in an effort to extend the spectral performance in the
blue region, special tubes were built with a thin, specially coated input window. In
Figure 23 are shown the typical response of the common "high-blue" GaAs tubes (the
term used by the manufacturers), and the new UV-enhanced tube built for the TFC. A
quantum efficiency of nearly 20% was achieved at 400 nm.
The spatial performance of the intensifier was of particular interest in the early
development stages because intensifier tubes have historically been the limiting element
for MTF of intensified CCD systems.

A significant improvement in the MTF of

intensifiers has been realized in recent advances in the production of intensifier tubes.
The previous generation of tubes (Gen III) had a limiting resolution of 45 Ip/mm (line
pair pre mm) while the latest generation (IV) has resolution that exceeds 64 Ip/mm. This
improvement is enough to make the intensifier spatial performance comparable with
other optical elements in the system.
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Figure 23: Quantum efficiency response curves showing typical "high blue" response intensifiers,
and the specially enhanced tube built for the TFC.

One of the drawbacks of the use of an intensifier is the potential for damage to the sensor.
This occurs through prolonged or over exposure of the photocathode, and manifests itself
as an area of reduced response (often referred to as a bum). Under normal use, the
lifetime of tubes (defined as a reduction of more than 10% of the average response) is
typically longer than 2500 hours.^^
The aging and damage issue is addressed in the TFC in three ways. First, the intensifier
gate and gain circuitry is designed to monitor the amount of energy that is incident on the
photocathode (by monitoring the photocathode current, and the CCD output levels).
When a predefined level (below the damage threshold) is reached, the tube gain/gate
controls are reduced to protect the tube.

Second, given the expected light levels of the
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TFC mission, and the reduction in light throughput due to the lens and filter, light levels
reaching the sensor will typically be far below the damage level. Finally, a provision has
been made in the TFC electronics to store an array of gain and offset values for each
pixel to obtain a uniform response. These can be measured using a uniform source, and
then used to apply a gain and offset to the CCD voltage amplifier, thereby normalizing
the sensor response. (This can be done at various gain settings. Software for this feature
has not yet been written.)

Dynamic Range and the Case for the Intensified Hybrid-spectral Sensor
Several factors contribute to the signal (or lack thereoO from a remotely sensed object:
the source,

the

diffuse spectral

reflectance of

the

target,

the atmospheric

transmission/absorption/reflection, the optics throughput, and the response/sensitivity of
the detector. All of these factors change with wavelength, and can conspire to severely
tax the dynamic range of the system. (For the purposes of this discussion, we will
consider only the near-UV through the NIR spectral ranges, which are the internal
channels in the TFC.)
In remote sensing in the non-thermal bands, we are interested in the reflectance of
ambient light from a scene. Therefore, the range of reflectance data within the scene will
be dependent on the variation in spectral reflectance that exists within the field of view,
and the spectral distribution of the illuminating source. Although typical differences in
reflectance of natural objects are large, with the exception of strong absorption, most do
not differ by more than two orders of magnitude^'. If the bands (pixels) of an array are
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fixed (as in HSI), and the exposure and gain within them cannot be changed, then the
dynamic range within a scene (intrascene) becomes a very critical performance item. If
sensitivity is limited, an appreciable amomit of information may be in the lower several
bits of the sensor response, making a large dynamic range (low noise) system necessary
for basic operation of the instrument. Alternatively, if the gain and exposure of a given
spectral band can be changed in response to the scene spectral radiance, tlien the effective
dynamic range is dictated by dynamic range between the respective chamiels. This is a
very significant difference, and one that is exploited by the TFC through the use of the
intensifier.

An Example
Consider the intrascene dynamic range (DR) of a 12-bit CCD array with rms noise of one
bit.

noise

2

Since all the spectral/spatial data is collected on the same array, this ratio must
accommodate the net effect of the sensor response, system throughput, the target
reflectance across the entire spectral region of interest, and changes in illumination due
visibility and the solar zenith angle.
In the case of the TFC, each channel or band has its own gain and exposure, so its
intrascene range is essentially on a sliding scale that is dictated by the total ranges of gain
and exposure. This enables dynamic control of the instrument in response to a scene.
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The high gain imparted to the signal by the intensifier tube provides a low-light-level
sensitivity. This can be used to filter at a higher spectral resolution (narrower bands),
extend the hours of operation, or allow data collection at faster aircraft speeds (fast
shuttering of the camera will prevent smear due to ground motion).
The radiant gain of intensifier tubes can be >10,000x, so using the maximum exposure of
60 Hz., the inherent interscene (or interframe) dynamic range (DR) (for a 10-bit camera
with one bit of noise) is;

TFC Intrafi-ameDR =

2'° * ra/'/j
^ = 2' *10"
2

5 *10'.

10

For scenes brighter than the average background, shorter exposure can be used to
attenuate the signal (and to reduce ground blur or smear due to platform motion). Using
the intensifier photocathode voltage as a shutter, exposiu-es as short as 200 ns and as long
as 0.016 s are obtained. (Here it is assumed that the multiple-fi-ame integration function
is not employed, and that the exposure is limited to the overlap between interlaced
fields)^''. Thus, an extension to the DR of the system is obtained by calculating the duty
cycle (ratio of the frame rate to the minimum shutter time):
0.016
J
TFC exposure duty cycle DR =
« 8 *10 .
^
200*10-'

11

The 10-bit dynamic range of the TFC CCD can be slid over a range of:
TFC ICCD effective dynamic range as 8 *10"* *5*10® w4*10".

12
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This effective dynamic range is believed to be unmatched by any other instrument. The
ability to slide the sensors dynamic range along this extended scale makes it effective in a
variety of missions or applications where the sensor is light starved.

In a simple

comparison of sensitivity between intensifier and non-intensified sensors, let us assume
that the CCD quantum efficiency is no more than twice the efficiency of the intensifier (a
reasonable assumption, since the typical QE of the intensifiers is 40-45% (see Figure 23).
Further, we assume that the noise in each sensor is limited to the least-significant bit. We
can estimate the relative sensitivity performance (across all spectral bands) by dividing
Equation 9 (dynamic range of the 12-bit HSI CCD) by Equation 10 (the 10-bit TFC
ICCD DR):

Intensified CCD interfi-ame DR vs 12 - bit CCD «

5*10^
= 2443.
2047

For this analysis, the relative throughput of the respective instruments was not
considered, although the difference is likely to be small (<2x). In practice, not all of this
difference is realizable because of spatial and temporal noises introduced by the
intensifier. As we will show later, the SNR of the intensifier is limited to -30, which
makes the TFC less desirable when the application is not starved for light (due to
collection circumstances or light source).
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CHAPTER 5 PROOF OF CONCE PT DEVICE
Having established the basic components for the TFC, a proof of concept (POC) device
was created. The intent of the POC device was
1) to establish that a tunable filter camera could be used to collect remotely-sensed
imagery of high quality fi-om a large aperture device;
2) to investigate sensor-related issues with the use of tunable filters (including use of an
intensified CCD at lower light levels); and
3) to demonstrate the principle of simultaneous multispectral correlation.

TubeP/S «-

PC

P is the image intensifier
Configuration A uses only
CCD
Configuration B uses 1^ and
relay
Configuration B removes lamp

Figure 24: Proof-of-concept assembly block diagram.

i
Frame
Grabber
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DESCRIPTION
Figure 24 is a block diagram of the POC device showing the following components:
LCTF - a commercially available visible nematic LCTF was used as the filtering device.
This filter had a spectral coverage from 400 to 700 nm, with a band pass width of ~70
nm. The filter was controlled through an external control box and power supply, which
provided an RS-232 serial port for computer control.
Optic - a 50-mm Nikon photographic objective lens was located between the LCTF and
the sensor focal plane. This commercially available lens was optimized for the visible
spectral range.
Subject - The subjects used for this test were a colorflil arrangement of exotic flowers
with a green vegetation background. These were chosen not only for the range of colors
that are present, but also because a vegetation background is one of the more common
backgrounds in remote sensing.
Sensor Configuration A - Configuration A used a commercially available CCD array (the
CCD-70, produced by Xybion Corporation) with 9-micron pixels, in an array of 1024 x
1024 elements.
Sensor Configuration B - In this configuration, the CCD from configuration A was lenscoupled to an image intensifier at a magnification of 0.7:1.
Sensor Configuration C - This configuration also used the ICCD with dimmed ambient
light and modified flower arrangement.
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Frame grabber - An 8-bit PC-based frame grabber (by Epix Inc.) was used to digitize the
analog data from the camera.
Illumination - A lOOW quartz lamp was used to illuminate the flowers for Configuration
A and B. The lamp was located approximately 5 feet from the flowers. The illumination
level at the flowers was adjusted to approximately 40 fc, an optimal level for the CCD
imagery (for all but the 400-nm region). Lower light levels for Configuration C were
obtained by turning the lamp off and using dimmed incandescent room light (~0.1 fc).*

DATA COLLECTION
Digital images were collected in each configuration at filter setting intervals of 50 nm
across the 400-700 nm spectral range of the filter and at a lens setting of f72.8. The CCD
integration was adjusted to maintain mid-range video (to a maximum of 16 ms); however,
at 400 nm, there was not enough signal to obtain good imagery in the Configuration A.
In Configuration B, the intensifier gain was used to adjust the signal to mid-scale. A
second set of data was taken in Configuration B with the lamp off, and the illumination
limited to dimmed incandescent room lighting (~0.1fc). Illumination was measured at
the object with a photometer that had a cosine difiliser.

' Photopic measurements were made for this visible band region channel.

72

RESULTS
Images with bands centered at 450, 550 and 650 nm in Configuration's A and B were
used to create the color composite images in Figure 25. These images were combined
with equal weighting for each channel, although spectral correlation can be obtained by
using different channel weighting. The larger field of view in the ICCD is due to the
magnification of the relay between the intensifier and the CCD.

Figure 25: Comparison of CCD and ICCD color composite images taken using LCTF bands 450,550,
and 650 nm. Boxed regions in the ICCD image show location of shear distortion. (The color
variation between the images is due to differences in sensor response)

The set of images in Configuration C was taken using the intensified CCD and LCTF at a
light level -50 times lower than Configuration B. Again, the 450, 550, and 650 nm bands
were used with equal weighting to create the color composite image shown in Figure 26.
The change in color weighting from the image of configuration B is due to a change in
light color temperature.
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Figure 26: Configuration C, using the iCCD and LCFT under lowered room lighting (-0.1 fc).

PRINCIPLE COMPONENTS AND CORRELATION
The multiple-barrel configuration of the TFC provides a powerful capability in spectral
detection. The simplest case can be illustrated by assigning various input channels to red,
green or blue output channels to create false-color composite images that have meaning
to the observer. For example, with a given filter setting, anything with a green hue can be
set to look brown, while reds and yellow colors of interest are blue or white. This
transformation can be accomplished through matrix math (linear combination), where the
channels are combined by prescribed ratios. (A unity matrix would pass the channels
through unaltered.) The spectral information is thereby reduced to a single image that
can be evaluated, especially given a priori knowledge of the camera-filter settings and
target spectra.

The reduction information in this manner is the basis for principle component analysis. It
also forms the basis for the architecture of the multiple-channel TFC.
Given a set of N multispectral images, we can derive a set of images n«N by linear
combination that incorporate all the essential spectral features of the N images. By
diagonalization of the covariance matrix, a set of curves or principle components
(eigenvalues) is created that can be used to recreate any other data set.^' By creating
principle components, the dimensionality of the multispectral analysis problem is
reduced, thereby reducing the amount of data that must be stored and processed. In
applications such as data collection from unmanned aerial vehicles, this is a significant
issue because the amount of data that can be recorded or transmitted is severely limited.

Figure 27: Plot of the eigenvalues from a principle component analysis of data taken in
Configuration B. Little information is gained after three bands. (Principle component analysis
conducted using IDL ENVI.^')

As an example, we can conduct a principle component analysis on seven bands of data
collected at 50 nm increments using Configuration B. A plot of the eigenvalues is shown
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in Figure 27, where it can be seen that only three principle components (bands) are
required to re-construct most of the data (the contribution of bands 4-7 is small).
In the design proposed for the multiple-aperture TFC, a linear combination of channels is
conducted in the digital hardware, thereby providing a way to create the principle
components of a spectral scene in real time. In the multiple-channel TFC, up to four
spectral channels are available in the sensor simultaneously.

Through principle

component analysis on a subset of the data from configuration B (every other band), we
find that the majority of information can be derived from two eigenvalues. In essence,
~90% of the information gathered by four charmels can be reconstructed through linear
superposition of two principle component bands. This represents a data compression of
50% of information that must be transmitted or recorded. Further, nearly all (>98%) of
the information can be obtained using three principle components, representing a
minimum of 25% reduction in information.
If the spectral filtering bandwidth or spectral features are broad enough, the principle
components can be used to reconstruct imagery at wavelengths between the bands
collected, further extending its utility.

76

Figure 28: At left is a plot of the Eigenvalues for a four-band system, using data from Configuration
B. The majority of information can be obtained using two bands (principle components), and all of
the information can be obtained using three bands. At right are the bands (principle component
images) represented by the eigenvalues.

INTENSIFIER EFFECTS

Although reasonable imagery was obtained using the image intensifier, analysis of the
imagery identified an artifact that will affect registration between channels—shear
distortion. Shear distortion is a manufactiiring process defect that visually shows up as a
"kink" in the image of a straight line that is imaged through the intensifier. This effect
can be seen in the magnified regions of Figure 25, shown in Figure 29, and in the image
of a test pattern, shown in Figure 30. The shear shown is between 30 and 40 microns, or
2-3 pixels in length. Such distortions are random, and therefore will cause a mis
registration between chaimels that cannot be easily removed. Thus, in the multipleaperture system, the intensifiers must be specified with no shear.
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Figure 29: Magnified portion or Figure 25, showing shear (as noted).

Figure 30: Shear of an intensifier tube is shown in this image of a Ronchi target

It should also be pointed out that the intensifier gain does add noise to the imagery,
qualitatively observed in Figure 26. As the light level decreases, shot noise in the
imagery will make the images grainy, and may decrease the fidelity of image-processing
algorithms. Nonetheless, for certain applications, the extended performance provided by
the use of the intensifier outweighs the detriments.
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CONCLUSION OF THE PROOF OF CONCEPT TESTING
Through proof of concept testing, the general configuration for the tunable fiher camera
hardware and the approach for the multiple channel architecture was confirmed.
Adequate imagery was obtained through the LCTF with a 50 mm objective lens; and a
comparison between a true-color pictures taken with the CCD and the ICCD showed that
the ICCD reproduced the color imagery of the CCD quite well. The sliding dynamic
range provided by the ICCD gain was shown to easily handle a factor of 50 reduction in
light fi-om the optimal CCD levels. In order to obtain the best possible registration
between channels in a multiple channel system, the specifications for the distortions in
image intensifiers were modified to minimize shear.
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CHAPTER 6 DESCRIPTION OF PROTOTYPES AND TESTING
FIRST PROTOTYPE
Two prototype systems were built to support design decisions through characterization
and modeling. The first prototype system consisted of an LCTF, lens and a Xybion IDG*
ICCD camera. The block diagram in Figure 31 shows the First Prototype configuration,
where the filter was located in fi-ont of the objective lens, which in turn imaged onto the
photocathode of the ICCD.

LCTF P/S
Controller

u

Camera
P/S

PC

IDG ICCD

T

Frame
Grabber or
Oscope

Figure 31: Block diagram of first prototype assembly.

* Specification sheet in Appendix C.

The IDG is a computer-controlled intensified camera that served as the basis for the
camera electronics in the TFC system. The camera in this test contained a Gen III GaAs
intensifier that was coupled to a CCD using a fiber minifier. Because the IDG used in
this test had been in use for a period of time (as a sales demonstration camera) and
exposed to bright, non-uniform sources of light, the uniformity of the intensifier was
poor. Therefore for the purpose of data collection, the uniform portion near the center of
the camera FOV was used. Both analog and digitized data were collected. The output of
the ICCD was digitized using an 8-bit frame grabber, or a digital oscilloscope. (The IDG
was used because the sensor portion of the TFC was not completed at the time of the
test.) In normal mode of the IDG, the gain response of the ICCD is linearized via a
lookup table. Therefore, gain that is applied to the tube provides a linear change in
signal. An automatic light control (ALC) function in the IDG adjusts the intensifier gain
and exposure to obtain a target video level to be set by the user. Camera settings are
recorded on each video frame for later analysis. The intensifier in the IDG was of OMNI
III level performance, with typical GaAs spectral response.
The First Prototype system was used for a number of studies, including spectral response,
SNR, and linearity. The lens, filter and camera were also measured independently to
provide inputs to the model.

SECOND PROTOTYPE SYSTEM DESCRIPTION
System-level and component data were also collected using the components of the visible
charmel of the multiple-channel device. The overall layout of the Second Prototype
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assembly is shown in Figure 32, with the LCTF, lens and ICCD. The total length of the
assembly from filter input to the CCD array is 180 mm, illustrating the compactness of
the optical design.

This assembly represents the final optical configuration of the

multiple-channel assembly, which is in a quad-type (2x2) configuration, with the optical
centerline of each channel separated by 5.08 cm.
Shown in Figure 33 are the CCD, minifier, and intensifier components (the intensifier
shown in the photograph has been cut in half for illustrative purposes to expose its
internal parts). These items were bonded using proprietary techniques to create the
assembly in Figure 34. (The wires shown in Figure 34 are the intensifier voltage supply
wires.) The length of the ICCD assembly is ~4 cm.

MINIFIER
T

LENS

CCD
LCTF

INTENSIFER

Figure 32: Visible TFC channel and Second Prototype optical layout.

Figure 33: Prototype 2 components, showing intensifier, minifier and CCD.

Figure 34: Second Prototype ICCD assembly.
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The filter and lens were mounted in a test stand that allowed the elements to be aligned
and focused.

The intensifier was powered by an external power supply that was

manually controlled, and the CCD was powered by a 12-volt power supply. The test
configuration was similar to that shown in Figure 31. The second prototype was used to
conduct SNR, linearity and response measurements.
Each prototype was tested using variations on standard laboratory configurations as
described below.

TEST DESCRIPTION
Two basic configurations were used for testing of both the components and the TFC
prototype systems. Transmission and spectral response measurements were conducted
using variations on the configuration shown in Figure 35, in which a wide-angle
collimating lens (wider angle than the TFC lens) collimates the output of the spheremonochromator system. In system-level measurements, an aperture was placed at the
target mount to match the TFC lens FOV. The TFC lens was used to focus the collimated
light onto the detector or camera (depending on the measurement). For transmission
measurements, a detector was used on axis at the focal plane of the second lens, and the
monochromator was scanned across the 350-950 nm region.

Transmission was

calculated by comparing scans with and without the filter in place. Test of the LCTFs
included transmission, polarization, and uniformity.
Off-axis performance of the LCTF was measured using a CCD that covered the TFC
FOV angles at the focal plane. The change in transmission fi-om center to edge of the
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FOV was measured by plotting the uniformity difference in measurements taken with the
filter in and out of the path.
Polarization was measured by placing a polarizer at the input of the LCTF. Using the
camera under automatic gain control, the filter polarization angle was electronically
rotated to find the maximum and minimum camera settings (the first element in the LCTF
is a variable '/i-wave plate). In this mode, the camera electronics will adjust gain to
maintain the same camera voltage level. The polarization extinction is found by the ratio
of the max and min gain. (Gain voltage is established using a 12-bit voltage digitizer.
Error in the gain calculation is ~0.3dB.)

Coilimating
Lens

Detector or
Camera

Monochromator

Shunt

Regulated
Power
Supply

Figure 35: Collimator setup for transmission measurements.
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Figure 36: Radiant response setup using Spectralon panel.

Radiometric response was measured in two different configurations. The first used the
monochromator setup of Figure 35 without the collimator. The camera and lens viewed
the sphere output directly, and the monochromatic irradiance at the surface of the sphere
and at the input distance (at the lens) was measured using a calibrated silicon detector.
The camera was set to selected wavelengths, and the monochromator was scanned across
the entire spectral response region of the camera.
A second radiometric test used the setup of Figure 36, where a Spectralon"™ panel is
illuminated by a QTH irradiance standard located SO cm from the panel. The source is
powered by a regulated power supply and monitored to one part in 10^ with a high-
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accuracy digital voltmeter and shunt. Using this configuration, the integrated spectral
response and SNR was measured at various filter and intensifier gain settings.
Data from the CCD were collected using a LeCroy 11-bit digital oscilloscope, or with an
8-bit Epix frame grabber. The computer setup of the laboratory allowed simultaneous
collection of data from the scope, monochromator-detector and camera. The computer
provided serial port control of the filter and camera settings.
Experimental errors are summarized below. These errors were used to generate error
bars or uncertainties in the reduced data.
Source calibration transfer (5%) - the irradiance standard used in the radiometric testing
is certified if the lamp has less than 50 hours of use, and if the current is regulated (as
described above). The error is spectrally dependent and ranges from less than 1% in the
NIR to more than 5% in the near-UV where the source output is quite low.
Spectralon™ reflectance and stray light - ambient stray light, or multiply reflected light
will cause errors in the radiance output that is predicted. As in the source error, these
errors increased in the near-UV. This is most likely because the gain must be increased
to observe illumination in this spectral region. Through comparison between the baffled
areas and target areas in the test setup, it is estimated that there is up to a 5% error
attributable to this effect.
Detector radiometric error (10%) - the Silicon detector used to measure irradiance was
vendor-certified to a radiometric accuracy of 10% in the visible region.
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Sphere effects (10%) - several potential errors are associated with the use of an
integrating sphere. First is the potential for cross coupling of a sphere detector (used to
monitor the power in the sphere) and sample at the output port. Reflectance or absorption
of both components can cause errors in the irradiance measurements. Secondly, coating
degradation in the sphere reflectance coating can also skew measurements. These effects
can be partially mitigated by measuring the sphere output at the position of the detector
under test. In this case, the actual radiant input to the sensor is measured at the point of
collection, and the error is limited to any temporal change between scans and the detector
accuracy. For measurements made by transferring the measurement at the sphere surface
and to the another plane, experimental data indicated that radiometric errors will be less
than 10%.
Detector SNR (0.1%) - The typical signal-to-noise levels in the radiometer used for most
of these tests was more than 1000:1.
Linearity of detector (1 %) - The detector linearity was repeatable to 1 % across most of
the detector range.
Monochromator stray light (2.5%) - measurement of the in-band and out-of-band stray
light in the monochromator was conducted using filters to isolate various fi-equencies.
The 2.5% value represents an integrated value across the visible region. At specific
wavelengths, the error is much smaller.
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Source radiance/geometry (3%) - although baffling and light blocks were used in the
variety of test, stray light is still a potential source for error, especially with intensified
sensors.
Scope (1%) - this is the oscilloscope error as certified by vendor calibration.
Quantization noise (0.1%) (scope or frame grabber) - this is the digitization error for an
8-bit device.
Spatial pattern noise (10%) - intensifiers inherently contain fixed spatial noise that can be
at the 10% level.
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CHAPTER 7 CHARACTERIZATION AND TEST OF THE MODEL
Performance modeling was necessary to support the design of the TFC, and for inprocess development. The model was continually evaluated and validated during the
development process by using measured data. It can now be used to evaluate the TFC in
any quantitative remote-sensing application, where modeling of the source input and the
sensor response to that input can provide useful information about a scenario before
flying the instrument.
In this chapter, using the theory developed in the previous chapter, the component models
for the filter and ICCD will be presented and compared to the results of characterization
testing. The test results were used to refine (if necessary) and validate the models. At the
end of the chapter, the component models will be combined into a system-level model
and compared to a radiometric test of the system.

MODELING
Figure 37 shows a block diagram of the model as it might be applied to a remote-sensing
scenario. The source radiance, target properties and system settings are provided as input
to the system model. The output of the model loops through an automatic light control
(ALC) algorithm that establishes the TFC exposure and gain setting that is required to
obtain a specified output level. The exposure and gain are then used to predict the SNR.
The general form of the system-level spectral and spatial response model is derived fi-om
radiative transfer equations, and is of the form of Equation (14).

90

n

(14)
Output = system output is digital counts or volts
'^lctf(^) = spectral transmission of LCTF (considered below)
TopiicsU) - spectral transmission of the lens (considered below)
t = integration time of the ICCD.

Riccd(^) = spectral response of the ICCD in VAV/cm^/sec (considered below)
MTFicns (v) = MTF of the lens (considered below)
MTFICCD (V) = MTF

of the ICCD (considered below)

F„ = lens f-number (=4 for the TFC)
Cos*(6) = cosine falloff of the lens (note that in a pixel-based system, this translates into
a non-uniformity in the pixel response from center to edge).
The final terms are provided by an external model for source radiance and atmospheric
transmission:
Tatm(^) = spectral transmission of the atmosphere between the source and sensor
(typically
calculated
by
an
atmospheric-transmission
code
such
as
LOTRAN/HITRAN)".
L(^)objcct = source radiance function, which is a product of the light source radiance and
target reflectance.

91

3ourc« Radlanc*
(function or data)

UMr SAtttngaAnputi:
C«nt«rx
ALC Sittings:
Mw Expofur*
Targ*! Output Lawi
Max/Min Gam Ranga

Panmaiarv;
Aiatuda
Targat Siza
Targtl Contrast

Syaiam Kaaponaa Function:
Spactrat Rasponsa f|
Spatial Rasponsa MT^
Througnput (T^numlwQ
Ex^surtfCn
Gam ton
Lana
Fn
TransnvssKin
MTF

LCTF
Transmission i
Off>axts
affacts

ALC

ICCO
Rasponsa
MTF
SNR
Gain

No

Ej^Msura

~k'~~

4'

Output Signal
DC Of mV
SNR
at gam snd axposura

Modify Gain/
Exposura

Emplrfeal Paramatars;
Lans Transmission |.)
ICCO Spactral Rasponsa ()
MTF Cans
MTFICCO
ICCO Maan/Vananea
LCTF Transmission Paalu
LCTF FWHM at ana point

Figure 37: TFC model block diagram showing user input, empirical input, and model output.

A continuous function was used to model each of the TFC components (lens, filter and
ICCD), shown in the shadowed block of Figure 37.

Each component response is

combined into an integral equation that can be used to predict the system response.
The spatial response of this cascaded system is estimated by multiplying the component
MTF of the lens

(MTFIENS

(Y)) and ICCD {MTFICCD

(V))

to create a composite response

function (the filter contribution to MTF was negligible). The system spectral response is
obtained by multiplying the spectral transmission of the lens (measured), and the
modeled transmission of the filter by the ICCD spectral response. The signal-to-noise
ratio is modeled using the stochastic modeling for the ICCD noise in Appendix E and
Appendix F.
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Several performance parameters are unique to a particular component of the system or
may vary from unit to unit due typically to fabrication or material variations in its
construction. These parameters must be measured to provide an empirical input to the
model; they include:
ICCD quantum efficiency (QE) - each intensifier and CCD has a slightly different QE
function.
ICCD and lens spatial response - due to construction, each lens/ICCD has a slightly
different spatial response.
ICCD conversion gain - required to estimate the camera SNR given a specified input.

TUNABLE FILTER
An important aspect of the TFC model is the variable performance of the tunable filter,
which determines the in-band signal that reaches the sensor. Since the filter can be set at
an arbitrary wavelength, although possible, it is not practical to store the transmission
curve for every possible setting.

Instead, an analytic model (based on the theory

developed in Chapter 3) is used to predict performance at every wavelength within" the
free spectral range of the filter.
The general form of the filter model is

TLCTF

= PeakTa) * T(KF

PeakT(X) = the spectral transmission of the filter glass and polarizer.
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T(X) = the nematic filter transmission from equation (2)
A indicates that this function has been apodized (discussed beiow).

Transmission Envelope Function (PeakT(X))
In Chapter 3, we estimated the transmission envelope for the filter material by using
measured polarizer transmission, and the index for BK-7 glass in Fresnel equations. The
measured data ("+") for the peak transmission (transmission envelope) of the filter
across the FSR is plotted in Figure 38 (Theoretical Transmission Envelope), where
performance falls below the predictions in the near UV. This is may be due to absorption
losses in the thin liquid crystal material, which was not considered in the theory. In order
to obtain a closer fit to the data for the composite model, a polynomial regression analysis
was used to obtain a curve fit to the data (shown in Figure 39). The modeled curve has a
data correlation of 0.987.
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Figure 38: Predicted transmission envelope for the LCTF with measured data overlay.
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Figure 39: Measured transmission envelope peaks and corresponding curve fit for visible LCTF.
This polynomial function is PeakT(X)
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Variable Transmission T(X)
The variable transmission of the LCTF is modeled using Equation (2). A plot of the
measured data as compared to the predicted transmission at 650 nm is shown Figure 40.
Although the curves appear to be in good agreement when plotted on a linear scale, a logscale plot reveals that the side lobes of the filter transmission have been through some
sort of apodization^**. We will simulate this process using mathematical techniques.
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Figure 40: Linear-scale plot of the transmission of the 6S0-nm band.
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Figure 41: Log scale plot of the transmission of the 650-nm band (shown on a linear plot in the
previous graph). Note significant error outside of the desired transmission band.
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Apodization
Apodization was simulated using the following technique. First, the filter transmission
function T(A) was shifted a specified amount in both the positive and negative directions
around the peak. The sum of the three terms was then normalized and multiplied by the
transmission envelope function. Evaluation of the data showed that the optimum shift
was an amount that corresponded to the difference between the lowest FWHM value of
the filter, and that of the given wavelength setting. For the filter used in these tests, the
lowest setting was 425 nm, and therefore this function was
<W = A./2^-425/2^

Norm

^ '

Norm is a normalization factor that normalizes the smoothed transmission data, and
PeakT(X) is the peak transmission envelope function.
Figure 42 shows the result of this smoothing.

Although the side lobes have been

suppressed, the overall out-of-band rejection is much worse.
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Figure 42: Plot of smoothed transmission function at 650 nm setting (with data overlay).

In order to increase the out-of-band blocking of the model, the smoothing function was
raised to a power:
(16)

-|1.8

Trans=

r(/l)+ T{A + A/l)+ T(A - AA)'
Norm

* PeakT,

The power value was found through least squares fit to the data for all wavelengths. The
resulting model for a setting of 650 nm is shown in Figure 43. Note that the structure
agrees very closely with the side lobes of the data. Although there is structure outside of
the pass band that is still not represented by the model, the ratio of the in versus out of
band transmission is less than 1% across the entire 400-900 region.
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Figure 43: Plot of apodized model at 650 nm showing correlation above 10'^.

LCTF Transmission Modeling and Test Results Summary
An evaluation of the filter transmission for remote sensing must consider both in-band
and out-of-band performance, and therefore transmission measurements at each
wavelength setting were made from 350 to 950 nm. A ratio of the in-band to out-of-band
transmission was used as a figure of merit, where the energy outside of a given
bandwidth of the filter band pass was divided by the integrated energy within the
bandwidth:

j^inband^^

(17)

outo/band

The FOM of equation (17) was calculated at 1/e^ and 1/e^ of the peak. These are
summarized for seven different filter wavelength settings in Table 2. The inverse of the
FOM is referred to as the rejection ratio—a measure of the spectral purity of the filtered
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data. The rejection ratio should be taken into account during multispectral processing.
The data show that the rejection ratio is low in the blue region, but improves significantly
in the green-NIR region.

Table 2 : FOM summary for the visible LCTF.

Wavelength

FOM l/e'

FOM l/e°

450 run
500
550
600
650
700
750

0.0701
0.0198
0.0132
0.015
0.0233
0.0103
0.0102

0.014
0.013
9.51E-3
4.945E-3
3.967E-3
3.161E-3
2.986E-3

Rejection w
Ratio at Ratio of integrated
l/e'
transmission (model
to data)
70
1.139
77
1.016
105
0.951
0.976
202
252
0.97
0.93
316
335
1.025

The last column of table 1 shows the ratio (R) of the integrated model transmission to the
integrated data transmission across 350 to 950 nm (roughly the response region of the
sensor).

With the exception of the 450-nm band, the error is <7%.

This column

represents an error in the model prediction of integrated energy that reaches the sensor
through the filter.
In the charts that follow, the transmission data for the bands discussed in Table 2 are
plotted as an overlay on the model prediction. The figures of merit for each setting are
shown next to the graph.
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Figure 44a-g : Plot of model transmission and transmission data.
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(liter
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plotted on a log scale
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Other LCTF Effects
Both temperature and off-axis light may affect filter transmission.

The LCTF

manufacturer specifies that the filter temperature should be maintained between 20-45°C.
In the multiple-channel TFC, the LCTF temperature is maintained to ±3° by
thermoelectric devices. Therefore, the temperature-related effects are expected to be
small and were not characterized.
The spatial uniformity of the LCTF transmission is dictated by the physics of the filter
design, and the material properties of the filter components. The spatial uniformity of the
filter was measured using the configuration shown in Figure 35. For this test, an aperture
was used at the sphere, which, in combination with the lens, produced a field of view that
matched the TFC. A ratio of data collected with and without the filter in place provided
the transmission without the lens transmission loss or cosine effects. A contour plot of
the filter uniformity (normalized to the on-axis peak) is shown in Figure 45. The increase
in transmission is plotted against pixel number (pixel 0,0 is center). The angle increases
with the pixel number, and the center of the horizontal (cross track) and vertical (in-track)
edges corresponds to a half FOV angle of 4.3°, and 3.25° respectively. The comer of the
array represents the maximum angle (5.4°), which has an increase in transmission from
the peak of 4.4%. Although the theory for crystals predicts that off-axis effects within
the 5.4° half FOV angle are very small (<0.5%), filter measurements indicate that the
filter was more sensitive to angle. The author surmises that effect is due to the material
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properties of the polarization material used in the filter construction. Figure 46 shows the
variation in filter transmission from center to the edge of the field of view.
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Figure 45: Contour plot showing variation in filter transmission across focal plane (pixel numbers
shown).
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Figure 46: Visible LCTF filter transmission uniformity (normalized to the peak at pixel 0,0) in
horizontal (cross-track) pixels from center.
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Non-uniformity in the TFC is small enough that the effects within a pixel are negligible.
Therefore, a pixel map of the final system response to uniform illumination will provide a
calibration normalization matrix that can be applied to the digital data. As mentioned in
Chapter 2, this non-uniformity can cause an ambiguity in remotely sensed data—we
cannot discern the difference between an off-axis object having increased narrow band
output, or constant broadband output.

Polarization Measurement Results
The first element in the LCTF is a tunable wave plate that can be used to rotate the
polarization of the incoming light to an arbitrary orientation. The rejection ratio for
orthogonally polarized light was measured using the camera in an automatic mode, where
the gain is automatically adjusted to obtain a target video level. Input light was polarized
using a polarization filter. The waveplate setting was electronically rotated to obtain the
maximum and minimum video levels. Results of the polarization testing are shown in
Table 3, with a rejection ratio of ~160:1.

Table 3: Polarization extinction ratio.

90° polarization
0° polarization

Camera gain
0 ±0.5 dB
44 ±0.5 dB

Extinction Ratio
1
>140 to 178:1

Design Implications of Filter Performance on the Multiple Channel System
The transmission performance of the filter had several implications on the design of a
multiple-channel version of the TFC. Due to polarizer limitations, the FSR of this filter
is limited to 430-750 nm. Consequently, more than one channel is required to cover the
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near-UV to the NIR wavelength ranges. Further, when the filter response is combined
with the typical response of typical GaAs, the net throughput below 450 nm is negligible.
This reduced blue light transmission led to the re-evaluation of the intensifier spectral
response, which in GaAs intensifiers is greatly reduced below 450 nm. This issue is
considered in the next section.

ICCD CHARACTERIZATION AND MODELING
The ICCD spectral response is determined by the quantimi efficiency of the
photocathode, the gain response of the intensifier, and the linearity of the detector array.
In the model for the ICCD, a linear CCD response is assumed, therefore any non-linear
response of the CCD will produce an error in the model predictions.

Linearity

measurements of the TFC were conducted in both configurations by changing the light
level input to the camera, or by changing the exposure of the camera. The results, shown
in Figure 47 and Figure 48, show a linear response at the higher signal levels.
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Figure 47 shows the rms deviation from a best-fit line for all of the linearity data from the
second prototype.

These data were analyzed using histograms to determine the

magnitude of the error as it relates to the signal level. The results, presented in Table 4,
indicate that the rms linearity error is less than 1 % for all values above 50 mv. Below 50
mv, the errors increase significantly. This is not surprising since the signal levels are
approaching the sensor noise floor.

Table 4: Histogram Error Analysis of camera linearity for the second prototype.

Voltage Level Range

>300 mV
200-300
100-200
50-100
25-50
<25
A power-law equation of the form
e=3.28s''-^

% of value rms Error in
Linearity
(From best fit curve)
0.2%
0.3%
0.45%
0.6%
6%
10%

(18)

where
e = Linearity Error, and s = signal in mv,
fit these data. Equation (18) can be used to estimate the error in the modeled data.
Figure 49 shows that the linear response of the camera in the first prototype is maintained
(standard deviation <1 gray level) through the digitizer (used for some of the system
response measurements).
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The estimated errors due to linearity will be used to help establish the accuracy of the
model.
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Figure 49: Linearity measurement of first prototype through digitizer.

Spectral Response
The spectral response of the ICCD, R(A), can be modeled with an equation of the form:
Ra) = CG(g) * Tjqehc/X,

(19)

where
CG(g) = the conversion gain of the ICCD, in units of mV or counts per electron per area
per second;
qqe = the quantum efficiency of the intensifier photocathode in electron per photon; and
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hc/X = watts per photon, where h is Planck's constant (6.626x1Js) and c is the speed
of light (3x10"^ m/s).
R(X) has units of mV per Watts per area per second.
We can determine the quantities for R(X) through measurement. The quantum efficiency
(QE) of the ICCD is determined by the photocathode. Figure 23 is a graph of the QE for
the intensifier tubes for both prototypes (measured directly using the monochromator and
sphere system).

The first

prototype used the "high-blue" tube, while the second

prototype used the tube labeled UV-enhanced tube. The improved throughput of the UVenhanced tube and filter, compared to the high-blue tube, is shown in Figure 50 ("+"
curve), where system response coverage is increased by 75 nm (down to 425 nm).
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Figure 50: Modeled relative throughput of visible filter with "High Blue" (solid) and "UV-enhanced"
intensifier tubes. The response of the system with the "high-blue" tube is negligible below 450 nm.
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Conversion Gain
The conversion gain of the ICCD must be established through test because it will vary
from camera to camera. The gain response of the ICCD is exponential, and of the form
(20)

Ogain = a„ e''"^

where g is the gain setting, and a„ and

are constants that are particular to each

configuration and determined empirically.

The gain response is expressed as an

attenuation bandwidth because shot-noise-limited operation is achieved at maximum
gain.
In the case of the first prototype, the intensifier gain voltage has already been converted
into a logarithmic function by the camera electronics—the command requires an ASCII
text in -dB, with 0 dB being maximum gain. Therefore, the units of

are in 1/dB. In

the case of the second prototype, g is a voltage (on the mcp), and ba is 1/volts. The units
of Tgain are in mV per electron, per frame per pixel.
We must multiply this term by the pixel area and frame interval time to obtain the
conversion gain (CG), which is in mv per electron, per area per second:

CG(g) = Ogain* Apixel*^/ran,e .

(21)

^pLte/ is the pixel collection area, and /H/rame is the maximum frame-integration time.
The gain response of the cameras was determined using the photon transfer method^^, in
which the signal mean is plotted against the standard deviation for a given gain setting.
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The inverse of the conversion gain is found by locating the intercept of the shot-noiselimited portion of the curve with the mean axis when the standard deviation is equal to
one. Figure 51 is an example of this method, applied to the Second Prototype camera.
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•
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>
. E
e
9
> 1 OOE^OI
o
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^
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/ = 0.0369x°®®°^

:

•

1 OOE+00
1.00E+01

1.00E*02
Maan Signal (mV)

1.00E+03

Figure 51: Photon transfer plot from the second prototype system, with gain voltage set to 850V. The
conversion gain is 0.037.

For each configuration, an exponential curve was fit to the gain response data to obtain
the constant values for a and b. A summary of these results is shown in Table 5 and is
presented graphically in Figure 52 and Figure 53. The last column lists the percent error
between the model and the measured data. This error represents the error in the model
estimation of gain.
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Figure 52: Gain response for the flrst| Figure S3: Gain response for the second
prototype.
prototype.

Table 5 Gain response summary data and
error estimate. (Below)

Second Prototype

First Prototype
aM=
hA=

Gain dB Data
1.015
0
-10
0.433
-40
0.048
-45
0.032

0.9754
0.0758
Model
0.975
0.457
0.047
0.032

bB=

Error
4%
-6%
2%
-1%

Mcp V
1050
1030
1000
950
900
850
850
825
800
775
750
700

Data
1.0000
0.7300
0.4450
0.1983
0.0878
0.0370
0.0394
0.0252
0.0164
0.0108

0.0071
0.0029

2.48E-08
1.67E-02
Model
1.0670
0.7634
0.4620
0.2001
0.0866
0.0375
0.0375
0.0247
0.0162
0.0107
0.0070
0.0030

Error
7%
-5%
-4%
-1%

1%
-1%

5%
2%
1%
1%

0%
-7%
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Having established the gain response of the sensor, we must now incorporate the pixel
area and frame rate to obtain the conversion gain, which is required for the model. The
nominal frame rate for the arrays used in both prototype cameras was 0.033 sec. Pixel
area is determined by the calculating the collection area of the magnified pixel, as it is
projected to the intensifier output.
Pixel area First Prototype (#1) = 3.1*10'^ cm^, and
Pixel area Second Prototype (#2) = 4.1*10'^ cm^.

(22)
(23)

Using these values, we find the equation for conversion gain for each camera:
Conversion Gain # 1
Gisin-dB

CG^g) = 0.9754* e"
10-7 »g0 0758-s

* 0.033 sec*

cm- SQC

=
(24)

Conversion Gain #2:
CGiV) = 0.9754*
* 0.033sec*=
g is in volts (across
(25)
mcp)
2.48*10-'mVcm'sec

Figure 54 and Figure 55 show a comparison of the model prediction for signal level over
a range of gain values and light levels. In general, there is good agreement between the
model, with the predicted values falling within the error bars generated by the linearity
errors.
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Figure 54: Conversion gain model versus data (log plot) for Prototype 1 for 0 (leftmost curve) and -10
dB gain values and a range of light levels.
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Figure 55: Conversion gain model versus data (log plot) for Prototype 2 for a range of gain values
and light levels. The gain values range from 1030V (leftmost curve) to 700 V. The vertical column of
data represents a variation of the exposure.

SNR
The ICCD has both a spatial and temporal point spread function, which will affect both
the response and noise of the system^^. Below, we will consider the noise and signal
associated with the temporal function (the spatial treatment is similar, and discussed in
detail in reference

For now, we will restrict our discussion to well-resolved objects,

so that there is no reduction in SNR due to the object size. (The spatial response will
appear in the response function as MTF.)
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For this analysis, we assume that the gain is sufficiently high that we can use Poisson
statistics. Using the results of the stochastic analysis in Appendix E, we find that the
SNR will be of the form
(26)

t

\p{t')df
SNR = S N R ^ * - ^

SNRo

is the shot-noise-limited performance of the sensor per pixel,

is the gain-related

noise in the system, and p(t) is the temporal point spread function. For photon irradiance
Eo, we

assume Poisson statistics, and SNRo is of the form:
(27)

Apixci is the pixel area.
At is the integration time, and

r]qe is the quantum efficiency of the photocathode.
From Equation (26), we see that the PSF integral terms modify the SNR fi-om the shot
noise limit. The temporal PSF is estimated to be a

^ distribution, with temporal variable

/ being a fimction of both the integration time and the gain. We will define t as

^

E^{i)n{X)

Const

(28)
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Const is determined by experiment, and represents the limiting peak sensitivity of the

camera, in electrons per sec", and t] is the quantum efficiency.
This function (Equation (28)) was placed in the integral of Equation (26) and solved
numerically to obtain the results in Figure 56. From our theory, we expect that the SNR
will asymptotically approach some value as either light level is increased, or exposure or
gain is decreased. Figure 56 is a graph of the second prototype SNR versus irradiance at
600 nm. In this test, data were collected at a number of different gain settings, with
integration limited only by the CCD frame rate. From this chart, the limiting sensitivity
can be determined (where SNR=I), and the SNR limit is easily determined (~30:1). Also
shown on this graph are curves for the shot noise limit of the photoelectrons (dashed line)
and the photon noise limit (dotted). The photon limit is reduced by the quantum
efficiency to obtain the photoelectron curve.
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Figure 56: This graph shows the SNR model (black) and measured data Tor the second prototype
camera at 650 nm. The uppermost line is the photon-noise limit (blue). This is reduccd by the
square root of the quantum efflciency (second highest curve) after detection by the photocathode,
thus establishing the limiting performance of the system. Data are shown for various gain settings.

The solid black line in Figure 56 is the modeled result using equation (27) Qf parameters
N=2, and a=l .087). Correlation between the data and model is listed in the table below.
(Measurement of SNR was made by taking the ratio of the average signal to its standard
deviation in a single frame.)
Gain voltage
850 V
900
1030

SNR Standard Deviation Data-Model
1.02
0.97
0.88
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A graph of the output signal voltage versus the SNR (Figure 57) for the same test
illustrates an interesting result. This graph plots the output video voltage as the light
level is increased and gain is decreased. As the light level is increased, the signal or input
SNR (shot noise limited signal to noise ratio due to incident light) increases (as the
square root of the photon irradiance); however, the system SNR is limited to 30:1
regardless of this input SNR. Consequently, the SNR limit is achieved at progressively
lower output voltages. This has implications on for the automatic exposure and gain
control for the camera—for this camera, when gain is set below 850V, any video output
over 100 mV will achieve the limiting SNR.
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Video Signal (volts)

Figure 57: Prototype 2 plot of voltage versus SNR for various gain voltage settings.
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The response and SNR model were applied to spectral response measurements (across
wavelength) for the second prototype camera ICCD. For this calculation, the measured
quantum efficiency is combined with the conversion gain equation to establish the video
output voltage, and then the SNR model is used to determine the SNR. Figure 58 through
Figure 60 show very good agreement across the spectral response region of the camera,
with a standard deviation between the data and model of 1.5 for the SNR, and 0.014 for
the response. This test exercises the model over a range of light levels and wavelengths.
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Figure 58: SNR model applied to spectral response data.
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Figure 59: Response model applied to spectral response measurement.
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Figure 60: Radiant response model and data results for second prototype ICCD (gain=860V).
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LENS TRANSMISSION (TLENS)
The last element to consider in the spectral response model of the camera system is the
lens throughput. The square root of this quantity is often referred to as the t-number in
that it represents a combination of the f-number and the transmission.
By design, the TFC lens is an infinity-focus lens that has a precision fixed aperture. The
f-number (Fn) is 4. Due to variations in material and coating application, the spectral
transmission of the lens must be measured, and then fit with a c-spline curve to obtain a
continuous function for integration of the system response to the source. The results are
shown in Figure 61. The lens contribution to the modeling equation is;
TV

Tlens =

(29)

* Trans(A).

Transc-spiineW is a numerical (c-spline) function that is fit to the data.
0.9
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Figure 61: C-spline fit to the spectral transmission of the TFC lens.
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MTF MEASUREMENT AND MODEL
MTF measurement and modeling served as an in-prncess design tool during the
development of the system, and ultimately provides the spatial response input to Equation
(14). In the early part of the design process, neither the system nor components were
available for evaluation.

To support the modeling and system development, similar

components or systems were tested in order to obtain performance data that was
representative of that expected from the final device. When actual components were
finally available, they were tested and used to update the model of the system
performance. Tests that were used to support the design and modeling process are
described in the appendices. Ultimately, a model was developed for the ICCD and lens,
and used to predict the angular resolution of the system. (The LCTF is made from highquality glass, and in its position before the lens, it has negligible contribution.)
The spatial response of the TFC is handled as a cascaded system, with component MTF
values being multiplied to obtain a composite. These measurements supported a number
of design decisions, including:
The use of a longer focal length lens to obtain a better ground resolution: Originally, the
lens was specified to have a 65 mm focal length; however, the model showed that the
angular resolution would be marginal (not resolving a mine). Thus, the focal length was
increased to 90 mm.
The use of a minifier instead of a straight-though coupling between the intensifier and the
CCD - the minifier originally anticipated had no magnification; however, by imparting a
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magnification (increasing the size of the pixels with respect to the intensifier), the
effective MTF of the system could be increased (closer to the limit imposed by the size of
the CCD pixels).
Details of these design trade-off analyses are provided in the Appendices. In each of the
design steps, test data and the prediction of the corresponding system model proved
invaluable to the decisions.
Measurement of MTF was made using two methods: modulation measurements using a
sine pattern target, and Fourier methods using a bar target. Measurements of interest
were below the aliasing frequency of the CCD (29 Ip/mm, measured at the intensifier).

Sine Pattern Method
Measurement of MTF using a sine pattern is common in optical metrology, but also labor
intensive. The method also suffers from the fact that is it difficult to manufacture an
accurate target. Nonetheless, the test is easily understood and conducted.
Consider a co-sinusoidal input pattern V=A + BCOS(2TCV), where A is the average, and B is
the magnitude of the fluctuating component. When this pattern is imaged by an optical
system, the modulation at a given frequency is the ratio of the AC signal to the DC level:

A+ B+ A - B

B

AC

A

DC'

(30)
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In order to obtain the response of the system, the output modulation is compared to the
input modulation at a number of frequencies. This normalized curve is the MTF:

MTF(n)=

MTF^,M

(3')

WTf/vrW •
One of the keys to this (and other imaging methods) is the removal of the response of the
input optical system. Typically, the input image must be collimated or relayed to the
optical system under test. The response of this optical system must be characterized and
divided out of the measurement to obtain the actual MTF of the system under test.

Bar Pattern Fourier Method
Bar patterns can be used to evaluate imaging systems. Measurement of the contrast
between the bars and background at various frequencies produces the contrast transfer
function (CTF), which must then be converted to MTF by the relation^^
(32)
MTF{V) = ^

^'

2,

5

7

Where C( v) is the contrast at frequency v.
Like the sine target, this method requires measurement at a number of target frequencies,
and can be cumbersome.

Alternatively, Fourier methods can be used to evaluate a

number of frequencies simultaneously, taking advantage of the multiple fi'equencies that
are present in the bar targets.
A bar target at a given frequency v can be described by an infinite sum of sine waves:

127

,
/ ^ 1 2^1 .
X
,,^
oars(xj = —+ —> — sm(2;z?ivai:;, n=l,3,5,'',
2 ;r'T«

(33)

where v = frequency of the square pattern (Ip/mm).
With the assumption that our imaging system is LSI, having real-valued output, the
bars(x) function is an eigenfimction of the system. Thus, given the MTF of the lens at a

given frequency vo, {MTFiensi ^o)), we can write the following expression for the image
ihys) produced by the system^'
1 2
1
Isys(vo) = =- +—^-sm{2mVox)MTF,^„{nVo), n=l ,3.5r..
2

From this equation, it is clear that the base target frequency

VQ

(34)

can be used to provide

information at odd multiples (harmonics) of the base frequency. Thus, measurement is
made of the amplitude of system output at the fundamental frequency and each of the
harmonics. This result is divided by the measured response of the input system at the
fundamental and harmonic frequencies. The number of harmonic frequencies that can be
used is limited by the noise of the system. Typically 5-10 harmonic frequencies can be
used, and therefore only a few low-frequency targets are needed to build up a reasonable
MTF curve.*

«

The targets used in this test are hybrid targets that have a repeated bar pattern with more than 10 bars.
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ICCD
The spatial response of the intensifier tube was of particular interest since advances
between third and fourth generation tubes have increased the response by more than a
factor of two.
The MTF of the intensifier was measured using the Fourier bar pattern method described
above. The results are presented in Figure 62 (tube S/N 932179). This response was
modeled using a combination of a Gaussian and Gamma function (cross correlation of the
cylinder function), of the form:
MTF(v) = Y(vf Gauss(v).

(35)

The curve of Equation (35) was fit to the data using a least squares fit with N as the
variable (represented as a solid line in the figure (JV=4.7)). The data have a standard
deviation of 0.015 from this best-fit line.
The fiber relay consists of a bundle of fibers that are drawn to produce a magnification.
The MTF of a single fiber can be described by a first order Bessel function.''" This
function is repeated in much the same way as the CCD array function. The diameter of
the fibers used in the couplers was approximately 6 [im, placing the cutoff and aliasing
fi-equencies far beyond that of the CCD. Therefore, we can use the zero order term to
represent the low frequency response. Now, the imaging process of the fiber relay is the
same at both ends. Therefore, the radii of the PSF are additive,'" thus for the Bessel
function, we use
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Figure 62: Intensifler tube MTF model and data. (Tube S/N 932179).

MTFfiber- Jl(r)/r

(36)

Where Jl is a Bessel function of the first kind; and r=R(l+J/m), where R is the fiber
radius, and m is the magnification of the coupler.
For the second prototype, m=l.62 and R=6 jim (input fiber size), we find r=9.7 |im.
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Figure 63: CCD horizontal IVITF data and model (as magnified to the intensifier plane).

Finally, the CCD MTF was measured in the horizontal direction using the sine pattern
method (Figure 63), and modeled with a Gaussian curve:
MTFccd=Gauss(r,a). a=40/mm.

(37)

The standard deviation of the data from the model (over all frequencies) is ~0.1. The fit
between the curve and the data is good until we approach the aliasing limit, where higher
frequencies may be influencing the measurement (possibly due to the target impurity).
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Combining the MTF of the intensifier, CCD and fiber, we obtain the composite ICCD
performance, predicted by the dotted line in higure 64.*
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Figure 64: MTF summary chart, showing model and data for the fiber relay, CCD, ICCD, intensifier
tube. The aliasing limit is the vertical line (at 29 Ip/mm)

' Note: the ICCD data was taken on a version of the prototype that used a smaller magnification relay. The
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Objective Lens
Figure 65 shows the design performance of the objective lens, as predicted by the lens
design code. The lens MTF was measured using the Fourier bar methods outlined above.
Figiu-e 66 is an average of five MTF measurements at 550 nm, and is within the
measurement error of the predicted performance. Error bars in Figure 66 are the standard
deviation of the five measurements.

Figure 65: Lens design predicted MTF.

Composite Angular MTF
The model for the ICCD and lens was combined to produce an angular resolution model,
which can be used in the fi-equency response term of the system model. This is shown in
Figure 67.

plotted data are an extrapolation of the spatial frequencies by the ratio of the magnification difference.
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Figure 66: Lens MTF measurements at 550 nm.
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SYSTEM RADIANT RESPONSE
Each prototype camera was tested radiometrically. The first prototype camera was tested
with an FEL standard lamp and Spectralon® panel. The second looked directly into an
integrating sphere, which was connected to a monochromator. In the latter case, the
spectral radiant response was scanned at selected wavelengths (filter settings). In the
former case, the camera measured the broadband reflected source. Each configuration
can be used to test the composite system model that has been developed fi-om the
components using Equation (14).
The results (in the figures that follow) show good agreement between the model and the
measured data. In the case of the broadband measurement of the first prototype (Figure
68), data were digitized using an 8-bit Epix frame grabber. The error bars include the
accumulated model errors (discussed in previous sections), and errors in measurement of
the data.
Figure 69, Figure 70, and Figure 71 show a comparison between radiant spectral response
measurements and the model for wavelength settings of 500 nm, 600 nm, and 700 nm
respectively (at the indicated camera settings). The gain settings used for these data
represent approximately the mid-scale gain response (see Figure 53).
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Figure 68: Model applied to data collected on the first
refiectance panel.
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Figure 69: Spectral response comparison between measured data and model at filter setting of 600
nm. (Second Prototype gain voltage=825V.)
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Figure 70: Spectral response of second prototype at SOO-nm setting compared to model.
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Figure 71: Spectral response of Second Prototype at 700 nm, 850V.
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APPLICATION TO REMOTE SENSING
We are now in a position to use the model to predict the performance of the system in
operation. In particular, we are interested in how the TFC will perform given a certain
target reflectance properties, throughout the daylight hours. For this purpose, a general
model was created to predict the scene radiance given the following parameters:
Scene Parameters
Sensor Parameters
Source parameters
Time of day
Target reflectance
Max integration time
Background reflectance
Desired video level
Latitude
Atmospheric Transmission
Visibility
Wavelength setting
Target size
Altitude
We use as an example a target painted with olive drab paint, as compared to grass and
sand with the following parameters: at solar zenith angles of 34° and 84° (midday and
morning illumination, day 282), 34° latitude, and five miles visibility. The estimated
radiance of the target and background is shown in Figure 72.'*^
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FI..) on day 282,34 latitude, 5 mi. visibility, at solar zenith angles of 34° and 84° (1200 hours (left) and
0645 hrs). (right).

Note that there are four to five orders of magnitude change in the radiance in the blue
regions between these two observation times. Using the envelope function of the filter
model, and a nominal band pass of 35 nm, we can obtain a set of curves that compare the
spectral radiance to the spectral radiant sensitivity of the TFC. The curves in Figure 73
show the ratio of the target radiance to the spectral radiance required to obtain a midscale level output in the TFC (the SNR is at least 30 for any value above 0.28).
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From the curves in Figure 73 we find that the TFC will have an operational window of
more than ten hours.

SUMMARY
In this chapter, the characterization and modeling of the filter and ICCD were presented,
along with a summary of the test results for each component and system. From the test
results, the filter rejection ratio ranged firom 70:1 in the blue region, to more than 300:1 in
the NIR. Polarization rejection was more than 159:1. The SNR is limited to 30:1 by the
intensifier, and once gain is reduced below 700V (or -40 dB down from maximum), the
system will obtain this maximum SNR at lower voltage levels (down to 100 mV). (This
is due to the high SNR of the incoming light.) The spectral response of the system was
characterized, fi-om which it was determined that the system can easily handle target
radiance in the |iW/cm"/sr range, typical of the expected scenario.
Also presented in this chapter, a comprehensive response and SNR model was presented
that allows prediction of system performance at an arbitrary wavelength.

Model

predictions were compared to measured data with good agreement. The model
performance is reduced at the ends of the filter FSR where other artifacts, such as
material limitations, influence the transmission. Since it is a continuous form, this model
can be incorporated into an integral system model to accurately predict the response of
the system at arbitrary wavelengths, and can be used to predict the performance of the
sensor in different scenarios, or applications.
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Spatial response of the components and the composite system were measured. The lens
MTF met the anticipated performance. The ICCD MTF combined with the lens and
CCD still provides a response of >5% at the aliasing frequency of the CCD.
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CHAPTER 8 CONCLUSION
The preceding chapters have described the design, characterization and modeling of a
new instrument for multispectral data collection and analysis, in which the electro-optical
characteristics can be changed on the fly. The multi-channel design configuration of the
TFC makes it ideally suited for real-time multispectral detection and discrimination.
Critical design innovations make the TFC system unique in the field of remote sensing.
These include tunable spectral and polarization filtering in each channel, digital channel
mixing, pixel mapping, data fusion of system parameters onto the video, and image
fusion of an external charmel into the imagery.
Test results presented in this dissertation were collected on one-channel prototypes of the
system using generally accepted methods for test and calibration. Testing was done at
both the component and system level. Component test results were used to support the
development through validation of the model, which ultimately improved the final system
performance.
System radiant-response measurements indicate that the limiting sensitivity of the TFC is
at least two orders of magnitude lower than the |aW/cm2/sr radiance levels that are
typical of its mission. Out-of-band blocking of the txmable filter ranged fi-om the worst
case of 70:1 in the blue region, to more than 300:1 in the NIR. Polarization extinction
was found to be -159:1. Analysis of the SNR of the system has shown that the inherent
properties of the intensifier limit the SNR to approximately 30:1. (This is the penalty
paid for the low-light level sensitivity.) However, with the added sensitivity provided by
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the intensifier, the instrument can be operated during less tlian ideal lighting conditions,
fast operating speeds (with shorter exposure), or with higher spectral resolution filters
(narrower band pass). The limited SNR is also partially mitigated when the sensor is
used in the intended multiple-channel configuration, where the gain and exposure of each
channel is used to create a composite image across color bands that can span several
decades.
Spatial and spectral response models for the TFC components and system were shown to
be in reasonable agreement with the test data. The filter transmission models were
accurate to 3-a from the pass band peak. When more critically evaluated in terms of the
integrated energy across the entire detection region, it was shown that the filter
transmission was accurate to better than 5% at all but the extreme regions of the filter.
These models can provide a valuable tool for evaluation of the TFC for use in a remote
sensing application.
Continued investigation for the TFC should include analysis of the spatial uniformity,
especially as it relates to the various camera settings. Given that SNR is maximized at
lower gain, such an analysis could determine whether the spatial uniformity is better at
certain gain or exposures. Further development of the model would include extension of
the response model to the NUV and NIR channels, with the possible extension to external
IR focal planes; and incorporation of polarization in to the model.
Future Applications
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The innovations that are manifested in the TFC offer an unprecedented capability to
achieve real-time multispectral and polarimetric detection and discrimination with active
or passive illumination. Of course, the design as described herein is only the first step
toward this end.

Taking this concept to the next step will require a number of

developments, including:
•

Development of a new detection paradigm, where the multispectral detection
algorithms operate interactively with the instrument, optimizing during the data
collection process. In such modes, a priori data might be used to preset the TFC on
board processors to search for spectral or polarization anomalies.

• Coupling of the TFC with spatial correlators, to add real-time spatial detection and
identification (correlation) to the inherent spectral correlation capability.
•

Development

of

on-board,

micro-processor-based

digital-image

processing.

Applications would include: removal of the PSF of the optical system, coupling of a
priori data and spectral pattern matching, and system optimization and feedback

functions.
•

Further development and analysis of the active capability of the system to
accommodate, including fast gating, and range finding.

Although the motivation for the development of the TFC was tactical, applications extend
to non-tactical and commercial applications. For example, as hyperspectral databases are
created and analyzed, phenomenology results can be used to create a camera that is
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optimized for a particular application. Already, experience has shown that only a finite
number of bands is required to achieve the necessary detection of most targets (using
spectral means). Polarization and spatial discrimination further enhances this capability.
The open architecture and modularity offered by the TFC architecture gives the system a
flexibility that is not available in other systems. For example, the instrument could be
optimized through selection of components immediately before a mission, thereby
obtaining higher spectral resolution (narrower filter); more magnification (longer lens
focal length); or higher sensitivity (wider filter). The simplicity, flexibility and the ability
to compress the information collected into detection images (as opposed to raw data) can
ultimately result in lower instrument cost (development and operation), and data
collection and analysis.
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APPENDIX A. COMMON VERSUS SEPARATE APERTURES
The author has often been asked to explain why the final configuration of the TFC ended
up having multiple apertures as opposed to a single beamsplitter-cube assembly, with a
single lens. A valid question, since the single aperture-approach was also a strong bias of
the author going into the first phases of this study.
Figure 74 shows the originally conceived configuration for the tunable filter camera that
would later become TFC. As annotated, tliere was envisioned three channels with a
modified beamsplitter cube arrangement that distributed the light collected by a common
objective lens. The monolithic structure provided by the beamsplitter cube was assumed
to provide a distinct advantage for stability and alignment. The prospect of designing and
building only a singe lens for multiple sensors was also thought to be an advantage.
From an electronic standpoint, use of a commercial 3-chip camera meant that the
synchronization timing of the CCDs was a non-developmental item, potentially providing
considerable savings in engineering, with reduced risk.
A common aperture, consisting of a single lens with a beamsplitter to multiple charmels,
was preliminarily designed for the purposes of evaluating its performance. As explained
below, upon analysis most of the advantages of the common aperture were gradually
erased. Thus, with some reluctance, this approach was abandoned in favor of separate
charmels with separate optics.

This preferred approach also has inherent problems,

especially in registration, and thus the decision warrants carefiil explanation.
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Figure 74: The originally proposed conflguration for the TFC—a single aperture solution, with
beamsplitter cube and filters behind the objective lens. This configuration was abandoned in favor
of a multiple aperture approach after the compelling results of the trade-off analysis.

The common aperture approach consisted of a single lens, followed by a beamsplitter
cube, much like three-CCD (3CCD) systems. Behind the cube, each channel would have
a filter,

intensifier, minifier, and CCD array (see Figure 74).

3CCD systems are

inherently stable by virtue of the fact that the CCD arrays are precisely registered and
cemented into place on the cube. Discussions with camera vendors indicated that they
are usually aligned (using proprietary techniques) such that one channel is offset by Vx
pixel to facilitate complete coverage between lines'*^. (It should be pointed out that when
a vendor claims to use proprietary techniques, then the process should not be expected to
be easy—the first point of concern for the common aperture.)
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To obtain different filtering in each channel, the LCTF must be located between the cube
and the intensifier tube. This requires the CCD to be de-bonded fi-om the cube, and
coupled to the intensifier. Now the optical path consists of the cube, a filter, and the fiber
coupler between the intensifier and the CCD. In order to achieve any measure of the
same stability offered by the original assembly, all these elements would need to be
cemented together. However, this is not possible because the filter cannot be cemented to
the intensifier due to maintainability concerns (e.g., the need to replace one of the
elements). We are left with an assembly of parts that, except for the lens, looks like three
separate channels. Since each channel must now be aligned independently, the stability
advantage of the monolithic assembly was eliminated.
Transmission of light through the cube poses two problems: the cube coating, and the
effect of the glass on the lens design. For optimal transmission through the cube, the
internal surfaces should be spectrally selective, passing the appropriate range of spectra
to a given charmel. Unfortunately, this arrangement precludes overlap in band coverage,
something that is very desirable for both calibration and data collection (and required by
the specification). Thus, we are left with a uniform coating of-30% per surface, thereby
further reducing the overall throughput by a factor of three—a very undesirable result.
The lens design for this configuration is particularly difficult. The large amount of flat
glass (filter, cube) behind the last element means that symmetry cannot be used to correct
off-axis aberrations. Since the glass is not in collimated space, it causes astigmatic,
spherical and chromatic errors, which must be compensated by the fore optic. The size of
the cube also becomes an issue due to the aperture limitations. Finally, the requirement

149

for a large spectral coverage is very demanding for both for material and coating
transmission, limiting the material that can be used.

(Although the chamiels are

spectrally narrow, the chromatic requirements for the collecting optic must span the
entire range.) An example of a common-aperture lens design is shown in Figure 75. It is
a 9-element, 30 mm focal length

design for a 2/3" format array (30 mm was originally

requested by the customer at the beginning of the project).

Figure 75: Lens design for the common aperture approach.

This lens was evaluated using MTF, distortion and lateral color. Figure 76 shows the
polychromatic MTF plot for the lens. For this design, a 2/3' array was used, which
means the aliasing frequency was at 45 Ip/mm. The average MTF for all field angles at
the aliasing frequency was approximately 30% (compared to >50% desired), making this
lens a significant contributor to the reduction in the composite MTF of the system.
Lateral color, the difference between the marginal ray height for the longest and shortest
wavelength, is a measure of the registration error that can be expected when the lens is
used for the TFC, which images different spectral bands simultaneously. Surprisingly,
the lateral color for this lens (Figure 77) indicates value of approximately 16.5 |am, or
±8.25 |am firom average focus. Given the 1 l-mm pixel size of the 2/3" array, the error is
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acceptable at slightly less than a pixel.

Analysis of the lens distortion (Figure 78)

indicates that there is an error of ±0.1% (also slightly less than a pixel) between the
maximum and minimum wavelengths. Efforts to optimize this lens further did not yield
improved MTF performance.

Figure 76: MTF of Common Aperture lens design. The CCD aliasing frequency for this design is at
45 cycles.
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Figure 77: Lateral color plot of Common Aperture lens design, showing a reasonable performance
of 16.5 ^m.

Figure 78: Plot of distortion for Common Aperture lens. The spread between the longest and
shortest wavelengths shows +/- 0.1%.
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Figure 79: Comparison of Common Aperture lens MTF with CCD and intensifler MTF

Figure 79 is a plot of the lens performance overlaid on a plot of the CCD and intensifier
MTF. From this analysis, the lens contributes more than 30% of the degradation of the
MTF off axis, and over 20% on axis. While not limiting, the common lens would be a
significant contributor to the loss in system performance. Additionally, the design is
clearly much more difficult than an objective with the filter in front of the lens.
The final part of the analysis of the common aperture lens relates to the location of the
filter. Two factors need to be considered. First is the issue of flexibility. Since the lens
design will necessarily be custom for the thickness of glass specified, no changes in the
filter thickness are permitted without significant performance loss. This limitation will
prevent change or upgrade of filters, and thereby limiting the ability of the system to be
upgraded or used for different applications—a clear drawback for the future of the
system.
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Figure 80: Plot showing the LCTF manufacturers data (and curve fit) on the effect of incidence angle
on filter pass band.

Second, is the effect of the f-cone on the filter performance.

Since the band pass

performance of interference filters is dependent on optical path length, light traversing
the element at an angle will alter the design optical path length, and begin to degrade the
performance of the filter. Data from the LCTF manufacturers indicates that this effect is
even larger than predicted from interference theory (Figure 80). This is attributed to offaxis effect on the polarizers in addition to the birefrengent liquid crystal. For filters
located in front of the lens, Yi of the field of view (maximum field angle) will define the
maximum angle of incidence for light traversing the filter.

However, when the filter is

located behind the lens, both the field angle and the f-cone angle will contribute to the
angle of incidence for light traversing the fiher. In the case of the common aperture lens,
the maximum field angle was 10°, and the f-number was 3. The angular contribution
from the f-cone is calculated by using
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ef = atan(l/(2*fii)) = 9.5°.

38

Therefore, the largest angle of incidence for a filter behind this lens will be almost 20°.
Interpolating fi-om the manufacturers data on off-axis light, there will be approximately
116% increase in the pass band. This change will also cause a blue shift the peak
wavelength by half this amount. Even if the FOV were reduced to half (in line with the
final design), the incidence angle would still be 15°, and the corresponding shift would be
36%. Ideally, for the remote sensing use of the camera, we would like to hold this
change to less than 10%, which imposes a limitation on the incidence angle of ~7°.
Although the cost of the 9-elements of the common aperture lens was slightly better than
the 15 elements (5 per channel) expected for the separate aperture options, the difference
was made up in complexity of design and construction.
Consequently, the only remaining advantage to the common boresight option was the
electronics. However, since the electronics for the 3CCD could be used with or without
the cube, there was virtually no reason left to warrant use of a common aperture system
for this application.
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APPENDIX B. APOCHROMATIC LENS
TFC LENS DESIGN SUMMARY AND CRITERIA
The lens for the TFC is a 90-mm focal length, custom-designed apochromatic lens, with a
maximum f-number of 4. Although a substantial amount of optical design and analysis
(pertaining to the lens) was conducted during this project, much of it related to the multi
channel configuration of the TFC. In particular, the issue of color correction, and its
affect on registration became a defining parameter, eliminating commercial lenses and
zoom lenses firom consideration. For these analyses, Zemax-XE (a commercial lens
design code) was used.
Below is a summary of the conclusions of the optical analysis, which included:
1) Commercial lenses are not a solution - this is due largely to distortion and chromatic
aberration across the system bandwidth, which makes matching between channels
difficult.
2) Separate apertures provide the best performing solution - a single, common aperture
was traded-off against three separate lenses, with the conclusion that separate lenses
in separate channels would be much less complex and perform better than a single
lens with a beamsplitter cube.

This conclusion allowed each channel to be

constructed, tested and operated independently, as was done for this dissertation.
3) A zoom lens is not a viable option for tliis system — also because of the channel
matching and chromatic coverage of the system.
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4) Filter in front of the lens is the optimal location for the LCTF - the location of the
filter was evaluated behind, within and in front

of the lens.

Due to off-axis

transmission issues for the filter, the location selection was in front of the lens (even
though it meant increasing the f-number slightly.)
5) A single (common) lens design for all channels is possible - it is highly desirable to
have a common lens design that covers the entire 370-1000 spectral range. Lens
design analyses indicated that such a design was possible, and therefore, the lens
requirements include this as a desirable feature.
Analyses indicated that benefit gained in system stability/registration by a commonaperture system were lost by the increased effects of chromatic and off-axis aberrations,
which reduced MTF. It was also determined that a filter in front of the lens would
provide the most flexibility - since optical thickness of the filter must be fixed when it is
behind the lens, filters cannot be easily exchanged. As an example, use of a narrower
bandwidth filter requires a much thicker filter.

This thickness can produce significant

aberrations when located in behind a lens, in the f-cone; while it is easily accommodated
when the filter is located in front of the lens. This is the reason broadcast TV lenses are
so large and usually specific to a camera. The recommended optical designs therefore
located the filter in front of the lens.
For each channel of the TFC, the defining performance parameters are f-number,
transmission and MTF. The design criteria, lens requirements and design for the lens that
was built for the TFC are listed below.
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Requirements for the multi-channel TFC optics require that the total system be corrected
from 370-950 nm.

(The blue end is limited to 370 nm by the filter transmission.)

Multiple channels were required, and the spectral coverage of these channels is limited by
the FSR of the filters to levels shown in Table 1. Filters were modeled using a solid
block of BK-7.
Design goals for the lens:
1) Maximize MTF~while no specific MTF was required, the design should provide the
best possible value in order not to appreciably affect the system performance. Used
>50% at the aliasing frequency of 30 Ip/mm.
2) Minimize off-axis errors, especially distortion and secondary color: chromatic
aberrations are ideally limited to less than V^ pixel to limit the contribution to
registration errors. Change in focus with wavelength should be used as a criteria.
3) Maximize common components, with the goal of the same lens for all channels.
4) Incidence angles at the LCTF are limited by the filter transmission of off-axis light to
approximately 7°.
5) No vignetting is desired due to radiometry issues.
6) Filter diameter limited to 35 mm in visibleAJV, and 22 mm in NIR
7) Designs should take into account size, operation in a rugged environment, and cost to
produce (these are secondary criteria to performance).
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The MTF data from the final design was used in the model to estimate the performance of
the TFC using that lens.

As a rule of thumb, a modulation of at least 50% (>70%

desired) at the CCD aliasing frequency was desired to ensure that the lens doesn't
substantially contribute to the reduction in system response.

Lens Specifications
Specifications for the final lens are provided Table 6.

Table 6: Lens specifications

Item
Focal length (nominal at
center X):
Field of View (Diagonal):
Image Format:
Focus adjustment range
(far field):
Focus
adjustment
resolution:
Decentration tolerance:
F-number:
Transmission:

Requirement
90 mm

Design
90 mm

11°
17.25 mm diagonal
10' to infinity

ir
17.25 mm diagonal
12' to infinity

+/- 10 |im

< 1 (im

+/- 2 (am
4 (goal) (oversize by 25%)
> 87% (multi-layer AR coat)
< 0.5% loss per surface
MTF (on-axis at image >70% at 50 Ip/mm
plane):
MTF (off-axis at 5.5 >50% at 50 Ip/mm
nmi):
Distortion:
<0.1% at max field height
Spectral Coverage
370-950 ran
Inter-channel
matching < 12 ^m
tolerance:
Aperture:
fixed, changeable, at first
element
Relative Illumination
No vignetting
< 0.05% (preliminary)
Stray light:

< 1 ^im
4-4.5
>90% (see Figiire 61)
>70%
>70%
<0.1%
370-950 nm
<12 ^m
Fixed
No vignetting
TBD
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The optical layout for the TFC is shown below in Figure 81. It consists of the LCTF
(leftmost element), a six-elements lens (in a partially symmetric design), followed by the
ICCD focal plane. An aperture stop is located at the first lens surface to allow easy
change of f-number for different mission scenarios. The projected MTF for the lens is
shown in Figure 82.

Figure 81: TFC 90-miii lens layout.

\\ • ,'

Figure 82: Polychromatic MTF for TFC 90-mm lens. Note diffraction limit shown.
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Figure 21: MTF out to the ICCD aliasing limit.

Analyses of the design shows that the MTF exceeds the specification at all field points.
The final performance of the lens design is shown in Error! Reference source not
found..
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APPENDIX C. INTENSIFIER COUPLING
INTENSIFIER COUPLER TRADE-OFF STUDY
The optical coupling between an intensifier and the CCD array can be accomplished by
using either a relay lens, or by a coherent fiber optic bundle. If the CCD array diagonal is
smaller than the useful diameter of the intensifier, the coupling typically incorporates a
small magnification in order to maximize the collection area of the CCD pixels. Each
method has advantages and disadvantages that have bearing on the system performance.
Several critical specification items resulted from this analysis.
•

Distortion of the coupler should be <0.5%, and matched within camera channels.

•

The optimum magnification ratio (to match the CCD to the intensifier tube) is 1.62
+/- 0.5% (also matched sets).

•

Components should be specified to avoid fixed-pattern noises, such as the "chicken
wire" defect in fibers.

•

The intensifier uniformity should be specified to a minimum level (<30% if possible).

•

The intensifier clear aperture (useful diameter) should be > 17.5 mm.

•

Zero shear distortion must be specified in all fiber elements.

The effect of these choices on performance is somewhat dramatic:
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•

Minification effectively increases pixel collection aperture by 25%; and increases
MTF~10%.

•

Fiber coupling provides 9x improvement in light collection over lens coupling.

The drawbacks include:
•

Potentially increased inter-channel registration problems due to distortion.

•

Potentially larger falloff in system response to comer of the array.

The supporting analyses are provided below.

Lens versus Fiber Coupling Analysis
Several items were considered before selecting the fiber over the lens for the optical
coupling of the intensifier to the CCD: light loss due to numerical aperture/f-number,
transmission losses, image quality, and size (object to image distance). Image quality
issues such as fixed-pattern

noise due to the fiber-optic bundles, dead fibers, and other

effects are not desirable, but were determined to be secondary to increased signal and
reduced length. Further, with the addition of the digital registration, such effects could be
removed at the pixel level.

Size
In the case of size, the fiber coupler has a distinct advantage in that image relay can occur
in a very short fiber. In the case of a lens, a finite conjugate relay of an 18 mm image a
low f-number requires a number of glass elements, many close to the object or image to
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correct field curvature. Consequently, even high-quality relays require more than three
inches', which triples the length required for the intensifier-CCD combination. One of
the design issues for the TFC was size, which is a premium in a small aircraft or UAV.
Of further concern is the coupling alignment and focus, which could suffer in a rugged
envirormient. Although not the only criteria, size was a factor in the decision to use
fibers.

TRANSMISSION
Throughput loss, due to the light-collecting ability of the optics, was the largest single
factor is the selection of fiber over lens coupling. While fiber optic couplers typically
have a numerical aperture near 1, lens couplers have at best an f-number of 1.5 (NA~.3)
or more.'*'^ The result is almost an order of magnitude loss in light transmission between
the phosphor output of the intensifier and the CCD:
Fiber coupler; na = 1

(39)

Throughput FO = ;r/ia" =it
Lens f - mmiber: fnum =1.5
Transmission Lens = ———- = —
A fnum' 9
Ratio = ^ = 0.111
n

' Several high-resolution, fll.l phosphor relay lenses were designed and built by a team that included the
author. These were built due to the lack of conunercially-availabie lenses with enough resolution to relay
the OMNI rv intensifier tubes. While the intent was to minimize the objet to image distance, in all cases
the working distance was more than three inches.
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IMAGE QUALITY
The lens relay has a distinct advantage over the fiber in image quality because it has no
intervening structure. Fiber couplers have periodic structures that are required to relay a
high-resolution image. Further, they are prone to defects that have some spatial content,
causing non-uniformity in the images. These include:
Gross distortion - this can be in the form of classical barrel or pincushion distortion (a
r^), or 's'-distortion, in which a straight-line input is output with an's' shape.
Shear (local) distortion - due to local fabrication problems, in which a small portion of
the fiber will shift or shear by a small amount with respect to the surrounding fibers.
Qualitatively, this looks like a kink in the imagery (see Figure 30, page 77). Distortion is
of particular concern in the TFC due to the fact that images taken from multiple apertures
are being used to create a composite image.

(Note: this is the reason for stringent

distortion specifications on the lens design, and why commercial lenses were not
considered.) Distortion in one channel is likely to de different than a second.

Fixed Pattern Noises
Fixed pattern noises (FPN) have the undesirable effect of either obscuring or otherwise
altering the transmitted imagery. They are typically the result of fabrication errors or
manufacturing defects. Below is a brief description of the main types. In principle, FPN
can be removed fi'om the data in post processing, since the effect does not change in time.
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However, this is at the expense of dynamic range. Most the observed cffects are in the
low percent level.
Dead fibers

- broken or otherwise damaged fibers are always a problem in fiber

coupling—this is compounded by the fact that there are typically only 4-6 fibers that
contribute to any given pixel. A dead fiber will reduce the pixel values by more than
20%.
Chicken wire - Chicken wire refers to the pattern typically observed in fiber optic
bundles, which, when tightly packed, produce repetitive patterns.

Mlnification Trade-off
Given the selection of the fiber coupler as the relay of choice, the magnification between
the CCD and the intensifier must be determined. For this purpose, a straight-through
fiber or a minifier can be used.
A minifier is a coherent fiber bundle that is heated and drawn to reduce the size of the
fibers at the drawn end. The result: a reduction in magnification, or minification. There
are a number of significant advantages and disadvantages that must be addressed in order
to consider a minifier coupler. Ultimately, for the reasons detailed below, the decision
was made to use a minifier—improvement in the basic spatial and radiometric response
of the instrument was placed highest on the priority list. By using the minifier, both areas
improved over a straight-through coupler. In conjimction with the choice to use the
minifier was the decision to also place (and pay for) additional stringent image quality
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criteria on the fiber manufacturer. These included specifying zero shear distortion, and
reduced gross distortion. Additionally, criteria were added to match-cut and select the
fiber couplers, so that if distortion were present, a matched set of three would have the
same general distortion, and the difference between channels would be small. Below is a
description of the supporting analyses.

Minification Magnification
The first step in the analysis of minification was to establish the desired magnification
between the phosphor output and the CCD input.

Although the calculation is quite

straightforward, the clear aperture of both of the devices needs to be accurately
established (which surprisingly is not a straightforward task).
First, the CCD diagonal must be used to establish the total FOV for the imaging device.
Often this number is obtained by using the manufactures specifications on array width,
pixel number and pitch (the Panasonic CCD uses a Sony chip). However, measurement
shows that this method to be incorrect; while the pitch was correctly specified by the
manufacturer as 11 |im, the array width was actually 8.4 mm, as opposed to 8.8 (6.3
versus 6.6 mm in the vertical). The result is an active diagonal 0.4-mm smaller than
listed by the manufacturer.

Second is the intensifier clear aperture.

Military

specifications allow intensifier tubes to fall off almost 3:1 within a clear aperture of 17.5
mm. In addition, the exact useful diameter may vary substantially firom tube to tube. The
useful diameter must therefore be established through specification and error analysis. In
the case of the tubes required to support the TFC, a clear aperture of 17.5 mm was
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specified with a selected non-uniformity of less than 30%.

Finally, the issue of

accumulated error must be taken into account to ensure that if errors magnitudes in
magnification and clear aperture do not combine to exceed the clearance. Here the
estimated array diagonal size was oversized by 2% to account for up to 1% error in the
minifier magnification, and 1% error in the clear intensifier clear aperture and uniformity
specification. Table 7 is a summary of the results of this analysis, showing an increase in
the collection area for a pixel of ~25%, along with a cross-track FOV of 8.72°.

Table 7: Summary of magnification analysis.

New magnification of minifier with error
I.6 X
Array Width (max)
8.40 mm
6.30 mm
Array Height (max)
10.50 mm
Array diagonal
10.71 mm
Max diagonal (incl. 2% error)
17.50 mm
Minimum Intensifier clear aperture (CA)
Max intensifier CA with error allotment
17.50 mm
Increase in pixel area (light collection)
25.16%
Increase in linear pixel size
II.87%
EfTective decrease in F/#
0.534
Reduction in 300m alt. to regain 1.46 IFOV
35.62 m
Max TFC H IFOV using 1.46x
11.90 cm/cycle
13.31 cm/cycle
Max TFC H IFOV using 1.6x
12.87 cm/cycle
Estimated Max H IFOV (1.6x, improve MTF)
SYSTEM Performance using 1.6x
Max TFC HFOV using 1.6x
8.72°
Total TFC HFOV at 1.6x
45.75 m
Total TFC VFOV at 1.6x
34.31 m
Pixel footprint H IFOV at 1.6x
11.91 cm/line pair
Pixel footprint V EFOV at 1.6
8.94 cm/line pair
TVL performance
Specified number of H lines
756HTVL
Calculated # lines based on msmt of aliasing fi-eq 757HTVL
567 TVL/RH
Panasonic CCD (no intensifier, aliasing fi-eq)
508TVL/RH
Estimated TFC ICCD with 1.6x

over by 1%
over by 1%

stop

HTVL
HTVL
TVL/RH
TVL/RH
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MTF Increase Due to Minification
Through the development of the TFC, the MTF of the system has remained a critical
performance item.

Therefore the prospect of significantly improving the MTF

performance was compelling, and substantially influenced the selection of minification in
this analysis.
The charts that follow show the modeled performance of the CCD alone (zero and first
order), along with the modeled intensifier alone, and a minified and non-minified CCD,
as referenced to the intensifier output. As shown in Figure 86, the larger pixels of the
minified CCD produce better performance at all fi-equencies. (The plot format shows the
result of component MTF curves that are multiplied to create a composite MTF.)

Figure 84: Modeled CCD and
minined CCDMTF.
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100

Figure 85: MTF of the minifled
and non-minified CCD compared
to the intensifier MTF.
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APPENDIX D. XYBION IDG CAMERA BROCHURE SUMMARY

Sensor Specifications
Imaging device
CCD, interline transfer
Number of pixels 756 (H) x 484 (V) active
Pixel size
Image size
Aspect ratio
Readout

II nm (H) x 13 |im (V)
34% active area
2/3-inch format (8.14 mm (H) x 6.16 mm (V) nominal)
4:3
Selectable frame or field rate

Intensifier Specifications
Intensifier diameter
Input Format
(nominal)

18 mm,
18 mm,
25 mm,
40 mm,

25 mm or 40 mm
12 mm x 9 mm
18.5 mm x 14 mm
29.6 mm x 22.4 mm

Video Characteristics
Video signal
Manual Gain
Black-level
Gamma
Synchronization
Internal
External

RS-170
0 dB default, 0 to 30 dB using contrast enhancement
38 mV or user adjustable
1 or 0.45 (user selectable)
Crystal-controlled
Composite-video (Genlock) or H & V (Sync); lock-in range ± 1 %

Gate Generator
Exposure Modes
Internal
External
Gate Duration
Gate Resolution
Effective light control

Automatic, manual and integration
Synchronous asynchronous and direct
< 10 ns to 33.33 ms
< 1 ns
> 10® (33.33 ms / 1 ns)

Data Access
Data Encoder
Data Annotator
Data Stream

960 bits per image can be encoded into left edge of video image. Multilevel encoding with
calibration record and checksum, programmable width.
Alphanumeric: camera parameters and user-defined data
All data collected by the camera is output in RS-422 format in real time.

Camera Performance Data
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> 400 TVL per picture height
Horizontal Resolution
>400 TVL (Frame mode)
Vertical Resolution
40 dB at 0 dB gain
Signal to Noise Ratio
>60dB(0dB, 25°C)
Dynamic range
Sensitivity at a SNR of 1:1 6 X 10 ' fc
7 X 10 " W/mm- @ 700 nm
(depends on intensifier)

Camera Environmental Data
Temperature
Operating
Storage

0°C to +40°C
-20 °C to +80°C

Humidity
Operating
< 80% @ 40°C (non-condensing)
Storage
< 40% @ 80 °C (non-condensing)
Ruggedized versions can be supplied to meet more demanding environmental conditions.

Camera Mechanical Data
Length, Width, Height
Housing
Weight
Lens Mount

12 in X 4.5 in x 5.75 in
Extruded aluminum case; 1/4-20 mounting holes
< 12 lb.
Standard "C" mount
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APPENDIX E. STOCHASTIC ICCD ANALYSIS
The following theory is set forth to explain the asymptotic behavior of SNR in ihe ICCD.
Since both the mean signal and rms noise follow some probability distribution in time
and space, they can be modeled using stochastic processes. In the theory below, we will
use the superposition of events over space and time to model the physical processes of
the ICCD. We will find that the SNR of the ICCD is limited by the point-spread function
(PSF) or disturbance function of the ICCD. Therefore, the temporal and physical extent
of the event will have bearing on the SNR it produces in the camera. This derivation
represents an analytical treatment of the noise figure for the intensifier.
Let us consider the temporal response of the intensifier, which is affected primarily by
the response of the mcp and the phosphor. A typical PSF for the phosphor is asymmetric,
with a long tail that is exponential in form. (The P-20 phosphors that are now used in
intensifiers fall to 10% at ~2 ms."^) This disturbance function is modeled using the ^
distribution, which is of the form:

(40)
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Figure 87: ICCD temporal disturbance functions.

One of the pulses in Figure 87 shows the form of this function, which we will consider
the impulse response of the ICCD at maximum gain. Although the form of this function
is primarily dictated by the phosphor, the mcp can also have an influence due, for
example, to mutual repulsion of electrons when the density is too high. Such effects
occur when the light level is very high, or when the gain is reduced to attenuate the
signal. The statistical effect of the gain is on the width of the disturbance function, which
increases as the gain is decreased from maximum. From Equation (20), we know that the
gain response function is exponential in form. Here it is asserted that the width of the
disturbance function is inversely proportional to the gain attenuation from maximum.
Thus, if the camera is operated in an automatic mode such that gate is adjusted to
maintain a constant output signal, as the gain is reduced, the width of the disturbance
function increases. In essence, the gain attenuates the signal and not the variance.
Let us consider the photon-ICCD interaction as a superposition of processes."*^ In this
analysis, we assume each photon event is independent, and that the coimt is high enough
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that Poisson statistics apply.

Thus each photon causes a disturbance, d(t), and the

disturbances add such that the total distiirbance is a superposition of all the events;
(41)
sm"

sin(2''a)'|

T=
2

sin(a)

sin I —

• (

\

\

^n)/|B|

m represents the number of photoelectrons per unit time. The number of photoelectrons,
and their distribution,

are independent at the input, and

reel function) over some period (denoted

obeys a uniform law (e.g.,

The output of the system is a sum of

point spread functions that correspond to the initial impulses.

This process can be

described using convolutions'*^. In this instance, the output image, i(t) results from the
convolution of the input pulses io(t) with the system PSF, s(t):

m

i{t)=5(0 ® / ( o = j ( o ®^
flsl

m

)=^

),

(43)

/|s|

(® denotes a one - dimensional convolution operation).
Choosing a reference point, let t = to. Simplifying the notation, define the resultant image
as

'Vo) = Z ^Vo-FN)=2->''«
nsl
nal
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Since the location of each photon is independent, the location of each s(tQ-tff) will be
independent, and therefore so is each

Let us denote the average signal (image) as

follows
/

\

(45)

<'>=(Z'N) = Z{'N> = Z \^^ynPRi^) =
m
\dt sit^ -1„)p«{t) = Y{y) = m<y

Since eachy^ is independent and identical by initial assumptions, the average of the sum
of events is the sum of the average. Now since m is also a random variable (obeying
Poisson's Law), Equation (45) holds for each m and we can re-write the expression for
the average signal as
< i >=< m>< y >=< m > \dt s(tg

(46)

-<o

where <m> is the average number of photons incident on the photocathode. The integral
in Equation (46) is a convolution of the temporal aperture ftmction with the system PSF.
In order to find the standard deviation of the signal, the second moment for the signal is

^ m

^f

< n=l

/

V
II

A

required:

n,

\

/

m

m

m

\

\ly>]
\n=.y=l

y*n n-1

= m <y' >+{m' -m)<y' >
Again, since m is a random variable, we can write this as

/

(47)

<i' >=<mxy' > +(<m' >-<m>)<y' >

< i' >=< m x y ' > +(< m' > - < m > ) < y ' > .

For the standard deviation (o^), we use <i> for the average signal and write

af =< i' > - <i >'=< m x y ' > +(< m" > — < m > ) < y ' > — < m > ' < y >

Define

crim =<m' > - < m>',

'

so that

CT," =< mx y' > +(< <T^ >-<m>)<y>-.

But, by initial conditions, m is Poisson, and thus

C ™m = < m > ,

'

SO

af =< m X y' >.

Expanding the second term in integral form,
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< y - >= jdt [5(ro - O f P T H ) ,
-<X3

and thus
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<s

(52)

af =<m> jdt [j(/o-t)]^Pr(t) ,

a convolution of the square of the PSF with the apertiure function.
We can represent the interval containing the uniformly random distribution of events by a
rectangular function or red function, of the form

0t >a
rect
\a)

1

—t = a

(53)

2

\ t <a

t

T
9

PT{l)= Y r e c t

a is an arbitrary parameter that determines the extent of the interval (aperture). This is
the frame integration window:

t

Pr(0 = -^''ecr

T

2

If we define the rate of the photons as y, then
yT = <m>, and

(54)
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< i >= Y T \ d t [ s { t ^ - t ) ] p T i t )
-00

(55)
00

ar =yT ^dt

"OJ'PrO),

Thus, the SNR can be found:
(56)
\2dt[s(to -t)]
</ >
'fri
j2dlls(l, -()]'

If ^0 is not too close to T or 0, then we have the result:
i

<I >

(57)

= ^T

j2c/r[5(f)]^

Equation (57) represents the ratio of the integrals of the disturbance function, indicating
that the SNR will be directly affected by the characteristics of the disturbance function.
Using Equation (40) with N=3, we can explore the behavior of this function. Figure 88 is
a plot of the SNR of this function as the irradiance is increased. The asymptotic SNR
behavior of the intensifier is evident at the high irradiance. Also shown on this graph are
the shot-noise limited SNR of the incident photons and resulting photoelectrons.
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Figure 88: Comparison of stochastic model and shot noise limits SNR (uppermost represents photon
limit at the peak response).
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Figure 89: Comparison of Shot-noise limited SNR and the modeled SNR.

The spatial derivation is similar, except that in the pixel size dictates the integration
window. In the spatial domain, this function tells us that objects must be of a certain size
for the maximum SNR is obtained. In the temporal case, this ftinction tells us that the
temporal bandwidth must be minimmn (gain attenuation minimum, exposure maximum)
for the SNR to approach the shot noise limit. This is the theoretical interpretation of the
noise figure, which shows a limiting SNR based on the system parameter b, the Gaussian
radius of the temporal PSF.

Thus, when gain is decreased, the gain attenuation is
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increased, and the SNR will asymptotically approach its limit.*

The SNR limit of

commercially available tubes is typically less than 40:1 (typically 25-36). It is interesting
to note that improvement in the performance of the CCD will not change this limit, which
means that use of a costly, high-performance CCD is not warranted unless the intensifier
performance is improved.^

* From the standpoint of construction of the tube, not surprisingly, reducing the PSFs at the various
interfaces will increase the SNR.
^ It should be mentioned that the next-generation of intensifiers are being built without the ion film barrier.
The extent to which performance is improved will dictate whether the improving the CCD performance can
improve the system SNR.
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APPENDIX F. PROBLEM: INTENSIFICATION AS A CASCADED
PROCESS

Photons

eEiectrons

Y

Phqjons
Photons

e^Electrons

Y

Photons

Photons

Cathode
Quantum Efficiency=Ti

MCP

Anode Phosphor

Qgj^ g

CCD

Disturbance Function h(t)
Represents Anode and
CCD Efficiency

In the diagram above, photons incident on the photocathode are converted to electrons
with efficiency r|. The resulting photoelectrons traverse the gap (potential difference)
and impact the channels of the microchannel plate (mcp). A percentage of the electrons
(T) impact the channels of the mcp.

The mcp channels are coated with an electro-

emissive coating that causes secondary emissions of electrons, and thereby multiplies the
original electron by thousands of times.

The electrons that exit from the mcp are

accelerated across another potential difference to the anode, which is a phosphor. The
phosphor converts the electrons back to photons with some efficiency (k). The phosphoremitted photons are relayed to a CCD via fiber optics, and the CCD collects the photons
in pixels within a 33ms integration time.
We follow a development by Frieden'*® , which addresses cascaded events
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We must model the noise process of the ICCD assembly'*''. Let
y= incident photons per second
m = number of photoelectrons emitted = yn
T = exposure time.
We assume that this process is wide-sense stationary.
The probability of emitting an electron during exposure T is
p = nydt.

(58)

We require that N=T/dt be large, so that the Poisson law applies. We can then write the
probability for m detected photons as^°

nyT^e'"'^
P(m) = -1^-^—
m\

(59)

From which we determine the average value for m before the mcp:
T]yT = <m> = <r

(60)

The mcp also has a transmission factor (r) that must be incorporated in the same manner
to obtain the probability for a detected photon to be multiplied by the mcp;

P(m) =

—;
m\

(61)
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Once in the mcp, secondary electrons are generated in a cascading process. Thus, each
electron that makes it into the mcp creates a large number (n) secondary events. Let g
represent each secondary event, such that

(62)

ml

From Equation (62) we can obtain the characteristic fimctions for n and g\

VC (^) =

<t>N (^) = Z

[- y

(^))]
(63)

^0 ml!
From Equation (67), we find
=

(64)

and thus
<m> = TT/yr. and

(65)
(66)

< T; =<n> < g > +

<g>)

In terms of the original photons (m), we find
a], =<m>{< g>' +<Tc )=< m>{< g >' + < g^ > - < g >')=< m >< g^ >.

(67)
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The signal-to-noise ratio is then

(68)
^|<g' >

This is the variance for a cascaded system, with Poisson statistics applied to the incident
light. We obtain a similar result when we use superposition of processes.
For example, we know that each photoelectron that is incident on the mcp generates
cloud of electrons of disturbance fimction (h(t)), which overlaps with its neighbor when
the density is high. This portion of the problem indicates the use of superposition of
processes (Frieden p. 218) in a stochastic analysis. Here, the image is the result of a sum
of delta functions (following the development in):
ml

(69)

00

(70)

i(t)=

Finding the expectation value.

<i((o)> = \h{t)p{to -t).
0

If m is Poisson, then
T
0

0

(71)
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Where P T is a rect function.
Similarly,

(72)
CT- = nr\h-{t)pT{t)='nir\h- 0) •

(73)
SNR=-

When the gain is reduced enough that we are no longer suppressing the noises in the
electronic system, we must enhance our equation to account for other noises.
Assume that noise is uncorrelated to the signal and has zero mean. Given signal, m, and
(sum total) noise no, the total signal output will be
a=m + no-

(74)

The mean signal is found by the expectation of Equation (74).
<a>= <m> + < «o>.

(75)

<Ta= <o^> + < a>' = <(m+ nof>-<tn+ no>'

(76)

The variance is

By our initial assumptions, the noise is independent of the signal, and thus we can write
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cra= <m'>-<m>^+ <no'>-<no>' = cr„, + (To

The noises add in quadrature.

(77)

is obtained from the mean variance measurements.

CTQ

Assuming a zero mean for the noise, we obtain the SNR for the cascaded system:

^<g- >+a-

In integral form, we obtain
,

SNR= =

(79)

r

°
0

.
"7r

The noise term represents a sum in quadrature of all the noises in the system.
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APPENDIX G.

MTF THEORY

MTF is a parameter often chosen to represent the perlbrmance of an imaging system
because it is a measure of how faithfully a system can reproduce an input pattern. The
systems under consideration in the TEC are comprised of several cascaded components
that affect the transfer of the signal (image). Each component has an impulse response or
an incoherent point spread function (PSF) that degrades or blurs the image as it is
transferred. Mathematically, this process is described by a convolution of the signal with
each PSF.^' Convolution problems are most easily analyzed in the Fourier domain, since
functions that are convolved in the spatial domain are multiplied in the spatial frequency
domain (a much easier computation). In the Fourier domain, the PSF becomes the optical
transfer fiinction (OTF) via the Fourier transform. The modulus of the OTF is called the
MTF, which we will use to describe the performance of the system.

The phase

information, which relates to the affect of aberrations or other spatial variations in the
image-forming system, is lost when the modulus is taken. Consequently, the MTF may
change depending location in the plane of the image. Nonetheless, MTF is a useful
approximation the performance of an imaging system, and will be used herein.
In a cascaded optical system that is LSI, the component MTFs can be multiplied to obtain
a composite MTF for the system.^^'^^:

MTF^^ (V, A) = n MTF, {v, A).

(80)
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Both spatial frequency and wavelength are included as variables, since there can be
spectral variations in the lens MTF. The primary components that contribute to the
composite MTF in the TFC include the lens, the intensifier, the fiber optic minifier, and
the CCD and its associated electronics.
Due in part to differences in pixel pitch, and the fact that charge transfer losses occur
more in the horizontal direction, vertical MTF is slightly better than horizontal MTF.
Because the differences are small, a symmetric function (analyzed in one dimension) will
be used to model MTF.
Later, it will be shown that the spatial response must be used in conjunction with the
spectral response in the SNR model for the instrument.^'*
The spatial response of the components in the TFC can be described by a few basic
functions, which either alone or in combination can be used to model the MTF.
Gamma function
For an un-obscured objective lens, with f-number f„, the diffraction-limited OTF is
described by the Fourier transform of the PSF (referred to as a gamma function)
mathematically described as^^'^®
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y(v) =— cos

when v< Vc

K

(81)

= 0 when v> v.

Vc = //yl fn and f„ is the lens f-number.
The lens MTF is then
MTFiens = I Y(VA.

(82)

The lens designed for the TFC is comprised of a number of elements that are analyzed in
a commercial lens-design code called Zemax'. The diffraction limit predicted by this
code follows the gamma fimction.
Gaussian Function
The Gaussian function is very common in the description of MTF. This is primarily due
to the fact any real function that is convolved several times will tend to be Gaussian-like.
The Fourier Transform of a Gaussian is still a Gaussian shape, and thus is quite common
in cascaded systems. The gauss function is described by

Gaus(s,a) =e

(83)
s = the spatial variable
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a = the 1/e^" radius.
CCD Array Representation
The sampling due to an array with pitch p (spacing between samples) and width W is
represented by

fx^
—

P\

IPJ

rect

_

f ^ )
[fVj

(84)

The CCD array pixel is an aperture finite width b, where b<p. Mathematically the pixel
is represented by the rect function:
(85)
rect
K" J

Modeling and Component MTF
In array based imaging systems, the CCD pixels sample the PSF (or image) and thus the
effects of an array of finite sampling apertures (finite pixel size) must be considered. An
incident image i(x) is sampled by the CCD array and the resulting sampled image can be
described by a convolution of the pixel and the image, multiplied by the sampling
function:

* FocuSoft, Inc.
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(86)
comb

® is the convolution operation in one dimension. In the Fourier domain, we obtain the
transfer function:

(^) =

c{b^)] ® {pcomb{p4)sm c{W4)).

(87)

Since the width of the array is much larger than the pitch W»p, the last term above can
be approximated by a delta function, and the resulting function is an array of sinc*image,
at intervals of 1/p. If i(x) is constant across the aperture, then the result of Equation (86)
is the impulse response for the system, and its Fourier transform (Equation (87)) is the
optical transfer function (OTF) (Figure 90). The modulus of the OTF is the MTF for the
system. Due to the effects of sampling, the pixel MTF pattern is repeated at a frequency
that is dependent on the pitch. This is represented by plotting duplicate MTF curves that
are centered at integer multiples of this frequency (Figure 91).
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Figure 90: Graphical representation of the
OTF of the CCD pixel.

Figure 91: Graphical representation of the
impulse response and MTF of the CCD array,
where the sine function is repeated at the pitch
frequency.

A more common representation of the MTF is shown in Figure 92, where the positive
frequencies of the fundamental and first order terms are shown. The cross point in the
curve is the frequency above which aliasing will occur due to the sampling of the pixels.
This point is often referred to as the Nyquist frequency, although this is not strictly
accurate—the Nyquist frequency is not tied to the sampling array. In any case, sampled
imagery with spectral content above this limit will exhibit aliasing.
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•• Zero order MTF — MTF of adjacent pixel (first order).
Figure 92: MTF plot of the CCD pixel, showing the aliasing due to the adjacent element.

Sampling and Aliasing
The spectrum resulting from Equation (87) with 100% fill factor, and pixel pitch of
p=l7.6 |am (the size oi the horizontal pixels in the TFC) is plotted in Figure 93. In this
plot, the sinc(v/p) pattem is repeated at the pitch frequency I/p (=56.9/mm). Note that
the patterns overlap at the frequency of l/2p (=29.8/mm). Spatial information above this
frequency will exhibit aliasing due to the sampling of the CCD.
In the case of the CCD used in the TFC, the fill factor is 0.6. A smaller fill-factor
increases the MTF of the pixel, but also increased the aliasing.
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Figure 93; MTF plot showing overlapping CCD sine Tunctions due to rectangular pixel.

Generally, aliasing in imaging systems is an undesirable effect. Although information is
available at the frequencies that are being aliased'^, the resulting image is confusing. In
order to reduce aliasing, CCD manufacturers use electronic filtering to limit the
frequency of the information that is passed by the system. In Figure 94, an ideal anti
aliasing filter is shown, with a step function at l/2p. Of course, in practice such filtering
is not possible. In the case of the TFC, filtering is internal to the CCD electronics.
Figure 94 shows the MTF of the CCD used in the TFC, as magnified to the intensifier
plane. This can be compared to the theoretical MTF, also shown.
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The anti-aliasing filter that produced the resuhs shown in Figxire 94 is electronic. The
offending frequencies

could also have been limited spatially by suppressing incident

spatial information above the aliasing frequency. In fact, the intensifier that is used in the
TFC has this effect, as shown in Figure 94. A natural conclusion from this discussion is
that the anti-aliasing filter in the CCD electronics is redundant, and only further degrades
the performance beyond the requirement for alias reduction (since the intensifier already
limits the frequencies).

Although not possible in this project, the issue warrants

investigation in future designs.
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Figure 94: Graph of the MTF for the intensifier as compared to the calculated anti-alias filter.

Response
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When modeUng a system having a finite PSF, it quickly becomes apparent that the
responsivity of the system is intimately linked to its spatial response. This aspect of
performance modeling is eloquently developed and described by Barbie and Campana^®,
where an expression is derived for the response of a CCD that couples MTF (spatial
response) to sensitivity (spectral response). To take full advantage of this work, we must
define a measure of the sensitivity of our imaging system. By measuring the output of
our system when presented with a uniform (flood) field that fills the array, we define the
"zero spatial fi-equency response" of our system, R(0). (R(0) is must often related to the
reported "sensitivity" of the device.) To find the response of our system to an image
having a spatial frequency u, we simply multiply the zero spatial fi-equency response by
the modulation at that frequency. More generally, we write
R(v) = R(0) MTF(v).

(88)

Thus for the case of the CCD, we would use the |J/WC| function for the MTF term in the
above equation. Given an image of a certain size or spatial frequency, and a measured
zero spatial fi-equency response (or sensitivity), we multiply the two quantities to
determine the response of the CCD to the given object. This process may be thought of
as determining the degree to which the full sensitivity of the system is realized.
Now, given a more complicated system having several cascaded components (also using
the same assumptions for LSI outlined in the MTF section), we find that the response of
the system is obtained by the product of the MTFs:
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(89)

For completeness, we have included the spectral dependence of the response term.

SNR
Having now established a method to obtain a signal, we now turn to the more
complicated measure of SNR. An important aspect in the modeling of SNR is the effect
that the system PSF has on both signal and noise. Before proceeding, a few assumptions
need to be established as they apply to the ICCD system. First, the assumptions of LSI
must be applied (as in the previous sections). Secondly, to simplify the development, it is
assumed that the ICCD camera has sufficient gain (or gain is set sufficiently high) such
that it can be operated in a shot-noise-limited mode. In this mode, changes in intensifier
gain do not appreciably affect the SNR. This can be shown by the following simple SNR
equation:

SNR =

G*s

where
5 = detected photon signal
G = gain

s

-yfS.

(90)
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= the sum square of any other noise contributions (some of which may
J
contain gain).
By dividing out the gain, we find the smnmed noise terms are divided by the (electronic)
gain squared - typically, a very large number (10^ to 10®). In effect, the application of
sufficient gain allows the shot noise term to dominate all others and we then find
SNR~ \/S • Tliis dependence has been verified experimentally, as shown in Figure 56.
In modeling the SNR, we must consider the signal and noise at a point r on the output of
the intensifier, which is in turn sampled by the CCD array. Using the result of general
developments by Barrett^', and a more specific development (to the ICCD) by Sartor''",
we find that the ICCD SNR can be modeled using the following equation

SNR(r)

=
ylh{r)®[p{r)]-

where sfr) = mean signal intensity distribution,

p(r) = the system point spread function.

a^(r) = variance on the signal output
r represents the vector location of the measurement point.

The mean signal, s(r), can be found by convolution of the term h(r) with the point spread
function (PSF) p(r). Here h(r) must describe the mean signal up to the point where it is
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no longer a series of uncorrelated pulses ~ i.e. independent photon generated signals. In
the ICCDs under study, this point is thought to be at the input to the intensifier
microcharmel plate.
It is the square of the point spread function in the noise convolution term (denominator)
that lends significance to the expression - if the PSF, p(r) were not squared, then the
effect of the system PSF could be applied anywhere in the model (e.g. at the image)
without affecting the SNR. What is represented by the squared term in the denominator
is in effect a correlation in the noise at the measurement point r. Given two independent
shots noise limited signals (stream of photons) incident on the system, we find that the
noise associated with each signal is completely random (shot noise limited). However,
after traversing the system, we find that at a given position the previously uncorrelated
noise begins to become correlated - an effect that is directly dependent on the PSF. Thus
we find that not only is the system response directly tied to the MTF, so is the SNR - in a
non-intuitive way.
Note: if we follow this development in detail, we must now separate the PSFs for the
elements before and after the mcp. This primarily addresses the spread of the proximity
focus. However, based on manufacturers input, and for the current analysis, the effect of
the PSF due to the proximity focus was assumed small, and thus folded into the overall
PSF.
Carrying this idea fiirther, we would quickly conclude that a larger PSF would ultimately
result in a better SNR. While this is strictly true, we must recall that the responsivity
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expression that we have developed is inversely related to the PSF. Consequently, an
increase in the PSF reduces the system response and, in effect requires a larger object to
achieve this performance. This idea is akin to the space-bandwidth product.
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