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Section 1

INTRODUCTION

Th ,2 earth- remote-sensing research program at the National
Aeronautics and Space Administration (NASA), Goddard Space Flight
Center (GSFC), has matured substantially since the launch of the
Landsat-3 spacecraft in 1978. Since that time a new sensor F;as
emerged, ;mown as the Thematic Mapper (TM). Taking its name from
its mission to produce radiometrically and geometrically accurate
maps of crops, forests, urban and rural areas, and other land use
"themes," the TM has improved data-acquisition capability over
the Multispectral Scanner (MSS), the chief imaging sensor on the
first three Landsat spacecrafts.	 The first full-color imagery
obtained from Landsat-4 is shown in Plate 1.

Landsats 4 aid 5, launched in 1982 and 1934, not only car-
ried the advanced sensor, but were redesigned to handic the in-
creased data rates associated with it, and to communicate that
data to earth via geosynchronous orbiting Tracking and Data Relay
Satellites (TDRS). This report summarizes the TM development
program at Hughes Aircraft Company and its Santa Barbara Research
Center (SBRC) subsidiary. The entire Landsat 4 and 5 system
development also entailed the spacecraft and ground systems;
however, a description of these systems is beyond the scope of
this report.

Section 2 presents a brief historical perspective of the
evolution of design requirements and hardware development.

Section 3 comprises an overview description of the final de-
sign configuration of the Thematic Mapper, so the detailed dis-
cussions that follow can be understood in proper context. A more
detailed description of the operation of the Thematic Mapper is
contained in its Operation and Maintenance Manual [SBRC 1982a].
Following the design description, Section 4 contains a tutorial
on the basic performance parameters that serve as sensor design
guidelines to introduce a summary of system performance and user
requirements, contained in Section 4.

Two major deve'opment phases led to the TM system. The
first was the proposal design phase prior to contract award, and
the second was the actual hardware phase leading to three TMs,
including an engineering model (EM) to evaluate design decisions
and hardware procedures, and the protoflight (PF) and flight (F)
models that were launched on Landsats 4 and 5.

Section 5 provides a description of the initial engineering
trade-offs that led to the 1976 Hughes TM proposal to GSFC, and
Section 6 describes the hardware development program that began
in 1977. One aspect of the TM program that requires emphasis is
the extensive ise of proven technology from prior programs to
reduce costs and to improve performance. One example is the use

RPT41741	 1
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of radiative-cooler technology from the Visible-Infrared Spin-
Scan Radiometer (VISSR) that provides imaging for global weather
satellites, producing the images used by meteorologists, news-
papers, and television networks to illustrate weather patterns.

As in any complicated system development, many problems
occurred during the actuEl hardware phase that resulted in modi-
fications to the original proposal design to meet the sensor
specifications. For example, in some cases a proposed design
technique was not found appropriate to fabricate a given assem-
bly, and changes were required in areas of design or implementa-
tion procedures. However, ultimately almost all the original
GSFC performance specifications were either met or exceeded, so
that both the PF- and F-model TMs have performed well.

A major facet of the TM hardware program, not always appre-
ciated for its complexity and difficulty, is the prelaunch per-
formance evaluation. In fact, the design and development of
adequate test equipment to examine data quality on the ground and
to emulate orbital operating conditions was, by itself, a progre.m
rivaling sensor development in difficulty, since, to ensure data
integrity, the calibration and test system had to perform better
than the TM. Section 7 describes this test equipment and the
tests performed to obtain the performance measurements summarized
in Section 4.

It is clear from the ir-aages generatPri since the launch of
Landsat 4 that the data quality of the TM is superior to that of 	 T
the MSS. However, it remains to be seen if the NASA GSFC remote-
sensing experiment will pass a final test of successful technol-
ogy transfer to a commercially profitable system, as appears to
be a goal of current United States national policy. Regardless
of the degree to which Landsat becomes commercially successful,
scientifically a strong case can be made that Landsat is highly
successful.	 The key scientific results of Landsat 4 data stud-
ies, obtained by some fifty government, university, and industry
investigative teams are summarized in Section 8. These studies
verified that the TM sensor performed as well on-orbit as it did
in the ground tests and that TM data is significantly more robust
for applications than MSS data.	 u

Landsat-5 was launched in March, 1984, and investigations
are in progress to evaluate the performance of the flight
model. Since these investigations have nct yet been completed,
Section 9 of this report summarizes only the flight-model evalua-
tions performed at Hughes SBRC since August, 1984, when adequate
data was available from Landsat-5. 	 Two evaluation efforts are
described:	 reflective-band bright-scene-recovery studies and
thermal band radiometry.	

44
Appendix A summarizes the methods and procedures used to

produce color composite "hard-copy" image prints from computer-
compatible tapes (CCTs) generated by	 e Thematic Mapper Image

2	 RPT41741



SANTA BARB.RA R ESEAHC. CENTER

Processing System (TIPS). The e quipment and software are des-
cribed, and some examples of TM image products generated at
Hughes SBRC are included. Appendix B provides a calendar of the
key events of the TM hardware program, including dates and the
significance of major design reviews at GSFC. 	 References are
listed in Appendix C.

RPT41741
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Section 2

HISTORICAL PERSPECTIVE

DESIGN REQUIREMENTS AND SPECIFICATIONS

Although the request for proposal (RFP) for the Thematic
Mapper instrument was issued in July of 1976, the development of
requirements for an advanced multispectral scanning instrument
had begun several years earlier. In January 1970, the final re -
port for the Multispectral Point Scanner Study, presented to God-
dard Space Flight Center, suggested an advanced 7-band scanner
with up to 12 detectors per band, providing a 37-meter instanta-
neous field of view (IFOV) [HAC 19701. The Earth Observatory
Satellite Mission Review Group, in November of 1971, suggested a
50-meter IFOV for a TM instrument [EOSMRG 1971]. These reports
preceded the launch of the first Multispectral Scanner (MSS) in-
strT:ment into polar orbit in July 1972 as the Farth Resources
Technolog y Satellite (ERTS-A), later to become Landsat 1.

Prior to ERTS-A, research had been oriented toward proof-of-
concept and feasibility studies on the need for remote sensing
from an orbiting spacecraft. However, after the first MSS in-
strument was launched, research community attitudes shifted.
Once remote collection of earth-resource data from space became a
reality, it also quickly became a necessity. What was originally
conceived as a research tool was accepted as a necessary and rou-
tine source for land-management data. Research efforts were re-
oriented toward the many potential uses of MSS data as the number
of actual data users increased dramatically. 	 The operating MSS
system became the foundation on which future requirements for re-
mote sensing needs would be based. Investigations based on ac-
tual MSS data were performed by an expanded user community in-
cluding NASA-sponsored principal inv ,^stigators; federal, state,
and local government agencies; foreign governments; universities,
and private institutions. In addition, NASA sponsored a number
of working groups whose charters were to review user needs and
the status of current technology in order to make recommendations
on the performance capabilities required on future remote-sensing
instruments. The requirements established by these working
groups were the tasis for further advanced scanner development
programs, ultimately leading to the TM design.

One such group met in Cocoa Beach, Florida, in December of
1972, and evaluated a wide range of future data requirements and
the technol--gical means to satisfy them [Cocoa Beach Working
Group 19731. Part of their recommendations included the use of
electromechanical scanners, increased numbers of detectors, and
larger collecting optics to provide a factor of 2 to 3 increase
in spatial and spectral resolution.

Another, and perhaps the most important of these working
groups, was the Landsat-D TM Technical working Group, which met

RPT41741	 5
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at Purdue University in the spring of 1975 [Harnege and Landgrebe
19751. This group of over 40 scientists and engineers from
government, industry, and universities met to make final techni-
cal recommendations on the specifications for the instrument that
would become the second-generation earth-resource scanner. The
purpose of this group was to combine the knowledge gained from
previous years of research by many individuals and groups into a
specific set of suggested specifications for the TM.

The group recommended using seven spectral bands, covering
spectral regions where research indicated the greatest amount of
earth-resource information could be obtained. It was noted that
perhaps three or four bands would be sufficient to provide good
classification accuracy for any one application. However, a min-
imum of six bands were recommended since the same set of three or
four bands would not be optimum for al]. times, places, or appli-
cations.	 The seven bands actually specified by this group were
in close agreement with the final TM bands. TM Band 1 (0.45 to
0.52 um), Band 2 (0.52 to 0.60 um), Band 3 (0.63 to 0.69 um),
Band 5 (1.55 to 1.75 um), and Band 6 (10.4 to 12.5 um) were
exactly as defined by this group.	 Band 4 (0.76 to 0.90 um) of
the TM was suggested as two separate bands in the working group
report.	 Although TM Band 7 (2.08 to 2.35 um) was discussed in
the report, it was not specified. The original RFP (in 1976)
asked that the TM be designed to provide for a seventh band, but
it was not actually defined as a requirement until early 1978.

The need to keep the spectral bands within narrow ranges was
recognized by the report as being necessary to avoid the atmo-
s pheric water absor p tion reg ion as well as the ozone and carbon
dioxide absorption regions, while providing better resource clas-
sification.	 The radiometric sensitivity was recommended at 0.5%
noise equivalent reflectance variation (NEAp) for all ref.lecti,7e
bands and 0.5K (NEAT) for the thermal band. These values were
used in the final TM design requirements except for Band 1 (NEAp
specified as 0.8%) and Band 5 (NEAp specified as 1%). The report
also recommended a 30- to 40-meter instantaneous field of view
(IFOV) with a design goal of 30 meters ( which became the TM re-
quirement), distinguishing agricul}ural plots of less than 20
acres. The 12^-meter IFOV recommended for the thermal band was
the same as the final TM design requirement.

The group was not convinced that the spatial sampling rate
of 1.4 samples per IFOV, being considered at the time, was appro-
priate or necessary and recommended further study to consider not
only the effects on the data, but also on the ground-processing
capabilities. In the final design, the TM incorporated a once-
per-IFOV sampling rate.

6	 RPT41741
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HARDWARE DEVELOPMENT

An overview of hardware development from the time of the
precursor design effort through the delivery of the TM Flight 1
model is shown in Figure 1. The purpose of the precursor study
was to design a class of scanners suitable for mapping the entire
earth in 3- to 4-week : .Lervals with a spatial resolution in the
range of 30 to 60 meters and a spectral range from the visible
into the thermal infrared band. The design recommended in the
study included a 40.6-cm (diameter) aperture, object-space scan
mirror, 7 spectral bands, and fields of view from 37 to 111 me-
ters for a 556 km sun-synchronous orbit.

The Multispectral Scanner (MSS) design stud y started in 1969
prior to completion of the Precursor Study and, using its re-
sults, evolved a similar design, but reduced in power and weight
to fit the constraints of a Thor Delta launch vehicle and a Nim-
bus type of spacecraft.

Another precursor of the TM design was the Scanning Spectro-
radiometer Point Design, an 8-week study started in June 1973,
which led to a design intended to satisfy performance require-
ments similar to those of the TM. This study marked the first
detailed consideration by SBRC (for this application) of a two-
way scanning mirror motion with a scan-line corrector (an image-
motion compensator), detector arrays at the focal plane, a 40.6-
cm telescope with axis tilted up, and a brazed beryllium scan
mirror.

Breadboard work was started on the TM in June 1974, first on
the two-way scan mirror and then on the scan-line corrector and a
silicon photodiode array and preamplifier. The TM proposal was
submitted in August 1976. Hughes was announced the winner of the
competition in February 1977, and the TM development program was
started in April 1977.

^i
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Section 3

THEMATIC MAPPER SYSTEM OVERVIEW

t

r
P

ss

DESIGN OVERVIEW

The Thematic Mapper (TM) is a remote-sensing instrument in a
configuration known as an object-plane electromechanical scan-
ner. Its purpose is to make resource images of the earth from a
remote (orbital) position. As shown in Figure 2, this instrument
travels around the earth in a polar orbit and uses a flat scan
mirror, placed in front of a telescope (object plane), to view
the earth. The geometry of the scan-mirror/telescope system is
designed so the line of sight from the mirror to the earth's sur-
face is scanned back and forth (cross track) across the around
path (along track) of the orbiting spacecraft. Although the TM
employs a set of 16 detectors in each of 6 reflection bands and
4 detectors in a thermal band, Figure 2 illustrates the fundamen-
tal detector scanning concept with a single detector for simplic-
ity. The detector is sampled in such a way that a single sweep
of the scan mirror is divided into a row of square picture ele-
ments (pixels) each having an instantaneous field of view (IFOV)
corresponding to the area of the detector projected onto the
ground. The final image, consisting of a large number of indi-
vidual pixels, is produced by continuous cross-track scanning of
the earth scene.

As illustrated in block-diagram form in Figure 3, the detec-
tor converts the viewed scene energy (photons) from each pixel
into a weak electrical analog signal. This signal is amplified,
sampled, and then quantized into a digital (binary) word. The
many separate digital words generated during the scanning process
are combined into a digitized data stream, transmitted by the
spacecraft, received at ground terminals, and subsequently recon-
structed into images of the earth's surface.

'the portion of the electromagnetic spectrum (spectral band)
within which the instrument is sensitive is determined by the de-
tector material and a spectral filer placed in front of the de-
tector. This design requires that a separate detector and filter
be used for each spectral band the instrument is designed to
sense. The principal characteristics of the spectral bands cov-
ered by the TM are listed in Table 1.

The basic elements of the TM instrument are shown in the
frontispiece and in Figure 4. Scene energy from earth is first
reflected off the scan mirror, which is protecte6 from stray ra-
diation by the sun shade. The scene energy is then focused by
the telescope onto the detectors of Bands 1, 2, 3, and 4 at the
prime focal plane and via the relay optics onto the detectors of
Bands 5, 6, and 7 at the cold focal plane, which is cooled by the
radiative cooler.	 A scan-line corrector behind the telescope
keeps the scan lines parallel.	 The scan-line corrector is

RPT41741	 9
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followed by a calibrator that provides known reference sources to
the detectors. The detectors convert the scene energy into ana-
log electrical signals, which are amplified and sent to the proc-
essing electronics where the signals are further amplified and
filtered.

SCAN
TELESCOPE	 MIRROR

SINGLE
DETECTOR

SCAN
MIRROR

MOTION

\\4'\'#\\ 
f^

r:

ONE DETECTOR
PRODUCES ONE
LINE PER SCAN

GROUND PROJECTION	 SPACECRAFT

INSTANTANEOUS	
`1IRROR MOTION

FIELD OF VIEW	
(CROSS 7, SACK )

(IFOV) OF DETECTOR

Figure 2. Single Detector Electromechanical Scanner
Optical System
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Table 1. TM Band Characteristics Summary
(Original Design Specifications)

Band

Spectral
Range

(um)

Detectors
(All	 Monolithic)

Spatial
Resolution

(m)

Radiometric
Resolution

IGFOV*
(Pr)

Nominal
Type Number

1 0.45	 to	 0.52 Si 16 30 0.8% NEAP 42.5

2 0.52 to 0.60 Si 16 30 0.5% NEAP 42.5

3 0.63	 to	 0.69 Si 16 30 0.5% NEAP 42.5

4 0.76 to 0.90 Si 16 30 0.5% NEop 42.5

5 1.55	 to	 1.75 InSb 16 31 1.0% NEAP 43.75

6 10.4	 to	 12.5 HgCdTe 4 120 0.5K	 NEAT 170

7 2.08 to	 2.35 InSb 16 (	 31 2.4% NEAP 43.75

Total 100

*Instantaneous geometric field of view

The multiplexer then samples these parallel signals in sequence,
converts them into digital words, and combines all the individual
digital words into a serial-digital data stream to be transmitted
back to earth.

The visible portion of the spectrum is covered by Band 1
(blue), Band 2 (green), and Band 3 (red). Band 4 covers the near
infrared (IR), just beyond the visible red band. Band 5 and
Ban c' 7 are in the short wavelength infrared (SWIR) region. These
bang s sense the sun's energy that is reflected from the earth's
surface.	 Band 6 responds to infrared energy emitted from the
earth's surface (thermal infrared or TIR). The detectors of
Bands 5, 6 and 7 must be cooled, because at these relatively long
waveleng ths high noise signals result from the internal thermal
excitation of the detector materials. Cooling minimizes the
noise signals and allows detection of the scene energy. As a re-
sult, Bands 5, 6, and 7 had to be located at a cooled focal
plane, separate from the prime focal plane of Bands 1 through
4.	 The actual spectral coverage of each band is documented in
the subsection on Performance and User Requirements in Section 4.

It should be understood that detectors in Bands 4 through 7
are sensitive to IR energy in spectral regions invisible to the
human eye. To portray the images from these bands, they are dis-
played in visible colorea pictures referred to as "false color"
images. The images from these IR bands can be superimposed using
different false colors or can be combined with images from any of
the visible bands to produce a false-color, composite image. The
particular kind of information desired determines which bands are
used to make an image. Appendix A summarizes the process of cre-
ating color images from TM data and provides some examples.

12	
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As shown in Figure 5, there are 16 detectors per band for
Bands 1 through 5 and 7, providing a 30-meter ground IFOV for
Bands 1 through 4, and a 31-meter ground IFOV for Bands 5 and
7. There are four detectors for Band 6, providing a 120-meter
ground IFOV. A single active scan of the object-plane scan mir-
ror sweeps a ground swath 185 kilometers by 480 meters across
these detectors, collecting 16 lines of data at a time for Bands
1 through 5 and 7, and 4 lines at a time for Band 6. 	 Each line
of data (except for Band 6) is converted into 6176 pixels. One
image, consisting of 5792 lines, takes 362 scans (16 lines per
scan) to complete and produces over 35 million (6176 x 5792) pix-
els in just under 26 seconds.

The analog signal of each individual detector sample is
quantized into an 8-bit binary word giving an encoding resolution
of 256. This means that the total (dynamic) range of the detec-
tor signal is divided up into 256 steps. The data from all 100
signal channels is combined into an 84.9 Mlbps (megabits per sec-
ond) data stream.

DESIGN DETAILS

The details of the TM design are presented in this subsec-
tion by tracing the path of the scene energy from the earth as it
enters the TM until it comes out as a digitized data stream. The
basic elements of the design along this path are shown in Fig-
ure 6. This block diagram, the TM cutaway view shown in Fig-
ure 4, and the optical system shown in Figure 5 are germane to
the following discussion.

Scan Mirror

As indicated in Figure 6, the radiant scene energy first
enters through the sunshade. The sunshade was designed to
prevent stray radiation from the sun, earth, or moon from
entering the optical field of view.	 The first optical surface
the energy contacts is the scan mirror. The scan mirror is a
flat 21 inch by 16 inch (clear aperture) ellipse that provides
the 185 km scan motion at a 7 Hz (cycles per second) scan
frequency.

To attain the re quired control accuracy, a microprocessor is
used as part of a digital controller to drive the scan mirror,
and the scan mirror is torqued only during its turnaround periods
in conjunction with lc>w-loss leaf-spring mirror-reversal bumpers.
The mirror is mounted on flex pivots (Figure 4), eliminating the
friction and lubrication problems associated with bearing sur-
faces. The sprin g rate of the flex pivots is compensated for by
a specially shaped permanent magnet assembly (flex-pivot compen-
sator). This allows the active scan period, during which data is
collected, to be free floating and, therefore, very linear.

A.

14	 RPT41741
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The size of the mirror was minimized by tilting the tele-
scope's optical axis with respect to the scan mirror to give an
angle of 70° between the telescope's optical axis and the line of
sight from the mirror to the earth.

The scan-mirror assembly had to have a high stiffness-to-
weight ratio to give it a low inertia while maintaining a high
degree of mirror surface flatness. The requirements were met by
utilizing a beryllium eggcrate design for the scan mirror and
mounting it to a beryllium frame. The mirror surface is nickel
plated and silver coated to give high reflectance with low scat-
tering over all the TM spectral bands. 	 A final coat of silicon
dioxide (SiO 2 ) was applied to protect the silver coating.

The scan-mirror assembly generates pulses at the start, mid-
dle, and end of each scan line. The scan mirror's start and end-
of-scan pulses are the pulses to which all other- elements of the
system are synchronized. The proper synchronization of all the
elements of an electromechanical scanner is very important to en-
sure that the millions of individual pixels required to make an
image are properly placed to maintain geometric accuracy. Due to
the importance of this feature, a backup scan-monitor system is
provided by electric pickoff coils located in each bumper assem-
bly.

Telescope

The scene energy reflected from the scan mirror Pnters a
telescope consisting of a primary and secondary mirror configura-
tion often referred to as a Ritchey-Chretien design. Both tele-
scope mirrors are constructed of ultra-low-expansion (ULE) tita-
nium glass, coated with silver and protected with a SiOz over-
coat. The telescope has a clear aperture of 40.6 cm ( 16 inches)
and a 243.8 cm (96 inches) effective focal length (EFL).

The large size of this telescope required that the support
structure be as light as possible while still giving the required
stiffness and low thermal expansion. Graphite-epoxy composite
material meets these requirements and was chosen as the material
for the telescope support tube. However, the tendency of graph-
ite-epoxy composite material to absorb water from the air compli-
cated the handlino of the instrument and required that the TM be
kept in an environment with strict humidity control during all
assembly, test, and shipping operations.

A second and more complex problem resulted from the need to
place the detector. at the proper focus. Special measurement
techniques were developed to determine the effective focal length
(EFL) of the telescope to within the very small toler2 	 A i,-

taced by the registration requirements.

RPT41741	 17
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Scan-Line Corrector

The telescope images the scene through a scan-line corrector
(SLC) onto the focal plane. The SLC is a two-mirror device with
an axis of rotation perpendicular to the axis of rotation of the
scan mirror.

The TM collects data in both scan directions. If no cerrc^_-
tions were made, the TM scan pattern would be as shown in Fig-
ure 7a. without the SLC there would be gaps where no scene data
would be collected (underlap) and areas where the scene data
would be collected twice (overlap). The SLC steps the line of
sight in the direction of spacecraft travel at the end of each
scan and then moves the line of sight in a direction opposite to
the spacecraft travel during the active scan at a rate exactly
matching the ground-track movement during the scan period (Fig-
ure 7b). As a result, the forward and reverse scans become par-
allel to each other and perpendicular to the ground track without
over- or underlap, as shown in Figure 7c.

This corrected scan geometry allows the TM to collect data
in both scan directions and yields 85% scan efficiency, compared
to the MSS value of less than 50%. Therefore, each individual
detector views the scene for a longer period of time (increased
dwell time) compared a to lower scar.-efficiency system. This in-
creases the signal to the detector, and provides improved radio-
metric sensitivity for the data user.

Calibrator

The calibrator is an oscillating shutter mechanism located
between the SLC and the prime focal plane. It is used to provid"
calibration sources for all 100 detector channels.

The calibrator is synchronized with the scan mirror in such
a way that it brings the calibration sources sequentially in view
of the detectors during each scan mirror turnaround (when no
scene data is being taken). The calibration source consists of
three tungsten lamps, which, in combination provide eight known
radiant levels for Bands 1 through 5 and 7, and a blackbody
(standard thermal radiator), which can be set to any of three
known temperatures for. Band v. A black surface of a known tem-
perature also provides a source for a dc-restoration of all
bards. The dc-restore function provides Bands 1 through 5 and 7
with a zero radiance reference and provides Band 6 with an ambi-
ent temperature reference. Should a problem occur in the drive
mechanism of the calibration shutter, it can be commanded aside,
and a backup shutter can be used to provide the essential dc-
restore function.

t nr
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Prime Focal Plane

The scene radiant energy, after passing through individual
spectral filters for each band, reaches the detectors of Bands 1
through 4 located at the prime (uncooled) focal plane. Each in-
dividual spectral filter, in combination with the detector mate-
rial, determines the frequency or spectral range of radiant scene
energy (hand) over which the detectors will respond. Each band
consists of a 16-detector array, within a single silicon crystal
(monolithic).	 Each of these monolithic silicon detector arrays
is located at the prime focal plane.

Each of the 16 detectors is approximately 0.01 cm X 0.1 cm
and provides a 30-meter IFOV. The array of each band is config-
ured as two parallel columns of 8 detectors, staggered to provide
i6 side-by-side lines per scan-mirror sweep (one column of 8 con-
tains the even-numbered detectors, the other contains the odd).
Each band is registered to all others so that the 16 lines of
each band will overlap precisely. This allows the data from sep-
arate bands to be combined to produce a co--rectly registered com-
posite image.

The arrays are placed close together to keep them near the
telescope's optical axis where image quality is best and to re-
duce the time-delay between data collects for each band. This
minimizes registration errors that might result due to slight
changes in scan-mirror velocity.

The detectors convert the scene radiant energy (photons)
into very low level analog electrical signals, requiring that the
preamplifiers be located near the prime focal plane and as close
as possible to the detectors to minimize unwanted noise. Low-
noise current-mode preamplifiers were designed to provide the
initial amplification of the small detector signals. A boost am-
plifier further amplifies the signal over the system bandwidth
and interfaces with the multiplexer electronics.

Relay Optics

Part of the scene radiant energy at the prime focal plane is
refocused with 0.5 magnification through a relay optical system
to the Bands 5 through 7 detectors at the cooled focal plane.

The relay optics consist of a folding mirror and a spherical
mirror made of the same ULE glass used for the telescope mirrors
and mounted in a graphite-epoxy structure. The mirrors are
coated with aluminum and a protective SiO 2 overcoat, which effi-
ciently reflects the scene radiant energy of Bands 5, 6, and 7.
Aluminum was not used for the other optical surfaces ahead of the
relay optics because aluminum absorbs scene energy in Band 4.

A unique feature of the relay optics is the ability to move
the spherical mirror with res pect to the optical axis in small
linear steps using piezoceramic "inchworms."	 'Ihe piezoelectric
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property causes a small dimensional change to occur when an
electric field is applied. Three of these devices, located at
equally spaced suspension points around the spherical mirror, can
be commanded to provide on-orbit focus (when moved together) and
registration corrections (when moved differentially) of the
cooled focal plane (Bands 5 through 7) with respect to the prime
focal plane (Band y 1 through 4). This capability was provided as
a safeguard.	 However., to date, no post-lunch corrections have
been implemented.

Cooled Focal Plane/Radiative Cooler

The scene energy coming from the relay optics passes through
spectral filters and then contacts the detectors of Bands 5
through 7. Bands 5 and 7 each consist of a monolithic 16 detec-
tor array made from indium antimonide (InSb). The layout of
these detectors is the same as the arrays of the prime focal
plane, except the detectors are half the size.	 Band 6 consists
of a monolithic four-detector array made from mercury cadmium
telluride (HgCdTe). These detectors provide a 120-meter IFOV.
The four detectors are configured into two columns of two
detectors, staggered to provide four side-by-side lines per scan.

Since the InSb detectors used for Bands 5 and 7 are similar
in operation to the silicon detectors of the prime focal plane
bands (high impedance), a combination current-mode preamplifier
with boost amplifier was also used to provide the necessary low-
noise amplification.	 The HgCdTe detectors of Band 6 are low-
impedance devices.	 Their noise characteristics allowed the use
of bipolar preamplifiers without boost amplifiers.

The detector arrays of Bands 5, 6, and 7 are mounted on the
radiative cooler.	 The radiative cooler is designed to provide
the required cooling of these arrays by radiating heat into deep
space. It also has provisions for cooling the arrays during
bench testing. The arrays can be controlled to any of three tem-
r„ratures (90K, 95K or 105K) by means cf a thin-film heater on
the back of the cold focal-plane substrate. The arrays of the
cold focal plane must be kept cold to function properly; and the
temperature must be held constant to get predictable detector
responses.

The radiative cooler is protected by a door in the launch
configuration to prevent contamination. The door is commandable
to an intermediate outgassing position after launch to allow con-
taminants to vent out prior to cool-down (door fully opened).
This action, combined with turning the heaters on during the out-
gassing process, prevents contaminants from settling on and de-
grading the specular surfaces of the radiative cooler, thus de-
grading the performance of the cooled detectors.
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Signal Processing

After amplification and filtering in the analog electronics,
the signals from the 100 detector channels (64 plus 36) are fed
to the multiplexer, which determines the sequence in which the
detector channels are sampled and sequentially converts each held
sample into an 8-bit digital (binary) word. This p -bit binary
word gives an encoding resolution of 256 levels.

Each detector channel has its own track-and-hold circuit.
These circuits allow the detectors to continuously track the
scene energy and then hold the analog signal level each detector
has when it is sampled. The detectors are sampled at a frequency
that places the centers of each projected detector one IFOV apart
on the ground. Each band has one analog-to-digital (A/D) conver-
ter which converts the analog signal of the track-and-hold cir-
cuits for all the detectors within a band into 8-bit digital
words. All detectors in one column of a detector array are sam-
pled simultaneously and then converted to digital words. The
next column is sampled later such that an integral number of
IFOVs separates the two columns in the raw data transmitted to
ground. This integral IFOV spacing is then removed in ground
processing. The result is a single, straight column perpendicu-
lar to the scan direction and composed of all the detectors of a
band, placed side-by-side as shown in Figure 8.

° q
q o

q o

q o

qq

q Cl
q 0
q c

Before Ground Processing 	 After Ground Processing

Figure 8. IFOV Alignment

During mirror turnaround, the detector channels are do-re-
stored and calibration data is collected. Additional scans are
made with each scan parallel to, and placed next to, the previous
scan by the combined action of the scan mirror, scan-line correc-
tor, and spacecraft motion.

To correctly perform the above process, the multiplexer pro-
vides a time base (clock) for a digital system that controls the
scan mirror motion. The multiplexer is synchronized to the "line
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start" and "line stop" optical pickoffs on the scan mirror that
occur at the beginning and end of the active scan period. The
multiplexer then uses this information to synchronize the motion
of the scan-line corrector, calibrator, and data-processing elec-
tronics to the scan mirror.

The fina'. function of the multiplexer is to combine the in-
dividual digital words into an 84.9 Mbps data stream, which is
sent to the spacecraft for transmittal to the earth ground-proc-
es-s ing equipment, either directly or via a tracking and data-
relay satellite (TDRS).

The multiplexer, in combination with the other electronics,
dissipates most of the power the TM uses. Potential heating
problems are prevented by cooling these systems with a 'louver
assembly that faces in the same direction as the radiative
cooler. The amount of cooling is controlled by bimetallic actua-
tors that control the angle of the louver blades, thereby con-
trolling the effective emissivity of the radiating area.

RPT41741
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Section 4

PERFORMANCE AND USER REQUIREMENTS

PERFORMANCE PARAMETERS

The basic design goal of a sensor instrument such as the TM
is to create a system that provides radiometrically accurate and
spatially detailed spectral signature maps of the earth's surface
from orbit. The requirements established by the earth-resource
scientists for the TM system take into account both the quality
of data needed and the technical limitations imposed on attaining
that quality of data. 	 The limitations result partly from the
technology available and partly from some fundamental physical
limitations. A brief review of these limitations is presented
here to introduce the key performance parameters that define TM
image quality. More can be found in Short [1982], Slater [1980],
and Schueler [1983].

Basic Limitations

Figure 9 illustrates the three fundamental limitations that
prevent a perfect sensor from being designed: radiometric, spa-
tial, and spectral resolution (and coverage).

Radiometric resolution is constrained by uncertainties in
the exact value of a signal received by the sensor. These
uncertainties are created by noise in the received radiance and
in the sensor electronics. Radiometric coverage is limited by
the maximum signal anticipated, and in principle, the sensor can
be designed to measure signals to the very peak of the reflected
or emitted radiance from the earth's surface.

Spatial coverage is controlled by the swath over which the
sensor scanning system is designed to image. The sensor may be
designed to cover a wide swath in two basic ways, as depicted in
Figure 10. The scanning sensor on the left is called a whisk-
broom sensor, because the image is acquired by a single detector
that is rapidly scanned back and forth across the orbital track
as the sensor moves along its polar orbit. The concept on the
right is known as a pushbroom sensor, because the image is ac-
quired by a line array of detectors covering the entire cross-
track field of view. The scan is accomplished by the orbital mo-
tion of the sensor, and no scanning mirrors are needed to obtain
the image.

The whiskbroom concept allows a wide swath to be created
with only a single detector and narrow field-of-view optics. The
difficulty with the whiskbroom concept is that the detector must
be moved rapidly, and it cannot spend much time sampling individ-
ual spots on the ground. Each of these individual spots on the
ground, equal in area to the geometrical projection of the detec-
tor onto the ground, is referred to as the instantaneous field of
view (IFOV) of the detector.
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Figure 10. Sensor Swath Coverage

The pushbroom concept uses a line array of detectors extend-
ing across the orbital track, so no cross-track scanning is re-
quired. In this case, no scan-mirror system (such as used in the
TM) would be required, and the detectors would each be able to
spend a much longer time sampling the ground IFOV. This config-
uration increases the amount of signal the detectors receive and
improves radiometric resolution by improving the signal-to-noise
ratio (SNR) of the sensor. However, the concept requires a wide
field-of-view optical system and thousands of detectors.

A compromise approach is to use a hybrid of the pure whisk-
broom approach and the pure pushbroom approach; i.e., to place a
line array of detectors parallel to the orbital motion of the
sensor and to scan the line array across-track more slowly than
would be necessary with a single detector. This hybrid approach
offers improved SNR over the pure whiskbroom scanning concept and
was selected for the TM.

Interrelationshi p Amona Cons'Craints

The advantages and disadvantages of the basic scanning mech-
anisms just described illustrate the intimate relationship be-
tween radiometry and spatial coverage. Instantaneous, wide spa-
tial coverage offers improved SNR, and, therefore, improved radi-
ometric accuracy leading to development efforts to produce line
arrays as long as the state of technology allows. In the case of
the TM, line arrays consisting of 16 detectors were used.
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The instantaneous field of view, or IFOV, referred to above,
plays a critical role in spatial reso l ution. The smaller the
IFOV, the better the spa-_ ; al resolution of detail on the
ground. However, there is a relationship between the radiometry
and -,jatial- .age quality that must be considered. As the IFOV
is reduced, Lne detector size is reduced, and the amount of radi-
ant energy seen by the detector is reduced. Therefore, a smaller
IFOV leads to reduced signal, and the SNR is degraded.

Finally, the spectral coverage and resolution define how
well the sensor will provide spectral signature information.
Again, there is a connection between spectral integrity and radi-
ometric quality. As the spectral bandpass associated with a
given detector's sensitivity is made finer, so as to provide more
definitive spectral information, the radiant energy absorbed by
the detector iL; reduced, and SNR is degraded.

In addition to the three basic limitations imposed on the
sensor as depicted in Figure 9, the designer also attempts to
minimize radiometric calibration errors and geometric errors.
Radiometric calibration errors include absolute radiance measure-
ment errors as well as relative errors between spectral bands and
within bands, from detector-channel-to-detector-channel in a
multidetector sensor such as the TM. Geometric errors include
pointing errors, band-to-band registration errors, and errors
caused by nonuniform motion of the scanning mechanism.

The Effect of Sensor Subsystems on Image Quality

The diagram of Figure 11 tabulates the principal error
sources contributing to inaccuracies in each of the categories of
image quality previously discussed. At the to p of the diagram is
a block-sequence representation of the sensor. This block repre-
sentation is general enough that it does not suggest any specific
design, nor does it limit the design to any specific set of re-
quirements, such as those imposed by NASA on the TM. Therefore,
Figure 11 can be regarded as a generic chart of items to consider
when designing any electro-optical imaging sensor system. For
example, any sensor must have optics to focus an image to be de-
tected, a spectral separation system to define spectral bands,
and detectors to convert the detected light into electrical sig-
nals to be processed into video by an electronics system. To en-
hance transmissior of signal to the ground, the analog signals
must be digitized, and the remaining electronics blocks are pro-
vided to illustrate that process.

Each sensor subsystem is subject to errors that will affect
one or more of the image-quality categories of Figure 9. These
image-quality measures are listed in the left column of Fig-
ure 11. The way in which each subsystem affects each measure is
indicated by an entry in the appropriate box underneath the sub-
system of interest. For example, as the optical system's trans-
mission drops, SNR drops, and this degrades radiometric resolu-
tion, as indicated by the entry in the top left box under the

28	
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opt i.cs block of the sensor block diagram. In general, anything
that reduces signal or adds noise will reduce radiometric resolu-
tion. The chief sources of signal reduction and noise are listed
from block to block in Figure 11. 	 In general, radiometric cali-
bration is degraded by anything that causes uncontrollable signal
variations to occur between calibration checks. The major
sources are listed in the row beside the calibration entry in the
left column of the figure.

Spatial resolution is degraded by sensor subsystc,p s that
tend to blur the image. ThESe include optical diffraction and
aberration, detector IFOV, and temporal frequency response. Tem-
poral frequency response is important because the detectors are
usually sampled while scanning rapidly over the scene. If the
sample rate is fast, little time is available for a detector to
respond to radiance changes from scene location to location, and
slow response will blur the image. By the same token, the elec-
tronics' temporal response is also a factor in spatial resolu-
tion.

Geometric errors result primarily from sensor pointing and
scanning errors. If the sensor wobbles in orbit and the wobble
is not accounted for, error will result; the scan mechanism can
give the same sort of error. Band-to-band registration error
results mainly from errors in fabrication and alignment of the
detectors in the focal plane, although electronic timing errors
and sampling errors can also contribute to degradation.

Spectral resolution is affected almost exclusively by the
design of the spectral filtering system. However, spectral band-
pass shape can be affected by several factors throughout the im-
aging chain. The optical system may consist of reflective mirrors
whose surfaces have wavelength-dependent reflectivity. The fil-
ters may exhibit nonuniformity along the spatial dimension of the
line detector array, so that spectral bandpass nonuniformities
will occur in a given spectral band for different detectors.

;E	 Finally, the detectors themselves have a characteristic spectral
response, which is generally not flat. The uniformity of this
"esponse from detector to detector within a given spectral band
also affects spectral bandpass uniformity.

ro	Engineering Requirements

The TM requirements gave the designer the radiometric, spa-
tial, and spectral performance goals the instrument had to meet
to match user needs. These requirements were stated in terms of
engineering requirements or specifications that allowed the de-
signers to test each design approach by calculating the theoreti-
cal performance of a design and comparing that prediction against
the specification. Moreover, the requirements were stated in
terms of laboratory-measurable quantities to allow the perform-
ance of the sensor to be checked against the specifications as
the sensor was being constructed and tested. The engineering re-
quirements are stated in different terms from the usual user
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requirements. In the following subsections, each of the princi-
pa radiometric, spectral, and spatial image quality requirements
is ;'scussed in turn. Design of electro-optical sensors is cov-
ere(_ n more detail in Seyrafi [1973].

Radi -_ric Requirements

The data user is accustomed to quantifying radiometric reso-
lution in terms of "noise-equivalent ground reflectance varia-
tion" (NEAP) or "noise-equivalent temperature difference" (NEAT)
in the thermal regions. This reflectance, or emittance, varia-
tion produces a signal change at the sensor, equal to the sensor
noise level and is translated to the resulting SNR for engineer-
ing des*7n and measurement purposes. (The process for performing
this tr1. • slation is explained in the Manual of Remote Sensing
[Colwell 1983, chap. 12] . ) Measurement of the sensor's SNR is a
straightforward process, and is described in Section 7 of this
report. Radiometric accuracy requirements are stated in terms of
a percentage relative to the full-s-, ale radiance the sensor must
measure, and the engineering requirements are stated in these
same terms. Although radiometric accuracy is conceptually simple
to specify and to appreciate, it is extremely difficult to attain
excellent accuracies and even more difficult to verify radiomet-
ric-accuracy performance. For example, the TM requirements for
radiometric accuracy were stringent (10% of full-scale signal),
and to verify this performance required a calibration sensor of
even better accuracy. As a result, the radiometric calibration
program to test the TM, described in Section 7, was extremely
difficult and expensive.

Spectral Requirements

The spectral data-quality requirements are conceptually sim-
ple, but in practice are also difficult to attain and to ver-
ify. The major requirement of interest is the spectral bandpass
center and width. In general, the goal is to have a sensor with
an exactly uniform spectral response over some wavelength inter-
val with sharp cutoffs on either end. 	 In practice, it is diffi-
cult to obtain either uniformity or very sharp spectral cut-
offs. Therefore, the sensor designer needs some quantified
requirements on the allowable uniformity errors and on the sharp-
ness of the spectral cutoffs.

In this regard, it is possible to relate the spectral band-
pass uniformity to radiometric uniformity. Figure 12 illustrates
this concept. Figure 12a shows the spectral responses of two de-
tectors, labeled detector A and detector B. Both detectors are
members of the same spectral band, and both are illuminated
through the same spectral filter. However, the detectors do not
share the same spatial location underr.eath the spectral filter,
and the spectral response of the filter may vary f-om point to
point along its length. As a result, even after radiometric cal-
ibration, the two detectors may have different spectral responses
over the bandpass illustrated in the diagram. The detectors have
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the same, average response to light after calibration., but the
calibration cannot correct for variations in spectral response
within a bandpass.	 In Figure 12b, two hypothetical scenes are
illustrated, each with different spectral content. 	 Finally,
Figure 127  shows the response of each detector of Figure 12a to
the scene spectral radiance of Figure 12b. Both detectors re-
spond more strongly to scene 2 than to scene 1, because both de-
tectors have a nonuniform spectral bandpass. Therefore, the non-
uniform spectral bandpass causes radiometric erro- in measuring
radiance of a scene input. Moreover, since the slopes of the
bandpasses for the two detectors are not equal, the responses of
the detectors do not agree, even though the detectors are cali-
brated so that the average response to a flat input spectrum is
the same for both.

Therefore, there is a relationship between radiometry and
the spectral bandpass shape (slope and cutoff sharpness) and de-
tector-to-detector bandpass uniformity. This relationship can be
exploited to derive sensor spectral performance requirements. In
principle, once the sensor is built it is possible to test the
sensor's spectral response from channel to channel to verify
performance. The tests that were performed in this retard are
discussed in Section 7 of this report.

Image Quality Requirements: MTF and Aliasing

The user requirement for spatial image quality, usually re-
ferred to in terms of IFOV, is more complicated in concept than
either the radiometric resolution or spectral resolution require-
ments, but in practice is simple to specify. However, the actual
measurement program required to verify performance is complicated
and difficult.

Spatial resolution is affected by several sensor subsystems,
as generally discussed in reference to Figure 11 above. Detector
IFOV is only one element of the spatial resolution parameter. In
fact, by itself, it falls quite short of describing the actual
spatial resolution of the sensor. In addition to IFOV, optical
blur, detector-motion blur, and the electronics' temporal-re-
sponse blur must also be specified. The total system blur may be
characterized by the width of the image of a perfect line
source.	 This image is called the system line-spread-function
(LSF) and is described b y Schueier [1983a]. Spatial resolution
is conceptually complex because of the apparent dissimilarity
among the many factors contributing to blur. However, these fac-
tors can be combined into a single parameter that describes the
total system blur. This parameter is the modulation-transfer
function, or MTF, which is the Fourier transform of the LSE
[Schueler 1983a]. As the name implies, the MTF describes how im-
age modulation is transferred through the system. To understand
the utility and power of the MTF parameter, the basic concept of
image modulation must be understood.
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As a detector scans across the image provided by th; opCics,
r	 the intensity of the light falling on the detector changes due to

the variation in light intensity reflected from different points
on the ground scene the sensor is imaging. These vatia~ tons are
modulations, and, depending on the rapidity with which -n; detec-
tor scans and on the sharpness of edges within the scene, the
modulation can be slow or fast. Slow modulations are generally
imaged fairly well, but faster modulations, cocresponding to
sharp edges in the scene, may be blurred.

µ l

	

	 Any complicated image-modulation pattern can be c-)nstructed
mathematically by combining simple sinusoidal-wave F.tterns of
different frequency and amplitude. Sharp edges -o-ild contain
high proportions of high-frequency sine waves, and Flow grada-
tions in bLig,itness would contain larger amoun=s of lower fre-
quency sine wares.	 The response of a detectoc to a sine-wave
modulation inpu`_ is illustrated in Figure 13. 	 The Lnput sine-
wave amplitude• is larger than the output sine-wa. , e amp? icude be-
cause the detector has a finite 1F0V that averaces the sine wave
over a distance denoted by the Greek letter "a' -`ia" in the dia-
gram. The reduction in the amplitude of the s.ir ­wave modulation
is a function of the frequency of the sine Nave. 	 A sine wave
with a low frequency would not be affected much, whereas a hign-

'F	 frequency sine wave might be considerably reduced in amplitude.
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Figure 13. Detector Response to Sine-Wave Modulation

A plot of the functional dependence of the modulation on the
frequency of the sine wave for the square-detector IFOV is depic-
ted in Figure 14.	 As shown, the modulation of high frequencies
is considerably reduced. 	 In fact, for some frequencies whose
periods fit perfectly within the detector IFOV, the MTF is zero,
and the detector will sense no image variation at all. Not only
the detector IFOV has this effect. The MTF associated with any
other part of ti,- imaging chain can be computed theoretically, or
measured experimentally, in at least an approximate fashion with
input sine-wave or square-bar light patterns of differenL fre-
quencies.	 When a square-bar pattern is used, the resulting
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sensor response is called square-wave response (SWR). SWR and
MTF are closely related and one can be approximated from the
other. A more detailed description of the use of SWR in the TM
testing program is given in Section 7.

112a	 lla	 21a	 Not

sin(rr fxa)
^sinc ^fxa)^ - I	 ,rfxa

Figure 14. Functional Dependence of Modulation on Frequency

Finally, the reduction in total-system modulation is the
product of the reduction in modulation due to each component MTF,
from the optics to the detector to the electronics. The conven-
ience of being able to separately compute the MTF (or SWR) for
each component and then simply :multiply the component MTFs (or
SWRs) to get the net system value is an important design feature
of the MTF concept. Therefore, the sensor specification for spa-
tial resolution is often provided by specifying the net system
MTF or SWR at several spatial frequencies.

The discrete sampling interval is an additional considera-
tion that affects image quality. Because the optics system
passes a detector, or several detectors, over the ground quite
rapidly, it is impossible to continuously sample the ground
scene. Instead, the scene is sampled at discrete intervals. In
most cases, discrete sampling produces a very good approximate
representation of the information in the scene, because very lit-
tle change occurs between samples. However, it is conceivahle
that rapid variations in scene intensity could occur between sam-
ples, and, in this case, the sensor would miss some information
in the scene. The effect of this sampling error can be quanti-
fied with the spatial-frequency sine-wave concept already used to
describe MTF.
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Figure 15 shows an analog sine wave of period 1.5a that is
sampled at the points indicated by the arrows, spaced a distance
a apart. The samples provide the image information from which a
representation of the analog information that was sampled can be
reconstructed. If this is done, the result is a sine wave of
lower frequency, shown in the bottom graph. In effect, the sam-
pled high-frequency sine wave has been reduced in frequency be-
cause the samples were not close enough together to accurately
represent it.	 The new, lower-frequency sine wave is called an
"alias" of the correct, original sine wave. This new sine wave
represents incorrect image information, which degrades the accu-
racy of the sensor in its measurement of any signal containing
frequencies too high to be accurately sampled.

• FOR f
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3a	 1.5or

fNyquist

(FOLDING FREQUENCY)

Figure 15. "tliasing" Error from Sampling

A graph of the MTF associated with a sampled-data sensor
might appear as shown on the far right of Figure 15. The fre-
quency of the input sine wave is 1 11 1.5x, and this frequency is
"aliased" '=o 1/3a by the sensor samples that are spaced by the
distance a.	 In fact, any input sine wave with a frequency ex-
ceeding 1/2a (or a pe r iod less than 2a) will be aliased. The
frequency 1/2a is the frequency about which all higher frequen-
cies are "folded" to lower frequency aliases. This frequency of
1/2a is also known as the Nyquist frequency.

To avoid this aliasing phenomenon, either the samples have
to be spaced more closely together, or the input analog informa-
tion must be filtered to remove the high-frequency information
(above the Nyquist frequency) so that it will not be aliased to
lower frequencies and added to the low-frequency information that
actually exists in the scene. Because it is impossible to sample
fast enough to eliminate aliasing, generally the latter tactic is
used.	 Analog electronic prefiltering of the detector signals
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prior to sampling is one way to remove the ;sigh frequencies from
the scene information so that aliasing errors do not occur. The
disadvantage of prefilteri.ng is that the electronics filter usu-
ally rolls off gradually startinq at low frequencies, and some
loss of MTF at the lower frequencies will occur. To combat this,
filtering is designed to provide as sharp a cutoff as practica-
b'e. A detailed treatment of the aliasing and prefiltering prob-
lem can be found in Barbe and Campana [19771.

PERFORMANCE AND USER REQUIREMENTS

The quality of the three TM instruments was demonstrated
during prelaunch testing, during which virtually all specifica-
tions were met with margin. This section discusses the results
of these tests and their relationship to -1ser requirements, us-
ing, where possible, quantitative comparisons. Only the results
considered to be of prime importance to the user community are
discussed here. These results include spectral coverage, spatial
coverage, radiometry, square-wave response, geometric accuracy,
and band-to-band registration.

The results of the analysis of spectral response of the
protoflight (PF) and flight (F) models of the TM are given in
Table 2.	 The design requirements for lower and upper band edge
are shown in the first columns. These requirements match the
specific needs for several application areas very well. Table 3
shows general areas of interest for each of the TM bands [CSFC
19731 .

As the results show, the band responses meet the design cri-
teria, except for the upper edge of Band 6 for the PF model.
However, this failure is not critical, as long as sufficient en-
ergy is gathered to satisfy the NEAT requirements, which, as
discussed below, were met.

Table 2. 'Measured Spectral Coverage (50% Response Band Edge, um)

Band
Reai.irenent PF Performance

Lower	 Upper

F Performance

Lower	 Upper[	 Lower Upper

1 0.45±0.01 0.52±0.01 0.45 0.52 0.45 0.52

2 0.52±0.01 0.60±0.01 0.53 0.61 0.53 0.61

3 0.63±0.02 0.69±0.01 0.62 0.69 0.63 0.69

4 0.76±0.02 0.90±0.01 0.7E 0.91 0.78 0.90

5 1.55±0.02 1.75±0.02 1.57 1.78 1.57 1.78

6 10.4±0.10 12.5±0.10 10.42 11.66 10.45 12.42

7 2.08±0.03 2.35±0.03 2.10 2.35 2.10 2.35
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Table 3. Band Usage by Application Area (X means useful band)

Band	 1 Band 2 Band	 3 Band 4 Band	 5 Band 6 Band	 7

Agriculture X X X X

Forestry X X X X X

Geography X X X X

Geology X X X X

Hydrology X X X X X

Meteorology X X X X X

Oceanograohy X X X X X

User requirements for spatial coverage were quite varied.
IFOV sizes from less than 10 meters to greater T han 1,nnn meters
were specified by users from various application areas. The 30-
meter (42.5 p r) IFOV size chosen represents a compromise between
user needs and available technology.

Spatial coverage test results are shown in Table 4.
(Note: Band 6 was not remeasured for the F model due to the
difficulty of the measurement, the fact that the detector size
and effective focal length were known, and because the square-
wave response exceeded the specification with significant mar-
gin.)

The test data indicates that many of the IFOVs for Bands 1
through 5 and 7 may be slightly larger than specified. For exam-
ple, a measured line-spread-function (LSF) width of 46.3 Arad
(Band 1, Channel 1, F model) is equivalent to approximately a
32.4 -meter IFOV. Part of the measured overshoot may be d ,ie to a
measurement problem. The detector size was accurately known and
the telescope EFL was also well known, and MTF (SWR) measurements
were met with considerable margin, making the question of IFOV
size relatively unimportant.

User requirements in the area of radiometry were not for-
mally specified (i.e., quantitatively) by the user community.
The TM design specifications offer the best set of criteria by
which to -judge the requirements users have. Table 5 presents the
specified sce r►e radiance, the corresponding SNR and NEAP/NEAT
requirements, and the measured prelaunch SNR and NEAP/NEAT values
for the protoflight and flight models. As can be seen, all meas-
urements passed the specification.

Table 6 shows the results of the square-wave response (SWR)
tests at a single frequency (Nyquist). All bands show a SWR bet-
ter than the specification. This requirement, like radiometry,
is best judged by the design criteria specified for TM. Qualita-
tively, it can be said that TM's SWR is good enough to allow ac-
curate mapping of edges and linear features for many users.
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Table 4. Line-Spread-Function Width, urad
(Optics and Detector Only)

Band Channel
Track Scan

')Pecified
Maximum

PF F PF F

1 1 44.8 46.3 < 43.2
2 44.4 45.1 44.0 45.3

15 43.4 46.0
16 43.4 43.2 42.3 44.3

2 1 44.8 45.9 44.9 44.5 < 43.2
2 I	 45.6 44.6

15 44.1 I 44.7
16 42.9 44.7

3 1 44.2 44.7 < 43.2
2 45.5 43.3 45.1 43.5

15 44.1 43.6
16 43.9 42.7 44.9 43.7

4 1 45.7 44.4 < 43.2
2 44.0 43.8 44.1 45.9

15 44.3 45.3
16 43.1 42.9 44.5 44.3

5 1 51.4 44.8 < 46.35
2 47.5 50.5 42.6 44.5

15 51.0 44.7
16 46.9 50.0 42.5 44.5

7 1 46.7 45.8 < 46.35
2 47.8 46.4 45.5 45.4

15 46.8 45.4
16 49.6 46.9 44.8 45.0

6 1 172.2 173.0 <	 174.4
2 173.8 170.2
3 177.5 178.3
4 175.3 174.0
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Table 5. Measured Protoflight and Flight Radiometric Sensitivity

Or

Scene Radiance SNR

(mW/cm2 -sr) (Band Average)
NE op	 (%)

Band
Specified Minimum	 Scc-iie F Maximum Scene

Measured Measured Measured

Min Max Spec Spec Spec
IF F IF F PF F

1 0.28 1.00 52.0 60.3 132 1143.9 143.2 75 0.16 0.16 0.8

2 0.24 2.33 60.0 59.7 3 279.0 2.34.9 170 0.18 0.21 0.5

3 0.13 1.35 48.0 46.25 26 248.0 215.1 143 MO 0.23 n.5

4 0.19 3.00 35.0 46.2 32 342.0 258.7 240 G.19 0.22 0.5

5 0.08 0.60 40.0 35.8 13 194.0 175.4 75 0.23 0.25 1.0

7 0.046 0.43 21.0 28.3 5 164.0 180.6 45 0.41 0.37 2.4

6 300K 320K NEAT= NEAT= NEAT= NEAT= NEAT= NEAT=

0.12K 0.13 0.5K
I

0.10K 0.11 0.42K

Table 6. SWR Requirements and Measured Performance

Band

Square-Wave Response at Nyquist Frequency

(Band Average)

Specified Measured IF Measured F

1 0.35 0.46 0.42

2 0.35 0.44 0.41

3 0.35 0.41 0.39

4 0.35 0.43 0.40

5 0.35 0.42 0.44

7 0.35 0.44 U.42
6 0.35 0.44 I	 0.43

Table 7 shows measurements for protof light geometric accu-
racy. Table 8 shows F model scan-line length. Statistics for
the PF model are similar to the F model.

Table 9 shows the PF band-to-band registration. 	 All meas-
urements are within specification.

i
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Table 7. Measured Protoflight Geometric Accuracy

Scan Rate

• Average rate within 0.5% of nominal rate (2.21095 rad/sec)

Overlap/Underlap

• Mission requirements will be met on-orbit (less than 6 meters,

neglecting bowtie effect)

Scan-Line Length

• 400 scan statistics (typical)

Average = 60742.89 ps

Maximum = 60747.35 us
Minimum = 60738.30 vs

a	 =	 1.71 us (one IFOV dwell time = 9.61 ps)

Scan-Profile Linearity

• Peak nonlinearity	 <25 urad forward scan
<40 urad reverse scan

Scan Profile Repeatability

• Both forward and reverse profiles are repeatable to within
3 p r after application of midscan correction

Table 8. Scan-Line Length [400 scan statistics (typical)]

Forward SME	 1*(ps) SME	 2	 (us) Reverse SME	 1	 ( p s) SME	 2	 (ps)

Average 60741.9 60742.9 Average 60742.9 60741.9

Maximum 60748.7 60751.1 Maximum 60749.8 60751.1

Minimum 60737.2 60734.9 Minimum 60735.6 60738.1

a 2.4 2.6 a 2.5 2.6

*Scan-mirror electronics, 1 set.

Table 9. Measured Protoflight Dynamic Band-To-Band
Registration (BBR)

Measured Specified

Along-Scan Registration

Within OFPA* <0.1 IFOV <0.2 IFOV (6 meters)

With-,n CFPA** <0.08 IFOV <0.2 IFOV (6 meters)

CFPA to PFPA <0.19 IFOV <0.3 IFOV (9 meters)

dross-Scan Registration

Within PFPA <0.13 IFOV <0.2 IFOV (6 meters)

Within CFPA <0.10 IFOV <0.2 IFOV (6 meters)
CFPA t-,

I
PFPA <0.27

I
IFOV

I_
<0.3 IFOV (9 meters)

1
*Prime focal-plane assembly

**Cold focal-plane assembly
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Section S

MAJOR SYSTEM TRADE-OFFS LEADING TO THE INITIAL PROPOSAL,

At the proposal phase, the design concepts and system
parameters of the TM were optimized by extensive trade-off
analyses, utilising, whenever possible, military and civilian
flight program experience, especially the multispectral scanner
(MSS)	 and	 Visible-Infrared	 Spin-Scan	 Radiometer	 (VISSR)
instrument developments. Beginning with the basic scanning and
optical design and progressing throuqh more detailed optical and
mechanical considerations to the types of electrical filters and
amplifiers  needed to onr imizc the s steno	 r for—mancc trade-of EsY	 rc^",",	 ,
were performed that led to a proposed design meeting mission
requirements while minimizing weight, power, and cost.

Using the trade-off parameters discussed in Section 4 as
well . as considering complexity, design risk, and cost, a total of
14 major system trade-offs were performed. Although the proposed
design met all mission requirements, problems occurred in the
hardware phase that required modification of the initial de-
sign. These changes are documented in Sections 6 and 7 and Ap-
pendix B.

IMAGE-PLANE VERSUS OBJECT-PLANE SCANNING

For an image-plane scanner, the entire field of view must be
imaged simultaneously through the entrance aperture; only a por-
tion of the optics is used for any one scan position, and the
portion of the optics used is different as the scan angle
changes. This has the effect of varying the apparent radiance
with angle and also changing the optical square-wave response
with scan angle. The amplitude modulation can be corrected by
calibration throughout the scan, but the result places a substan-
tial burden on ground processing. The changes in square-wave re-
sponse may be acceptable if the response for the central part of
the field is overdesigned.

The object-plane scan system images through high-precision,
symmetrical te.escopes and uses the complete aperture throughout
the scan for hi ,1h optical efficiency and negligible scan modula-
tion. Having a constant aperture utilization across scan makes
it feasible to us ,-, one set of calibration corrections throughout
the scan and, in addition, the uniformity across scan makes it
feasible to depend on an internal calibration light for opera-
tional calibration.	 Since the light cannot indicate changes in
telescope transmissivities, the integrity of the internal light
must be verified from time to time by measuring a sample of sun-
light. This sun, sample will enter from a different scan angle
throughout the year; therefore, amplitude uniformity throughout
scan is necessary to ensure a stable calibration.

The object-plane design al--o permits a simple arrangement of
detectors in the focal plane ith a minimum number of optical
elements so that transmissivities are high and the optical path

40
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is relatively short. As a result, thermal-expansion problems are
minimized, and the optical support structure is small and, there-
fore, lighter. Also, since the scan mirror is not in the focal
path, the focus is insensitive to relative motions between the
mirror mechanism and the optical support structure.

Based on prior experience, an oscillating scan mechanism was
selected for the TM. This concept had been shown to provide pre-
cise linear scan with imaging performed as the mirror swings from
east to west as well as from west to east. Thus, the TM design
provided for object-plane scanning with an oscillating mirror
giving uniform aperture geometry across scan, precision on-axis
optics, and high scan accuracy.

TELESCOPE TYPE

Both refractive and reflective telescope designs were con-
sidered. Refractive optical systems are not suited for operation
over the spectral range demanded of the TM, since the only
materials transparent over this spectral range (0.45 to 12.5 um)
are halogen salts, which are hygroscopic. In addition, adequate
color correction could have been accomplished only with a multi-
element lens, which would degrade optical transmittance. Thus,
reflective optical designs were the only practical approach
available.

Numerous reflective designs have been developed, using tine,
two, three, or more mirrors. Typically, the single-mirror sys-
tems are long and awkward to package and have only a smaIl on-
axis zone that yields good image quality. However, a large num-
ber of optical surface^ should be a-voided, if possible, since
surface loss and complexity increase quickly with each additional
mirror surface. For two-mirror telescope designs, image quality
depends greatly on the surface shape of the design. A comparison
of the better-known two--mirror telescope configurations showed
clearly that the Ritchey-Chretien design provided an image that
was more than adequate for TM requirements. The Ritchey-Chretien
design uses an aspheric figure on both the primary mirror and the
secondary mirror. The rotational symmetry of a Ritchey-Chretien
telescope permits conventional optical finishing and testing
techniques to be used throughout fabrication.	 The specific de-
sign adopted for the TM is illustrated in Figure 16. 	 Low-expan-
sion materials are used throughout to ensure that thermal changes
and gradients will not affect system performance.

SCAN-MIRROR MOUNTING ANGLE AND SIZE

Once the object-plane scan method and telescope type (opti-
cal system) had been selected, the next im portant trade-off was
selection of the scan-mirror mounting anc_e (e in Figure 17).
This angle determines the size and moment of inertia of the mir-
ror and the configuration of the entire instrument.	 Scan-mirror
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moment of inertia should be minimized to reduce the spacecraft's
rotation by momentum exchange and to reduce the amplitudes of the
mirror's reversal shock spectrum.
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Figure 16. TM Ritchey-Chretien Telescope
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Figure 17. Scan Mirror Geometry

The spacecraft will rotate opposite to tho scan mirror by an
amount proportional to the ratio of their moments of inertia.
However, this spacecraft motion only shortens the scan lines by a
slight amount and can be fully compensated for by app,.opriately
increasing the scan angle a in Figure 1%. The major restriction
on mirror-angle selection (e in Figure 17) was the baffling of
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the secondary mirror.	 If a 60° angle were used, the secondary
mirror would require a 4.6-cm baffle, which would increase the
diameter of the secondary mirror assembly and result in a 4 per-
cent increase in obscuration and some loss of SNR. In addition,
such an angle would present a difficult interface with the raaia-
tive cooler and wouid require a more unsymmetrical cooler housing
structure. Finally, the amount of cross-axis jitter that is pro-
duced for a given amount of actual mirror cross-axis motion in-
creases with decreasing mirror angle. Table 10 summarizes these
trade-offs. On the basis of these results, an angle of 70° was
selected as the optimum angle. This angle resulted in a 53.1-cm
(21-inch) scan mirror (2 in Figure 17). with a 0.352 cm-ka-sec2
(0.305 in-lb-sec 2 ) moment of inertia. The 70° angle results in a
mirror 9.6 cm (about 4 inches) shorter than one with an MSS-style
90° mirror angle and a 36-percent lower moment of inertia.

SCAN-MIRROR CONSTRUCTION

The scan-mirror structure had to meet stringent requirements
for optical quality, low dynamic distortion, low thermal distor-
tion and low moment of inertia. Graphite-epoxy, Cervit, and be-
ryllium were considered for the application. Beryllium, because
of its high stiffness-to-weight ratio, was selected.

Analysis of various structural forms, including machined-
block, machined-eggcrate and brazed-eggcrate designs showed that
a brazed-eggcrate configuration best satisfied the require-
ments. The brazed-eggcrate design is fabricated from individual
web sheets, slotted to permit assembly into an eggcrate core
structure. The assembled core structure is sandwiched between
two beryllium face sheets. The entire assembly is held together
by brazing at approximately 590°C (1.100°F) in a furnace. This
design had the lowest moment of inertia, and the natural symmetry
of the construction made it the best choice from the icint of
view of thermal considerations. However, it was changed to a
machined eggcrate construction early in the development program
(see page 63).

SCAN-MIRROR DRIVE

Trade-off selections in the scan-mirror-drive approach were
made to achieve highperformance, simplicity, and to minimize mo-
mentum transfer between the mirror and the supporting structure.

Table 11 lists the scan-mirror-drive-approach trade-offs
that led to the TM design selection. The trade-offs are grouped
by major areas:	 general approach, suspension, drive, and bump-
ers. Under each area the trade-offs are listed, selected ap-
proach is stated, and the major reasons for selecting the ap-
proach are given.
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RELAY OPTICS

Two relay-optics design concepts were considered. Early de-
sign efforts generated a four-mirror concept with excellent image
quality, but the concept was unattractive from the point of view
of fabrication, assembly, and alignment. In an effort to allevi-
ate these problem areas, an alternate two-mirror design was de-
veloped, resulting in an image with a slight loss in sharpness
compared to the four-mirror design. However, the geometric image
was still sufficiently small that diffraction effects overwhelmed
the geometric blur disadvantage. The advantages of the two-mir-
ror design, resulting in its selection, were:

1. Fewer elements facilitated assembly, alignment, and
maintenance of alignment.

2. Rotational symmetry simplified fabrication and align-
i.1ent.

3. The less complex shapes resulted in reduced fabrication
cost.

4. 45° mirrors were eliminated, and polarization effects
reduced.

5. The reduction in optical elements allowed greater
throughput.

REGISTRATION REQUIREMENTS

The difficult system requirement to register points imaged
in Band 5 to the same points imaged in Bands 1 through 4 to
within 8.5 ur required a thorough trade-off study. Small shifts
occur in the cold stage of the radiative cooler when it cools
down from 300K ambient temperature to its operating temperature
of approximately 95K. There were limitations on how accurately
the focal-plane arrays could be manufactured and aligned, and any
change in scan velocity from nominal would produce a slight
sampling registration error.

To determine the best design approach for meecing the regis-
tration requirement, a trade-off study Df seven different design
concepts was performed. Table 12 presents the results of the
study.

The selected method was one that combined a thermally stable
mirror-relay design with a backup, in-flight alignment mechanism
for a one-time alignment after initial cooldown. The design
makes use of extra lateral stiffeners in the cooler support
structure and ultra-low-expansion optical support materials, such
as graphite-epoxy.	 The alignment mechanism selected was a
piezoelectric inchworm device with 1 X 10 6 meter positioning
resolution.	 The advantages of this design are that it can drive
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large loads with no backlash, resolution is excellent, and it has
the built-in, fail-safe feature of remaining clamped when power
is removed. This approach has an additional feature that pro-
vides focus adjustment when equal movement of all three inchworms
is commanded.

SCAN-LINE CORRECTION

Scan-line correction requires two mirrors that move to cre-
ate image displacement while remaining parallel to each other.
(The use of a single moving mirror introduces changes in the
direction of the incident cone of light, resulting in scan modu-
lation.) With two mirrors, the emerging optical beam is always
parallel to the entering beam, the apparent exit pupil is un-
changed, and scan modulation is eliminated.

An initial design included a pair of mirrors movinq about
separate pivot axes in the converging beam ahead of the first fo-
cus. Subsequent ray-tracing analysis of this design indicated
that the defocusing produced was at least an order of magnitude
better than needed.	 This raised the possibility that the two
mirrors might be moved about a single-pivot axis without exceed-
im; an acceptable defocusing limit. 	 Subsequent analysis showed
that a scan-line corrector (SLC) moving about a single-pivot axis
would be acceptable. 	 Figure 18 shows the SLC design that re-
sulted.

TELESCOPE OPTICAL AXIS

Figure 18. Scan-Line Corrector
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DETECTOR SELECTION
r

Monolithic arrays of detectors were selected after carefully
considering the candidates for detector configuration. Figure 19
shows the detector configuration at the prime and cooled focal
planes. The other candidates were: discrete detectors, mono-
lithic detectors with hybrid preamplifier input stages, a mono-
lithic array of detectors and input circuits, and a monolithic
array of charge-coupled devices (CCDs). All of these configura-
tions, except the discrete detectors, could have been located in
the focal plane, if suitably arranged. The discrete detectors
could not be packed closely enough to cover the scene at that lo-
cation with reasonable scan-mechanism rates, electronic band-
widths, and high-quality focal-plane area. Fiber-optic relays,
used with the discrete detectors were a feasible option, but the
transmittance loss penalized SNR unacceptably. The expected per-
formance of the CCDs was promising due to their special ability
to transfer, delay, and integrate (TDI) • signals in a low-noise
manner, increasing the SNR by the square root of the number of
elements per channel. However, their early level of development
precluded them from use_ Monolithic arrays of detectors and in-
put circuits could form fairly compact arrangements, but without
the transfer-integration advantage of the CCDs, there was no
clear SNR advantage.

Input devices are limited to those that can be formed di-
rectly on the same substrate. Some com promise in material selec-
tion and special processing was required to produce photodiodes
and field-effect transistors (FETs) on the same substrate. A
monolithic detector array with short connections to input cir-
cuits was deemed to provide the best performance of the individ-
ual components, o p timized for each function. For example, the
FETs selected for use with the silicon detector arrays demon-
strated outstanding noise and capacitance characteristics. Close
spacing of the arrays for different bands could be achieved with
this technique because the preamplifier input stage did not have
to occupy space in the focal plane. In addition, considerations
for the InSb and Hg%dTe detectors added support for the choice of
monolithic detector arrays at the cooled focal plane. To reach
the low operating temperatures, the focal-plane area should be
minimized, as should the apertures through which thermal radia-
tion enters, and close spacing of the arrays facilitates both re-
quirements.

COOLER SELECTION

The radiative cooler design evolved from experience with
visible and near IR spin-scan radiometer (VISSR) coolers and
resulted in a design that satisfied mission requirements within
the spacecraft and environmental constraints. The performance-
critical areas of internal thermal isolation and external space
radiation were made the subjects of trade-off studies.
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SILICON PHOTODIODE ARRAY (BANDS 1 - 4)

INDIUM ANTIMONIDE (InSb) PHOTODIODE DETECTOR ARRAY (BANDS 5 AND 7)

F 1

NIERCUR.Y CADMIUM TELLURIDE (HgCdTe) DETECTOR ARRAY (BAND 6)

Figure 19. Configuration of Detector Arrays
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The thermal properties of candidate high-emittance surfaces
for use on the TM cooler radiators were first evaluated. The 30-
minute solar impingement requirement led to the use of white
paint on open honeycomb for the radiators, because this surface
presented the highest thermal emittance consistent with an ac-
ceptable solar absorptance.

The next study involved selection of low-thermal-emittance
coatings and surfaces with low solar diffuseness for use on the
specular shields. Vacuum-deposited aluminum on polished nickel
was the obvious choice, since this surface presented exception-
ally low values for these properties. Successful use of this
surface on the VISSR radiative coolers also made its use on the
TM cooler a ]ow-risk option. Similarly, a review of low-thermal-
emittance surfaces for use in controlling interstage radiation
led to the choice of surfaces identical to those used on the
VISSR coolers. For the cold-to-intermediate stage cavity, the
choice was electroplated-gold-to-electroplated-gold. The interme-
diate-to-ambient-stage cavity surfaces were multilayer-insula-
tion-to-electroplated-gold. Again, this design was selected
because of its exceptionally low radiation coupling value and be-
cause previous use made its application a low-risk option.

The cooler interstage support members must satisfy several
dissimilar design requirements: interstage heat transfer (radia-
tion, conduction) must be reduced to very low levels, a rigid and
stable structure is needed, and large thermal gradients betwPPn.
stages imust_ be accommodated. An analytical performance compari-
son was made of three candidate support member materials; i.e.,
titanium-tube truss members, a polycarbonate resin cone, as used
on the MSS cooler, and the filament-wound fiberglass members used
on the VISSR cooler. This trade-off led to selection of fila-
ment-wound fiberglass as the highest performance interstage sup-
port material.	 Its successful history on the VISSR cooler also
made its use on the TM cooler a low-risk approach.

SAMPLING MOD S' 'U"4D RATE

The TM photodiode detectors issue a continuous signal stream
with a zero level referenced to dark once every 71 ms. This type
of signal output offered the option of using either track-and-
hold or integrate-and-dump sampling. Sampling rates could be se-
lected at any frequency consistent with performance. The trans-
fer functions for the two methods differ primarily in that the
integration-and-dump operation has the effect of a sine function
filter (Figure 14), whereas the track-and-hold operation permits
the designer to insert a presampling filter, tailored to the
needs of the application. Tne track-and-hold method was selected
because the filter could be shaped to give better noise bandwidth
and a 10 percent higher respDnse at one-half the cutoff
frequency.
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The need to reduce the amount of data to be processed, re-
flected in the RFP's request for data compaction, influenced
adopting the recommendation that the lowest rate consistent with
an IFOV of 30 meters be used. The effect of sampling once per
IFOV rather than 1.4 times per IFOV (as on the MSS) was evaluated
numerically.	 The latter rate represents the maximum that could
be used for seven bands while remaining within the RFP's 120 Mpbs
constraint. The two factors to be considered in choosing the
lower sampling rate were increased aliasing noise and reduced
resolution for reconstructed images. Aliasing, as discussed ear-
lier, occurs during sampling and has the effect of folding back
the high-frequency content of the scene into the passband of the
presampling filter.	 The fold line occurs at the sampling fre-
quency. Therefore, the lower sampling rate causes the image to
be situated with more overlap into the filter passband than would
be the case for the higher sampling rate. The actual rms voltage
level that folds into the frequencies corresponding to 200-, 100-
and 40-meter fields in the scene was calculated to determine the
severity of the problem. This analysis showed that aliasing er-
rors are smaller than those caused by the square-wave response
and would not have a degrading effect on required performance.

ELECTRICAL FILTER

The electrical filter requirements included an MTF response
of 0.99 for bar charts of 200 mP.tPr c and at least 0.7 for bar
charts of 30 meterE, a noise bandwidth narrow enough to protect
the signal-to-noise ratio, and a falloff sharp enough to reject
the frequencies that produce aliasing. The phase shift had to be
smooth enough that the response time was fast, and the overshoot
had to be limited to 1 percent of the step size. These qualities
had to be obtained with a filter network having a matched re-
sponse over all 100 signal channels. The difficulty in satisfy-
ing these requirements simultaneously can be demonstrated by
examining the characteristics of the entire range of Butterworth-
Thomson filters shown in Table 13. The in parameter has the ef-
fect of varying the filter from the original Butterworth filter
(m = 0), which has maximally flat amplitude response with poor
phase flatness, to the Bessel filter (m = 1), which has maximally
flat delay with poor amplitude flatness. The intermediate values
of m combine the delay with poor amplitude flatness. The inter-
mediate values of m combine the good qualities of two extremes in
varying degrees. Table 13 shows several of these gradations for
two-, three-, and four-pole networks, identified under "order."
For genefality, the bandwidths are normalized to the half-power,
corresponding to bar charts of not more than 30 meters.

The filter  selected was a modified Butterworth, designed at
GSFC by Larry Goldberg, and it has become known as a 3-pole
Goldberg filter. The filter provides amplitude response that
very closely approaches that of the m = 0 Butterworth, while
providing a decrease in overshoot from 8 to 1 percent.
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COMPRESSION AMPLIFIER

Analysis of SNR ratios for each band showed that all but
Band 4 met requirements. To bring Band 4 within specification,
it was necessary to include a compression amplifier. Trade-offs
were performed among linear, segmented linear, and logarithmic
amplifiers.	 The amplifier selected was a two-segment linear am-
plifier that could be shaped to exceed the required SNR levels at
Loth ends with only a single break point. After the initial
design trade-offs, this amplifier was found to be unnecessary,
allowing the use of similar amplifiers in all bands.

MULTIPLEXER DESIGN

Of the many TM multiplexer trade--offs performed, four were
of critical importance to the final. design. The first of these
trade-offs deter-mined the sensor data-path configuration; i.e.,
how many A/D converters would be used. Six A/D converters, with
Bands 5 and 6 sharing one, were chosen because the choice pro-
vided modular growth, graceful degradation in the event of fail-
ures, and acceptable power and weight requirements.

The second major trade-off involved the data-output configu-
ration. As originally proposed, the multiplexer utilized two NRZ
output streams, each operating at half the total data rate. This
approach was chosen because it offered enhanced design margins
and lower multiplexer development cost. However, it was later
found tha these cost savings were more than offset by higher
costs for the spacecraft to interface with dual data streams, so
a single 85 megabit output was adopted during the course of the
program.

The third major choice involved high-speed-logic trade-oils.
The Schottky TTL was considered to be too slow, the MECL III had
high power dissipation and required transmission-line intercon-
nects, and the custom LSI was not only expensive, but also was
not amenable to easy modification. The ECL 10,000 was selected
because it represented the best compromise among the options
while satisfying the performance requirements. Low-power
Schottky was used for those circuits not requiring extremely hign
speeds.

Component packaging concepts were the fourth critical trade-
off area. This trade-off study resulted in selecting hybrid mi-
crocircuits, which combined miniaturization for optimum analog-
circuit performance and very low weight with the capability to
rather easily make changes during the design phase.
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The major trade-offs discussed in this section are summar-
ized in Table 14.

Table 14. System Trade-Offs Summary

I

System Trade-Offs Trade-Off Factors Result

Scanning	 and	 Optics

*Optical	 throughput Object-pianeObject-plane versus

image-plane scanning •Optical	 quality over	 field	 of scanning

view

*Complexity and	 reliability

•Alignment	 and	 stability

*Scan	 modulation	 and	 polari-

zation

*Cost

Prima f optical •Transmittance Ritchey-Chretien

system type •Optical	 quality over	 field	 of

view
•Complexity and	 size

*Manufacturing cost

Scan-mirror mounting *Mirror length	 and moment of 70°	 angle,	 53.1-cm

angle	 and	 size inertia (21-inch)	 mirror,

*Overall	 instrument	 size	 ar.d scan monitor

mounting nounted on scan-

eBaffling of secondary mirror mirror	 assembly

*Cooler	 interface

*Scan-monitor	 location

*Cross-axis	 jitter

Scan-mirror con- *Weight and momentum Brazed beryllium

struction methods *Stiffness eggcrate construc-

and materials *Surface flatness tion

*Manufacturing complexity

*Cost

Scan-mirror	 drive *Scan efficiency	 and	 linearity Free-flight	 scan

concept *Complexity with	 flex	 pivots,

*Reliability moving mag nets,	 and

*Torque and momentum single-leaf	 springs

Four-mirror versus *Image	 quality Two-mirror relay

two-mirror	 relay *Size	 and	 packaging	 constraints

optics *Fabrication	 and	 alignment

*Transmittance	 and	 polarization

*Fabrication	 cost

RPT41741
	

59



SANTA BARBARA RESEARCH CENTER
I ...ba.d­

Table 14. System Trade—Offs Summary (Cont)

System Trade-Offs Trade-Off Factors Result

Subsystem Design

Concepts

Design methods	 to •Quality of r-gistration Stable	 design;

meet registration achieved flex pivot	 compen-

requirements *Complexity and risk sator;	 in-flight

*Effects on radiometric alignment mechan-

performance ism

*Cost

Detector array *Radiometric performance Monolithic	 arrays

select i on •Maturity of CCD processes

*Packaging considerations
'including	 stray capacitance

and crosstalk)

Cooler	 selection, I *Cryogenic performance Improved VISSR

*Structural	 stability design

*Past experience

*Size	 and weight

•Cost
•Ease of alignment	 and bench-

test	 coolinq

'	 SLC	 selection I	 *Scan	 linearity and repe?t- Two mirrors rotated

ability together about	 a

*Moment	 of	 inertia single	 axis

•Defocusing	 and scan modu-

lation

Signal	 Processing	 and

Data 	 an	 ing

Sampling mode	 and

rate

Track-and-hold •Frequencv response Track-and-hold

versus	 integrate- I	 *Noise bandwidth

and-dump I W iasing
•Flexibility

Sample rate •MTF of analog-reconstructed 1.0 sample/IFOV

(1.0	 to	 1.4	 IFOV) data

eData rate
•Aliasing and	 image
reconstruction

1
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Table 14. System Trade-Offs Summary (Cont)

System Trade-Offs Trade-Off Factors Result

Electrical	 filter *Frequency response Modified

selection *response	 to	 step	 input Butterworth

*Noise bandwidth (Goldberg)

*Rejection	 of aliasing	 noise

I

Multiplexer	 design

and components

Configuration OA/D converter speed required One A/D converter
*Weight and power per band;	 two NRZ
00esign	 risk data outputs
°Cost (later changed to

one)

Logic	 family *Speed-power product Mix of ECL	 10,000

•Packaging	 simplicity and 54LS

DC-restore for Band *Stray	 light baffling Ambient reference
6	 (ambient versus *Sensitivity	 to gain	 changes (Temperature-
cold-level	 restore) °Reference level	 accuracy controlled	 central

*Initial	 calibration baffle)

s
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Section 6

RESOLUTION OF CRITICAL HARDWARE PR08LEMS

The translation of mission requirements into sensor design,
discussed in Sections 4 and S, resulted in the configuration
shown in the frontispiece. Implementation of the design require-
ments presented an opportunity to utilize novel design solu-
tions. The most significant challenges and solutions to the
hardware problems of the TM are summarized here.

SCAN-MIRROR ASSEMBLY

The major elements of the sca,,-mirror assembly (SMA) consist
of the scan mirror and associated drive subsystem, and the scan-
angle monitor (SAM). Figure 20 depicts the SMA configuration,
showing the location of the SAM within the assembly.

A number of troblems were experienced with the scan-mirror
assembly during its development and fabrication. Had these not
been corrected, the system performance of the TM would have been
seriously degradOd.

Scan Mirror

As ori g inally designed, the scan mirror consisted of an egg-
crate structure sandwiched between two flat, bare beryllium
plates. The entire structure was elliptical with face dimensions
for major and miner axes of 53.8 cm (21.2 in.) and 41.4 em
(16.3 in.), respectively. Nominal thickness was 4.14 cm (1.63
in . ) and nominal we iaht 1.71  kg ( 3.76 lb) .

Problems were encountered with print-through of the internal
eggcrate structure onto the optical surface. The print-through
problem was caused by thermally induced bimetallic stress changes
(thermal cycling). A 0.1°C thermal gradient across the mirror
produces f2.9 microinches in nonflatness. The 0.1°C gradient is
consistent with specification; however, the resulting nonflatness
causes a 6% degradation in MTF at f10°C while the specification
allows only a 4% degradation. To control these effects, the TM
scan mirror is held at a nominal operating temperature of 22°C.
This controlled-temperature operation required the use of on-
board heaters.

Because of the print-through problem, after the Conceptual
Design Review the construction of the scan mirror was changed
from an eggcrate with facesheets brazed on each side to two half-

`-	 mirror slabs with an eggcrate machined on one side of each
half. These were then brazed together. This design change
reduced the print-through caused by the bimetallic and thermal-
stress effects at the brazed-eggcrate-facesheet interface.
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t
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Figure 20. Scan-Mirror Assembly
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Six-inch square samples of beryllium were fabricated and
subjected to various simulated performance tes:.s. During a sur-
face scattering test, the bare beryllium scattered in excess of
its allowable contribution to the overall system requirement. To
rectify the scattering proolem, the bare beryllium optical sur-
faces were plated with 0.005 inch of nickel.

Plating the optical surfaces with nickel solved the scatter-
ing problem, but during the plating process the nickel built up
asymmetrically inside the eggcrate structure. The asymmetrical
buildup of material caused a balance problem, adversely affecting
timing and vibration. 	 This problem was solved by plating both
halves of tha scan mirror and masking off the inner machined egg-
crate structure. Plating both sides of the scan mirror also
helped balance thermal stresses between the front and rear, re-
sulting from the differences in the coefficients of thermal ex-
pansion of beryllium and nickel. Unplated areas were passivated
for protection.

Following the Engineering Model Review, a vibration absorber
was added to the scan mirror to damp out vibrations induced by
t 1le bumper impacts during mirror turnaround. This provided an
acceptable mirror figure at scan start and throughout the active
scan. Further, a ground-commandable correction to the scan pro-
file, based on the location of the midscan pulse from the SAM,
was allowed for, and the magnetic compensator was redesigned to
enable position adjustment. Representations of the assembly's
kinetics and motion profiles are presented in Figures 21 and 22,
respectively.

Scan-Anole Monitor

A functional diagram of the SAM is presented in Figure 23,
illustrating the operational aspects of the SAM assembly shown in
Figure 24.

Following the Detailed Design Review, the scan-angle monitor
(SAM) was redesigned to improve mirror startup. First, the frame
material was changed from aluminum to beryllium to increase ri-
gidity so that relative motion between the SAM and the mirror
pivots would not cause a variation iii the active scan ampli-
tude. A controlled heater was also added at the SMA interface to
provide constant temperature so thermal expansion would not af-
fect the scan amplitude.

Following the Engineering Model Review, the SAM was further
redesigned to provide two, instead of four, bounces of its opti-
cal path at the back of the s`-.a mirror to reduce cross-axis sen-
sitivity.
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TELESCOPE ASSEMBLY

A significant design challenge was encountered in the opti-
cal metering structure (OMS), as depicted in Figure 25. The op-
tical metering structure consists primarily of the graphite-epoxy
and Invar components that serve as a metering structure, or sup-
port, for optical mirrors, detectors, and electronics. This
structure consists of a telescope housing and support cone, an
aft-optics assembly, comprising an aft-optics plate, a relay-op-
tics base, a spherical-mirror mount, and relay-optics housing,
and a radiative cooler adapter.

Figure 25. Optical Metering Structure

Each component has distinct functional and/or dimensional
requirements and, when assembled, must satisfy the overall dy-
namic and thermal stability performance requirements. Because of
temperature variations in the TM's orbital environment and duty
cycle, the OMS had to be thermally stable a. ~oss its temperature
operating range. In effect, it had to be bL It from a material
that would have a near-zero thermal-expansion coefficient over
that ranee.	 Graphite-epoxy GY-70/X-30 quasi-isotropic laminate
was characterized as the best candidate material. Other advan-
tages were the material's low density, excellent stiffness-to-
weight and strength- to-weight ratios, and nonmagnetic proper-
ties. General Dynamics was selected to develop the OMS because
of their experience in the design and fabrication of thermally
stable structures and in the use of GY-70/X-30.
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The advanced technology required to utilize the graphite-
epoxy was complicated by the material's moisture absorption prop-
erties. Absorbed moisture causes graphite-epoxy to expand, re-
sulting in a shift in focus and possible misregistration in the
case of the relay optics. The resolution of the handling problem
was to maintain the OMS in an environment of 20-percent relative
humidity when not in use and at 40 percent when testing or assem-
bly activities were under way. Special graphite-epoxy witness
samples were kept in the same environment as the OMS, and monthly
length and weight measurements were made of these samples to en-
sure dimensional stability was maintained.

Telescope Housing and Support Structures

The telescope housing, as diagrammed in Figure 26, is the
largest component of the OMS. It supports the entire OMS assem-
bly on its outer support cone. The only aluminum (2024-T851) and
high-strength graphite-epoxy (T300/934) in the entire structure
is in the support cone. (T300/934 was used here because strength
and mounting interface considerations were more important thar.
thermal stability and stiffness.) The rest of the structure is
fabricated from GY-70/X-30 graphite-epoxy and/or low-expansion
Invar LR-35.	 The straight cylindrical portion of the telescope
housing is approximately 45 cm (18 in.) in diameter and 94 cm
(37 in.) long.	 This cylinder has interial provisions for mount-
ing the secondary-mirror support spider, the primary mirror, and
aft-optics plate. The aft flange is us-ad to mount the radiative
cooler adapter.	 ^I

Designing the secondary-mirror support spider required opti-
mizing stiffness, weight, and envelope constraints and minimizing
obscuration. Satisfying these requirements accounts for the
complexity of the Invar LR-35 secondary-nirror mount design.

Several important functional requirements dictated the de-
sign of the primary-mirror support. It .Ls necessary to limit the
radial load acting on the mirror; provide axial, lateral, and
torsional stiffness; perfectly register (0.001 inch perpendicular
to the optical axis) and support a bonded-in mirror; provide for
the mirror to be removed; and limit the axial-distortion effect.

Special bonding techniques and tooling were used to accu-
rately and adequately bond all Invar LR-35 parts in place. An
epoxy adhesive (Hysol 934) was used for -)onding, although lock-
bolts were also employed to supplement the bonds in order to ob-
viate destructive inspection of the bond joints.

Eight light baffles were required inside the telescope's
cylinder. These annular, blade-like baffles were edge-bonded to
the cylinder's inner skin using Hysol 934 adhesive. The baffles
were equally spaced down the cylinder.	 The last baffle was lo-
cated just in front of the primary mirror to define the aper-
ture. This baffle was precision machined to within a few thou-
sandths of an inch of its desired diameter ano was concentric
with the optical axis within 0.001 inch.
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Figure 26. Telescope Assembly

Primary-Mirror Mounting

Mounting the telescope's primary mirror without inducing
distortions to the figure proved difficult.  Whereas the second-
ary mirror was mounted in a strain-free manner in a cell, ao3ust-
able for tilt, decenter, and focus, the primary mirror was rig-
idly fastened to the telescope tube. Figure 27 shows the primary
mirror mounted in the optical metering structure.

Problems arose in the process of attaching the mirror to the
mounting ring. The mirror was epoxy-bonded to Invar supports at
three mounting feet, equally spaced around the mounting ring. In
one case the epoxy was put on too thick and in the wrong places,
making the primary mirror impossible to remove without breaking
the glass. This deficiency was corrected by a change in honding
procedures. For Flight Model 1, the mirror was under size on the
mounting diameter.	 The condition was corrected by inserting a
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0.018-inch shim behind each of the three mirror mountin g nacj.q.
The hcuaing ii.seif was not modified.

•̂  •.1 110..

Figure 27. Primary Mirror Mounted in Optical Metering Structure

A more fundamental problem existed with regard to strain-
induced distortion of the figure of the primary mirror. It was
demonstrated both analytically and experimentally that mirror
distortions r- re a result of deformations in the mounting flange
of the optical metering structure. With the mirror initially in-
stalled in the telescope tube, the process of attaching the opti-
cal metering structure to the mainframe caused deformation of the
flange, which transmuted strain through the graphite-epoxy sup-
port cone, resulting in a torque on one of the three mounting
feet. The solution to the problem was to first attach the meter-
ing structure to the mainframe before bonding the primary mirror
in place.	 This approach proved effective in keeping strain and
distortion at acceptable levels.

Telescope Mirror Materials

The telescope materials were selected for strength, mechani-
cal rigidity, and thermal properties at spacecraft tempera-
tures. Both mirror substrates are made of ULE material (titanium
silicate), which is formed by adding a controlled amount of t i

-tanium powder to the fused silica melt. The result is a glass-
like material with a coefficient of thermal expansion near zero
at spacecraft operating temperatures. The secondary mirror blank

RPT41741
	

71

I

.N.



T	 SANTA BARBARA '(SEARCH CENTER
(F
.{^	 s fu DSO^ry

is a simple round shape, machined from a solid piece of ULE, and
it posed no special fabrication problems. On the other hand, the
primary mirror blank is a much more complicated structure, having
been designed specifically to achieve minimum weight.	 The pri-
mary mirror blank is built up as an eggcrated core with a circu-
lar mounting ring sandwiched between two flat faceplates, as
shown in Figure 28. The components are machined separately and
then fitted together in the proper orientation. The mirror blank
is formed in a gas-fired oven at very high temperatures. The
parts are fused together through successive steps of heat sealing
and slumping and then annealed.

0O
W0^ o
a

O
_ 3:
^o
.o z

YU

Figure 28. Primary Mirror Blank

Several problems were encountered during the manufacture of
the lightweight primary-mirror blank. Dimensional discrepancies
were encountered due to the relatively rough machining practices
of the glass manufacturer (compared to the optical finishing
house) and the fact that dimensions always change during the
heat-sealing and slumping operations. Mechanical stresses also
caused problems that were attributed to mounting during the ma-
chining and grinding operations; incomplete fusion and the ap-
pearance of small cracks or strut-end checks (an actual separa-
tion of a faceplate from a strut) within the core.	 These types
of problems were corrected by a "refusing" operation in which the
damaged areas were heated in a high-temperature furnace. In ad-
dition, improved vendor procedures were implemented for grinding
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the surfaces.	 It was decided that the final edge grinding could
be done best by the optical finishing house, and this alternative
was implemented for the later blanks.

Optical Finishing

Inadvertent chipping of mirror edges by hard contact with
metal surfaces and	 improper use of support fixturing was a re-
curring difficulty.	 This problem was encountered first at the
glass vendor, then at the optical finishing house, later at the
coater, and finally at SBRC. This damage occurred despite the
fact the personnel involved were trained optical technicians, fa-
miliar with proper glass-handling procedures and techniques. The
situation was improved by cautioning the persons involved as to
the fragile nature of large glass mirror structures and by having 	 4
them tape or otherwise protect any metal edges likely to come
into contact with the mirrors. As a corrective action, the dam-
aged surfaces were carefully inspected and tested using birefrin-
gence and dye penetrant tests to verify there were no cracks that
were likely to run.	 The affected areas were then carefully
stained and painted black.

Durability of the reflective silver coatings was another
problem area. Coatings initially failed during tape testing fol-
lowing humidity exposure, and the mirrors had to be recoated.
After delivery to SBRC, other mirrors, including the scan-line
corrector mirrors, showed signs of mirror degradation; e.g.,
spots in the coating, which grew with time, and color change with
time.	 After these coating problems were discovered, a study was
conducted to find the cause of the degradation, The study lasted 	 +'^7
approximately four months and resulted in recommendations for
storage, handling, and continuous monitoring of tree coated parts.

As an outgrowth of this study, a contamination-monitoring
program was initiated using witness samples from the coating lots
of each of the actual mirrors used in each instrument. The pur-
pose of this program was twofold: (1) to continuously monitor
the witness samples for signs of coating degradation or failure,
and (2) to assess the cumulative effects of handling and environ-
ment on the quality of the optical coatings (i.e., reflectance
and scatter). The results of this program and the study show the
problem of silver-mirror durability still exists, but certain
measures, such as proper and thorough cleaning of the substrates
prior to coating, storaye in a nitrogen-purged environment, and
proper handling to prevent contamination can reduce long-term
degradation of the silver coating.

Two coating vendors were originally used, one coating the
primary optics, the other coating the scan-line corrector and
scan mirrors. Following the study, only the vendor who had
coated the scan-line corrector and scan mirrors was used because
this vendor had a lower frequency of outright failures and showed
a decrease in the frequency and degree of degradation in later
coating runs.	 The mirrors used in the protoflight and flight
models were from this vendor and have performed well.
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Aft-Optics Assembly

The aft optics support plate, diagramed in Figure 29, is
multifunctional. It is the only all-Invar component in the opti-
cal metering structure and is the heart of the aft-optics assem-
bly shown in Figure 30. The plate supports the relay optics in-
side the telescope and the radiative-cooler adapter, supports the
central light baffle inside the telescope, and serves as a mount
for the prime focal-plane assembly, the scan-line corrector,
primary and redundant shutters, transformers, and numerous other
electrical and optical ^omponents com p rising the aft cptics, as
shown in greater detail in Figure 31. This plate is second only
to the telescope in weight, even though the design was modified
several times in an attempt to minimize its weight while
maximizing its stiffness.

An all-composite (graphite-epoxy) design was initially pro-
posed but, because of the number of holes and mounting provisions
required, this design was discontinued in favor of the ull-Invar
design. The Invar design offered more flexibility in mounting
arrangements, and the material's inherent i = otropic properties
(thermal conductivity and expansion) siraplified the thermal-de-
sign requirements.	 These benefits offset the weight-saving po-
tential of the composite design.

In spite of the complexity of the assembly as a whole, no
design problems were experienced. However, several alignment
difficulties were encountered with the associated subassemblies,
such as the calibration/restore shutter and the prime focal-plane
detector arrays.	 These problems and their solutions are dis-
cussed in appropriate subsections.

Relay-Optics Assembl

The relay-optics housing and base and the spherical-mirror
mount were complex hardware components to design. Load, stiff-
ness, and interface and functional requirements dictated the
structural geometry. Figure 32 shows the housing and assembly.

Since accessibility was an essential design requirement, it
became necessary to use Invar in the make-and-break joints. The
low-expansion flanges that can be fabricated from Invar and its
simple pin-and-fastener registration capability facilitated the
fabrication.

The base structure of the relay-optics assembly contains a
circular graphite-epoxy diaphragm that provides lateral support
for the spherical mirror mount. The diaohragm was sizea with
specific stiffness limitations to make it compatible with the
inchworm-adjuster load limitations. 	 These adjusters attach to
the three ears on the spherical mirror mount. Since Invar tan-
gent bars inside the spherical mirror mount are determinant
mounts for the mirror, they limit mirror distortion caused by
thermal and dynamic disturbances.
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Figure 32. Relay-Optics Assembly

The relay-optics housing bolts to the base and contains pro-
visions for attaching the inchworms.	 The three holes in the
larger bottom flange allow the inchworms to pass through and at-
tach tc the spherical mirror mount.	 The smaller end of this
graphite-epoxy cone-like structure supports the relay-optics flat
mirror. Inside the relav-optics housing is an arrangement of
light baffles, also made Lrom graphite-epoxy, with pressed fiber-
glass tips.

Relay-Optics locus-Alignment Drive

To allow for the possibility of realignment of the relay op-
tics following a Launch and cool-down and to assure correct focus
at the cooled detector bands, a set or three piezoceramic de-
vices, equally spaced around the periphery of the mirror, was em-
ployed to move the mirror to a corrected position. These actua-
tors, or inchworms (an example of one is shown in Figure 33), had
the following operational problems associated with them, but all
were eventually solved:

1. One unit failed with a locked up brake during a tempera-
ture test.	 This waF due t r) a very slight misalignment
of the brake clamp w.th tr, , oti ► er two clamps that oper-
ate on a common shaft.	 R,_nLher than contia-wing to rely
upon ver •, precise clamp align,ilent_s to p_-eclude binding,
Ln,- shaft .43s re,ics igne," to allow  corm l l u.lc .	 ,aLween the
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shaft section at the brake clamp and the shaft section
through the other two clamps.

2. A unit failed to operate because of excessive play in a
swivel jaw of a clamp assembly. The swivel jaw was de-
leted from the clamp design after it was determined to
be unnecessary for proper clamp operation. No further
problems due to clamps were experienced.

3. A conductive-epoxy joint failed during a vibration test
due to loads in the cable being transmitted to the
joint. Redesign of the cable termination provided bet-
ter mechanical anchoring of the cable, eliminating
stress at the conductive joint.

4. Improper installation of a 3etscr ,,^w caused some deforma-
tion of a shaft. The functio l z of the tapered setscrew
was to prevent shaft rotatior. 1-)y engaging a keyway in
the shaft, but over-tightening resulted in keyway defor-
mation. The setscrew was re:.iesigned to eliminate this
possibility.

`L

o _01 res

Figure 33. Inchworm
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FOCAL PLANE ASSEMBLIES
	 BLACK AND WHITE PHOTOGRAPH

The challenge for the prime focal plane and the cold focal
plane was twofold: developing the focal plane assemblies and de-
veloping the detector arrays. The crux of the problem was the
establishment of the dimensions of the arrays and detectors.
They had to be small enough to result in an acceptable image
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quality at the array extremities (large field angles for the tel-
escope) but, at the same time, large enough to provide electrical
and optical isolation between adjacent detectors in a given
band. Further, extremely accurate dimensional alignment of each
band was essential to satisfying the band-to-band registration
requirements. The detectors had to be large enough to fabricate
to close tolerances, but small enough to have low capacitance for
noise containment. Consequently, all detector-input circuit-
capacitance effects had to be minimized, so the detector cir-
cuitry was mounted close to the individual detectors.

The visible and near-IR detector arrays for each spectral
band were each made from a single crystal (monolith) of sili-
con. The fabrication steps included ion implantation to form
the sensitive photodiode-junction region, a metal mask for pre-
cise delineation of the sensitive area, deposited leads from
wire-bond pads to the sensitive areas, and silicon monoxide lay-
ers under the metal mask and between the mask and the leads. The
requirements of Bands 5 throu(-h 7 were met by using InSb photodi-
odes for Bands 5 and 7 and by using HgCdTe for Band 6.

Prime Focal-Plane Assembl

Figure 34 shows one of the four prime focal-plane subassem-
blies in a test configuration, consisting of a flat cable, sub-
strate, and a single array of detectors. Figure 35 shows the
four arrays at the prime focal plane. The band-level subassem-
blies shown in Figure 36 are mounted perpendicular to the focal
plane with detector leads connecting to the traces visible at the
top of the substrate (Figure 35).

Problems in fabricating the prime focal-plane assembly oc-
curred with the cables and substrates, electrical crosstalk and
distributed capacitance, and its assembly and alignment.

Cables and First-Stage Pream p lifier Substrate

The silicon detector first-stage preamplifier electronics
were fabricated on a fused quartz substrate approximately 0.020
inch thick. Quartz was chosen as the substrate material because
of its superior dielectric properties. Flat, laminated cable was
bonded to the substrate, which was fastened in a detector/frame
assembly as shown in Figure 37. The sh.elded, polyimide, fiat
cables had been designed with a thickness that allowed maximum
flexibility for a low-radius bend, just as the cable leaves the
detector/frame assembly.	 However, the cables, as delivered, had
been fabricated with a thicker adhesive layer than specified, re-
sulting in a stiffer cable.	 This ultimately caused bending
stress fractures in the quartz substrates, Since the program
schedule did not allow for refabrication of the cables, the frame
assembly was successfully modified to reduce the bend radius re-
quired.
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Figure 34. One of the Four Prime Focal Plane Assemblies
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Figure 35. Bands 1 through 4 of the Prime Focal-Plane Assembly
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Figure 36. Breakaway View of Band-Level Assemblies

Electrical Crosstalk and Distributed Capacitance

A significant problem encountered in the design of the prime
and cold focal planes was associated with attaining the desired
signal-processing frequency response (flat bandpass to 52 kHz) 	 a
while using very large feedback resistors (10 9 52 for Bands 1	 y
through 4 and 2 x 10 8 52 for Bands 5 and 7) in the current-mode
preamplifiers.	 These very high valued feedback resistors were
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Figure 37. Silicon FPA Detector/Frame Assembly

chosen to optimize the amount of Johnson noise contributed by
this source. Making the resistors larger than the values chosen
would not have reduced the overall noise significantly because
other noise sources would become dominant. Lowering the value of
the resistors would rapidly degrade the system noise because the
Johnson noise would become the dominant noise source.

The large- Valued feedback resistors (which are mounted as
close as possible to the detector elements and preamplifier input
JFETs to minimize input node capacitance and, thereby, minimize
system noise) have associated with them parasitic capacitances in
shunt and to ground. These stray capacitances would limit the
frequency response of the preamplifier to approximately 10 kHz,
and the shape of the response would not be a simple 6 dB per oc-
tave rolloff, but would be quite complex due to the nature of the
dist_ibuted stray capacitance to ground. The limited frequency
response of the preamplifier thus requires subsequent "boosting"
to attain the overall flat system response to 52 kHz. (To obtain
the 52 kHz response in the preamplifier without subsequent boost-
ing would require that the parasitic capacitances of the feedback
resistor be significantly less than 0.003 pF.)

To allow subsequent boosting in the postamplifiers with a
simple zero, the rolloff of the preamplifier had to be that of a
Well-behaved simple sole. To accomplish this, a shunt swamping
capacitor of approximately 0.03 pF was implemented in parallel
with the feedback resistor to roll off the preamplifier response
at about 3 kHz. One plate of the capacitor was the circuit trace
under the end of the resistor. 	 The dielectric utilized was the
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ceramic substrate material of the resistor. The other plate was
the resistor contact pad, which was trimmed to an appropriate
size.

This design worked out very well, and the overall boosted
response of the system could readily be trimmed to be flat from
do to 52 kHz with deviations in flatness held to t0.2 dB. To
minimize crosstalk between channels and to provide a means for
trimming the residual effects of the stray capacitances associ-
ated with the feedback resistor, aluminum shields were imple-
mented adjacent to each resistor.	 Figure 38 is 3n enlarged view
of a prime focal-plane substrate showing one FET, one feedback
resistor, and two crosstalk shields. Also evident are the cir-
cuit trace and wirebond that implement the 0.03 pF "swamping" ca-
pacitors.

SWAMPING

CROSSTALK
	

CAPACITOR

SHIELDS

JFET

109Q

FEEDBACK

RESISTOR

Figure 38. Enlarged View of a Prime Focal-Plane Substrate

The frequency response problems of spectral Bands 5 and 7
were solved in a similar manner on the cold focal plane. How-
ever, in this case, because of the lower value feedback resist-
ors, a larger value capacitor was used. It was decided to fabri-
cate a discrete capacitor using thin-film technology. The re-
sulting capacitors can be seen in Figure 39 mounted on the out-
board contact pad of the feedback resistor.
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Figure 39. Swamping Capacitors

The prime focal-plane assembly was designed to provide a
full six-axis (AX, AY, AZ, eex, o6y, A6z) independent alignment
adjustment of each of the four arrays. St^.uctural support for
each array was provided by a beryllium frame. The detector array
and filter are mounted on the top edge of the frame (see Fig-
ure 37), and two fused-quartz preamplifier boards are bonded into
the frame, one on each side, with components inward. Connections
are made to the electronics modules by flexible cables bonded to
the preamplifier boards.	 Interconnections are made by wire
bonds.

The beryllium frames, as received, were slightly warped.
The assembly tooling flattened them while the fused-silica pream-
plifier substrates were bonded in place. This resulted in resid-
ual stress in the preamplifier substrates after the tooling was
removed. This initial residual stress, combined with stresses
introduced during alignment adjustments, caused several preampli-
fier substrates to crack and resulted in loss of several channel
connections.

Since the frame assemblies of the arrays were complete when
the substrate stress problem was discovered, an alternate assem-
bly method was adopted to prevent any additional stresses from
being introduced durino alignment.	 Fully independent adjustment

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAP H	84	 RPT41741



SANTA BARBARA RESFARCN CENTER

a su DS^a Mary

was abandoned, and the frame assemblies were installed, aligned,
and bonded onto the focal-plane bracket one at a time.* Stresses
in the preamplifier substrates were monitored during alignment
and bonding by an optical technique to prevent stresses beyond a
predetermined level.

Also, the flex cables were stiffer than expected, so the
focal-plane bracket was modified to reduce the bend radius of the
cables to prevent additional stressing of the preamplifier sub-
strates.

Cold Focal-Plane Assembly

Figure 40 is an exploded view of the cold-stage assembly,
showing the location and orientation of the cold focal-plane as-
sembly. Figure 41 is a photograph of the cold-stage assembly,
with and without the spectral filters, where the detector arrays
are located in the center of the disk, and the preamplifier
first-stage FETs and feedback resistors are radially distributed
about them.

Cold Focal-Plane Module

The detector arrays of Band y 5, 6, and 7 are located under
the spectral filters associated with each band and are bonded to
a flat, circular, multilayer ceramic board, which is adhesive-
bonded to the face of the Dewar coldfinger. The connections from
the 36 individual detectors lead to the preamplifier electronics,
oriented in a circular pattern on the board. Wire bond pads,
concentrically positioned around the outer edge of the disk, al-
low the electronics to be connected to the annular-shaped cir-
cuit-distribution board.

Crosstalk between adjacent preamplifier channels was mini-
mized by adding electrostatic shields over the feedback resis-
tors.	 Additionally, the high value of the feedback resistors'
stray capacitance caused poor frequency response.	 This was im-
proved by placing the resistors on sapphire standoffs, reducing
capacitance to ground. Also, the stray capacitance was swamped
out by adding a parallel capacitor to each resistor as described
on page 83.

Due to temperature cycling of the cold focal-plane assembly,
fatigue cracks developed in, the platinum wire bonds between the
ceramic board and the circ:Ait-distribution board. This was cor-
rected by replacing the platinum wire bonds with gold wire bonds.

*The independent adjustment capability could be regained on fu-
ture TM instruments by redesigning the preamplifier substrates
using less stress-sensitive materials, such as polyimide/glass
laminates.
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Figure 41. Cooled Focal-flare Substrate Assembly with and
without Spectral Filters

86	 RPT41741



SANTA BARBARA RESEARCH CENTER
. i.bs,e..n

Detector Arrays

A photograph of the detector portion of the cooled focal-
plane assembly comprisinc Bands 5, 6, and 7 is presen t-ed in Fig-
ure 42. The detectors, consisting of two 16-channel InSb sub-
arrays and a 4-channel HgCdTe subarray, are epoxy-bonded to the
ceramic substrate with a spectral filter support housing located
above them, as shown in Figure 43. Reference to Figure 5 also
will help in locating the cooled array with respect to the TM
system's optical train.

BAND 7 BAND 5	 BAND 6

16 CHANNEL 4 CHANNEL
InSb DETECTOR 1	 i HgCdTe DETECTOR ,p

ARRAY ARRAY ,0 '9

^o

y26
26 ELEMENTS ELEMENTS	 0.0326 Ay0. 

Q̂ 0.00204 SQUARE 0. 00816 SQUARE	 j

CROSS-TRACK

DETECTOR

ELEMENT NO.	 1
ii	 11I i

0. 05319 	 9.U7108 	 ^+
^•^^t

DIMENSION IN INCHES

ALONG-TRACK

Figure 42. Cold Focal-Plane Detector Arrays:
Bands 7, 5, and 6

The thrust of the design effort was to optimize responsivity
for each wavelength band and to minimize noise generation intrin-
sic to the detectors. With respect to responsivity, the approach
focused on obtaining high quantum efficiency and low surface-
state recombination by state-of-the-art processing procedures.
Responsivity also was enhanced by application oL' a quarter-wave-
length deposition o an index-matching silicon-monoxide antire-
Election crating that improved absorption of incident energy.

To minimize noise generation by the detectors, it was neces-
sary to maximize their impedance while minimizing their capaci-
tance. The approach taken to accomplish these goals was to
choose the proper base doping of the detectors to maximize imped-
ance and to utilize a thick silicon-monoxide insulating coating
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under the deposite1 Leads. Since a thin quarter-wavelength oxide
coating was required over the detector's sensitive area and a
thick coating under the leads, a two-step deposition process was
used with the second supplemental layer adding to the thickness
in the lead area. However, this resulted in a step discontinuity
in the surface where the metal leads were to be deposited, making
it difficult to metallize and, ultimately, causing open detector
leads. The solution to this problem was to thicken the detector
Leads where they went over the oxide step using a second evapora-
tion process.

In the fabrication process, the silicon-monoxide layers were
being chipp_-d and cracked when the wafer was diced into detector
arrays. The chips and cracks encroached upon the detector leads
and resulted in disconnected or open leads during the wire-bond-
ing process. The solution was to remove the oxide from the imme-
diate vicinity of the saw's kerf area so that adjacent areas of
the oxide layers were no longer affected by the saw.

Cold Focal-Plane Cables

Due to the large number of conductcrs required on the cold
focal plane (147) and the minimum impedance and heat-loss re-
quirements, there was a critical trade-off between electrical
conductance and thermal resistance of the conductor material in
the design of the cold focal-plane cables. The high Lorentz con-
stants (product of thermal conductivity and electrical resistiv-
ity divided by absolute temperature) of manganin, constantan, and
other high- thermal- resistance alloys often use6 for cooled cable
conductors prevented use of these materials. It was necessary to
design cables using pure nickel or pure copper conductors with
much lower Lorentz constants in order to meet the minimum elec-
trical resistance and thermal conductivity requirements. The use
of pure copper conductors required an extremely small conductor
cross section (1.1 x 10 -7 in 2 ) for each Band 5 and Band 7 condLic-
tor.

The flight cables installed on the Tit instrument used pure
copper conductors, 8000A thick. This was achieved by vapor-de-
positing the 8000A copper conductor pattern onto a polyimide film
cable base. A polyimide film cover laver was laminated over the
conductors, and a 1000A aluminum shield layer was vapor-deposited
on each side. The termination pads of the conductors were elec-
troplated with 0.005 inch of copper to facilitate solder termina-
tions.

Since this was the first time a cable of this type had been
fabricated in thiF, manner, there was a great deal of process de-
velopment effort involved in producing acceptable artwork and in
fabricating the cables. These cables represent the state of the
art in achievement of hi(jh electrical conductivity and low ther-
mal conductivity.
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SCAN-LINE CORRECTOR

The effectiveness of preliminary concepts for the TM was
limited by an object-space scan mirror that used 40% of its mo-
tion in retrace. A scan-line corrector (SLC) mechanism was
devised to allow use of a bidirectional scan and thereby improve
the instrument's efficiency.	 The SLC, illustrated in Figure 44,
utilizes two mirrors in a periscope orientation. Whenever the
mirrors are rotated together about an axis through the common
centerline of the mirrors, the telescope's optical axis experi-
ences a parallel linear displacement. This configuration has the
advantage of generating image displacement without any accompany-
ing change in incident angle at the focal plane. An angular mag-
nification in image space occurs as a result of the object-space
change, which fortuir.ously allows a convenient working amplitude
for SLC rotations.

This form of scan mechanism introduces no image rotation and
insignificant focus shift. Further, the performance of the SLC
does not depend on the SLC assembly's location in the telescope's
optical path, except as necessary to avoid vignetting. Figure 45
illustrates the result of compensations to the scanned field by
the SLC assembly.

The mechanical design is dominated by the need to minimize
mass and inertia, so the mechanism can provide rapid response and
to minimize the impulse transmitted to the instrument's struc-
ture.	 The mirrors and the mirror-support framework are made of
beryllium. The moving mechanism is supported by flex pivots at
the shaft ends. The spring in the pivots act in concert with the
drive motor to accelerate the armature. The motor employs a mov-
ing coil and a fixed magnet to minimize its moment of inertia.

The magnetic field of the drive motor operates with an open-
loop current drive. It is doubtful if a suitably accurate and
compact position sensor could have been designed. Dual tachome-
ters monitor angular rate and provide a basis for ensuring that
the rotational rate is consistent with predetermined profiles.

ON-BOARD CALIBRATOR ASSEMBLY

The hardware design and development of the on-board calibra-
tion system posed one of the most intriguing and challenging
problems of the Thematic Mapper. In the early evolutionary phase
of the program, an internally generated calibration source and an
external source, the sun, as a double-referenced, or cross-refer-
enced approach, were considered. The sun-source calibrator
scheme represented a basic, once-pec-orbit check of the complete
optical train of the TM. On the other hand, the internal cali-
brator system would provide known radiant energy inputs to the
detectors during the turnaround portion of each scan. In case of
failure of the internal calibration mechanism, a backup shutter
would operate and provide only the dc-restoration function. Prior
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Figure 44. Scan-Line Corrector
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Figure 45. Scan-Line Correction Function

to the Engineering Model Preshipment Review the solar calibrator
was deleted by GSFC direction because the spacecraft design would
interf_eLe with its operation.

Figure 46 is a diagram showing how the internal calibrator
illumination is transmitted from the lamp sources at the base of
the assembly to the projection optics at the end oc the shutter,
and Figure 47 shows the actual assembly. An oscillating flag
passes immediately ahead of the primary focal plane each time the
scan-mirror assembly is ;.n the process of reversing its scan 1i-
rection. Mounted on the head of the flag at one edge is a linear
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Figv1 ice 47.	 Internal Calibrator Flag Mechanism

array of miniature optical elements, fed by a fiber-optics assem-
bly and tungsten-lamp illuminators, as depicted in the more de-
tailed drawing of Figure 48. Channels 1 through 4 cover the warm
focal-plane arrays, while channels 5 and 7 are relayed to the
cryogenically cooled focal plane. Channel 6, the thermal band,
is calibrated by a stationary blackbody, located away from the
oscillating flag shutter.	 The radiant energy output from the
blackbody is collected by a toroidal mirror on the flag and redi-
rected to the Band 6 detector array. The area on the flag adja-
cent to the linear array of optical elements is painted a flat
black. Its temperature is continuously monitored, and it serves
as the reference radiant energy level for dc-restoration of all
bands.

Several elements of the assembly posed significant problems
in development and fabrication. Foremost was the fiber-optics
assembly and the challenge of providing the required levels of
dynamic range and uniform, symmetric, radiance distribution to
the detectors. The mechanization of the oscillating shutter rep-
resented technology previously implemented on the VISSR Atmo-
spheric Sounder Program. Nevertheless, the several problems dis-
cussed below were specific to the TM in terms of vibration damp-
ing and assured reliability of operation over an extended life-
time.
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Fiber-uptics Assembly

The on-boatu calibrator's fiber-optics system consists of
Line two coupled fiber-optic-bundle assemblies shown in Fig-
ure 48. The base of the input fiber-optics bundle receives en-
ergy from three tungsten lamps in the calibrator's light-source
assembly via a set of relay optics. The input end of the bundle
is 0.125 inch in diameter and contains approximately 3500 fibers,
0.002 inch in diameter..

This bundle is divided into six output bundles of 0.052 inch
diameter. Each of the bundles must be randomized well enough
that the output legs have radiometric values within f10% of each
other when input energy from any of the three lamps (120° apart)
is passed through the fiber bundle. The output legs of the
fiber-optics bundle couple to the input ferrules of the fiber-
optics flag. The input end of each of the six bundles is circu-
lar, and the output, which feeds into the integrating rods, is
rectangular.

The principal problem with the fiber-optics system lay in
producing an assembly whose six individual radiometric outputs
varied by less than 10% for any given input radiance level. The
essential difficulty was in combining the individual fibers in
such a way that the division of the main bundle into six separate
bundles resulted in a randomized combination. This would have
ensured a uniform radiance within the stated tolerance specifica-
tion between the separate bundles, provided that a uniform or
symmetrical distribution of irradiance existed at the input end
of the main bundle.

There was a considerable expenditure of time and effort over
a period of approximately 2 years by vendors who specialized in
this type of fabrication. The fabrication procedure apparently
introduced angular variations and asymmetry into the output-beam
profile and a nonrandom distribution of individual fibers in the
bundles. Notwithstanding the elaborate assembly fixtures used by
the manufacturers, there were no standardized fabrication proce-
dures developed to ensure consistency from unit to unit. Fortu-
nately, a sufficient number of assemblie.3 passed acceptance tests
to satisfy the requirements for the three TM systems. However,
if the design were to be used again, this problem area would re-
quire additional work.

Calibrator Resonant Shutter

Several problems were evident w i th the on-board calibrator
resonant shutter. First, the damping at the interface of the
resonant shutter spring and the spring bushing cnanged ouring op-
eration, causing the shutter to stop performing per specifica-
tions. The problem was corrected by replacing the bushing with a
flexure, eliminating all rubbing contact and any changes in damp-
ing.
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Next, the flex pivots supporting the shutter arm fractured
during qualification-level vibration. The failure was caused by
excessive deflections of the pivots induced by higher-order har-
monics in the pitching mode. Motion limits were added to the de-
sign to prevent the pivots from exceeding a specific deflection.

Finally, the shutter was designed to oscillate over a speci-
fied angle with a specified amount of allowable overshoot. In
certain situations the electronics could momentarily lose control
and drive the shutter past the allowable overshoot and into hard
mechanical stops. This caused physical damage to optical compo-
nents on the end of the flag. This problem was resolved in two
ways. First, the electronics circuit was modified so the circuit
would automatically reduce pulse amplitude if the shutter started
to overshoot.	 (However, one or two overshoots were still possi-
ble.)	 Second, the hard mechanical stops were replaced with en-
ergy-absorbing bumpers. The bumpers could not be made large
enough to dissipate all of the energy, but they did reduce the
force transmitted to the shutter arm to a level that would allow
uo to three consecutive bumper i,«pacts without damaging the shut-
ter.

RADIATIVE COOLER

The major design challenges of the radiative cooler were to
ensure that it could maintain thermal performance under severe
external backloading conditions and that it could provide extreme
thermal isolation while maintaining mechanical alignment of the
detectors. The radiative cooler is designed to provide an envi-
ronment of less than 87K for the detectors of Bands 5, 6, and 7
at the cooled focal plane. A deposited thin-film nichrome heater
on the back surface of the ceramic substrate provides the capa-
bility of operating the detectors at commandable temperatures of
90, 95, and 105K. The radiative cooler's capacity is more than
adequate for the 32 InSb and 4 HgCdTe detectors that comprise
these bands.

The spacecraft is in a 705.3 km polar orbit. Thus, the
earth's limb extends to within 25.8 0 of the local horizon, and
the earth's albedo and thermal emittance materially affect the
cooler's thermal performance. Ir. addition to the earth's back-
loading, portions of the spacecraft restrict the cooler's clear
field of view to less than a full hemispherical view. The cooler
must operate in, and was designed to minimize, the adverse ef-
fects of this environment.

The radiative cooler Thermal design [Cafferty 1982, p. 741
employs two cooling stages with open-faced honeycomb for the ra-
diator's emitting surfaces. The radiators are shielded from di-
rect view of the sun, earth, or spacecraft. appendages. The cold-
stage radiator sees only cold space and IR emissions from a
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cooled radiation shield mounted on the intermediate state. The
earth's energy is shaded from the radiators of both stages by a
deployable earth shield, which also serves as a door to protect
and seal the cooler against contamination during launch and in-
orbit service operations. Diffusely reflected solar energy and
infrared emissions from the earth shield fall only on the inter-
mediate stage radiator.

The radiative cooler assembly consists of a detector subas-
sembly mounted in a passive radiative cooler. An exploded view
of the assembly is shown in Figure 49, and a cross-sectional view
is depicted in Figure 50. There are two major cooling stages:
the cold-stage assembly and the intermediate-stage assembly, each
with separate thermal emitters or radiators.	 Subassemblies in-
clude:

1. A radiator shade or shield mounted on the intermediate
stage,

2. A detector subassembly, which is part of the cold stage,

3. Two electrical outgas heaters, one on each stage,

4. Temperature sensors on each stage,-

5. Interstage structural supports for each stage, and

6. Stage interconnecting electrical leads.

The intermediate stage supports the cold stage and thermally de-
couples the latter from ambient source radiation. 	 The cooler's
mounting ring supports the intermediate stage. The fiberglass
interstage support members are arranged like pretensioned spokes
in a wheel. Six tension members are used to support the interme-
diate stage. Nine members support the cold stage to provide
added rotational stiffness about the cooler's axis of symmetry.
Each member is fabricated like a rigid band; i.e., it is a con-
tinuous structure wrapped around a cylindrical support at each
end.

The intermediate stage shield is constructed as a bimetallic
sandwich (Ni-Cu-Ni), fabricated using the "replica-optics" tech-
nique, identical to the one used on the VISSR cooler's intermedi-
ate-stage shield.

Aluminum alloy is used throughout the radiator assemblies to
minimize stage masses and mass moments. The radiator's emitting
surfaces are the open-faced honeycomb material used on the VISSR
cooler. This material is adhesive-bonded to a honeycomb sandwich
panel that provides structural support for the cold stage radia-
tor. The honeycomb sandwich panel is a fluxless, brazed assembly
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with intracell vents, but with complete edge closure. The cell
air spaces are evacuated and the panel assembly is hermetically
sealed prior to assembly in the cooler.

For the intermediate-stage radiator, the open-faced honey-
comb is adhesive-bonded to a dip-brazed structural assembly with
ribbed panels. Electrical flex cables are routed from the cool-
er's mounting ring to terminals on both stages of the cooler to
provide power for outgas heaters and to carry the detector sig-
nals to the preamplifiers.

Proven technology derived from the VISSR was employed in the
conceptual design of the thermal and structural elements of the
,adiative cooler and was further refined for the TM assembly.
The successful flight performance of the TM cooler emphasized the
soundness and validity of the technical apprcach. Significant
advances wert: made in development of the thermal surface on the
cooler's earth shield/door and also in the practical design of a
"take-apart" detector/Dewar carried on the cola stage. Without
this latter feature, the cost of troubleshooting during the final
assembly and subsystem test phase would have been much greater.

Significant advances were also made in bench-cooling tech-
nology. The state of the art was advanced to the point where
man} system-level performance tests were conducted in an ambient
air environment, with subsequent cost savings, where previously
they had been conducted in the instrument's thermal vacuum envi-
ronment.

In the following subsections, new technology developments
for the TM cooler assembly are summarized in the context of th.e
hardware problems they solved. These problems related to Le-
quired thermal and structural performance, contamination control,
and bench-cooling operations.

Thermal Performance

All specified thermal performance requirements were met.
The specification originally contained a requirement for detector
survivability in the event the spacecraft assumed a nonopera-
tional attitude, allowing the cooler radiator to be exposed to
the sun for 30 minutes. To satisfy this requirement, the open-
faced honeycomb radiator surfaces of the proposed design were
coated with white paint of low solar absorptance, but high emit-
tance. Since the emittance value was critical to operational
performance, a test program to measure the emittance of white-
painted honeycomb was initiated. This program was cancelled when
GSFC deleted the nonoperating solar exposure requirement as a
cost-saving measure, and the radiators were coated instead with
black paint for maxiumum emittance.
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Heat generated in the aft-optics area and in the thermal
preamplifiers in the original instrument design was to be radi-
ated to the space/earth environment by a nadir-viewing radiator
through louvers for thermal control of the instrument's tempera-
ture. However, it was subsequently determined that cost and
weight could be saved by adapting the radiative-cooler housing to
this use. Cold space-viewing radiators were added to the cool-
er's ambient hcusing, and heat was conducted to these radiators
through the ambient housing and through "tnermal feet" supporting
the preamplifiers. The heat radiated to space (flOW) posed no
problem for the space flight operation, but could have compro-
mised the cooler's thermal-vacuum test results if this radiated
energy had been reflected from the space-background simulator
back to the cooler radiators by even a fraction of a percent.

As a result, a space-background simulator of exceptionally
low reflectance was required to minimize this artifical heat
load.	 A novel approach was used to obtain this low-reflectance
surface economically. The open-faced honeycomb core material
bonded on the face of the background simulator was cut on a bias,
forming radiation traps over its entire surface.

The thermal surface required on the cooler's earth shield
posed an opposite problem. Here, a highly reflective, low-emit--
tance flat surface was ,seeded to minimize solar scatter and ther-
mal Loads on the cooler's radiators while in space flight. Sam-
ples of honeycomb panels with polished face sheets obtained from
vendors did not exhibit the mirror-Like reflectance needed. The
problem was solved by using commercially available polished alum-
inum foil bonded onto the earth-shield's honeycomb panels. The
mirrored surface thus fabricated tolerated a temperature range of
-100°C to +60°C in a vacuum.	 The performance characteristics
were: total integrated scatter, less than 20; surface waviness,
less than 1°; hemispherical emissivity at 25°C, less than 0.025;
and solar absorptance, less than 0.15.

The other thermal-control surfaces of the cooler (a "rep-
lica-optics" aluminum-coated radiation shield, a low emissivity
gold plate, and multilayer insulation blankets) posed no develop-
mental problems, and application proceeded without incident. On
the first test of the engineering-model cooler, a low temperature
of 84.5K was achieved; well within the required cooling safety
margin.

Structura l. Performance Development

The structural design of multistage radiative coolers for
survival of launch vibration environments has historically posed
difficult developmental problems. However, on the TM program
these problems were avoided, for the most part, by careful ob-
servance of the design principles incorporated into the VISSR's
cooler.	 By aligning the cooler-stage mass centers to the sup-
porting structure's elastic axes, cross-coupling between the lat-
eral, axial, and rotational modes was minimized. 	 Modal response
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of the overall system was reduced by careful control of stage
mass ratios and by a vibration damper mounted on the cold stage.

A structural model cooler was used for vibration- response
testing.	 The measured cold-stage response was less than half
the.t of the VISSR cooler before optimizing the damper perform-
ance. However, at qualification-vibration levels, the viscoelas-
tic rubber elements in the vibration damper failed due to exces-
sive strain.	 Subsequent exploratory vibration testing indicated
that the strain on the rubber could be brought to safe levels by
reducing the suspended mass and optimizing damper performance.
These tests also showed that the cold-stage response was within
acceptable levels without the use of a vibration damper, and thus
it was deleted from all flight-model coolers. The fiberglass-
band interstage-support fatigue life was found to be more than
adequate without the benefit of applied damping.

Another critical structural issue, vibration-induced mis-
alignment of the cooled focal-plane array, was successfully re-
solved early in the program by employing elastic symmetry in
structural design, by providing an interference-fit load path be-
tween assemblies without reliance on friction, and by carefully
controlling the spring-rate characteristics and pretension loads
of the fiberglass interstage support bands. While test-induced
optical misalignment cf the cooler-mounted cooled focal-plane ar-
ray was never measured at the cooler subsystem level, the align-
ment repeatability of the cooled focal-plane array to the prime
focal-plane array was held to within 12 ur throiir-hout the vibra-
tion and system-performance testing of the TM flight-model in-
struments. Fecal-plane misalignments did occur during engineer-
ing model instrument vibration testing, but these were not pri-
marily cooler-related, and the alignment integrity of the cooler

f	 did not become a development problem.

Both radiator assemblies wete aluminum brazements. 	 The
cold-stage radiator assembly employed a vacuum-brazed honeycomb
panel as its primary structural element. Due to the close prox-
imity of this panel to the cooled focal-plane array and cold
optics, its outgassing potential was negated by sealing the edges
of the panel,	 The panel was evacuated through a tip-off tube,
then pinched shut to retain a permanent vacuum. Little develop-
ment effort was required here, and there were no final fit prob-
lems.

The intermediate-stage radiator assembly employed dip-braz-
ing to join the complex assembly. 	 warpage during brazing re-
sulted in downgrading the first assemblies to nonflight use. An
intricate holding fixture, used for final machining of these as-
semblies after brazing, eventually solved the problem, along with
some brazing process development. However, the resulting poor_
interstage clearance control on the engineering model caused vi-
bration test "rattle" problems, and threatened thermal shorts
during performance testing of the cooler on this model.
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An electrical short problem arose within the cooler during
system-level testing of the protoflight instrument. This short
existed with the cooled focal-plane array at cryogenic tempera-
ture, but not at ambient temperature. An extensive troubleshoot-
ing effort discovered that the short developed between a capaci-
tor lead and the cooler cold-stage housing when t hermally induced
warpage of a cantilevered distribution hoard caused capacitor mo-
tion.	 The multilayer distribution board acted like a bimetal
strip, due to the anisotrop-c characteristics of the G-10 lami-
nate layers.	 The problem was solved by providing additional
clearance between the capacitors and cooler housings.

The above experience indicates that, in the future, greater
safety margins in s pacings within cryogenic coolers would reduce
development problems and would be worth the resulting small ther-
mal-performance penalty.

An important part of the cooler's ambient structure is a
ring of I-beam cross sections, used to support the pretensioned
fiterglass bands and to prDvide a flange for bolting the assem-
bled cooler to the telescope structure. The engineering-model
ring was machined from an LR-35 alloy forging, annealed before
machining, and then stress-relieved after finish machining. Ex-
cessive ring distortion occurred during the stress-relief opera-
tion. The problem was solved by first rough machining to within
0.030 inch of final dimension, stress-relieving, and then finish
machining.

Contamination Control

A "contamination barrier" was first employed on the TM
cooler, separating the cavity between the cold and intermediate
stages from the cavity between the intermediate stage and ambient
housing. This prevented outgassing from the multilayer insula-
tion blanket mounted on the intermediate stage from entering the
cold-stage cavity where a contamination-sensitive cold window
covered the detectors.

The contamination barrier was installed on the engineering-
model cooler, and the cooler was subjected to test in thermal
vacuum to determine if the detector signal were degraded due to
contamination collecting on the cold optics. After a 48-hour
vacuum bake at 60°C to accelerate the removal of contaminants,
the performance of test detectors mounted at the focal plane was

T onitored for 300 hours.	 No loss in responsivit.y was observed
over this time period.

However, both the p.otoflight and flight TM instruments have
experienced detector pe-formance degradation in flight, possibly
due to gradual icing of the cnld window. While detector perform-
ance has been regained by warming the cooler in space, thus "out-
gassing" the window's contamination, the contamination effect re-
mains an open issue. The outgassing periods employed on Land-
sats-4 and 5 have been quite brief and it is likely that E xternded
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outgassing periods would have significantly reduced or eliminated
the problem.

ELECTRONICS MODULE

The electronics assemblies are contained in a module, as de-
p icted in Figure 51. The major elements consist of the power
supply, multiplexer., the printed circuit hoards and associated
cabling to the preamplifiers, and other aft optics electronics.
A discussion of the multiplexer is treated separately in the foi-
-owing subsection. As part of the design philosophy, the power
supply delivers coarsely regulated power to each circuit, with
fine regulation done on each board. This provides an added level
of isolation, preventing crosstalk while assuring the most prac-
tical regulation.	 Changes to the power supply are tabulated in
Appendix B.

ID

W lT i. 11 ilR	 SECT.O..•

PRINTED C1RCV.T_
•OMIRi

ra.

Figure 51. Electronics Module

The primary problems were in environmental temperature and
heat-transfer control, minimizing weight and maximizing available
volume while retaining structural integrity, and providing elec-
trical shielding from electromagnetic interference (EMI).

, IOU ,,_ ­ i and Heat Sink

The primary packaging problem for the electronics was to es-
tablish reliable component operation with respect to operating
temperatures. Early in the design effort, problems occurred in
providing adeq,ia*_e cooling for the multiplexer, power supply, and
the scan-line-c `-)rrector boards.	 'The heat-transfer problems were
solved by placing the power supply, multiplexer, and the scan-
line-corrector beards on the radiation plate. 	 Th y multiplexer
was designed with a temporary bottom that could be removed se it
could then be attached directly to the heat sink with screws that
held the assembly to ttie plate.
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After the development model was vibration tested, the fol-
lowing changes were made:

1. The heat sink was strengthened by increasing its width
and providing stiffening ribs. Its material was also
changed from aluminum to berylium, primarily to reduce
weight.

2. Wiring-access holes in the side were eliminated, since
they were at the point of maximum stress, causing struc-
tural failure.

3. The base was changed from aluminum honeycomb to magne-
sium. This provided better load distribution and was
easier to fabricate.

4. Doublers of aluminum werE placed at all corners and at
the mounting holes.

Limitations on the availability of space and the need for
additional circuitry and power during the design phase caused
considerable effort to be expended in redesign to fit all of the
electronics within the housing space. Ir order to provide as
much room as possible, some circuit boards were placed back to
back, the output connector area was reduced in size, and four
circuit boards were placed in the narrow section of the housing.

The development-model housing was made with honeycomb panels
placed in a bent shell of aluminum sheet to provide an EMI bar-
rier. This waF changed to placing the honeycomb between flat
aluminum sheets and closing the ends with a nickel-plated magne-
sium bar. This was not only structurally stronger, but also much
easier to f-abrivate, allowed for closer tolerancing, and reduced
the need for extensive fixturing at the next assembly.

Printed Wizinq Boards (PWB)

Problems arose with the printed-wiring-board (PWB) harness
connectors, which were not stiff enough to withstand the mating
forces, and the solder pins, which were not strong enough to sup-
port the wire. To solve this, the harness connectors were stiff-
ened by bonding them to an aluminum frame. The frame also con-
tained a bar to which the wires were tied so their weight would
not load the solder pins.

The PWB harness connectors have a common wire installed be-
tween pairs of pins. This arrangement caused the pins to become
misaligned during mating. The solution was to place the connec-
tor pins in a fixture that held them while the common jumper
wires were soldered. The pins then remained straight and aligned
during subsequent operations.
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A manufacturing problem occurred witn the solder pads on the
PWBs, which were lifting during the soldering operations. The
lifting that occurred was found to be due to a defective lot of
polyimide material. This was corrected, and additional preven-
tive measures were taken by vacuum-baking the boards before sol-
dering to drive out moisture.

Wire routing was a difficult design and assembly problem.
In particular, it was extremely awkward to wire the connectors in
place. The routing problems were solved by providing a dished
cover in the bottom of the housing to provide more space, and the
PWB harness connectors were wired from one side only, which al-
lowed them to be bench-wired and removed from the housing. The
entire wire harness was reconfigured to allow it to be assembled
outside of the housing.

The above changes were made on all of the models. The engi-
neering mouel has an aluminum heat sink instead of beryllium, and

_

	

	 the top cover is configured to accept the multiplexer output con-
nectors at a different angle than the flight models.

Multiplexer Assembly

Figure 52 is a simplified block diagram of the Thematic Map-
per's multiplexer, illustrating its primary data-flow paths. The
multiplexer's primary function is to process the scene video in-
formation from the detectors. The multiplexer also provides tim-
ing and synchronization signals tc, the other portions of the The-
matic Mapper to synchronize the instrument's operation. Detector
signals are amplified and filtered in the radiometer electronics
and then provided to the multiplexer on 100 differential in-
puts. The multiplexer performs a dc-restoration function to com-
pensate for offset in the previous electronics or detectors, sam-
ples the signals, and converts these samples into 8-bit digital
words. These digital words are then formatted with spacecraft
telemetry and synchronization. bits. This results in a composite
84.9 Mbps data stream, which is processed by a pseudonoise on-
coder and provided to the spacecraft communications subsystem for
transmission to earth.

A number of ke,. jesign decisions were made early in the pro-
gram to minimize the cost and risk of the multiplexer develop-
ment. For instance, the multiplexer accepts its input signals in
differential form to eliminate common-mode noise. This differen-
tial processing of the analog signals was carried forward
throughout the electronics module and contributed to meeting the
instrument's noise requirements at minimum cost.

The multiplexer also processes the information from each
band in a dedicated processing module, which contains input
buffers, track-and-hold and analog-multiplexer circuits; and the
A/D converter. This modularity guarantees that all detectors in
a particular band will be processed by the same A/D converter
and, thus, w ;. 11 receive very similar transfer characteristics.
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Figure 52. Multiplexer Simplified Block Diagram

It also locates all processing from the multiplexer's inputs into
the digital domain on a single module, retaining excellent ground
and voltage-supply integrity. The single module can also be
tested independently of the entire multiplexer unit. Modularity
also contributes to graceful degradation in the event of fail-
ures, since each module affects the operation of only one band.

The multiplexer accepts a regulated do voltage from the
power supply and does not regulate this voltage further before
converting it to the secondary voltages utilized within the mul-
tiplexer. This approach saved approximately 20 watts of power,
which would otherwise have been dissipated in a series regulator.

The multiplexer also has provisions to synchronize both its
internal do-to-dc converter and the operation of the external
power supply to the multiplexer's analog-to-digital conversion
process.	 The supplies are also capable of free-running opera-
tion. The synchronization ability was included to reduce the
likelihood of coherent patterns from power-supply noise appearing
in the final data.

The	 multiplexer	 development	 program	 went	 relatively
smoothly. Only two major problems were encountered. One of
these was related to the mutual interaction of the multiplexer,
the power supply, and the scan-mirror assembly to maintain
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instrument synchronization.	 The power supply powers the multi-
plexer and the scan mirror, while the scan mirror supplies
synchronization to the multiplexer. "ihe multiplexer, in turn,
provides a clock to the scan mirror and synchronization signals
to the power supply. As a result, the interaction of these three
units (critical to instrument operations) is quite complex. Dur-
ing engineering-model checkout, a situation was discovered in
which, depending upon scan-line length, the scan mirror and the
multiplexer could attempt to resynchronize the power supply at a
time during its o perational cycle that caused the supply to shut
down, thereby shutting off the instrument. This problem was ul-
timately resolved by making a number of changes in the power sup-
ply (documented in Appendix E).

The other major multiplexer design difficulty was related to
the trimming and testing of the multiplexer's analog- to-digital
converters. The converter is an 8-bit successive-approximation
analog-to-digital converter, capable of operating at up to ap-
proximately 40 Mtps. The high speed and small input-signal range
of the converter require that noise levels be kept extremely low,
particularly on all voltage and ground-supply leads to the ana-
log-to-di g ital converter hybrid. It was not possible to provide
grounds of high enough quality with the converters in a test
socket because of the parasitic inductance and capacicance of the
socket's pins. This was true even though the converters operated
excellently over their full temperature range when soldered to
the final printed circuit card with its ground planes and multi-
ple soldered voltage and ground connections. This problem was
finally solved by building a test jig in which the hybrid's leads
were trimmed, and the devices were clamped to a board, identical
to the board used in the actual system. In addition., the criti-
cal step of trimming the current sources within the analog-to-
digital converters was performed with the converters in a static
rather than dynamic condition. That is, the converters were sup-
plied do-input signals rather than the multimegabit-per--second
signals used in the actual system. This eliminated noise associ-
ated with transition of the high-speed signals, made trimming of
the current sources more ec-)nomical, and should have contributed
to higher accuracy.

Unfortunately, due to differences in the thermal equilibrium
of the converter between the static and dynamic states, the cur-
rent sources behave slightly differently dynamically than in the
conditions under which they were trimmed. Although the A/D con-
verters still meet the instrument specification, this trimming
difference resulted in a significant variation in the size of the
multiplexer's quantization steps. In future instruments, it
should be possible to reduce this nonuniformity by using data de-
rived from the first two instruments to achieve a corrected
static trim or, if necessary, by a dynamic trim of the A/D con-
verters.
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Section 7

PRELAUNCH EVALUATION

The effort involved in providing the test equipment for
testing the TM prior to launch rivaled that of the TM development
itself. The Bench Test and Calibration Equipment (BTCE) was the
major, integrated assembly of test equipment. This equipment can
only be briefly described here. A more complete description is
contained in the operation and maintenance manual for the BTCE
[SBRC 1982a].

The prelaunch tests performed using the BTCE are also dis-
cussed in this section. This prelaunch testing resulted in the
performance parameter measurements summarized in Section 4. All
the tests performed on the TM with the BTCE are listed and at
least briefly described. Three tests are deemed to be so import-
ant to image quality that they are described in more detail than
the others.

The f -rst of these three tests is the measurement of the TM
telescc - e'j effective focal length (EFL). This is an important
test because the focal-length value affects the detector IFOV and
band-to-band registration. In fact, the EFL value had to be mea-
sured prior to performing any of the other tests because the out-
come of many of the rest of the tests depended for their accuracy
on exact knowledge of the EFL.

The second crucial test was the square-wave response (SWR)
test. As discussed in Section 4, SWR and MTF are closel y related
and define the spatial resolution of the sensor. The test was
required to accurately measure the SWR and to ensure that the TM
was within SWR specification.

The geometric accuracy and band-to-band registration test is
the third critical test for which a detailed description is pre-
sented. Image quality is depends heavily on a knowledge of the
errors in band-to-band registration as well as a knowledge of
errors in scan-mirror profile and other geometric errors in the
system.

BENCH TEST AND CALIBRATION EQUIPMENT

The TM produces pictorial data at a rate of 85 Mbps. During
testing, this data must be analyzed in near-real time to deter-
mine the effects of optical stimuli on instrument performance.
Further, the complexity of tests makes it necessary to automate
them in a manner that will ensure uniformity of approach from
trial to trial. Review of these requirements in the early phases
of the TM program led to the development of a completely machine-
controlled testing philosophy that provides coordinated stimuli
control and subsequent data analysis via selected algorithms.

RPT41741	 109
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The test equipment assembled for testing the TM is called
the bench test and calibration equipment (BTCE), and its func-
tional block diagram is shown in Figure 53. It is an intercon-
nected system providing complete performance testing of the TM
instrument from buildup and integration of the radiometer to
final system performance. The system contains the equipment nec-
essary to do the following:

1. Simulate the interface between the TM and the host
spacecraft.

2. Provide the optical stimuli for performance testing and
calibration.

3. Process the hiy !:-rate data stream during performance
testing or recorded data playback.

4. Isolate the TM and stimuli from disturbing vibrational
environments.

5. Monitor, control, and record test configurations and op-
erational conditions.

6. Provide cooling of the cold focal plane for laboratory
ambient tests.

7. Provide radiative heat sinks for thermal tests.

8. Simulate TM interfaces and signals for self-tests.

9. Provide special tools and fixtures for alignment and
handling.

PDP-11/70 computer-aided testing is used to improve test ac-
curacy (over manual-data acquisition methods) and to reduce the
chance for human error by allowing a review of the computer-con-
trolled operations prior to incorporating them into the test se-
quence. Additionall y , the time required to configure the test
article and the test equipment is reduced significantly by auto-
mated testing, an t:-ie speed of data acquisition and processing
is increased significantly. The increased speed and accuracy of
test operations and data processing results in decreased program
costs. The increased data acquisition options available in the
automated system provide the test designer and data analyst
greater test flexibility, making the computer-controlled approach
highly desirable.

BTCE operation is controlled by the system test computer.
The man/rnachine interface is through three alphanumeric key-
board/display devices. The operator may initiate preestablished
test sequences from this terminal or may initiate or modify indi-
vidual instructions to the test system. The display devices re-
port test status, test results, TM and ground equipment status,
and state of health.
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In addition to providing test control and processing test
data to produce the final test results, the automated test system
continuously monitors the TM and the ground equipment to detect
changes within the system about which the operator should be no-
tified. This monitoring includes testing of the TM telemetry pa-
rarteters for conditions that might jeopardize the health and
safety of the instrument (alarm-limit testing). The monitoring
also includes testing of telemetry parameters for changes which,
while not indicative of alarm conditions, should be of interest
to the test conductor and test operators (suppression-limit test-
ing).

The ability to recover and further study anomalous data is
provided at the time of data acquisition by automatic recording
of the high-rate raw data stream on a high-speed tape recorder
and by temporary storage of the acquired raw data on a 176-Mbyte
computer disk. Time code, which is used throughout the test sys-
tem and is recorded on the high-speed recorder as part of the
video data, allows recovery of the exact data desired.

Data evaluation of the acquired test data is automatically
scheduled by the computer when the data becomes available. This
provides the final results for most tests within minutes of data
acquisition. The test results are presented to the test opera-
tors and to the analysts by CRT displays and on-line printer and
printer/plotter printouts.

A new bench-cooling approach was used on the TM, consisting
of a temporarily evacuated, take-apart Dewar combined with a tem-
perature-controlled Joule-Thomson cryostat [Kuyper and Buller
1982, p.831. The Dewar was evacuated only during bench test by a
remote vacuum pump. After bench testing, the Dewar was allowed
to return to ambient conditions, facilitating maintenance or
troubleshooting operations on the cooled focal-plane assembly.

This capability to bench test and troubleshoot provided an
efficient method to resolve system performance problems in the
final instrument development phase. In particular, troublesome
noise problems associated with electrical ground planes were re-
solved experimentally without extensive hardware disassembly.

Problems associated with development of the bench cooler it-
self were not difficult to overcome. The evacuation system was a
straightforward design problem, except for the unkown conductance
of the solid-particle filters that protect the detectors from
dust. A test was run on the 2 um, nominally rated, stainless-
steel sintered-mesh material. The test fixture had a conductance
equivalent to a 6-inch length of 0.8-inch (diameter) tube. The
conductance of the 0.7-inch (diameter) filter sample was equiva-
lent to adding a 6-inch length of 0.8-inch (diameter) tube.

Tests on the completed bench cooler demonstrated that the
pressure drop across the entire vacuum system was acceptable,
even though pumping was through a 10-foot flexible line. Typical
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steady-state pressure readings were 5.5 x 10 -5 Torr in the detec-
tor enclosure and 1.0 x 10 -6 Torr at the throat of the diffusion

PUMP.

A thermally induced noise signal was generated in the HgCdTe
detectors due to fluctuations in the level of liquid in the cryo-
static reservior during normal bench-test operation. The temper-
ature fluctuation, typically 0.04K to 0.08K at a frequency of 1/3
Hz, introduced additional noise into the system, but the final
adjustments of system gain and offset for each HgCdTe detector
were accomplished. The InSb detectors were not significantly af-
fected by this fluctuation.

All system test objectives planned for the bench cooler were
accomplished. In addition to the initial radiometric calibration
of the HgCdTe and InSb detectors in the TM system, the modula-
tion-transfer function for these detectors in the system was mea-
sured. Geometric adjustments, such as band-to-band registration
between detectors on the uncooled and cooled focal planes, were
made using the bench cooler. Final radiometric and geometric
calibration was accomplished in systems-level thermal-vacuum
tests on the completed instrument.

PRELAUNCH TESTING

Prelaunch testing of the engineering, protof light, and
flight models took place over a 2-year period. The tests per-
formed are listed in Table 15 in the sequence in which they were
performed. The test sequence was determined by the level of
assembly required for the test and the measurements that had to
be accomplished prior to making the test.

Table 15. Prelaunch Tests Performed on the Three TM Models

DESCRIPTION Test Name EM PF FL

Effective Focal	 Length EFL
Prime Focal	 Plane Assembly	 Focus IA01
Scan Mirror/Radiometer Alignment IA06
Cold Focal	 Plane Assembly Coarse	 Focus IA03
Cold Focal	 Plane Assembly Fine Focus and

Band-to-Band Registration 	 (BBR) IA04
Electronic Module	 Integration IA07
Line-Spread Function AC07
Radiometric and On-Board Calibrator

Calibration ACO2	 Bands	 1-5,	 7
Spectral	 Matching AC22
TM Calibrator Calibration BL07
Square-Wave Response PI-16/17
Geometric Accuracy,	 BBR BL19/20
Radiometric Calibration BL10	 Band 6
Coherent Noise BL12
System Readiness Test SRT
Thermal	 Vacuum Tests TV

RPT41741	 113
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Test names comprised a two-letter prefix and a two-digit
number. The two-letter prefixes are IA for Integration and
Alignment tests, AC for Ambient Collimator tests, and BL for
Baseline tests.	 The two-digit numbers were at one time sequen-
tial, but because of test consolidations and deletions they are
no longer sequential. Miscellaneous tests not included in this
naming convention were referred to by their descriptive names.
In this report the tests hill be discussed using their descrip-
tive titles, as listed in Table 15, above.

Effective-Focal-Lenqth Measurement

Measurement of the effective focal length (EFL) of the TM
telescope, the SBRC collimator, and the calibrator telescope, re-
lates directly to satisfying the requirements for geometric accu-
racy (GA) and band-to-band registration (BBR). There were many
problems associated with EFL measurement, the complexities being
embodied in a host of instrumental, procedural, and environmental
error sources. Both time-independent errors, generally connected
with alignment and use of test equipment, and time-dependent er-
rors, connected with environmental fluctuations in temperature
and vibration profiles, make it difficult to achieve a measure-
ment accuracv better than one part in 104.

The definition of EEL shows the two parameters involved in
EFL measurements:

EEL = AY
	 (1)

Lateral dis p lacement of imag e at 50% k,iiie-edcae response
Change in field angle of source

Table 16 lists the accuracy to which EFL was to be measured for
each of the three instruments, as well as the permissible meas-
urement uncertainties allowed in the determination of the ^ and Y
parameters. All required accuracies were met or exceeded.

Table 16. Relationship of Required EFL Accuracy to
Permissible Measurement Uncertainties

Instrument
Required EFL

Accuracy
(inch)

Measurement
Uncertainty

AO AY

(wrad) (winch)

TM Telescope 0.030 1.76 170

TM Calibrator Telescope 0.022 0.73 120

Reticle-Pattern-ProJec- 0.018 0.90 100
tion	 Collimator
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Figure  54 sho:,ls the test setup used to measure effective
focal length. The three major assemblies are indicated within
dashed boxes. In the center is the TM telescope, to the right is
the source and knife-edge assembly, and to the left is a Hewlett-
PackL ,-j interferometer assembly that measures angular displace-
ments of the source. A linear interferometer was used to measure
y-axis offsets. In principle, one measures the angle through
which the retroreflecting mirror is rotated and divides that
value into the offset in Y required for the knife-edge assembly
to once again center the beam on the knife-edge pattern. The
test equipment was located in a clean-room environment with am5i-
ent temperature control capability and on a vibration- isolated
table.

Possible sour es of error include:

1. Clean-room air turbulence

2. Clean-room temperature variations

3. Vibrations in structures

4. Bending of vibration-isolation tables

5. Wobble in knife-edge stage

6. Instability of support fixtures.

7. Laser interferometer counter instability

8. Incorrect setup of interferometers

9. Alignment error in retroreflector flat's axis of rota-
tion to knife-edge motion

10. Knife-edge motion not orthogonal to optical axis and to
its own direction of motion.

Major sources of errors in EFL testing were determined to be
due to thermal gradients in supports and fixtures induced by tem-
perature variations and air turbulence within the clean room
where testing was performed. An extenEive set of corrective ac-
tions was initiated, including thermostat4c- and turbulence-damp-
ing controls that limited temperature fl:ctuations to as little
as 0.1°C, constructing an insulated enclosure within the clean
room, insulating with foam fillers underneath the test bed and
around its sides, removing heat-generating test-monitoring equip-
ment from the immediate vicinity of test-bed fixtures, and limit-
ing testing to the early hours of the morning when the sun had no
effect on heating the building as a whole. The last approach
also reduced the problem of residual low-frequency test-bed vi-
brations. With excellent environmental control, the laser inter-
ferometer counter proved to be a stable instrument.
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Deflection of the vibration-isolation table under load was
monitored by strain gauges, and it proved to be no problem.

The knife-edge assembly also was a stable instrument, pro-
viding the laser was turned on several hours prior to the test
procedure and allowed to temperature-stabilize and the spatial
filter defining the source was configured with a slightly over-
sized pinhole.	 Angular wobole measurements, monitored by twin
interferometers, showed values well within allowable limits.

Considerable work was clone to provide custom-fitted inter-
faces between the table and fixtures. These support fixtures re-
placed original multilayer aluminum-block interfaces that caused
errors in alignment due to thermal- and vibration- induced rela-
tive shifts.

The accuracy of angular measurements was greatly improved
when the angle of the retroreflector flat was measured by re-
flecting off the face of the flat rather than a corner cube at-
tached to the rear surface of the flat. Further gains in align-
ment accuracy were achieved by assuring perpendicularity of all
test components, especially with respect to the interferometers
measuring knife-edge motion and the angular motion of the retro-
reflector flat.

Results of these efforts were that the EFL measurement Droc-
ess was established with a degree of accuracy and precision that
was well within required limits. For example, the avera g e value
of the EFL for the protoflight TM, determined from four mee q u r s-
ments, was 95.904 inches with a standard deviation of 0.004; the
desired value was 95.900 f 0.030 inches.

Prime Focal-Plane Assembly Focus

The principal objective of the prime focal-plane-assembly
focus test is to axially position the aft-optics support assembly
relative to the Telescope assembly so the prime focal-plane as-
sembly is placed at the telescope's prime focus. The test was
conducted with scan-mirror assembly, TM telescope, and aft-optics
assembly mounted in the TM mainframe and oriented to align the
optical axes of the TM telescope and the collimator (see Figure
55). Data was collected and optimal axial positioning of the
aft-optics sup port was determined by maximizing the modulation
transfer function (MTF) of several key detectors. See Section 4
(Performance Parameters) for a discussion of the MTF concept.

Scan-Mirror/Radiometer Alignment

This test verified the rotational alignment of the telescope
housing in the TM mainframe such that the scan-mirror pivot axis
is orthogonal to the detector's along-scan baseline and the rota-
tional axis of the SLC, as shown in Figure 55.
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Figure 55. optics Alignment Test Configuration

Cold Focal-Plane-Assembly Coarse Focus

This test was also performed in the same configuration as
the prime focal-plane-assembly focus test. Its purpose was to
axially position the radiative-cooler assembly relative to t'rie
telescope assembly, such that the cold focal-plane assembly is
placed at the optimum focus location. The MTF of a Band 7 cen-
tral detector was maximized to determine this location.

Cold Focal-Plane-Assembly Fine Focus and
Band-to-Band Registration

This test de-.:ermined fine focus of the cold focal-plane as-
sembly and band-to-ound registration of the two focal-plane as-
semblies. The LSF width was minimized to obtain the best focus
and to assess band-to-band registration. The same configuration
as used for the LSE characterization, described below, was used
and is shown in Figure 55.

Electronic Module Intecration

This test was performed to verify that all TM-scanner-to-
electronics-module interconnected functions perform per design
specifications. The test is a computer-controlled test that uses
commands with telemetry verification to establish performance.
The following items are tested: wiring, telemetry, heaters,
blackbody, SMA control, dc-restore, fusible-link drive, cooler
door, inchworm drive, calibration- lamp sequencing, calibration-
shutter control, scan-line corrector (SLC), power and consump-
tion, and IFOV interconnect.

Line-Spread Function (optics and Detector)

The LSF is a measure of the width of the IFOV. The test
configuration is .shown in Figure 55. The test determined the re-
sponse of selected detectors to a narrow slit source, illuminat-
ing positions on the focal plane. The distances between the il-
luminated positions and the detectors were varied by means of a
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computer-driven x-y stepping stage in the collimator focal
p lane.	 The TM scan mirror and scan-line corrector are off and
locked at midscan. The LSF is measured in the along-scan and
cross-scan directions and computed by sampling the detector out-
put as the slit is stepped across the detector. The IFOV width
is defined for each detector as the angular or linear distance
between the two points where the detectors' response to the slit
is 50 percent of maximum.

Radiometric and On-Board Calibrator Calibration

The radiometric calibration of TM Bands 1 through 5 and 7
and the internal calibrator was performed by aligning the TM to
the aperture of a 48-inch calibrating sphere, as shown in Fig-
ure 56. The calibrating sphere is part of the instrument's stim-
uli equipment.	 It is a calibrated light source containing 12
halogen lamps that can be turned on and off individually. The
scan mirror is locked at midscan and the scan-line corrector is
t:;rned off. Bands 5 and 7 are cooled by the bench-test cooler.
At the outset of the test, all integrating-sphere lamps are
turned on.	 The lamps are turned off in a specified order, and
data is taken at each radiance level. At the same time the
sphere lamps are being sequenced, the internal -calibration- lamp
sequencer is turned on and data is taken simultaneously in order
to calibrate the internal, or on-board, calibrator.

48 IN. SPERICAL
INTEGRATING
SOURCE

Figure 56. Radiometric Calibration Test Configuration
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Data taken for each detector at each radiance level is
"graphed" as signal (in MUX counts) versus input radiance, and a
line is fitted to this set of data. The noise is calculated by
computing the standard deviation. Average signal and noise val-
ues for each detector are computed and the SNR is calculated for
a minimum and maximum scene radiance value. Figure 5 -7 shows a

typical gra ph of the transfer function with the line fit to the
data.

200

40

0
1.0	 2.0	 3.0

INPUT RADIANCE (MN/Cm2-SR)

Figure 57. Typical Graph of Output Signal versus Input Radiance

Another important part of this test is the adjustment and
subsequent measurement of gains and offsets for each detector.
During radiometric and on-board calibrator calibration, the gains
of all detector channels were first adjusted to satisfy full-
scale input-radiance requirements. Then the procedure described
above for obtaining data for the SNR calculation was used to ob-
tain the value of gain and offset for each detector. This data
was saved and used in the ground-based, radiometric-correction
procedure for data transmitted from the orbiting TM.

Spectral Response

The TM's spectral characteristics were determined by analyt-
ically combining of the results of measurements on all pertinent

e	 subsystem components. The subassembly tests determined the spec-
`	 tral reflectance, transmittance, and responsivity for the mir-

rors, windows, filters, and detectors.	 The product of these
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three measurements gives the system spectral response. Figure 58
shows typical graphs of these three measurements a,-.d their prod-
uct. The lower end upper response edges are determined by find-
ing the points on both sides of the curve where the response is
50% of the peak response.
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Figure 58. Spectral Response Determination

TM Calibrator Calibration

Calibration of Bands 1 through 5 and 7 of the TM calibrator
(TMC) and the on-board calibrator (OBC) was performed by this
test.	 The TM (calibrated previously) was used as the transfer
standard for the TMC and the OBC. The test was performed with
the TM aligned to the TMC as shown in Figure 59. Data was col-
lected at several temperatures for the cold focal-plane array
(CFPA); the prime focal-plane array (PFPA) was maintained at a
constant temperature. The redundant calibration of the OBC pro-
vided a mechanism for checking the quality of the TM as a cali-
bration source. The calibrator was subsequently used to periodi-
cally verify the stability of radiometric calibration of the TM
throughout the remainder of the test program.
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Figure 59. TM Aligned to Calibrator

Square-Wave Response

In the square-wave-response test, the system is ground-
tested in full-up condition using an arrangement shown schematic-
ally in Figure 60. The ground scene is simulated using a colli-
mator telescope with an object reticle at the focal plane focused
to infinity and aimed at the scan mirror. The system presents an
inherent problem in cbtaining the knife-edge-response (KER) data
required for calculating the square-wave response (SWR). The
basis of the prcblem is the system sampling rate, which is one
IFOV of image travel per sample. A simple edge reticle located
at the collimator focal plane will be imaqed at the detector ar-
ray, with ar: image travel of one detector width between sam-
ples.	 This does not meet the requirement of obtaining data
points at a number of edge image locatiors over the detector
IFOV. One possible solution would to to collect edge-function.
data over a number of scans, each scan having a variable start
delay with respect to the scan mirror's start-of-scan synchroniz-
ing pulse. This approach suffers from several sources of signal
jit +-er, which produce "noisy" KER functions. These include scan-
to-scan variations in scan velocity, vibration modes, and opti-
cal-path refractive index.
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Figure 60. Full-Up Test Arrangement (Top View)

A preferred method was developed for obtaining KER data on a
single scan, referred to as the "phased knife-edge approach". A
special "phased edge" reticle was developed for use in the test
set-up of Figure 60. Operation of the phased-edge reticle can be
visualized by first considering a conventional bar reticle,
located at the collimator focal plane and imaged at the focal
plane as shown in Figure 61.

LEADING EDGE

1	 2	 3	 4

Vr	 777

I	 I	 I	 I

I	 l	 l	 l	 l	 l	 l	 l	 l	 l	 l	 l	 l	 l	 l	 l	 I
2 3 4 56 7 8 9 10 1112 13 14 15 16 17 18

SAMPLE M

Figure 61. Conventional Bar Reticle

This reticle has a number of bars and spaces of equal
width. The bar width is constant and images an integral number
of detector IFOVs at the focal plane. The reticle image passes
across an individual detector at a rate of one detector IFOV per
sample. Relative motion of the detector IFOV with respect to the
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reticle bars is shown with a dot indicating timing of successive
signal samples, in this case two samples per bar or space. It is
apparent that the relative phase between edges and IFOV is un-
changed from bar to bar, producing constant fractional IFOV ob-
scurations and constant signal levels from bar to bar. In the
illustration, signal level is a constant 50% at samples No. 3, 7,
11, and 15 on leading edges 1, 2, 3, and 4, respectively.

A comparable phased-edge reticle, shown in Figure 62, has
image spaces 2 IFOVs wide and bars 2.25 IFOVs wide. Over the
same range of samples, fractional obscurations of 1/4, 1/2, 3/4,
1 , and 0 IFOV are produced by leading edges at sample No. 3, 7,
11, 15, and 16, respectively. Use of a fifth bar and space would
produce signal No. 20 as a repetition of signal No. 3 and, there-
fore, would be redundant. Using this principle, a number of KER
points can be obtained on a single scan, the density of points
being determined by the size of incremental IFOV per bar width.
In practice, a 10-bar reticle is used with a 5.1 IFOV bar width
and a 5.0 IFOV space width. This produces an edge-phase shift of
0.1 IFOV plus a number of points outside the IFOV. Overall reti-
cle size in the along-scan direction is on the order of 100 IFOVs
or about t2.1 mrad field angle, referred to the system's optical
axis. Total sampling time on a single scan is about 0.95 ms,
which effectively nullifies vibration effects below a few hundred
hertz.

1.	 2	 3	 4
I	 I	 I

I	 l	 l	 l	 l	 l	 f	 l	 l	 l	 i	 l	 l	 l	 l	 l	 l

2 3 4 5 6 7 8 9 101112131415161718

Figure 62. Phased-Edge Reticle

Computer algorithms are used to selectively retrieve and re-
assemble the KER data from the detector data stream. The
reassembly algorithm first finds maximum and minimum (clear and
opaque) signal .levels, then locates the bar edge to which the
signal is closest (s x + smi )/2. In the 4-bar reticle case,
shown in Figure 56, ^^ie signa? closest to 50% occurs at sample
No. 7, leading edge No. 2. The computer then consults a look-up
table, stored for edge No. 2 and f inds a set of relative sample
numbers prearranged in a sequence that generates a KER function
with 50% point at edge No. 2.	 Part of such a table for edge No.
2 is shown in Figure 63. This data would be translated into the
KER function shown in Figure 64.
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RELATIVE COMPUTED
SAMPLE d ABSOLUTE SAMPLE #

N + 8 15 (	 0% OPEN)

N + 4 11 (	 25% OPEN)

N 7 (	 50% OPEN)

N - 4 3 (	 75% OPEN)

N + 9 16 (100% OPEN)

Figure 63. Look-Up Table at Edge No. 2 = 50% Signal

Figure 64. Reassembled KER Data

The first derivative of this function yields the line-spread
function (LSF). The LSF is then analytically moved across each
of the four specification input-bar patterns, as shown in Figure
65;a,b.	 Each bar pattern represents illuminated and nonillumi-
nated areas. As the LSE is moved across the bar patterns the
maximum and minimum illuminated areas are computed (Figure
65;d,e). These maximums and minimums are then used as the peaks
and valleys of a square wave (Figure 65;f). The modulation re-
sponse is computed by obtaining the ratio of the difference be-
tween the high- and low-amplitude values to twice the mean of the
computed square wave. The MTF was also computed by Fourier
transforming the r SF, but this was not required by NASA. There-
fore, the MTF calculation was only done for a few cases and has
not been included in formal program documentation.

Geometric Accuracy and Band-to-Band Registration

This performance test is the principal test that permits the
performance of the TM to be defined as a precision scanning mul-
tispectral mapping system. Performance specifications covered by
this test are:

• Band-to-band registration - The band-to-band registration
(BBR) is an assessment of the spatial alignment (regis-
tration) of all bands/channels in both along- and cross-
scan directions. BBR can be considered a locil specifi-
cation of any place along the scan line.
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Figure 65. Square-Wave-Response Test Sequence
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• Scan rate - Scan rate is the first derivative of the scan
profile.

• Overlap/underlap - This parameter izi the alignment be-
tween adjacent scan lines.

• Scan-line length - This is the angular distance across
the scan line.

• Self-induced vibration (SI") - SIV, if any, is the result
of vibration generated by the oscillating scan mirror.

The above performance parameters are measured by projecting
a complex illumination pattern that is encoded with spatial in-
formation onto the TM focal plane. Figure 66 illustrates one of
the reticle patterns used. Several discrete functions are built
into the pattern:

1. Regions A and F are initiation knife edges (radiance
seeps), used to initialize selection rules for forward
and reverse scans, respectively.

2. Region B is a binary code that provides coarse cross-
scan angular positional data.

3. Regions C and E are sets of three knife edges with 1/3
IFOV phase difference between adjacent edges. These re-
gions permit along-scan angular positions to be computed
for all bands/channels.

4. Region D consists of a phased-knife edge, such that
along-scan and cross-scan angular positional data can be
computed for selected channels of all bands.

The data collected during this test includes:

• Index A, which is used to align the TM to the TM calibra-
tor.

• Index B measures beam uniformity. The maximum and mini-
mum TM signals for all bands/channels are measured.

• Index C collects data that is used to calibrated cross
scan sensitivity.

• Index D collects the prime data required to determine the
TM's GA/BBR performance.

All aspects of the TM's BBR/GA performance are obtained via
analysis of data collected by Indexes B, C, and D. The data
analysis is accomplished with computer software having the major
subprograms listed below.
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VII-1: Selection of Data for Use Along Scan, Cross Scan,

	

and Determination of Associated Binary Code Data:	

qLASCS/BINCOD

VII-2: Cross-Scan Sensitivity Parameter, (80/2S)CS

V,LI-3: Along-Scan Angular-Phase Position Alignment, AOAS

VII-4: Boresight Drift Correction Along Scan 60AS(CORR)

VII-5: Boresight Drift Correction Cross Scan AOCS(CORR)

VII-6: Dynamic Band-to-Band Registration Along Scam

VII-7: Dynamic Band-to-Band Registration Cross Scan

VII-8: Geometric Accuracy - Scan Profile (Along Scan) and
Self-Induced Vibration (Along Scan)

VII-9: Geometric Accuracy - Scan Profile (Cross Scan) and
Self-Induced Vibration (Cross Scan)

Radiometric Calibration - Band 6

Radiometric calibration of Band 6 was accomplished by con-
figuring the TM as in the radiometric calibration of Bands 1
through 5 and 7, except that alignment is to the TM calibrator
(TMC), mounted cn the environmental test bench as shown in Fig-
ure 59. The TMC (also known as the external calibrator) contains
two blackbodies, one stabilized at 320K ana the other at several
temperatures between 260K and 320K. At each stabilized tempera-
ture, data is taken from all four Band 6 channels. The TM's in-
ternal calibration blackbody is also stabilized at several tem-
peratures to obtain calibratioan data from the blackbody. This
test is designed to be performed in a thermal-vacuum environment.

NEST is calculated at two scene temperatures: 	 300K and
320K. First, the response (MUX counts) versus radiance is com-
puted, then the Band 6 noise level is converted from MUX counts
to radiance to apparent blackbody temperature variation at each
temperature, and this value is the NEAT.

Coherent Noise

The coherent noise test of all TM bands is performed by
aligning the TMC to the TM (see Figure 59), turning on the flood-
lamp of the TMC, and collecting data from Bands l through 5 and
7.	 The flooding lamp presents a source of illumination which
varies monotonically as a function of scan angle. 	 This results
in TM output signals that ramp up (or down, depending on scan di-
rection) from a very low level to approximately half scale. 	 An
attempt was made to color-correct the lamp illumination to pro-
vide similar signal levels in each band.	 A similar procedure is
followed for Band 6, except that the TMC blackbody is used for
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the radiance source.	 Data output can be photographs or in the
form of power-spectral-density plots.

System-Rez ., ' ness Test

A spec	 test. the system readiness test, was used to de-
termine th	 Orall systems readiness of the TM at any time dur-
ing the te-, grogram to verify that no gross malfunctions had
occurred. The test configuration is shown in Figure 59. The
calibration of all the bands is checked using both the CBC and
the TMC. The scan mirror, line length, and electronics are also
checked, as well as all commands and telemetry channels.

Thermal-Vacuam Tests

The tests -'escribed above were all performed in the ambient
environment. The following tests were also conducted in thermal
vacuum: system readiness, square-wave response, geometric accu-
racy and band-to-band registration, and coherent noise. The test
configuration for the thermal-vacuum tests is shown in Figure 59.

M
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Section 8

LANDSAT-4 IMAGE DATA QUALITY ANALYSIS

INTRODUCTION

Land s at-4 was launched in July 1982 and carried the TM in-
strument, described in this report, as well as the fourth MSS.
Immediately after launch, a 2-year-long series of detailed inves-
tigations commenced, sponsored by NASA at the Goddard Space
Flight Center (GSFC). Research plans for these investigations,
the Landsat Image Data Quality Analysis (LIDQA), had been speci-
fied before launch so that the performance of the TM could be im-
mediately assessed. The LIDQA investigations have demonstrated
the high quality of the TM as a spaceborne multispectral radiome-
ter and have shown that the instrument met or exceeded most of
its design goals.

TM's new short-wave infrared (SWIR) spectral capability
y ielded improved mineral and plant discrimination compared to the
MSS, as anticipated by ground-based and airborne TM simula-
tions. Moreover, the improved spatial resolution and geometric
accuracy of Landsat-4 and the TM have resulted in satellite image
maps exceeding 1:100,000 U.S. map accuracy standards. Finally,
based on an information entropy measure, principal component
analysis, and classification results, the data acquired has been
shown to approach theoretical limits in information content per
pixel, exceeding the MSS by at least a factor of two.

LANDSAT-4 LIDQA OBJECTIVES

The LIDQA program sought to characterize the TM sensors on
board Landsats 4 and 5 relative to design specifications and to
evaluate image quality relative to user needs [GSFC 1981]. This
section addresses the Landsat-4 sensors and is an expansion of a
paper presented at the 1984 meeting of the Committee on Space Re-
search [Schueler and Salomonson 1984]. Section 9 presents an
analysis of Landsat-5 data conducted at SBRC.

Sensor evaluation includes radiometric accuracy, spatial
blur and geometric fidelity, and spectral performance. Image
evaluation relative to user needs includes cartography and land-
use mapping, agricultural and botanical applications, hydrology,
and geological applications, including petroleum and mineral ex-
ploration as well as land-form characterization. Each of these
evaluation areas of the LIDQA program was supplemented by inves-
tigations conducted as part of the normal NASA research effort.

The Landsat 4/5 ground-based data-processing systems have
provided the data products that enabled scientists to evaluate
sensor performance and image quality. Between July 1982 and July
1983 a set of systems, collectively called the "Scrounge" system,
was used to provide data products for analyses.	 From July 1983
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to the present, the TM Image Processing System (TIPS) has pro-
vided the data products. Aside from minor formatting differ-
ences, the Products from both of the systems, discussed in Appen-
dix A, are the same.

Three digital image products are provided by the ground-
processing system. The first is the raw data, which is not gen-
erally available. The other two products are readily available
and include archival (A) tapes and product (P) tapes. The A tape
consists of data that has been corrected radiometrically, but not
geometrically. The P tape provides both radiometrically and geo-
metrically corrected data. Color composite or black-and-white
film transparencies in 241 X 241 mm format or paper prints are
also available.

SENSOR EVALUATION

As discussed in Section 4, three fundamental sets of senscr
parameters characterize TM performance, i.e., radiometric, spa-

' tial, and spectral performance characteristics. Instrument sen-
sitivity is one of three fundamental radiometric characteristics
and is often characterized by the user in terms of the i.oise

#

	

	 equivalent ground reflectance, or NEOp. A second radiometric pa-
rameter is dynamic range, which establishes the sensor's satura-
tion radiance above which the sensor will no longer respond. Ar
third radiometric quality is the calibration accuracy that gives

l° the user confidence that a digital number (DN) from the sensor
corresponds to a specific radiance that entered the sensor aper-
ture.

The second set of characteristics involves the sensor's spa-
tial resolution, coverage, and geometric accuracy. The sensor's
instantaneous field of view (IFOV), modulation-transfer function
(MTF), and swath width are the spatial resolution and coverage
parameters. The IFOV is the projection of the detector aperture
on the ground, and the MTF defines the total allowable system
blur. The swath for Landsat 4 and 5 matches Landsats 1-3 at 185
km across track, for a repeat cycle of 15 days in a 705-km polar,
sun-synchronous orbit.

The third and final set of characteristics involves spectral
resolution and coverage, including spectral band locations and
bandpass limits for each, as well as spectral bandpass uniformity
from detector to detector. Each of these classes of sensor char-
acteristics is discussed below in terms of ;.he LIDQA program re-
sults.

Radiometry

Sensitivity

The TM was designed to meet NASA-specified NEDp requirements
of 0.5% in Bands 2 through 4, 0.8% in Band 1, and 1.0% and 2.4%
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in Bands 5 and 7, respectively. A noise-equivalent temperature
difference (NEAT) requirement of 0.5K was imposed on the therr.al
Band 6. The dynamic-range requirements for each band accounted
for anticipated high-reflectance ground features and, in conjunc-
tion with the NEAP requirements, dictated the use of eight-bit
quantization to both cover the dynamic range and provide pine
quantization within the noise levels desired.

All reflective bands provide better-than-specified NEAP for
both the Landsat 4 and 5 TMs (Engel and Weinstein 1983), a^ indi-
cated in Table 5, Section 4. The measurements for the thermal
band show that the TM NEAT is about four times better than sp e ci-
fied as a result of better-than-anticipated detector perfu_m-
ance. This injicates that a smaller thermal IFOV (60 metes ver-
sus 120 meters) could be achieved in a TM instrument, while 7rob-
ably still meeting the 0.5K NECT requirement.

Dynamic Range

Specifications on maximum radiance response were c y ceeded in
every reflective band, and the specified temperate • : dynamic
range was also exceeded in the thermal band.	 Howe-we r , the TIPS
provides processed image products whose dynamic ran,7e is approxi-
mately as specified. That is, selected dynamic range cutoffs are
applied to the data in ground processing, and the data is then
linearly stretched to a full 0 to 255 DN.

The sateIiite-radiance-to- image digital number (DN) rela-
tionship has been shown to be linear over the entire dynamic
range in both the reflective and thermal bands, so that linear
conversion from DN to aperture radiance is accurate. Moreover,
Dozier [19841 has computed the saturation radiance in each baud,
and the calculated saturation reflectance outside the atmo-
sphere. These latter percentages range from about 258 in the
bl •.ie Band 1 to about 708 in the near-IR Band 4.

The relationship between sensor DN and aperture radiance, L,
is given by the following expression:

R	 - R
_ ^	 max	 min

L -	
255	

DN + Rmin'	 (2)

where estimates of x and	 in are listed in Table 17, based
upon average values	 e?rom pr 	 aperture radiance calcula-
tions. Furt-hermore, assuming a linear relationship between
ground reflectance and sensor radiance, the following expression
can be derived [Colwell 1983, chap. 121:

L =	
Ho	

T(1+sec z) cosz + 0.72 La ' p + La ,	 (3)

where,
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H( .1) r	 ( a) e^
Ho

/n =	 TM _

n ^ rTM (A)ea	 I

is the effective radiance of a perfect Lambertian scatterer nor-
mal to the sun outside the atmosphere, z is the solar zenith an-
gle, T is the atmospheric transmittance, and L a is atmosphere
scattering radiance. H(a) is the solar spectral irradiance, and
rTM (A) is the Thematic Mapper spectral response. H o/n for Land-
sat 4 and 5 TMs are listed in Table 17. The resulting Rmax and
Rmin values are averages for both sensors.	 The difference be-
tween Landsat 4 and 5 values is small.

Table 17. Reflective Band Radiance Parameters

IHO /71 Rm ax -Rm i n
(11W/cm2 -sr-um) 255

Band	 (uri) Rmax Rmin Lo T fSAT
Landsat Landsat

4 5 (X10-2)

1.	 0.485;	 blue [	 61.6 61.6 15.2 -0.15 5.77 6.02 0.69 0.28

2.	 0.56;	 green j	 57.8 57.9 29.7 -0.28 3.5 11.75 0.74 0.7;

3.	 0.66;	 red
1	

49.6 49.5 20.4 -0.12 2.25 8.06 0.79 0.56
4.	 0.83;	 near	 1RI 33.2 33.3 20.6 -0.15 0.66 8.15 0.83 0.85

5.	 1.65;	 SWIR	 1 '	 6.7 6.9 2.7 0.037 0 1.08 0.89 0.5C
7.	 2.22;	 SWIR	 2 2.6 2.6 1.4

1

-0.015 0 0.57 0.91
1

0.65

Equation (3) can be inverted and combined with Eq. (2) to
yield ground reflectance in terms of sensor DN. To simplify the
results, it is generally assumed that L a = Lo cos z, where Lo is

	

the value of L at z = 0. 	 This is a close approximation up to
about z = 50°. L

a at
this case, the result is:

R	 - Rmax	 min DN + R	 - L cos z
p	 -	 255	 min	 o	 (5)

l 
H l+sec zT T 	

+ 0.72 Lo ) cos z

Using Eq. 5, one can estimate ground reflectance using TM data,
although it is helpful to have an estimate of T. This can be ob-
tained using radiosonde data and LOWTRAN 5, as discussed by Lans-
ing and Barker [19841. Better atmospheric correction can perhaps
be ohtained using more complicated atmospheric models, as dis-
cussed by Dozier [ 19841 , but the error in estimates of T may not
allow more accurate models to do a significantly better job of
correcting atmospheric degradation.
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Using Eq. (5), the saturation reflectance (PSAT) Was com-
puted, and the results also appear in Table 17. These results
are not identical to those of Dozier, but are close. Discrepan-
cies may be attributed to differences in the way the results were
computed. First, Dozier used solar spectral data from Thekaekara
[19701, and the Table 17 results were calculated using Neckel and
Labs data [1981], which does not agree exactly with Thekaekara's
data. Secondly, Dozier used a different atmospheric model than
Eq. (3) that takes into account multiple reflections of scattered
radiance and, therefore, is more exact, but not amenable to
closed-form analysis.

The low saturation reflectance in TM Band 1 causes satura-
tion in snow images [Dozier 19841. However, in general, many ag-
ricultural and geologic features of interest have low reflect-
ance, and saturation is not a problem [DeGloria 1984; Dykstra,
Everett, and Sheffield 19841. Features that have low reflectance
fill only the low-order bits of the TM's dynamic range, and radi-
ometric sensitivity for these features would be improved had the
sensors been designed with a lower saturation reflectance. How-
ever, the TM dynamic range was tailored in each band to produce a
sensor that would provide a reasonable compromise between the
conflicting needs of users at the two ends of the dynamic
range. Moreover, the TM actually exceeded its specifications on
both ends of the dynamic range.

Ground Temperature Estimation from TM Band 6

TM Band 6 has yielded estimates of surface temperature to
approximatel y 11K [Engel, et al. 1983; Anuta, et al. 19841. Al-
though the TM NEAT is 0.1K, as measured by Lansing and Barker
(19841, atmospheric effects and, to a smaller extent, calibration
errors degrade the temperature measurements. Engel, et al.
[19831, Anuta, et al. [19841, and Wukelic, et al. [19841, each
performed calculations of water-body temperature using Band 6
data any2 compared the estimates to the best water-temperature es-
timates available at teGt sites.

Engel, et al. [19831, assumed a linear relationship between
sensor radiance and surface radiance including atmospheric trans-
mittance and scattering. Thermal data from the TIPS has a dy-
namic range from 260K to 320K, and t1ie nonlinear-radiance-to-tem-
perature conversion provide by the Planck equation yields a non-
linear relationship between surface temperature and the DN of TM
Band 6, which can be approximated within 0.2K by a cubic fit.
Engel, et al., provide a procedure to calculate ground tempera-
ture from sensor DN, given atmospheric transmission and scatter-
ing, which can be obtained from radiosonde data (See Section 9).

Moreover, a
the DN of TM Band
with T = 0.82 and
given by:

rough approximation to ground temperature from
6 can be attained using a "nominal" atmosphere
La = 0.09, ir, which case ground temperature is
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Temperature = -13.6+0.38 DN - 6.1x10
-4 

DN 2 + 7.8x10 -7 DN 3 . (6)

This equation will be in error when T and L a diverge from the as-
sumed values, but will usually give good enough results to be
used as a rough approximation. For example, the temperature er-
ror for a scene over Los Angeles for which T = 0.75 and L a = 0.14
ranged from 0.1 to 3.8°C.

As pointed out at the close of Section 6, the quantizer
steps, or oin sizes, are unequally spaced in the TM, i.e., for
each unit change in input analog signal, the corresponding quan-
tizer step is not the same as other quantizer steps. A method of
correcting for unequal bin sizes was developed a.id used, and the
before and after results of a corrected histogram are shown in
Figure 67. Using the corrected histograms for all channels,
fairly precise calculations of relative gain and offset were
made. Table 18, reproduced from Lansing (19831, shows the rela-
tive gains and offsets for three scenes. Corrected scene counts
are obtained by substituting these values into the following
equation:

Qscene	 Qshutter
^	 (7)Qcorrected =

Grelative	 Qoffset + Qreference

where Q represents quantized output in DN, and G is gain in DN
per mw/cm2-sr-um.

Temperature estimates were made for specific locations in
several of the scenes studied. Table 19 shows the estimates from
the TM and surface records. The noise-equivalent temperature=
difference (NEAT) was calculated to be 0.11K at 300K for a uni-
form area of Lake Erie from the Buffalo scene.

Table 19. Relative Gain and Offsets in Counts

Scene Quantity Channel

1 2 3 4

Buffalo
Grel 01.998 1.011 0.975 1.017

Qof
-1.2 1.6 -0.7 1.5

Qref
7$

Los Angeles r1rel

Qof

1.002

-1.0
1.015
0.9

0.968

-C 7
1.015

0.7

Qref 83 -0,

New York Grel 0.980 1.024 0.972 1.024

Qof -1.1 1.2 -0.7 0.9

Qref ♦ 30
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Figure 67. Comparison of Histograms Before and After Correc-
tions for Unequal Bin Sizes (Los Angeles Scene)
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Table 19. Average Temperature Data (°C)

Location
Ocean Casitas Battery Lake	 Erie,

Santa Monica,	 CA Lake,	 CA Park Bay,	 NY NY

Calculated

Temperature 19.5 19.8 10.5 24

Surface Records

Temperature 16.7 17.2 10.6 21

Reflective—Band Calibration

Measurements at SBRC prior to launch provided detector gain
and offset coefficients for all detectors on the TM to meet the
calibration requirements. Estimated absolute calibration accu-
racy was t5%, or twice as good as was specified [Barker 19841.
Castle, et al. [1984], performed direct ground measurements coin-
cident with TM overflights to produce in-orbit calibration checks
on the Landsat 4 Thematic Mapper. They transferred ground-radi-
ance measurements to space with an estimated rms accuracy of t5%
and compared the results to estimates derived from the TM. Se-
lected detectors in Bands 2, 3, and 4 were in agreement with
ground-based estimates to within 6.6%, 2.4%, and 12.9%, respec-
tively, for an average agreement of 7.3%.

Sensor Radiometric Stability and Anomalous Behavior

Relative to TM internal calibration data, Barker, et al.
[19841, noted cyclic gain variations in the cold focal plane ar-
ray (CFPA) with periods of 2 months and peak-to-peak variations
of 5 to 7%.	 However, Engel, et al. [19831, show that relative
changes in the gain of all detectors on the TM were within about
1% over a 4-month period following launch.	 Since then, addi-
tional data has been gathered for more than a year since launch
on the 12 scenes listed in Table 20, and this data is displayed
in Figure 68.* As shown in Table 21, even the peak-to-peak vari-
ation was within 1% for all but Band 7. The apparent inconsist-
ency of Barker's absolute measurements and the relative gain re-
sults of Engel, et al., has not yet been resolved. If a reasona-
ble mechanism could be isolated that would cause Bands 5 and 7 tc

*A comparison of Figure 68 and the same data from Engel [1983]
shows that the relative gain of corresponding channels varies
in opposite directions in the graphs. The gain is actually the
same. However, the method of graphing was changed. In Engel
119831 the positions of the points on the graphs were computed
by subtracting the relative gain for each scene from the rela-
tive gain of a base scene (the first one).	 For Figure 68 the
subtraction was performed in the opposite order.
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Table 20. Scenes Used to Measure Relative Gains for
Bands 1 through 5 and 7.

Title Date Path-Row Days Since Launch

Central	 Florida 21 Aug 82 16-40 36

New Orleans 16 Sep 82 22-30 62

Western	 Indiana 18 Oct 82 22-32 94
Baltimore/Washington 2 Nov 82 15-33 109

Lethbridge 8 Nov 82 41-25 115

Death Valley 17 Nov 82 40-35 124

Bald Mountain 17 Nov 82 40-34 124
New York/Philadelphia 27 Nov 82 14-32 134

Salton	 Sea 10 Dec 82 39-32 149

Clarksdale 15 Jan 83 37-36 183

Sacramento 1 Feb 83 I	 44-33 200

TDRSS San Francisco 12 Aug 83 44-34 392

Table 21. TM Protoflight Model (Landsat 4) Reflective Band
Radiometric Stability Summary

TM	 Band	 (um) ARMS	 (%) APEAK	 (%)

1.	 0.485	 (blue) 0.42 0.89

2.	 0.56	 (green) 0.18 0.33
3.	 0.66	 (red) 0.12 0.55
4.	 0.83	 (near	 IR) 0.11 0.49
5.	 1.65	 (SWIR	 1) 0.15 0.82
7.	 2.22	 (SWIR	 2) 0.47 1.33

vary cyclically in gain in such a way that all detectors vary to-
gether, then relative changes would be expected to be small, de-
spite absolute calibration drift.

One other instability, of much higher frequency than bi-
monthly, is characterized by a scan-to-scan (7 Hz or slower), and
somewhat random dc-offset-level shift that has been described by
Malila, et al. [19841. Although these offset-level shifts are
noticeable in low-radiance scene data (e.g., nighttime data) by
averaging entire scans, the shifts are generally less than half a
DN, and are well within the allowable sensor performance lim-
its. Moreover, the shifts are systematic enough that they may be
correctable by means of an algorithm suggested by Malila. This
algorithm exploits the correlation of calibration shutter data
with the iffset-level shift, and subtracts one from the other to
correct the anomaly.	 No cause for scan-correlated offset shift
has yet been determined.

Other anomai: Ps have been studied, including band nonuni-
formities that cause striping in low-level imagery such as water

J
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[Anuta, et al., 1984; Malila, et al., 1984; Bernstein, et al.,
1984]. Effort- by several teams of investigators have resulted
in a thorough characterization of the striping effects in all
spectral bands, and methods of striping removal have been sug-
gested [Murphy, et al., 1984; Bernstein, et al., 1984; Fischel
1984]. Three kinds of striping have been noted in TM imagery,
including detector-detector striping, scan-to-scan striping, and
multiscan banding [Fischel 19841.

The most obvious striping Effect is detector-^_o-detector
striping. It is noticeable even after radiometric correction.
Bernstein, et al. [1984], show that the detector gain-offset cor-
rections do not fully correct detector-detector striping because
of rounding errors in the eight-bit quantization process. They
also demonstrate an interesting destriping algorithm they call
"probabilistic" destriping that performs well in correcting the
striping that would normally remain in radiometrically corrected
TM imagery.

Scan-to-scan differences have also been studied. Malila, et
al. [1984], report that a west-east variation in overall scene
brightness, attributable partly to sun angle and reflectance ef-
fects, is different in forward and reverse scans. Fischel [19841
noted a bright-target saturation effect, which also causes scan-
to-scan banding to occur. Murphy, et al. [1984], included a
striping removal algorithm in the Canadian ground-processing pro-
cedures that accounts for some scan-direction dependencies, in-
cluding an exponential "droop" effect [Murphy, et al., 1984;
Kieffer, Eliason, and Chavez 1984] with a decay time of about
1,000 pixels.	 This time period is extremely short compared to
the dc-restoration time constant associated with the TM system
and has not yet been explained. Finally, Bernstein, et al.
[19841, have reported a multiscan banding effect, consisting of
random changes in brightness over several scans. The frequency
of this effect is very low, and there is, as yet, no good expla-
nation of the effect, although it may be related to the scan-cor-
related shift reported by Malila.

Coherent ri^7, ise, which is correlated in frequency, or coher-
ent with specific electronic or mechanical oscillations in the
system, also has been studied [Anuta, et al., 1984; Kieffer,
Eliason, and Chavez 1984; Bernstein, et al., 1984; Wrigley, et
al., 1984]. Investigators mentioned several frequencies but, in
particular, they emphasized a small image degradation at 0.3 cy-
cle/pixel, purportedly caused by a spacecraft 32-kHz switching
power supply [Bernstein, et al., 19841. Wrigley, et al. [1984],
removed this noise from the image by notch filtering in the spa-
tial frequency domain, and Bernstein, et al. [19841, demonstrated
an interesting spatial domain filtering technique based on meas-
uring the phase of the noise pattern.

One detector in the Landsat-4 TM system failed prior to
launch, and the corresponding pixels are replaced with those of a
neighboring detector to produce image products. 	 Bernstein, et

P0
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al. [19841 and Fusco, et al. (1984], both examined alternate
algorithms for failed detector replacement. In general, both
teams found that an algorithm based on replacement of a failed
detector output with that of the name detector from a different
band yielded superior results, compared to the standard algorithm
that uses a neighboring detector in the same band. Fusco, et
al., are examining the possibility of implementing their algo-
rithm in the Italian ground-processing system.

The thermal-band calibration has been verified by Lansing
and Barker [19841. The key result of the verification shows
there has been correctable thermal-band gain variation over time
as shown in Figure 69. Most of this variation can be traced to
suspected water condensation on a radiative cooler window. The
average blackbody reference value also decreased by about 15%
over the same period, and relative internal gains among the four
Band 6 channels varied by 5% over the 9 months after launch.
However, an outgassing cycle in January 1983 was shown to return
the thermal-band gain to its original value, as indicated by the
arrow in Figure 69, validating the reliability of the calibration
reference.
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Figure 69. Initial Calibration Unchanqed After outgassing
(Decreasing Slope Indicates Increasing Gain)
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Resolution; Instantaneous Field of View (IFOV) and Blur

Landsat's spatial resolution performance is generally char-
acterized by two parameters. One is the IFOV, which is just the
geometrical projection of a detector onto the ground and is meas-
ured in meters on a side on the ground. However, the MTF is more
important because it accounts for all system blur, including the
optical system, the detector IFOV, and the electronics re-
sponse. Therefore, the MTF completely characterizes sensor image
quality, aside from sampling artifacts, in a spatial-sharpness
sense. The equivalent spatial-blur characteristic is the sensor
line spread function (LSF), which defines how a linear input ra-
diance (a road is a practical exampli-^) is blurred by the sen-
sor. The sensor MTF and LSF were both characterized accurately
on the ground prior to launch by SBRC [Schueler 1983] and approx-
imately on-orbit by several investigators [Anuta, et al., 1984;
Wrigley, et al., 1984; Markham 1984a].

Because the LSF and MTF are essentially equivalent measures
of spatial resolution performance, and because MTF is conven-
iently specified at a single spatial frequency (the Nyquist fre-
quency, with a period equal to twice the center-to-center spacing

.►

	

	 of adjacent detectors on the focal plane), only MTF was speci-
fied, and both the Landsats 4 and 5 TM exceeded the MTF specifi-
cation.	 Independent computations [Schueler 1983; Markham 1984a]
of Landsat-4 LSFs were performed, based on available prelaunch TM
frequency response measurements made at SBRC. Comparison of
these results, with an LSF width at half-maximum of 1.2 to 1.3
IFOVs, to on-orbit data, suggests a degradation of on-orbit LSF
of 10 to 20% (1.4 to 1.6 IFOVs) in Markham's work (1984a] as well
as that of Anuta, et al. [1984] and Schowengerdt [Wrigley, et
al., 19841. These degradations seem small enough to be attrib-
uted to a combination of atmospheric blur and uncertainties as
well as degradations resulting from the coarse TM sampling rate
on orbit.	 The tentative conclusion to be drawn from these ef-
forts is that the TM's spatial-imaging performance appears t , , be
consistent with prelaunch measurements.

Sampling and Resampling Effects

The spatial performance of the Landsat sensors, both the MSS
and the TM, are limited not only by the image blur characterized
by the MTF or LSF, but also by discrete sampling, at approxi-
mately one IFOV intervals, of the terrain below the spacecraft.
Recent studies of the specific sampling artifacts pertinent to
MSS and TM have been performed [Park and Schowengerdt 1982a], and
show that spatial errors in the TM data can be attributed to im-
age blur, errors in the nonideal image resampling used to correct
geometric errors, and aliasing (moirf) errors due '-o scene under-
sampling by the sensor. A key result is that the cubic convolu-
tion resampling algorithm employed by the original -crounge geo-
metric processing system at GSFC produced errors in early scenes
which could be reduced by modifying the parameters in the algo-
rithm.	 This "parametric" cubic convolution algorithm FPark and
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Schowengerdt 1982b) was used to correct later scenes [Fischel
19841.

Geometric Quality

The appearance, as well as the fundamental accuracy and
utility of TM data, is founded on a cornerstone of pixel-level
data registration to standard maps (geodetic accuracy) and be-
tween successive scenes (temporal registration accuracy), as well
as pixel-to-pixel registration between bands [Beyer 19831. The
key to attaining the required accuracies in each of these three
areas involves three steps. First, the system, including the
sensor and the spacecraft, must be of the highest quality to re-
duce errors to a minimum. Second, equipment must be available to
continuously monitor the errors that exist and to provide that
information in conjunction with the scene data. 	 Third, a soft-
ware system must be provided to implement the necessary correc-
tions, based on the measured errors.

Geodetic errors were restricted to less than half a pixel
after correction processing, and temporal registration errors
were restricted to less than 0.3 pixel. Earth topographic ef-
fects were excluded from these error specifications, due to the
fact that spacecraft ephemeris variation between successive over-
flightc will cause uncontrollable distortion between different
images ^'_ the same geographic area. Band-to-band registration
error was restricted to 0.2 pixel between bands on the same focal
plane and to 0.3 pixel between bands on different focal planes.

Early analysis suggested that the TM scan-mirror repeatabil-
ity errors might be the chief error source contributing to prob-
lems in all three of the registration-performance areas mentioned
above. As a result, 0.23 pixel error was allowed to estimate the
probable data quality. In fact, performance was about seven
times better than predicted, with only 0.033 pixel error being
attributed to scan-mirror repeatability. Moreover, spacecraft
attitude deviation errors are limited to 0.015 pixel, and the
combination of both of these error sources is about a sixth of
the allowable temporal registration error. The result of this
high-quality system performance has been an overall geodetic per-
formu-ice good enough that successive scenes that are matched to
ground control points, rather than to each other, still are reg-
istered to one another to within the temporal registration speci-
fications [Brooks, et al., 19841. Finally, band-to-band regis-
tration, after geometric corrections, has been obtained to within
0.1 pixel, or half the requirement.

The necessary error-monitoring-and-correction system to
achieve this performance requires a complicated set of interac-
tive measurement, recording, and transmission devices connected
to the sensor and to the spacecraft.	 The geometric correction
system is illustrated in Figure 70. 	 The mirror-scan motion is
monitored and included in payload-correction processing, along
with angular-displacement information. 	 These critical pieces of
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information, combined with spacecraft attitude and ephemeris in-
formation, allow the TIPS to compute the actual point on the
ground at which the TM was looking at several points throughout
each mirror scan cycle. As a result, geodetic errors can be cor-
rected to the accuracy of the measurements in the payload-correc-
tion data stream. A feedback loop to continuously reduce the
measured spacecraft errors is provided through gyroscopes, star
trackers, attitude-control reaction wheels, and an on-board com-
puter. Finally, the overall ground-correction process, involving
control-point processing and resampling, uses the measured errors
to correct the image data.
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Figure 70.	 Landsat-4 Thematic Mapper Geometric Correction

System	 (after	 Beyer	 [ 19831)

Key factors contributing to geodetic error are spacecraft
attitude and ephemeris error, as well as pointing errors. Tempo-
ral registration accuracy is limited to primarily the same errors
that affect geodetic accuracy, plus spacecraft jitter and scan-
mirror-profile errors, nonlinearity, and repeatability. Finally,
band-to-band registration accuracy is limited only by TM sensor
errors, especially scan-mirror nonlinearity and detector-elec-
tronics time-delay variations. These latter effects were meas-
ured prior to launch [Schueler 1983], and are part of the ground-
processing system. 	 Additional band-to-band errors can occur if
the telescope focal length changes or the focal planes shift on
orbit. In spite of the many error sources, Colvocoresses [19841
found that 1:100,000 maps can be made with TM data as accurately
as standard map products. In fact, a Thematic Mapper image map of
Washington, D.C., is available from the United States Geological
Survey (USGS).
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Spectral Characteristics

The final set of parameters that characterize the Landsat
sensor's performance are the spectral bands, including location,
bandpass, and detector-to-detector bandpass uniformity. These
specifications represent only the general characteristics, and
detailed measurements of all components that affect sensor re-
sponse as a function of wavelength were combined to produce end-
to-end characteristics for each channel.

A common technique used to approximate the irregular band-
pass data is to assn • ie that each spectral band can be character-
ized by a perfect rectangular bandpass with area equal to the
area under the actual bandpass and cutoffs given by the specified
band cutoffs. Palmer and Tomasko [1980] show that this ap proxi-
mation works best if the long and short equivalent bandpass cut-
offs are selected to be equal to the mean wavelength in the band,
plus or minus the spectral-response-shape standard deviation mul-
tiplied by the square root of 3. This result has proved to be
very close to the "50% cutoffs" used to specify the TM bands
[Palmer and Tomaski 19801, which are located at the points where
the spectral response equals half its maximum value.

Qualitative conclusions concerning on-orbit detector-to-de-
tector spectral bandpass uniformity can be drawn from Figure 68,
which show that the detector-to-detector relative response time
variation was less than 1% over a year, using twelve TM scenes
(Table 20) with entirely different spectral characteristics.
Spectral nonuniformities among detectors would have contributed
to relative changes in radiometric response because of the spec-
tral variation in the TM scenes used. Therefore, at least in a
qualitative sense, these results qive evidence of good spectral
uniformity.

IMAGE QUALITY

Information Content

A key aspect of TM performance that has emerged from the
LIDQA studies (beyond the fact that the sensor has substantially
met its basic engineering performance requirements) has been the
discovery that the raw information content of the TM data appears
to exceed that of the MSS sensor by at least a factor of 2 per
pixel for the reflective bands.

The LIDQA results were for typical United States scenes.
Price [1984] used an information entropy (pixel-to-pixel varia-
bility) measure to find that the ratio of TM information content
per pixel to that. of MSS for a specific set of scenes was about
1.8 to 1. TM's increased pixel-to-pixel variability also led to
a factor of 2 improvement in its classification performance over
the MSS. Anuta, et al. [19841, and Haas and "Waltz [1984] found a
doubling of the number of classes separated by an unsupervised
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clustering algorithm for coincident TM versus MSS data.	 Bern-
stein, et al.	 [1984], Anuta, et al.	 [1984], Malila, et al.
[1984], and Crist and Cicone [1984] found that TM has twice as
many principal spectral components as MSS does. A physically
based example of TM's increased spectral information content is
the "wetness" component reported by Crist and Cicone, which has
no counterpart in MSS data. Finally, Welch and Usery [198+],
Walker, et al. [1984], and Colvocoresses [1984] all found that
TM's spatial resolution and geometric accuracy were within
1:100,000 USGS map accuracy standards, while MSS offers 1:200,000
accuracy.	 Again, these results appear consistent with a factor
of 2 improvement in information content of TM over MSS.

The LIDQA results summarized above can be better appreciated
in the context of a theoretical upper bound to the TM's informa-
tion capacity. Huck, et al. [1981], showed that the upper bound
on information transmission capacity of a line-scanning sensor in
bits per unit area is given approximately by the ratio of the
number of bits of quantization (eight for TM versus six for MSS)
to the area of the IFOV (900 m 2 for TM versus 6400 m 2 for MSS).
Therefore, if the TM has twice as many orthogonal spectral compo-
nents as the MSS, the ratio of the TM upper-bound information ca-
pacity in bits per unit area to that of the MSS is approximately
19. Conversion from a ratio of bits per unit area to bits per
pixel eliminates the sensor IFOV area ratio and results in an up-
per bound of 2.6 for the ratio of TM information content in bits
per pixel to that of MSS.

The LIDQA results (factor of about 2) compared to the upper
limit of 2.6 can be understood by noting that the upper bound
pertains to the ratio of information capacity of two information
channels (the TM and the MSS) and not to the information content
of any specific data sets. How much actual information gain is
achieved is scene-dependent, as demonstrated by Clyde, Spencer,
and Vesper [1983]. Using simulated data sets, they showed that
MSS and TM classification performance should be essentially the
same for fields greater than 40 acres in area. 	 When area per
f ield dropped to a range of 10 to 40 acres, then TM accuracy was
about 10 to 15% better than MSS, comparable to LIDQA results on
actual data. Finally, for fields smaller than 10 acres, simu-
lated TM data offered twice the classification accuracy of simu-
lated MSS data.

Image Utility Relative to MSS

The TM was initially designed with radiometric, spatial, and
spectral requirements intended to provide some specific improve-
ments in performance relative to MSS for land-use discrimination,
crop and mineral identification, and overall land classification
accuracy. Specifically, the finer quantization was expected to
improve classification accuracy by providing more accurate ground
reflectance estimates. The finer spatial resolution was moti-
vated by studies that showed that smaller acreage Fields than
those in the United States would be classified more accurately by
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a sensor with a smaller IFOV than MSS, principally due to the re-
duced number of "mixed" boundary pixels that would otherwise con-
fuse the classifiers. The extra and narrower spectral bands were
intended to yield improved discrimination of both minerals and
plants due to the spectral differences that exist in ground fea-
tures in the short-wave infrared that do not exist in the visible
and near infrared.

Williams, et al. [1984], sequentially degraded TM data to
MSS quality so they could determine what aspects of TM data
quality contributed most to its improved classification perform-
ance. They found that the radiometric effect was strongest, fol-
lowed by the improvement in spectral performance, in conformance
with findings by Toll [1984]. Notably, they found that the TM's

spatial-resolution improvement actually degrades classification
of fields. This is attributed to the fact that the TM's smaller
IFOV measures within-field variability that is ignored by the
MSS, and this variability tends to confuse the classifier. They
suggest that the classifiers be improved in such a way as to ef-
ficiently use the smaller TM IFOV. Until then, better results
can often be obtained by aggregating TM pixels prior to running a
field classifier that has been optimized for MSS data, except for
fields that are so small as to show little within-field variabil-
ity even in TM data.

Several investigators have verified Williams' overall find-
ing that TM exceeds MSS in land-use classification accuracy, with
TM providing an average of about 85%, versus MSS performance of
75%, relative to ground truth. Specifically, Toll found that TM
_y ielded 85% accuracy and Quattrochi [1984] about 90%, compared to
MSS performance of 75%. Middleton, et al. [1984], found that TM
generally exceeded MSS by 11 to 13% in land-use classification
accuracy.

The expected TM capacity to classify small fields more accu-
rately than MSS has not been adequately verified, but available
evidence is encouraging. In a study comparing TM data and MSS
data, Markham [1984b] found that TM can detect objects as small
as 16 meters as compared to 40 meters for MSS. Witt, Blodgett,
and Marcell [1984] looked for surface ;nines in Appalachia using
TM and MSS data. They found that TM offered great improvements
over MSS in map registration accuracy and in its ability to de-
lineate small irregular surface features, such as narrow contour-
strip mines. The average improvement in classification accuracy
for mine categories was 25t. DeGloria [19841 found that the TM
resolution allows improved detection and identification of fields
less than about 12 acres in area. However, there appears to be a
paucity of specific investigations into the improved ability of
TM to classify smaller fields than MSS, such as those in China.

Crop identification within agricultural areas depends
largely on the sensor's spectral discrimination capability, and
TM outperformed MSS quite dramatically, as was anticipated. Key
examples show that the addition of short-wave infrared (SWIR) TM
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Bands 5 and 7 was the principal reason for the performance im-
provement, although the narrower visible and near-infrared Bands
2, 3, and 4 also contributed. Specifically, DeGloria (1984]
found that the SWIR bands provide critical leaf moisture-content
discrimination that leads to the capability to separate crops
such as alfalfa and sugar beets, which are not easily separable
with MSS data.

Figure 71 illustrates the TM SWIR crop discrimination capa-
bility. Alfalfa and sugar beets have very similar reflectance
profiles throughout the visible and near IR, but show a signifi-
cant dissimilarity in the SWIR spectral range. In particular, a
maximum difference in reflectance occurs in TM Band 5, at
1.65 um. It is not surprising that discrimination of alfalfa and
sugar beets is enhanced in Band 5 TM images. This is illustrated
in Fiqure 72, which shows a portion of the Imperial valley in
California just south of the Salton Sea ima ged by TM on 12 Decem-
ber 1982.	 Figure 72(a) illustrates that Band 4 yields essen-
tially no discrimination among four fields indicated by a bracket
and an arrow. On the other hand, Figure 72(b), demonstrates a
dramatic difference in Band 5 reflectance between the fields on
the left and those on the right. The two dark fields in the Band
5 image have been verified as sugar-beet fields with reduced SWIR
reflectance due to hi gh leaf-moisture content, and the bright
fields were planted with alfalfa.

SUGAR BEETS (HIGH LEAF WATFR CONTENT)

— — — — ALFALFA (LOW LEAF WATER CONTENT)
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Figure 71. Spectral Signatures Reveal Differences Among Crops
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Figure 72. TM SWIR Capability Enhances Crop Discrimination

Pitts, et al. [19841, showed that the SWIR bands also en-
hanced corn and soybean separability, allowing these cro ps to be
identified up to a month earlier in the year than is possible
with MSS. TM Band 5 also enhanced separation of meadow and hard-
wood, as well as soil classification [Thompson and Henderson
1984]. Even the TM's thermal Band 6 has been found useful in re-
newable resource classification, enhancing tree identification in
forests [DeGloria 19841, and improving soybean and sorghum dis-
crimination [MacDonald 1984].

Water-resources planning is also included in TM user re-
quirements. Dozier [19831 found that a critical component in
water resources planning that MSS has been unable to supply is
readily available with TM. Especiall y in Cal4fornia, but also in
many other locations, much of the agricultural water supply is
derived from snow runoff. The ability to estimate snowpack is
critical to estimating snowmelt and subsequent water supplies.
Unfortunately, MSS confuses clouds with snow, and extensive esti-
-nation has been necessary in the past to distinguish the two in
MSS data. Moreover, Dozier showed that TM has a generally higher
saturation level than MSS, making TM data more useful than M3S
for snow-hydrology studies.

Figure 73 and Plate 2 illustrate the TM snow/cloud discrimi-
nation capability.	 As Figure 73 illustrates, the reflectance of
snow and clouds is quite different in the SWIR.	 Therefore, TM
Bands 5 and 7 discriminate between snow and cloud easily. To
visualize this discrimination capability even more clearly, Plate
2 shows two renditions of Sierra-Nevada mountains data, acquired
on February 16, 1983. The image on the left in Plate 2 was made
using TM Bands 2, 3, and 4 to spectrally approximate MSS Bands 1,
2, and 4.	 Because snow and clouds both have high reflectance
throughout the visible and near IR, both snow and clouds appear
white in this image.	 On the other hand, the image on the right
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in Plate 2 was made using TM Bands 2, 5, and 7. Because clouds
have high reflectance over the entire spectral range, they again
appear white. However, snow is dark in Bands 5 and 7 so that
snow appears blue is this image and is very easily distinguisha-
ble from clouds.

—Q.—Q-- SNOW Jimm GFIA1N SIZO

--C7--o--- CLOUDS (TYPICAL SMAiUS )

Figure 73. Snow and Clouds: Similar in Visible Band,
Separable in Shortwave Infrared

The TM's earth-resource-distinguishing capability extends
into the aq uatic vegetation regions, as well. Specifically,
Ackleson and Klemas [1984] found that TM is effective in discrim-
inating submerged plants from sand in water depths of up to 2 me-
ters, and Hardisky and Klemas [1984] showed that TM Bands 3, 4,
and 5 can provide biomass estimates in coastal marshes. Schiebe
[1984] found that TM Band 3 can help monitor suspended sediments
in lakes. A major ecological concern is the effect of electri-
cal-power-plant cooling-water effluent on the temperature of
large water bodies, and both Anuta, et al. [1984], and Wukelic,
et al. [1984], studied the application of TM Band 6 to tempera-
ture measurement of power-plant effluents with encouraging re-
sults.

An example of the use of Band 6 to create a ground tem pera-
ture map is shown in Plate 3. This color image is a density
slice of a night scene over Buffalo, New York, taken on August
22, 1982.	 The large water body in the middle of the image is
Lake Erie. Warm areas are red (21°C) and cold areas are blue
(6°C). Water-temperature information obtained from Lake Erie at
the time verified the TM temperature estimates to within about
1°C [Engel, et al., 19831.
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Mineral identification by spectral discrimination has been
assessed by several geologists as one of the most useful improve-
ments provided to the geology community by the TM. The new SWIR
Bands 5 and 7 are the key components in this success, due to the
significant spectral signature structure possessed by clay miner-
als in the SWIR spectral region. Specifically, Borengasser,
Brandshaft, and Taranik [1984] and Podwysocki and Bender [1984]
have found that clays and iron oxides are easily discriminable
for the first time with TM data using Bands 5 and 7. Iron oxides
provide a unique signature in the visible green and red, and
clays in the SWIR, so that spectral band ratio products allow
relatively easy visual identification of clays and iron oxides in
color-coded TM imagery.

Plate 4 illustrates TM's capability to delineate mineral in-
formation by means of a hue, intensity, saturation (HIS) algo-
rithm applied to data. Spectral Bands 2, 3, 4, 5 and 7 of the
Thematic [upper sensor were all used to create the picture.

Hue is manifested by a Band 5/7 ratio, which is coded red,
and by a Band 3/2 ratio, coded green. Clay carbonates do not re-
flect light well in Band 7, so the ratio of Band 5 to Band 7 will
peak in areas of the scene containing clay. By coloring the Band
5 and 7 ratio with red light, clay will have a red hue in the im-
age. Iron oxides are also of interest to the geologist, and
those minerals have low reflectivity in Band 2, so that a Band 3
to 2 ratio will peak in areas where iron oxides appear. The Band
3 to 2 ratio is coded with green light so that iron oxide has a
green hue in the image. Mixtures of red and green light produce
yellow, so that particularly promising areas for mineral explora-
tion that contain both clay and iron oxides have a yellowish tone
in this image.

Intensity is manifested in Plate 4 using Band 4 as a mask to
suppress shadow areas. BF:cause Band 4 has relatively uniform re-
flectance for many types of ground cover, Band 4 was used to in-
dicate areas of shadow to provide topographical relief to the im-
age.

Finally, where neither iron oxides nor clay exist, and both
the 3/2 and 5/7 band ratios are very small in value, a nearly
equal mix of sat , :rated red, green and blue light is automatically
provided to obtain a white image, indicating an area of little
geological interest.

Borengasser, Brandshaft, and Taranik, as well as Abrams
[19841 and Dykstra, Everett, and Sheffield [19841, agree that
geological maps made with TM data provide high correlation with
existing maps that were painfully produced by man-years of field
geology. Dykstra found that TM provided detection of phenomena
related to hydrocarbon seepage, which may be useful in petroleum
exploration. Finally, these research workers and Short [1984]
report that TM's enhanced spatial resolution provides direct vis-
ual identification of likely prospecting sites to an extent sig-
nificantly better than MSS.
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Plate 3. Density Slice of a N ight Scene over Buffalo, NY.
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Plate 4. Hue Intensity Saturation Transformation —
Death Valley, CA.
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CONCLUSION

The LIDQA studies have not only shown that the Thematic Map-
per has met its original specifications, but have characterized
its performance radiometrically, spatially, and spectrally. The
sensor has been shown to have a sensitivity performance better
than 0.5% NEAP in the reflective bands, and an NEAT of 0.11K.
Although raw TM data also exceeds its dynamic range specifica-
tions, the TIPS sets the dynamic range approximately equal to
specification. Several minor instabilities and anomalous radio-
metric effects `,.ive been reported, but the overall radiometric
performance has been rated excellent by all LIDQA investiga-
tors. TM's spa`Ai L:! performance has exceeded specification both
in terms of image -harpness and geometric accuracy, yielding map-
ping at least twice as accurate as MSS. Spectral performance is
within specification.

The LIDQA studies have also shown that the TM's image util-
ity is at least a factor of 2 higher than MSS. TM has the capa-
bility to separate twee as many land-use classes as MSS and has
demonstrated a 10 to 15% im provement in land-use classification
accuracy in United States scenes. Finally, TM's spectral capa-
bility in the SWIR has been shown to provide the enhanced plant
and mineral discrimination capability that was anticipated as
well as other improvements, such as snow/cloud discrimination.
These results are consistent with the finding that TM's raw in-
f ormation capacity is at least twice as great as MSS on a per
pixel basis, and is close to the upper theoretical limit.
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Section 9

LANDSAT-5 DATA ANALYSIS AT SANTA BARBARA RESEARCH CENTER

Evaluation of the performance of the Landsat-5 TM, Launched
in March 1984, is an ongoing effort. The results of the two
studies summarized in this section represent only those investi-
gations performed at SBRC since August 1984 when adequate data
became available.	 The first study analyzes the response of the
reflective levels to scenes that tend to saturate the detec-
tors.	 The second study evaluated the performance of the thermal
band.

BRIGHT-TARGET RECOVERY

One area of data analysis that has not been emphasized in
previous TM studies is bright-target recovery (BTR); i.e., the
rapidity with which a detector recovers from saturation caused by
a bright object. According to the GSFC specification to which
the TM was designed, the reflective channels must recover from
radiance levels defined in the specification in four IFOVs or
less. In L.ie analysis presented here, Band 1 was used as the
test case because Band 1 saturates more frequently than other
bands. The reason is that the Band 1 saturation level was set to
a value (1.00 mW/cm 2 -sr) much lower than the other bands relative
to solar radiance.

Since clouds and snow have very high reflectance, Band 1
frequently saturates over clouds and snow and would also be ex-
pected to provide a more severe test of bright-target recovery
than other bands. Note also that the cloud or snow radiance is
likely to be twice as high as the 1.00 mW/cm 2 -sr saturation value
above. Therefore, we define areas of the picture where bright-
target recovery requires more than four IFOVs as "bright-target
delays."

Two types of BTR delays have been observed:	 (1) a single
detector fails to recover as rapidly as its neighbors, and (2) a
scan-to-scan effect occurs, known as "banding."	 The first of
these two types of delays is observed as a light "finger" ex-
tending into a darker area.	 This type of delay is discussed
here. The second is seen as alternating "light" and "dark"
stripes corresponding to forward and reverse scans. This effect
is described by Fischel (1984].

Techr.icues for Detecting BTR Delays

The type of scene to be analyzed must contain objects that
cause saturation, have a relatively well-defined sharp edge or
rapid dropoff extending for more than approximately three pixels
in the cross-scan direction (vertically, or nearly so), and a
uniform background.
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A sharp edge in the scene enables one to determine if recov-
ery has actually occurred. The edge must extend for several pix-
els so that detector response for adjacent detectors can be com-
pared.	 A uniform background is required, because variations in
the terrain would tend to hide the delays. 	 One of the best
scenes for BTR delay detection is a scene containing bright
clouds over water, since water is so uniform. However, the dif-
ficulty in using clouds as the cause of saturation is that they
are such irregular objects that they do .ot often exhibit a sharp
edge extending in the cross-scan direction for several pixels.

Visual Detection of Simulated BTR Delays

Before Landsat-5 data was available, tests were made to de-
termine whether the eye was sensitive enough to detect BTR de-
lays. To test the eye's sensitivity, a "perfect" cloud with
"perfect" water background was computer-generated by modifying
cloud and water pixels in a cloud-over-water scene from Land-
sat-4.	 (The purpose of this simulated scene was to approximate
bright target rolloff and was not intended as an exact moael cf
detector ana electronics performance.) The simulated cloud was
characterized by a 20u-pixel, straight, vertical edge and by a
rolloff that fit an -xponentiai curve, similar to the type of
rolloff expected from a detector viewing a natural cloud edge.
Figure 74 shows natural cloud rolloff of several detectors com-
pared to the rolloff from the "perfect" cloud. The rolloff from
the natural clouds is more gradual at the first pixel after satu-
ration because, on the average, only half a pixel will contain
cloud data at the cloud edge, and, in addition, a cloud is not
normally bright all the way to its edge; i.e., the cloud would
tend to be less dense at the edges.	 Thus, the "perfect" cloud
4ill have a more clearly defined edge than would normally be ex-
pected in natural clouds.

Using the "perfect" cloud, artificial BTR delays were gener-
ated by extending a detector's recovery to one, two, and three
pixels beyond the four-pixel successful-recovery point. The num-
ber ;f delays created and their locations along the edge of the
cloud were randomly selected to make the test as objective as
possible. The maximum number of delays allowed was 100. The
test was conducted several times at Pach delay level; i.e., one,
two, and three pixels beyond specified recovery location.	 Fig-
ure 75 shows the artificial delays and the "perfect" cloud roll-
off used in this test.	 The resulting 512 x 512 pixel image was
displayed on an -,ED 512 Color Graphics Terminal. with this ter-
minal a 512 x 512 image is displayed on an 8 x 8 inch screen,
which is much larger than the area in which Landsat scenes are
normally displayed, making detection of small features easier.

When viewing this data, the human eye was able to detect
very small BTR delays.	 In all cases, successful detection vas
better than 95'x, and usually was 100%.	 The results for the
three-pixel delay, shown below, were typical:
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Number of Delays

Counted	 Actual	 %

	

8	 8	 Lou

	

21	 21	 100

	

75	 76	 98.7

Results from these tests snowed that the larger the number
cif delays the greater the chance of missing one, with only a
small change in detection capability caused by less extensive de-
lays. The w..rst case was the one-pixel delay level where 95.2%,
40 delays out of 42, were detected.

In the above simulation, noise was ignored. However, in re-
alit y , noise will make a difference in the ability to detect BTR
delays. If the sensor noise is large in relation to the signal
level of a BTR delay, the delay would be indistinguishable from
the noise. Thus, the ability to measure the severity (extent of
affected pixels) of a BTR delay will always be limited by sensor
noise.

In addition to the assumption of a noiseless sensor, the
test was biased in favor of detection by the eye inasmuch as the
approximate location of the BTR delays was known. In an actual
TM scene there would be no way of knowing if BTR delays even ex-
isted, let alone where they were.

Detection of Actual BTR Delays

Haring established the feasibility of BTR delay-detection by
eye usinj simulated TM data, the test was extended to a real TM
scene. Scenes containin g I-ight clouds were examined to find
those with the requisite ) edge and background characteristics.
Since no cloud-over-water scenes were available, an image of
clouds located over southern New Mexico, near Alamogordo (scene
50129-17075, path 33, row 37) was chosen. While not the most
ideal scene for BTR delay detection, it was found tc be adequate
since the cloud shadow provided a relatively ;niform area in
which to search.

To facilitate Locating BTR delays in examining randsat-5
data, a program ( EDGEFIND) was written to search for sharp edges
in a full TM scene. EDGEFIND narrows the search by providing 512
X 512 pixel images of locations of possible BTR recovery de-
lays. The 512 - 7,12 subscenes generated by EDGEFIND were then
scanned by eye on the AED 512 graphics terminal to locate any de-
lays.

Results and Discussion

Using the methods described, it was possible to detect BTR
delays by eye. The only subscenes found in the real data that
exhibited BTR delays were from Band 1. This is not an unexpected
result since, as mentioned earlier, Band 1 is most prone to
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saturation. However, the delays occurred in a slightly different
manner than expected. Rather than an isolated detector recover-
ing just a few pixels more slowl y than its neighbors, the delays
were as many as 140 pixels in extent and occurred in several de-
tectors simultaneously. Detectors 16, 14, 12, and 2 consistently
exhibited BTR delay, although the delay of detector 2 was not as
severe as the others.

The delays were apparent only after close examination of the
scene; however, they became much more apparent after a linear
"stretch" was performed on the data. Plate 5 shows a raw 512 X

512 A-tape image in which more delays occur than in any of the
other subscenes examined and the same subscene with a linear
"stretch" to highlight the delays, which appear as barely dis-
cernible, fine white streaks emanating into the blue areas. The
blue areas represent saturated pixels. Since the data used here
has not been radiometrically and geometrically corrected, some
anomalies can be observed, especially scan nonlinearities. The
jagged edges are 3n artifact of the A-tape data having each al-
ternating scan shifted about 46 pixels from normal. These edges
were left in the picture since they differentiate the forward and
reverse scans so well, with the forward scans shifted to the
right.

Measurement of the Severity of BTR Delays

BTR delays can also be detected by examining the digital
numbers (DN) or actual pixel values. Table 22 shows the DN lev-
els of all 16 detectors for a portion of a reverse scan (read
from right to left) from the above scene during a bright target
recovery.	 There are two clouds in this scene whose edges are
outlined in boldface numbers in Table 22. 	 Saturation from the
first cloud extends across all detectors and from Pixel 0 to
Pixel 5 for Detector 6.	 The northernmost edge of the second
cloud commences at Pixel 22 ana extends through Pixel 23.

The DN levels of Detectors 16, 14, 12, and 2 are several
counts higher than these of the neighboring detectors 15, 13, 11,
and 1, showing that they do not recover as rapidly as their
neighbors.	 It should be noted that this data is scene-depend-
ent.	 For example, Detectors 1 and 2 show the northernmost edge
of a cloud from approximately Pixels 22 to 28. Because of this
cloud, Detector 1 has higher values than Detector 2 for a short
distance, which masks the BTR delay effect. Also, the cloud sat-
uration does not completely end until approximately Pixel 29, at
which point the delays are easily seen.

In order to more clearly show the severity of these delays
an attempt was made to smooth out the natural variability of the
ground data by averaging. Using data from the same subscene and
scan as in Table 22 averages by pix,, l of detector groups 16-14-12
and 15-13-11 were computed and are shown in Figure 76. The 1.6-
14-12 group is clearly higher than the 15-13-11 group. This
delay does not exist for all even detectors in the same location
in the scan, even though they all "see" the same cloud. Figure 77
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shows the output for detector groups 10-8-6-4 compared to 9-7-5-3
in the same area as that of Figure 76. The averages of these two
groups are similar, showing no saturation effect.

When there is no saturation effect, detectors 16, 14, and 12
behave in a manner similar to their neighbors.	 Figure 78 shows
detectors 16, 14, 12 and 15, 13, 11 averaged over an area ( from
another subscene) not affected by a bright target. As in Fig-
ure 77, the two averages are basically the same. Figure 79 shows
the difference between the two sets of averages of Figure 78:
even detectors minus odd detectors. (At about pixel 56, scene
variability masks the BTR delays in both Figures 78 and 79.) The
presentation in Figure 79 clearly shows that even detectors and
odd detectors track closely in response to scene radiance.

The data presented up to this point shows that BTR delays
exist, but they do not indicate the duration of the delays. The
reason for this is that the subscenes examined up to this point
contain numerous clouds within close proximity of one another and
also contain variable background data. 	 The delay is hidden by
adjacent clouds and/or scene variability.	 Plate 5 shows this
phenomenon quite well.	 The maximum delay in the subscene of
Plate 5 is only about 60 pixels. Figure 80 is a graph of the
maximum delay in an area of a subscene containing very few clouds
and a relatively smooth background. This graph shows the differ-
ences in averages, as does Figure 79, for detector groups 16-14-
12 and 15-13-11.	 The first 36 pixels after saturation are
greatly affected by the variability of the scene, and the delays
are masked.	 The remainder of the graph, up until approximately
pixel 140 after saturation, shows the delays quite well.

Besides the length of the delays, the magnitude of the de-
lays, i.e., th-- cumber of DN levels above normal, is of inter-
est. However, the exact magnitude was difficult to determine
since the "normal" level or background of the scene was so varia-
ble. Even the cloud shadow contained more variability than is
acceptable for accurate determination of the background. Nonvar-
iability is necessary to determine noise level and to distinguish
between a BTR delay and noise. The above graphs only approximate
the magnitude of the delays. The largest differences in averages
occur shortly after saturation and seldom exceed 8 DNs. The mean
seems to be about 3 DNs.

Cause of BTR Delays

The reason for the BTR delays has not been determined. One
possibility is that, since this data has not been radiometrically
corrected, the different gains and offsets for each detector are
causing the problem. Normal radiometric corrections applied to
the data would correct for the apparent gain and/or offset dif-
ferences. However, this cannot be the case since the effect dis-
appears after a relatively short distance and also because the
apparent gain/offset differences do not occur in data that has
not been affected by a bright target.

RPT41741
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The other possibilities are that saturation has affected the
TM preamplifier or the physical characteristics of the detectors
themselves, requiring 140 or so pixels to recover. Indeed, pre-
launch evaluation demonstrated that deep preamplifier saturation
would create a long recovery delay.

Conclusions

Detection of BTR delays using the eye to examine TM data has
been shown to be feasible on sirtulated "perfect" scenes. How-
ever, as can be observed from Plate 5, the delays are difficult
to detect in real data unless the data has been artificially mod-
ified to enhance the delays or unless one knows where to look.
The delays are actually more difficult to detect than Plate 5 in-
dicates, since thi-- 512 x 512 pixel subscene is a very small por-
tion of a futi scene, which is approximately 6000 x 7000 pix-
els. As a result, special computer search routines are required
to identify those areas in which BTR delays might occur. Thus,
even though the delays exist, if they are never seen, or at worst
rarely seen, they cannot have a significant effect on the visual
appearance of the data.	 However, these effects could affect
fine-scale radiometry.

Ideally, ground processing would compensate for this effect,
and the final product would not contain any evidence of the de-
lays. To do this accurately, more research is necessary in order
to fully explain and characterize the delays. Also, a scene con-
taining saturated clouds over a uniform background, like water,
is required to achieve these goals, rather than the New Mexico
scene used in this study. The explanation of why these delays
occur would require more research into the effects of saturation
on the electronic components in TM.

THEMATIC MAPPER THERMAL-BAND PERFORMANCE

The thermal-band performance of the TM instrument on the
Landsat-4 satE!llite, evaluated with respect to the stability of
the gain over time, was presented in a paper by Engel [1983].
These findings were summarized in Section 8. A similar evalua-
tion of Landsat-5 data, completed recently at SBRC, is presented
here in more detail.

Landsat-5 Thermal Band

Effective Radiance

The effective radiance at the TM aperture is defined as:

00

L(T) =	 0	 Lb ( a,T)R( 1,Tf)da/[ O 	 R (a,T f )da] ,	 (8)

c
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where Lb (a,T) is the spectral radiance of an ideal blackbody at
temperature T, and R(a,T f ) is the spectral response of the TM at
cold-focal-plane temperature, T f . This expression was evaluated
for several blackbody temperatures at each of the three T f con-
trol ooints. The following equations in power-series form, which
are convenient for rapid computation of L for any T and T for any
L*, were fitted to these results using the coefficients shown in
Table 23.

L = a' + WT + c'T 2 ,	 (9)

T = a ll + b" L + c" L 2 + d" L 3 .	 ( 1 0 )

The following relationships (simplified from the Planck
function), which use fewer constants and are more convenient for
hand calculators where the computation time difference is not as
noticeable, can also be used with the coefficients of Table 23:

L = K 1 /(e K 2/T - 1),	 (11)

T = K 2/[ln(K 1 /L + 1)].	 (12)

The results using these equations agree with Equation (8) to
within about 0.2%.

Table 23. Coefficients for Evaluating Effective-
Radiance Equations

Coefficient

Protoflight Focal	 Plane Temperature
Flight,	 All

90K 95K 105K
Temperatures

a' 1.771 1.827 1.950 1.6023

b' -1.916	 X 10 -2 -1.965	 X 10 -2 -2.071	 X	 10 -2 -1.765	 X 10-2

c' 5.4656	 x	 10 -5 5.5708	 x 10 -5 5.798	 X	 10 -5 5.1292	 x	 10-5

a" 194.06 194.89 195.39 193.30

b" 169.25 168.08 165.56 173.55

c" -77.99 -79.21 -75.84 -82.44

d" 18.927 20.050 18.150 21.25

K 1 67.162 69.527 74.571 60.776

K 2 1284.3 1293.1 1311.1 1260.56

The coefficients for the protoflight TM in Table 23 vary
with focal-plane temperature because the spectral response of
these detectors changes. This response was measured at 95K. Re-
sponses at the other temperatures were estimated using typical
data for the detector material. The longwave 50% response points

*L. Linstrom, NASA GSFC: Personal Communication.
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for the protoflight TM, including optics, are 11.95 um, 11.75 um,
and 11.3 um for 90K, 95K, and 105K focal-plane temperatures. The
shortwave 50% response point remains at 10.42 um over the temper-
ature range. The longwave 50% respcnse point for the flight TM
remains at 12.42 um and the shortwave at 10.45 um over the tem-
perature range.

Calibration

Equations (13) through (17) represent the calibration in-
stalled at launch. Coefficients for evaluating these equations
are listed in Table 24. Notice that the calibration is in terms
of radiance at the TM aperture and, thus, does not include atmo-
spheric effects, which are discussed below.

L = (Qsc - Qsh + kc)/Gc, and	 (13)

k c = (aLsh - b)G i .	 (14)

Gi = (Qcb - Qs)/( Lcb - L'sh)'	 (15)

Lsh = 0.53 + 0.0025 Qsh , and	 (16)

Gc = FrvG i .	 (17)

Table 24. Coefficients for Evaluating Thermal.-Band
Calibration at Launch

Coefficients

Channel

1 2 3 4

a 0.841 0.841 0.831 0.829
b 0.1702 0.2050 0.1646 0.2030

fry
0.69 0.65 0.69 0.64

More complete reduction of thermal vacuum data after cali-
bration produced additional useful information, summarized below
(Equations (18) through (21)] with the evaluation coefficients of
Table 25. Equation (19) is a fit to the TM thermal-vacuum test
data, where two blackbodies were used as scene sources so that
the time between data points could be minimized, allowing accu-
rate determination of the shutter radiance in scene terms.

• Effective spectral radiance at TM (mW cm -2 sr -1 um-1)

L = (Qsc	 Qsh )/G c + Lesh	 (18)

• Shutter scene-equivalent radiance
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Les-h = a + bT 1

 sh

O Ratio of external gain to internal gain

1

f r y	 c + dT' h
J

C Shutter counts as a function of shutter temperature (°C)

Qsh = e + 4.612 T' sh	
(21)

The variability of f ry (Equation 20), the ratio of external
gain to internal gain, may be due to slight shifts in the inter-
nal shutter position. If this is the case, greater stability
would be expected in orbit, and it should be possible to estimate
the relative vale of f ry from ground-truth data.

Table 25. Evaluation Coefficients for Later Calibration Items

Coefficients

Channel

1 I	 2 3 4	 1I

a 0.490 0.466 0.489 0.465

b 0.0139 0.0148 0.0137 0.0148

C i.41 1.45 1.42 1.47	 II
d 0.003 0.010 0.002 0.010	 I

e 29.19 29.29 29.34 29.24

Orbital Data Studies

GSFC has furnished tapes for these studies for one s	 e: a
raw data CCTA tape with unity RLUT and a tape of telemetry infor-
mation. The scene is in Alabama, ID No. 50014-15463, path 20,
row 38. A digital imagE of the raw data had a striped appearance
(as expected) because there is some difference in channel gains.

Histogram Studies

Frequency histograms of the number of pixels versus quantum
level counts were made of the scene. The raw scene and the cor-
rected imagery are shown in Figure 81.

Partial histograms for each channel of the scene, appear in
Figure 82 (page 173). The histograms have been fitted with cubic
spline c:urv^s since they facilitate perceiving the pattern of the
data points.
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Two effects were apparent after reviewing the histograms:

1. There is a ripple from count to count. This is attri-
buted to the fact that the switch points between levels
in the quantizer are not equally spaced with regard to
input analog signal level. wider spacing between two
switch points will produce a greater number of samples
per count than will a narrow spacing.

2. Channel 1 tends toward higher quantum levels than the
others because of :ifferences in gain and/or offset.

Empirical scene-correction estimates were made, discussed
below, of the magnitudes of differences in quantum levels between
channels and between forward and reverse scans in the various re-
gions. The forward-reverse differences were negligible. The
channel-difference values were applied as gain and offset correc-
tions to each pixel of the raw data, as shown in Equation 22, be-
low.	 A digital image of the corrected data is shown in Fig-
ure 81.

Corrected scene counts:

Qscc = (Qsc - Qsh )/Grel - Qof + Qref ► 	 (22)

where Qref = approximate mean shutter counts = 81.5, and the
evaluation coefficients are as given in Table 26.

Table 26. Coefficients for Evaluating Empirical Corrections

Coefficients
Channel

1 2 3 4

Crel 1.078 I	 0.940 1.038 0.944

Qof -0.14 0.66 -0.59 0.06
Osh 81.48 I	 81.58 81.63 81.53

Quantizer Step Size Correction

Attempting to find channel relative gains from the histo-
grams of these scenes is difficult because oe the interaction
between the quantizer irregularities and the particular scene
content. Quantizer step-size data from unit tests of the multi-
plexer, which contains the quantizer, was used in a trial correc-
tion of the histograms, but was not very effective. The differ-
ing gains of the four_ channels and the fact that the channels use
the same quantizer allow a bootstrap method of further step-size
correction to be -artially successful. In this approach, channel
histograms are overlaid and shifted to bring nistogram high oL
low quantity regions, which are appa en'_; ,- from the same feature,

ONE V
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into approximate registration. If the quantizer counts are not
in alignment, a trial smooth curve is drawn through the overlaid
histograms. Correction factors to form the smooth curve are tab-
ulated for each count and each channel. The factors at each
count should be near the same value for all channels. This con-
dition occurs after a few iterations of the process.

An example of the results of this process is shown starting
with Figure 82 where raw data histograms (partial count range
only) of the four channels appear and have an obvious peak. The
partially effective step-size correction from multiplexer unit
tests is shown. in Figure 83. After three iterations, the correc-
tion factors at each count are averaged across the four channels
and each average used to correct the raw data, giving the histo-
grams showy, in Figure 84. The tree sets of data from Figures 82
through 84 are overlaid in Figures 85 through 87 to show the va-
lidity of the method. Note the low scatter in figure 87. The
correction factors can be compared to multiplexer-unit-level test
data in Table 27.	 These factors are the y .tios of ideal (con-
stant) step size to measured step size.

Table 27. Quantizer Step-Size Corrections tro;-n Histogram Overlay
Method and from Multiplexer Unit-Test Data

MUX Counts

Correction	 Factor

Overlay Method Unit-Test Data

75 0.60 0.70

76 1.47 1.31
77 0.96 1.21

78 0.75 0.93
79 0.97 0.59
80 0.81 0.93

81 1.21 1.13
82 1.20 1.12

83 0.51 0.66

84 1.50 1.20

85 1.12 1.12

101 1.03 0.93

102 1.37 1.16
103 0.78 0.68

104 0.90 1.01
105 1.14 1.08
106 0.95 1.02

107 0.73 0.66
108 1.15 1.28

Note: The 75-85 count region bin sizes are based on

hundreds of samples versus the tens of thou-
sands of samples for all the other bin sizes

and produce rougher looking overlays.
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The above process was also used on a low-quantity region
from the histograms of the Alabama scene, between pixels 65 and
S,0. No peak was available for overlaying purposes, so a transi-
tion point was chosen for matching the channels. Figures 88 and
89 show the curves for the four channels. Figure 88 shows the
channels corrected using the multiplexer unit-test data. Again,
this method was only partially effective.	 Figure 89 shows the
data further corrected by the hand method. The transition points
used for matching the channels are marked on the graphs. It
should be noted that this "transition" data is taken from a low-
quantity region of the scene histogram and, thus, is not statis-
tically as good as if there had been more samples.	 However, it
gives reasonably good results as can be observed from Figure 81.

Gain and Offset

The gain of the channels was calculated using Equations (15)
and (17), and the results are shown in Table 28. The average of
gain G over the four channels from thermal-vacuum test was mul-
tiplieS by relative gain Gre.1 as determined from the Alabama
scene [Equation (22)] to obtain the renormalized gain G c '. The
ratio of this value to G  is the renormalized frv,'

The offset was calculated by first calculating the scene-
equivalent effective spectral radiance of the shutter L sh from
Equation (19). Then the offset in counts, estimated rom the
Alabama scene, was divided by the renormalized gain G ' to put
the offset in radiance units, which was then added tocLesh and
averaged over the channels to give renormalized Lesh''

Notations and Subscripts Used

Notations

radiance, mW cm -2 sr-1 um-1L Effective spectral
T Temperature,	 K
T' Temperature,	 °C
X wavelength,	 um
R Responsivity
Q Quantized output
G Gain,	 ct/(mW cm
f ry Gain factor Gc/Gi
k A constant

counts (ct)
sr -1 um-1)

Subscripts

b Ideal blackbody
cb Internal	 calibrator
sh Calibrating	 shutter

blackbody
sc Scene
f Cold	 focal plane
c Channel or corrected

i Internal
e Scene equivalent
rel Reiative
ref Reference
of Offset
a Atmosphere
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Table 28. Gain and Offset Calculations f?r Alabama Scene
(Q in counts, L in mW cm 1 sr	 um )

Channel 1 2 3 4

4 cb	 - 4sh 50.3 45.2 46.4 44.5

L cb	 (34.39 D C) 4 1.025

L sh	 (11.2 D C) 4 0.731

G 
110.41 153.12 157.19 150.92

fry
0.693 0.640 0.693 0.632

G 
117.9 98.1 108.8 95.3

Grel
1.078 0.940 1.038 0.944

Renormalized

Gc ' 113.2 98.7 109.0 99.1

f ry ' 0.662 0.645 0.694 0.658

Lesh
0.646 0.631 0.643 0.630

-Qof /Gc ' 0.001 -0.007 0.005 -0.001

Lesh
0.639 0.631 0.643 0.637
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Appendix A

HARD-COPY PRODUCTION

Generation of Thematic Mapper hard-copy images starts with
computer-compatible "P" (processed) tapes containing 8-bit (256
levels) scene data that has been geometrically and radiometri-
cally corrected. A full TM scene consists of 6967 pixels per
line and 5965 image lines (approximately 185 by 185 km). TM data
has been processed in two different tape formats: "scrounge" and
the Thematic Mapper Image Processing System (TIPS). The
"scrounge" system was an interim (scrounged together) process de-
veloped by NASA for use until the General Electric TIPS facility
became operational. All Landsat-4 data was processed using this
format.	 In "scrounge" format, three tapes at 6250 bpi contain
all seven bands of image data for one full scene. Tape 1 con-
tains full scene data for TM Bards 1 and 2, tape 2 contains full
scene data for Bands 3 and 4, and tape 3 contains data for Bands
5, 7, and 6. The TIPS system is now on line and all Landsat-5
Thematic Mapper data is currently processed by this facility. In
the TIPS format, a full TM scene is divided into four quadrants
and data for each quadrant is put on a separate tape at
6250 bpi. This procedure permits users to purchase smaller than
full-scene images at a reduced price (quadrants are sold sepa-
rately). Each tape contains data for all seven bands of a par-
ticular quadrant. Therefore, in order to make a full-scene pic-
ture, image data from the four quadrants must be pieced back to-
gether.

The first step in producing a hard-copy image is to generate
a histogram for each band in the area of interest (either the en-
tire scene, or part of it). As shown by the histogram in Fig-
ure 90, image data is generally clustered in some portion of the
0 to 255 grey-level range. Histogram data is used to determine a
minimum and maximum grey-level value over which to linearly
"stretch" the data. By expanding, or "stretching," the clustered
portion of the data out over the full 256 grey levels, contrast
is improved and more detail is brought out. 	 All data is lost
outside the selected minimum/maximum range.	 A linear stretch
produces good results and is the stretch most often applied to
image data.	 However, other types of stretches can be per-
formed:	 logarithmic, histogram equalization, or histogram nor-
malization.

The next processing step is to apply a correction factor,
which, in effect, restretches the image 6ata to compensate for
the nonlinear contrast index (H&D curve) of the Kodak Laser Re-
cording Film. The linear stretch :;i-id film-correcticn stretch are
actually done in one step as the data is being written to the
film.

An Optronics L5500 Laser Photowriter is used to make black-
and-white negatives of each input image by translating pixel
values to 25 um squares with the correct density on the Laser
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Recordi:g Film.	 Grey scales and registration marks (crosshairs)
are also written to the film.	 The Laser Recording Film is then
developed by an automatic processor. Plate 6 shows black-and-
white positives of all seven Thematic Mapper bands of San Fran-
cisco, California, after processing.

If a color picture is desired, black-and-white negatives
from any three bands are needed. The crosshairs on each negative
are used to coregister the negatives. Once perfect coregistra-
tion is achieved, holes are punched in the film so that each neg-
ative can be perfectly aligned in the dark. A color composite is
generated by exposing a black-and-white negative of one band
through a red filter, a black-and-white negative of another band
through a green filter, and a third band through a blue filter.
(Filters used are a No. 47 blue tricolor, No. 58 green tricolor,
and No. 25 red tricolor.) Exposure time is adjusted by monitor-
ing the "grey" scale on the color composite.

Plate 7 illustrates the color film-generation process. Note
that the dark (dense) areas in the green negative of San Fran-
cisco appear green in the color composite. These same areas are
very light (clear) on the red and blue negatives. This means
that no light will reach the filar through the green filter, only
through the red and blue filters. Light passed through a blue
filter produces yellow, the complement of blue, on the film while
light passed through a red filter will appear cyan, the comple-
ment of red on the film. Cyan added to yellow produces the color
green on the color composite.

Areas that are clear on the green, Band 4 image, but dense
on the red, Band 7 and blue, Band 3 images, will appear magenta
(the comp lement of green) on the film. This is because only
light passed through the green filter will reach the film. Urban
areas in the San Francisco scene appear magenta in this color
composite. Blue areas in the color composite can be explained in
the same way. The blue areas are dense on the blue, Band 3 nega-
tive, and light on the green, Band 4 and red, Band 7 negative.
Thus, only red and green liqht will reach the film.	 This will
produce cyan (complement of red) and magenta (complement of
green) on the film.	 Cyan mixed with magenta yields blue un the
color composite.

Plates 8 through 11 are examples of different_ Thematic Map-
per color composites.	 Plate 8 is a full-seen-- image of Las
Vegas, Nevada, acquired December 12, 1982. Band 7 (2.22 um) was
passed through a b)ue filter, Band 3 (0.66 um) was passed through
a green filter, and Band 2 (0.57 um) through a red filter.

Plate 9 shows a portion of the
Santa Barbara. This image covers an
130 km and was acquired November 19,
used for Band 2 (0.57 pm), green for
for Band 4 ( 0.83 um).	 Green ve<letatic
in Band 4 and thus appears red in this

California coastline near
area approximately 100 by
1933. A blue filter was
Band 3 (0.66 um), and red

in has a strong reflectance
color composite.
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Plate 10 is a full-scene image of the area around the Salton
Sep , California, acquired December 12, 1982. A blue filter was
used for Band 3 (0.66 pm), green for Band 4 (0.83 pm), and red
for Band 7 (2.22 pm). Green vegetation, with its strong reflect-
ance in Band 4, appears green in this color composite.

Plate 11 is a subimage of the Washington, D.C., area. This
image covers an area approximately 48 by 48 km and was acquired
November 2, 1982. Band 1 (0.485 pm), centered in the blue region
of the electromagnetic spectrum, was passed through a blue fil-
ter, Band 2 (0.56 pm), in the green region, through a green fil-
ter, and Band 3 (0.66 p m), in the red region, through a red fil-
ter.. This color composite combination simulates a "true color"
image, or what you might expect to see if you looked down on the
Washington, D.C., area from above.
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Appendix B

DESIGN CHANGES DURING HARDWARE DEVELOPMENT

1 k aection 2) shows the chronology of hardware devel-
opment. From the time of the breadboard development program
through the flight-model preshipment review numerous design
changes were made. These changes are summarized below.

T

TM CRITICAL ELEMENT BREADBOARD PROGRAM

The 18-month breadboard development program was conducted
v	 between June 19, 1974 and January 31, 1976 to demonstrate the
i feasibility and performance of three critical elements of the TM

design that had not been proven on either the MSS or the VISSR.
These elements were a 40.6-cm bidirectional scan-mirror assembly,
a scan-line corrector (image motion compensator), and a silicon
photodiode array with integral preamplifier input stages. These
three assemblies were designed, fabricated, and tested to demon-

;	 strate performance consistent with the requirements of the TM
system.	 The measured performance met or exceeded the original
design goals in all cases except for deficiencies in the design
of the photodiode array package.	 These deficiencies were well-
defined and understood and corrections prescribed.

The following features were developed during the breadboard
program:

1. The scan-mirror assembly.

a. Torquer drive logic and circuits were designed to operate
during turnaround, rather than during backscan as in the
MSS design..

h. Leaf-spring mirror bumpers were developed to reduce
bumper mas> compared to the MSS, because this mass had
caused significant cross-axis motion.

C. Brazed beryllium eggcrate mirror cons ruction was de-
signed.

d. A. magnetic compensator for nonlinearity caused by the re-
storing force of the mirror flex pivots was developed.

2. Scan-line corrector breadboard model mechanism, logic, and
circuits.

a. A single-axis scan-line corrector was developed after
changing the basic arrangement_ of mirrors many times dur-
ing the paper design.

b. The frame design required added stiffenin(a.
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C . opening the feedback loop for a part of the flyback (at
scan mirror turnaround) gave nearly ideal performance.

3. Silicon photodiode ar=ay assembly.

a. The first attempts were made to fabricate arrays. Tests
showed the need for integral light shielding to avoid re-
sponse to stray signals.

b. Test results with these arrays and initial preamplifier
and boost amplifier designs showed very uneven frequency
response, suggesting a change in circuit layout to im-
prove response.

C. Dielectric-loss noise was recognized as a significant
noise contributor; low-loss materials were selected when-
ever they affected capacitance.

CONCEPTUAL DESIGN REVIEW

The contract to build the TM started in April 1977. By the
time of the Conceptual Design Review (CDR) in July 1977, develop-
ment efforts haO. caused a number of changes to be made in the de-
sign described ii the proposal including the following:

1. Scar.-mirror assembly.

a. The torgler was changed from a location behind the scan
mirror to a pancake configuration in a central opening in
the mirror, reducing flex pivot forces and increasing ef-
ficiency and speed of response.

b. The scan-mirror fabrication method was changed from an
eggcrate with face sheets brazed on both sides to two
half-mirror slabs with eggcrates machined on one side of
eac:. ha.E and subsequently brazed together.

2. The main-frame assembly was changed from an aluminum casting
to aluminuR, honeycomb for greater stiffness and less weight.

3. The multiplexer design was changed from two 43 Mbps outputs
to one 85 Mbps output to fit the TDRSS data system.

DETAIL DESIGN REVIEW

By the time of the Detail Design Review (DDR), June 1978,
the following additional changes had been made:

1.	 Scan-mirror assembly (5MA).

a. The scan-angle monitor (SAM) was redesigned to improve
mirror startup.

71
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b. The frame material was changed from aluminum to beryllium
to increase rigidity so that the relative motion between
the SAM ind the mirror pivots would not cause variations
in the ac'^ive scan amplitude.

c. A controlled heater was added at the SMA interface to
provide constant temperature so that thermal expansion
would not affect scan amplitude.

d. Redundancy was increased in the electronics to improve
reliability.

2. Multiplexer.	 Pseudonoise encoding was added to improve syn-
chronization and to reduce unwanted spectral components.

3. Radiometer.

a. The sun-calibrator design, as presented in the proposal,
would not function as expected. The design was then mod-
ified to use an increased aperture area, thus reducing
sensitivity to tiny flaws in the optical path.

b. Self-protective shutdowns, including thermal, were added
to the power supply.

C. Electronics redundanc y was increased.

d. A nadir-viewing louver assembly was removed as unneces-
sary.

The instrument mounting to the spacecraft was changed
from a three-point to a four-point mounting.

f. The bulkheads were changed from aluminum to beryllium to
provide added frame stiffness and necessary weight reduc-
tion.

g. The calibrator was changed, replacing a moving neutral
density filter with a set of switched lamps that could be
operated by an automatic sequencer.

h. The radiator plate for the electronics module was changed
from aluminum to beryllium to reduce weight.

i. The seventh spectral band was added to the cold focal
plane.	 In the original requirement the seventh band was
optional, and its spectral location was undefined. The
design proposed had allowed space for the seventh band at
either focal plane.
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TM ENGINEERING MODEL PRESHIPMENT REVIEW

The Engineering Model Review was held in November 1980.
Changes described at that review were [SBRC 19801:

1. The sun calibrator was deleted by GSFC direction. The sun
calibrator had been designed before the spacecraft_ and was
removed when the spacecraft design interfered with its neces-
sary field of view. Unfortunately, this was the only in-
orbit calibration provision for the complete o p tical path.

2. Provisions were made for adding an angular displacement sen-
sor to be mounted on the TM to furnish high-frequency (jit-
ter) attitude information.	 The sensors were provided by the
spacecraft	 contractor	 and	 installed	 during	 spacecraft
integration.

3. Scan-mirror assembly.

a. The	 SAM	 was	 redesigned	 for	 two,	 instead	 of	 four,	 bounces
of	 the	 optical	 path	 at the	 back	 of	 the	 scan	 mirror	 in
order to reduce cross-axis sensitivity.

b. A nickel coating was added to the scan mirror	 between	 the
beryllium	 and	 the	 silver to	 reduce	 optical	 scatter.

C. The	 magnetic	 compensator was	 redesigned	 to	 enable	 posi-
tion	 adjustment.

d. A	 vibration	 absorber	 was added	 to	 the	 scan	 mirror,	 mini-
mizing	 mirror distortion near	 scan	 start.

e. A backup control mode, 	 using pickoffs	 on	 the	 bumpers,	 was
recommended.

f. A	 ground	 correction	 to the	 scan	 profile,	 based	 on.	 the
location	 of	 the	 midscan pulse	 from	 the	 SAM,	 was	 recom-
mended.

4. The main-frame changes were:

a.	 Increased torsional stiffness of the SMA bulkhead to im-
prove scan geometry.

n. Increased stiffness of the thermal feet connecting TM to
the spacecraft.

5. The secondary mirror support wjzs redesigned for higher natu-
ral frequency and reduced weight.

6. Radiative cooler door/shroud.

a. Stronger magnetic latches were incorporated.

186	 R P'r 4 17 41

D.1



T'',

SAN1A AAAAAA• AF SEARCH CENTER

b. A kinematic hinge replaced the diaphragm.

c. The fail-safe heater was redesigned for improved relia-
bility.

7.	 Onboard calibration shutter.

a. The extension spring size was increased to reduce oper-
ating stress.

F.	
b. The fiber optics sleeving wa y overcoated tc eliminate

possible outgassing.

8. Four support struts were added to the relay optics structure
to raise the natural frequency and reduce amplification at
the folding mirror.

9. Operability of the alignment and focus mechanism was im-
proved by cutting the shaft between the brake and the drive
and reconnecting it with a flexible coupler.

10. The vibration damper on the cold stage of the radiative
cooler was removed after it failed in vibration test and was
found to be unnecessary after further testing and analysis.

11.	 Prime focal-plane assembly.

a. Optical shields were added over the bond pad areas of
the detector, which had been found to be sensitive to
photons.

b. The detector fabrication method was changed to give a
stable, low-resistance contact at the common junction of
the array.

C. Metallization and shielding were used in the input cir-
cuits to reduce crosstalk. Some of the shielding was
adjusted by bending to fine tune the transient response
during FPA acceptance testing.

12. Cold focal-plane assembly.

a. Shields were added to reduce crosstalk.

b. Jumper wires to the distribution board were changed from
a platinum alloy, which fatigued, to geld, with a re-
sultant increase in heat load during bench cooling.

C. The high-valu: feedback resistors' stray capacitance
caused poor requency response. This was improved by
placing the resistors on sapphire standoffs, thus reduc-
ing capacitance to ground, and by adding a parallel ca-
pacitor to swamp out the stray capacitance of the re-
sistors.
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13. Changes in the signal amplifiers served to augment stabil-
ity, improve frequenc y response, and reduce noise.

14. The amplifier circuit values of Band 6 were changed to re-
duce say and improve stability.

15. Additional adjustments were added to the postamplifiers for
Bands 1 through 5 and 7 to improve control of ,fain and fre-
quency response.

16. Numeroi:s changes were made in the power supply. 	 These are
Listed in Table 29.

17. Multiplexer changes requested by GSFC were:

a. Replacement of triaxial output cables by twin axial out-
put cables.

b. Spacecraft interface connectors were tilted to provide
better access on the spacecraft.

PROTOFLIGHT PRESHIPMENT REVIEW

Several changes were announced at the Protoflight Preship-
ment Review [SBRC 19811:

1. Several cnanges and adjustments were made in the electronics
module to correct problems, including shutter control, which
allowed the oscillating shutter to tap against its bumper
stops.

2. The onboard calibration shutter changes included:

a. Adding extension springs to decrease the natural period
of oscillation, bringing it closer to the scan rate.

b. Adding bumpers to positively limit shutter excursions.

C. Shifting the encoder timing to provide a backup dc-
restore.

FLIGHT MODEL PRESHIPMENT REVIEW

At the time of the Flight-Model Preshipment Review more
changes were announced [SBRC 1982c]:

1.

	

	 The synchronization lines to the power supply were opened to
cure a self-shutdown problem that "cad occurred in this
model.	 These lines had been opened to PS-1 in the oroto-
flight model during spacecraft_ integration.
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Table 29. TM Power Supply Changes Document?d at the
Engineering Model Preshipment Review

INPUT DESIGN

Eliminate Common-Mode Choke

•	 Weight and Power Savings
•	 Redesigned Current Shunt

Redesigned Inout-Command Board
•	 New Component Layout
•	 Removed 6.4V Regulator from Input-Command Board

•	 Redesigned Pulse-Stretch Circu try
•	 Redesigned Filter Circuitry

MINISWITCHER DESIGN

Modified Sync Circuit

•	 Chara?d Phasing or Sync Signal
e	 Added Comparator for Sync-Signal Threshold Control

•	 Added Noise Filters
•	 Changed Supply Power for Sync and Overcurrent Circuits

from 5V, Generated by Mini PWM Chip, to 6.4V Regulator

•	 Increased Response Time of Slow-Start Circuit

•	 Redesigned Overtemperature Circuitry
•	 Moved Overtemperature Control to Slow-Star` Circuitry
•	 Added Hysteresis and Noise Filters
•	 Added Third Connector
•	 Revised Interconnect Between Boards

Maxi Switcher Design
•	 Added Phase-Lock Comparator to Sync-Control Circuitry
•	 Modified Current-Limit Circuitry

Current-Limit Control Connected to Slow-Start Circuitry
•	 'Modified Multiplexer Control Loop

Added Zero for Increased Stability

•	 Modified Input Telemetry Circuitry

Added Noise Filters

Relocated Decoupling Resistor;
Added New Current Shunt

Output Circuitry
•	 Combined 8.5V (Radiometer) and t29V (SMA) Output Boards

Into One Subassembly
o	 Power Transformer Design

Added Taps for Bands
Added Turns for Increased Output Voltage

o	 Modified CDVII Switching Current Limit Circuit
o	 Modified Limit-Cycle Circuit for Radiometer
•	 Revised Telemetry Scaling
a	 Revised Component Types and Values as Required by Stress

Derating
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2. Resistors were added during spacecraft integration in the
return lines of Band 1 to reduce coherent noise, which was
higher than specified.

3. Band 6 occasionally failed to turn on in test. 	 The wiring
of a volta ge regulator was corrected to resolve the problem.

4. The frames holding PFPA quartz substrates were changed from
Invar to beryllium to reduce stress on the quartz.

5. Tu correct a problem found during thermal-vacuum testing of
the protoflight model, some interstage spacings in the radi-
ativE_ cooler were increased to ensure clearance during cool-
down. This problem was discovered during thermal-vacuum
testing of the protoflight TM.

6. A redundant closed-position switch was added to the radia-
tive cooler door/shroud assembly.
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Aft-optics assembly 68, 7:

Aliasing	 33, 36-37, 56, 6(

Applications	 2, 6, 131

Atmosoheric Effects 143,
Scattering	 134, 135
Transmittance 6, 134,

Baffles 70, 77

Bandwidth 55-56, 60-61

Bench test and calibration
Alarm-limit testing 1
Suppression-limit test:

Bonding	 70, 71, 85, 105

t	 Bright-target recovery 15'

Calibration	 2, 31, 33
Accuracy	 132, 138
Amplitude modulation
Calibrating sphere	 11'
Data 22
Errors	 28, 135
Lamp segeuncing	 118,
Reflective band 136
Shutter	 75, 95, 118,

i	 Sources	 18, 119
Tests	 113, 118, 119,
Thermal band	 142, 168

L

Coherent noise	 113, 129,

Coefficient of thermal expo

`	 Color composite	 2, 132, 1

Compression amplifier 58

Crosstalk	 60, 79, 83, 85,

Cubic convolution 143

Data transmission 28, 58,

Detectors
Charge-coupled devices (CCD)	 53,60
Indium antimonide (InSb)	 12, 21, 53, 87
Mercury cadmium telluride (HgCdTe) 12, 21, 53
Monolithic	 12, 20-21, 53, 60
Silicon photodiode array 7, 183-184

Digital
Image	 132, 169, 171
Number (DN)	 9, 12, 14, 22-23, 58, 106, 132-135, 159, 164
Word	 9, 12, 22-23, 106
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Distributed capacitance 79

Dynamic range	 93, 132-133, 135, 153

Effective focal length (EFL)	 17, 38, 109, 113-117

Electromechanical scanner 5, 9-11, 17

Electrical filtering
Bessel 56
Butterworth 56, 57
Goldberg 56

Electronics	 20, 22, 23, 25, 33, 35-36, 90, 104-106

Electronics module
Heat sink	 104-106, 110
Multiplexer (MUX)	 12, 20, 22-23, 58, 61, 106-108, 173-174,

185
Power supply	 104, 107-108, 185, 188-189
Printed wiring boards (PWB)	 104-106, 108

Engineering model (EM)	 101-103, 106, 108, 113, 183, 186, 189

False color 12

Fiber-optics assembly 93, 95, 187
Calibrator flag 92,93
Tungsten lamps 18,95

Field of view
Instantaneous field of view (IFOV)	 25, 27, 43, 60; 122-123,

143, 147-148
Swath	 14, 25, 27, 132

Flight model (F)	 12, 38, 70, 73, 106, 113, 140, 188, 190
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Cold focal plane (CFPA) 	 9, 12, 21, 78-79, 83, 85, 87, 89,

102, 110, 113, 138, 176, 185, 	 187
Cables 89
Heaters 97
Coarse/fine focus	 118,121

Prime focal plane (PFPA)	 9, 12, 20, 31, 78-80, 83-84, 102,
113,	 118,	 187

Gain-offset correction 141

Geometric errors
Band-to-band registration	 41, 113-114, 125-128, 144-145
Ephemeris	 144-145
Distortion	 144
Pointing	 145
Temporal registration 144-145

Goddard Space Flight Center (GSFC) 	 1,5,131

Ground-temperature estimation 135

Inchworm	 20, 50, 52, 77-78, 118

Knife-edge response (KER) 	 122-125
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Lambertian scatterer 134

Landsat-D Image Data Quality Analysis (LIDQA) Program 	 131-132,

146-147, 153

Line-spread function (LSF) 	 33, 38-39, 118-119, 125, 143

LOWTRAN 134

Manual of Remote SEnsing 31

Materials
Graphite-epoxy	 17, 20, 46, 50, 68-69, 71, 75, 77
Hygroscopic 44
Telescope 71

Modulation transfer function (MTF) 33-38, 56, 60, 63, 109, 113,
117-118, 125 132, 143,

National Aeronautics and Space Administration (NASA)	 1-2, 5, 28

125, 131-132, 179

Noise-equivalent reflectance (NEAP)	 6, 12, 31, 38, 40, 132-133,

135-136, 153

Noise-equivalent temperature (NEAT) 	 6, 12, 31, 37-38, 40, 129,

1'3, 135-136, 153

Nyq ,2ist frequency	 36, 40, 143

On-beard calibrator assembly 90-95, 113, 119-121

Optical finishing 44. 72
Chipping 72
Contamination	 21, 73, 97, 100, 103
Durability 73

Optical-metering structure (OMS) 	 68-69, 77

Outgassing	 21, 102-103, 142, 187

Overlap/underlap	 18, 20, 41, 56, 127

Phased-knife edge 127

Prelaunch evaluation	 2, 109, 166

Primary mirror	 17, 44, 69-72

t	 Print through 63

Protoflight model (PF)	 1, 2, 37 39-41, 113, 140, 188, 190

Pushbroom sensor 25,27

Radiative cooler	 9, 21, 23. 30, 68, 96-101, 118, 186, 190
Bimetallic sandwich 97
Cooling stages 96, 97
Earth albedo 96
Earth shield	 96-97, 100-101
Heat transfer 55
Honeycomb structure 96, 100-105, 184
Louvers	 23, 101, 185
Thermal control 101
Thermal emittance )5, 96
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Vibration response 97
Visible and Infrared Spin-Scan Radiometer (VISSR) 	 1, 43, 53,

55, 60, 93, 97, 100-102, 183

Radiosonde data 134-135

Relay optics	 9, 20-21, 50, 73, 77, 95, 187

Resampling	 143, 145

Resolution	 131
Radiometric	 12, 25-28, 30-31
Spatial	 5, 12, 25-28, 30, 33-37, 143
Spectral	 5, 25-28, 30-33, 147

Reticle patterns	 127-128

Sampling rate	 6, 55-56, 122, 143

Saturation reflectance 	 133, 135

Scan-line corrector (SLC) 	 1, 13, 18-19, 52, 60, 73, 90, 104,
118-119,	 183

Scan-mirror assembly (SMA)	 7, 9, 14, 17-18, 44-46, 63-66, 73,
91, 107, 113, 117-119, 121-122, 183, 184, 189

Bumpers	 14, 46, 96, 183, 186, 188
Eggerate construction	 17, 46, 59, 63, 65, 71, 183, 184
Distortion 46, 186
Drive 46, 59
Scan-angle monitor (SAM)	 63, 65, 67, 184

Scan-profile	 113

Scrounge system	 131, 143, 179

Secondary mirror	 17, 44, 46, 59, 70, 71, 186

Signal-to-noise ratio (SNR)	 27, 31, 38, 40, 53, 58

Solar zenith angle 134

Spectral bandpass	 28, 30-33, 132, 146

Spectral cutoffs 31, 146

Spectral uniformity 146

Square-wave response (SWR)	 33, 35, 38, 40, 109, 122

Striping	 140-141
Muitiscan banding	 141

Sun calibrator 90, 186

Sun-synchronous 7, 132

System-readiness test 130

Tapes
Archival (A)	 132
Product (P)	 132

Telemetry	 106, 1 12, 118, 130, 169
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Telescope
Reflective 44
Refractive 44
Ritchey-Chretien	 17, 44, 45, 59

User needs	 5, 30, 38, 131

Whiskbroom sensor 25, 27
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