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APT is provided in real time from the polar orbiting satellites at VHF frequencies.

Low resolution imagery {0.725 ~ 1.10um visible and 10.3 ~ 11,3 pm
infrared} provided by this system is the only source of satellite data for
many areas of the world. It is an important data source to DOD field

facilities and to weather services in more than 100 nations around the

world. There are 1,000 known APT stations located in 120 countries.
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S Figure | - Orbital altitudes of selected Earth observation satellites and corresponding sensors. swath
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SENSORS

The remote-sensor INstruments
mounted on Landsat 4 are the
Thematic Mapper (TM) and the
‘Multispectral Scanner (MSS).

THEMATIC MAPPER

The Thematic Mapper 18 an ad-
vanced, multispectral scanning,
Earth resources sensor designed
to achisve higher image resolu-
tion, sharper spectral separa-
tion, improved geometric fideli-
ty, and greatar radlometric ac-
curacy and resolution In com-
parison to Multispectral
Scanner performance character
1stics. TM data are seansed in
seven spectral hands simul-
tansegusly. Table 4.1 lists

the apecific TM spactral banda
and thelr principal applica-
tions. Bands 1-6 and 7 have an
instantaneous fleld-of-view
(IFOV} equivalent to a 30-meter
square when projected to the
ground; band 8 has an IFQV

equivalent to a 120-mater
square on the ground.

The TM (fig. 4.1} 18 mounted in
the spacecralt in a horizontal
position with the sun shade
pointing toward Earth. Directly
above the sun shade aperture 13
a scan mirror surrcunded by its
drive mechaniamas, control alec-
tronics, and scan monitor hard-
warg. The primary mirror

mounts about halfway down
the length of the telescope of
the device, preceded by optical
baffling and the secondary mir-
ror. Directly behind the
primary mirror are the scan
line carrector. internal
calibrator, and the visible
detector focal plane with its
mounting hardware and aline-
ment mechanisms. The
radiative cooler (containing the

Table 4.1 TM SPECTRAL BAND APPLICATIONS

BAND SPECTRAL RANGE | PRINCIPAL APPLICATIONS

1 0.45-092 m COASTAL WATER MAPRING,
SQIL/VEGETATION DIFFERENTIATION:
DECIOUVQUS/CONIFEROUS DIFFERENTIATION

2 0.52-0.80 ym GREEN REFLECTANCE BY HEALTHY VEGETATION

3 0.63-0.69 um CHLOROPHYL ABSORPTION FOR PLANT
SPECIES DIFFERENTIATION

4 0.76-0.90 um BIOMASS SUAVEYS;
WATER BQDY DELINEATION

L3 1.85-1.75 um VEGETATION MOISTURE MEASUREMENT;
SNOW/CLOVD DIFFERENTIATION

[} 10.4-12.5 ym PLANT HEAT STRESS MEASUREMENT:
OTHER THERMAL MAPPING

? 2.09-2.35 ym HYDROTHEAMAL MAPPING

Assembly
Sun Shade

Focal Plane Array

Scan Mirror

Along-Track
Direction

Alignment and

Electronics Boards

Muitiplexer

Redundant Shutter

Radiative Cooler

Focus Assembly

-Figure 4.1 CUTAWAY VIEW OF THEMATIC MAPPRR
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cooled focal plane agsembly),
relay optics, and infrared datec-
tor arraya are located on the In-
strument's aft end. Electronic
squipment is packaged above
the telescope in a wedge-shaped
box containing the multiplexer,
power supplies, signal
amplifiars, and fiiters for all
channels.

The detector assemblies for
gpectral bands 1-4 are located
at the primary focal plane and
employ 18 detectors for each
band. The detéactor assemblies
at the cooled focal plane consist
of two near infrared tands (6
and 7) with 18 detectors each
and one thermal band (8) with
four detectors. Thus, during
each scan mirror sweep, 16 scan
lines of data are generated for
each of bands 1-B and 7, and
four are gensrated for band 8.

A scan angle monitor on the
SCAn MIITOr passes signala Lo

the timing mechanism in the
multiplexer to indicate the
beginning (Pg), midacan (P,),
and end (P} of the period in the
scan mirror's travel when data
are taken in the forward scan
direction (fig. 4.2), and
equlvalent signala (Py, P, and
Pg) for beginning, midscan, and
end of the reverse scan. A-"line
stop” signal (P, and Py) in-
dicates the end of thé-format-
ting period and i3 buffered and
retransmitted to the scan line
corrector to initiate motlons
that correct for overlap. A se-
cond signal, delayed from "line
stop” by a programmable
period, aots as a synchroniza-
tion signal to the calibration
shutter. These scan angles
monitor pulasa provide for syn-
chronization of the scan line
corrector, calibration shutters,
fllter shutter, and do restore
ocircuita.

The scan line corrector {located

in front of the prime focal
plane) rotates the TM line-of-
sight backward along the
ground track to generate scan
lnea that are straight and
perpendicular to the ground
track. {See figure 4.6.) During
each turnaround period of the
scan mirror, the internal
calibration stimitlates the in-
dividual channel voltages for
all seven apectral bands that
provide routine monitoring of
detector condition for use in
ground processing of images.
The calibration signals for
bands 1-8 and 7 ars derived
from three regulated tungsten
filament lamps, and the calibr
tion source for band 8 1s a
commandable blackbody with
three selectable temperature
sottings. A black surface of
known temperaturs i used Lo
reatore the outputs of all chan-
nels to known levela, )

As the scan muTor sweeps the

SCAN PERIOD
i 1 42,926 £ 415 LSEC
{6.9967 £ 0.02 Ha)

P . Y

FORWARD
SCAN

MONITOR

ACTIVE SCAN
END POINTS

AS MEASURED
BY SCAN ANGLE

7.695+0.067°

REVERSE
SCAN

MIDSCAN

Py

Po

p,"\r.

REVERSE
ACTIVE SCAN
60.743 2 0.03 ,SEC

60.743 £ 0.3 ,SEC

FORWARD
ACTIVE SCAN

Figurs 4.3 BCAN MIRROR DYNAMICSE
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w llne-of-gight back and forth
aven times | 'r second in &
irection noryial to the ground
rack, it forms a raster of 18
nes in bands 1-6 and 7, and
»ur lines in band 6 for each
weep direction, Data are col-
ieted during both the forward
vest-to-east) and reverse (east-
»west) scans, (Note that night-
.mne data are coliected in the

scending mode, reversing

sographic motion and scan-
ing directions.) The Ritchey-
hretien telescope images the
sanned scense enargy onto the
rime focal plane a8 the scan
ne corrector is operating to
rovide forward and reverse
:an swaths adjacent to each
sher. At the prime focal plane

ands 1-4 each employ a

G-alement detector array to

ranslate the sensed acena

energy into low-level electrical
signals that are amplified, con-
verted to 8-bit digital words,
and then multiplexed into the
84.9-megabit-per-second (Mbpas)
dats stream transmitted to the
ground. A two-mirror, all-
reflective relay re-lmages the
incoming energy onto the
cooled focal plane located in the
radiative cooler, where bands B
and 7, each utilizing a
16-element detector array and
band 8, utilizing a four-element
detector array, translate the
scene enerdy into low:level elee-
trical signals. These signals are
amplified and converted into
8-bit, digital words that are
mulitiplexed into the 84.9-Mbps
data stream tranamitted to the
ground,

THEMATIC MAPPER
DEBIGN AND FUNCTION

The TM functions ag shown 1h
the block diagram (f1g. 4.3).
Scane snergy passea through
several major subsystems
bafore 1t 18 collected by the
solid-state detectors at the focal
plane. These subsystems are:

* Scan Mirror Assembly
Primary Telescops

Bcan Lins Corrector
Primary Focal Plane Array
Relay Optics

Cooled ¥ocal Plane Array
Internal Calibrator

Scan Mirror Assembly

Scsne energy enters the system
through the Scan Mirror
Agssembiy that moves with the
spacecraft in the along-track
direstion and oacillates scrosa
track in the forward (west-to-
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Figure 4.3 T7I FUNCTION

east) and reverse (east-.o-west)
directions during the descen-
ding (daylight) portion of the
orbit. The scan mirror 13
designed to operate linsarly
over a mschanical scan angle of
7.7% at & 7-Hz rata with the re-
quired turnarcunds at scan end
pointa ocourring in 10.7
microseconds. Figurs 4.4 11-
lustrates ths scan mirror
angular position as & function
of time, indicating scan angle
monitor polnts. The scan mirror
18 elliptical (63.47 x 41.28 cm),
sized to provide an equal arsa
at all scan angles. The size of
the mirror required that a
light, brazed-beryliium, egg-
crata deaign be used for its con-
struction {table 4.2) to
minimize the mass and moment
of {nertin of the mirror whils
maXking scan turnarounds.

Primary Telescope

The 41-cm Ritchey-Chretisn
teledcope used primary and
secondary mirror surfeces to
provide simultaneous correc-
tion of spherical aberration
and coma. Both primary and
secondary mirrors ars
fabricated from ultra-low ex-
pansion glase and incorporate a
walght-saving, internal aggd-
crate structure. Design
paramesters of the primary
telescope are shown In table
4.3.

Scan Line Correcter

The scan line corrector consiate
of a pair of parallel beryllium
mirrors. These mirrora are
mounted at an angle of 48°
with respect to the optical axis
and rotate about an axis nor-
mal to the axis of the scan mir-
ror in a sawtooth fashion as
shown in figure 4.6. The scan
1ine corrector 15 located behind
the primary optics and compen-
sates for the forward motion of
the spacesraft, allowing the
scan mirror 0 produce usable
data in both scan directions
{ecan lines straight and perpen-
dicular to the ground track).
The corrector jumps ahead at
the mirror turnarcunds so that
the next aet of raster linea 1s

*contiguous to the previgus get.

Figurs 4.6 {lustrates the scan

1tnes with and without scan
line correction.

Prime Fooal Plang Avray
The prime focal plane, which
contains the silicon detectors
and preamplifier compenents
for the first four visible spec-
tral bands, 18 located at the
prime foous of the primary

telsscops. The prims focal planse

18 packagded i & high-density
arrangement Lo maintain &
minimum band-to-band spacing
of 3.6 mm, which dictates that
the critical first-stage
preamplifier fleld-sffeat tran-
sistors (FET's) and 10% ohm
feedback reaistors ba losated on
substrates bahind and normal
to the focal plane. The ra-
mainder of the preamplifier

TURNAROUND
TIME
10.719 t mesc
+1.00m3ec
OVERTRAVEL BUMPER
-0.43* CONTACT
SCAN PULSES
TURNAROUND
REVERSE  FORWARD,
SCAN SCAN
START AND END
OF ACTIVE SCAN
AS MEASURED BY
SCAN ANGLE
MONITOR
7.695°+0.087°
5 ! L -
ACTIVESCAN | | ACTIVE
80.743+0.3mssc | SGAN
{mean}
SCAN PERICD
142.925 + .4 15msec ~—
8.9967 +0.02Hz

Figure 4.4 TM SBCAN MIANOR ANGULAR POSITIONS

Table 4.8 SCAN MIAROR DESIGN PARAAMNBTERS

SWATH LENGTH 185 km

SCAN PERIOD 142.925 maac

SCAN FREQUENCY 6.9967 He

SCAN EFFICIENCY 0.85

ACTIVE SCAN TIME B80.743 msac

TURNAROUND TIME 10,719 maec

IFOV DWELL TIME 9.611 maec

LINE LENGTH 6320 IFOV

SIZE 21.050 x 18.250 in. (63.47 x 41.28 cm|

MATERIAL NICKEL-PLATED BERYLLIUM [EGGCRATE)
SILVER COATING WITH $i0; OVERCOAT




----w 4.3 PAIMARY TELESCOPE DESIGN PARAMETNRS

CONFIGURATION
HNO.
MIRROR MATERIAL

PRIMARY MIRROA CLEAR
APERTURE DIAMETER

SECONDARY MIRROR BAFFLE
DIAMETER {DRSCURATION)

TELESCOPE CLEAR APERTURE
EFFECTIVE FOCAL LENGTH

RITCHEY-CHRETIEN

6.0

GLASS {TITANKIM SHICATEL
EGGCRATE CONSTRUCTION, SILVER
COATING WITH $:0, OVERCOAT

16.20 in. [81.75 cm)

6.173.in. {15.7 cm}

1056 cm?
96 in. (243 .8 cm)

TURNAROQUND

SCAN PERIOD
{142.925 ms) —————amy

Figure 4.8 TM BCAN LINE CORAECTOR MOTION

components are mounted in
hybrid circuits that are con-
nected to the focal plane
through flexible cables.

For bands 1-4, sach detector
assembly uses a 18-element
monolithie silicon detector ar-
ray Willl an instantaneous
fleld-of-view (IFOV) of 42.5
microradians to convert the
sensed scene snergy into low-
lavel alectrical stgnala that are
then amplified by current modse
preamplifiers and frequency
boosting post-amplifiers. The
odd-numbered detectors are ar-
ranged In & row normal to the
acan direction (fig. 4.7); even-
numbered detectors are
aranged in a parallel row, offset
one IFOV in the cross-scan
direction.

The relative position of detector
alamonts in the focal plane il-
lustrates Lhe spatic. relation-
ship of the sensors. Figure 4.8
provides an understanding of
relative gensor positions as
they are projected on the

at the cooled focal plane are
shown In their projected posi-
tions at the prime focal plane
&8 weoll a8 an the ground).

The detector arrays are swept

ground {thoas detectors that are

back and forth approximatsly
normal to the ground track by
the scan mirror. Sensad energy
at sach high-resolution band
detector {(bands 1-B and 7) 1s
sampled every 9.811
microseconds, which equals one
IFOV (42.5 microradians). The
detector data are sampled in
the following sequence:

Bands 1-8  All add detectors of

and 7 every band senss
and are held
simultaneously
every 5.611
microseconds; the
resulting sarmples
ars read out bafore
the next sample cy-
cle begina.
All aven detectors
of every band sense
and ars held

4B

simultaneoualy
one-half sample
time later {4.81
microseconds}.
With the nominal
2.5-1FOV spacing
between odd and
even numbarsed
detecters, this
creates a 2-IFQV
odd-to-aven detector
spacing on forward
scans and a 3-1FOV
spacing on reverse
BCANS.

Band 8 With a detector
four times larger
than bands 1-8 and
7. band 8 requires
only one-sixteenth
of the number of
samples. The sampl-
ing sequence i3 tim-
ed to create this
ratic and is per-
formed in the
following order:

Detector 1 and
detector 3 of band @
sense and are held
simultanepusly im-
mediately after
gcan line start.
Detector 1 imagery
is then sampied,
followed by that of
detactor 3. The
idantical saquence
then occurs for
sampling data from
detector 2, followed
by detector 4.

In this manner, the data are ac-
quired by holding sach one-hailf
(odd or even) detector-set for
each band at a apecific time.
During the hold period, the
signal level of the detectora is
read cut by the multiplexer ele-
ment for each band. The eight
detector outputs per each band
are analog-to-digital {A/D) con-
verted by a submultiplexer.
The cutput of the sub-
multiplexer is serialized by the
main digital multiplexer,
resulting in a digital stream of
data and associated telemetry
for all of the odd-numbared
detsctors that will be acquired
at time (Ty) and for all of thae
evan-numbered detectors aa-
quired at a time Tg + 4.81

microseconda.

Relay Optics

The relay optice mechanism,
conaisting of a folding mirror
and a sgpherical mirror, are used
to transfer scene enargy onto a
second focal plane (cooled focal
plans array} located in the
radiative cooler. The two mir-
rors are mounted in a graphite
composite structure contalning
¢ylindrical assemblies located
on 120 centers that provide a
capability for on-orbit aline-
ment and focus of the cooled
focal plane (with detectors for
bands 6 through 7) with respect

to the prime focal plans. The
relay system has an optimum
magnification of 0.6 to allow
the use of smaller detectors in
the cooled focal plane.

Cooled Focal Plane Array
The detector assemblies at the
cooled focal plane consist of
bands § and 7, arranged a8 the
bands of the prime focal plane
array, and bvand 8, which has
four detectors with an IFOV of
170 microradians, located in
the radiative cooler.

Bands 8 and 7 each employ &
16-element monolithic indium
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antimonide (In8b) detector ar
ray; band 8 employs a
4-element monolithic meroury-
cadmium-telluride detector ar
ray. The cooled focal plane has
& thin-film heater that main-
vains the focal plane
temperature within + 0.2K of
three selectable Lemperatures,
90K, 88K, and 106K. (Figurs
4.9 shows the cooled focal plans
substrate asgsembly with and
without apectral fiiters.} The
focal plane signals are routed
off the substrate assembly
through a distribution board to
extremely thin, flaxible, low-
thermal conductance cables
that interface with the
preamplifisr assembllies of the
radiative gooler,

Radiativas Cooler

The radiative cooler provides
gooling for the detectors of
bands 8 through 7. The energy
for these detectors passes
through the prime focal plana
and 1ig refocused by relay optics
af the cooled focal plane. The
design uses two cooling stages
with open-faced honeycomb for
the radiator emitting surfaces.
The radiations are shielded
from direct view of the Sun,
Earth, or spacecraft gurfaces.
Table 4.4 summarizes the radis
tive cooler design parameters.

Intsrnal Gaiibrator

The on-board caltbrator (fig. 4.9
i8 mounted in front of the
prime focal plane (three tung-
aten filament lampe for bands
1-8 and 7, a blackbody for band
8, and a flex-pivot-mounted
regonant shutter). The shutter
oacillates at the same frequency
(7 Hz) a8 the scan mirror
assembly. Thus, the shutter in-
troduces the calibration source
anergy and a black dc restora-
tlon surface into the detector
fislds-of-view during the turn-
around time of each scan mir
ror cycle. An imaging schems is
used on the output end of the
shutter to assure uniform
calibration without stray radis-
tion; that 18, the method for
tranamitting radiation to the
moving calibration shutter
allows the lamps to provide
radiation independently and to
contribute proportionately to i1-
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lumination of all detectors.

Electronics Module
The electronics medule containg
the power supply, the printed
wiring boards containing the
drives and control electronica
for all the mechanisms and
heaters, the command and tele-
metry distribution and collec-
tion ecircuitry, the signal pro-
cessing postamplifiers that
limit the system {requency
response, and the multiplexer.
The multiplexer encodes all the
radiometric data {100 channels
of signal data), analog multl-
plaxes aill detector channels,
makes the A/D conversion, and
converts ail the radiometric
data and telemetry information
into 8-bi, words that form the

"

84.9-Mbpa data stream
transmitted to Earth by the
Landsat 4 spacecraft. The
muitiplexer contains the
master clocks that synchronizs
the system timing for the TM.

THEMATIC MAPPEN
PERFORMANCE

TM performance results are has-
ed on TM/Protoflight (PF) Lests
conducted at S8anta Barbara,
California and Vallay Forge,
Pennsylvania. Tha TM/PF de-
vice is the actusal Instrument
carried on Landsat 4.

The TM/PF performance resuits
are pressented in four key areas:
(1) spectral rasponse, (2) radic-
metric sensitivity, (3) aquare-
wave response (medulation

4-7

transfer function), and (4) band-
to-band registration.

Bpectral Responss

Table 4.5 1llustrates the
Landsat 4 TM/PF spectral per-
formance. This performance i3
based on measurements of all
protoflight components (mir-
rors, spectral filters, windows,
and detectors) that affect the
spectral coverage of the system.

Radiometric Bensitivity
Table 4.6 illustrates
radlometric sensitivity for
bands 1-8 and 7. 8ignal-to-noise
Tatioa (SNR) for two levels of
scene radiance are shown. The
radiometric performance of
band 8 18 shown In table 4.7 in
terms of the noise equivalent

LY
BPACECRAFF
CODRDWATAS

GROUND PROJECTION
OF SCAN PATTERN

“ECAN Le CORRECTOR

Figurs 4.8 RELATIVE POSITIONS OF DETECTOR ELEMENTS

temperature diffarence (NEAT).

Square Wave Modulation
Table 4.8 presenta the band
averaga response of each spec-
tral band to high-contrast bars
of the noted spatial size.Tne
standard deviations {6 ) iIndicate
the magnitude of the channael-
to-channel response variance
for the 16 channels In each of
bands 1-6 and 7 and four chan-
nela {n band 8.

Band-Ta-Band Hegistration
Dynamie band-to-band redistra-
tion was measured at 29 loca-
tions throughout both the for-
ward and reverse scan profiles.
The data in table 4.9 are the
largest regtsiration errors

measured throughout sither
profils. The measured data are
presented in terms of fractional
IFOV.

MULTISPECTRAL SOANNER
The MSS on Landsat 4 i3 similar
to the M33 instruments that
wers flown on Landsata 1, 2,
and 3. (See fig 4.10). Howevaer,
in order to provide MSS dats
compatible with those acquired
from the higher orbita flown by
Landsata 1, 2, and 3 (about 920
km), the optics of the Landsat 4
M58 system have been adjusted
80 that the IFOV size still ap-
proximates an 80- x BO-m
ground area. In addition, a new
numbering system is being

uged to designate the four speo-

+8

tral bands of the Landsat 4
M38. What are known as bands
4,5, 6, and 7 on the previgus
M3S sensors are now known,
respactively, as Landsat 4 M33
bands 1,2, 3,and 4. This s &
changs in designation only. The
spectral coverage of the instru-
ment remains the same.

Scanning Arrangement

Figure 4.11 tllustrates the
Landsat 4 MSS scanning
deometry. During every mirror
MSS retrace period. the ra-
dlance from the Earth scene 15
blanked out by a mechanical
shutter. During every other
mirror retrace, the individual
8ansors in bands 1-4 are
exposed to a rotating, variable
density-wedge optical filter i1-
luminated by an on-board
calibration lamp. The resulting
calibration data are subse-
quently utilized to makn
radiometrio corrections on the
MB3 detector signals.

Fiber Optics Array and Datec-
tor Sampling

The MS33 electronic subsystem
18 dasigned to sample saguen-
tially the individual MSS detec-
tors to produce a gerial digital
data stream,

Figure 4.12 illustrates the
physical arrangement of the
squars light pipes placed in the
focal plane of the MS3S telescopa.
Each 11ght pipe conducts ra-
diance at the focal Plane to an
individual datector. 91...824
denotes the order In whith the
resulting detsctor signals are
sampled. Detactors A, B,...F
designate detactors within a
glven spectral band. The light
Pipe array dimensions, physical
arrangement, and sampling
Process are directly related to
mirror velocity and spacecraft
metion. An understanding of
this relationship is essential to
the caleculation of effective fisld
of view a3 well as to the
understanding of tomputer-
ctompatible tape (CCT) produe-
tion,

The M33 mirror is driven at &
frequency of 13.62 Hz, derived

by counting down the fraquen-



the maximum bit rate that can
be accommodated during detec-
tor sampling. Time par bit 18
0.0864 microsecond. Each detec-
tor represents & channel of
data, and 24 such channels (of
55 available) ara used on the

cyofa crystal-controlled clock
using a countdown factor of
135 X 213 = 1,105,920 Thua
the 13.62 Hz 18 derived from &
frequency of 15.06268 MHz +
0.01%. This frequency s
significant in that it reprasents

Landsat 4 spacecraft. Each
detector analog output s encod-
ed as a 8-bit digital word, with
each word corresponding to one
picture element (pixal). Trp:e
word perlod 13 then 0.3980
microgecond (8 X 0.0684),

liﬂ

. Temperature Controlled
Blackbody

@,&$ 7 Wuminated Au?s

in Focal Plane

6 Rectangular Intagrated
Light Pipes

\—- Fiber Optics Assy 2

{6 circular t0
© rectangular)

TN

Three Stationary llluminators

Figure 4.9 CALIBRATOR OPTICAL AYSTEM

40

Fiber Optics Coupling
‘{6 circular 10
& circular)

Field Lens and
Energy Balance Filters

\ Filament Images

which 18 the sampling time per Table 4.4 TM RADIATIVE COOLER DESIGN PARAMAETERD
detector. Becauge there are 24

channels involved, each detec-

tor 18 sampled once tn avery HORIZONTAL FIELD OF VIEW 160
9.968 microseconds VERTICAL FIELD OF VIEW 114
' INTERMEDIATE STAGE RADIATOR AREA 660 ¢m,
COLD STAGE RADIATOA AREA 430 cm,
Constder & ground scene com- COLD STAGE MINIMUM TEMPERATURE
posed of & single 83-by 83-meter CAPABILITY [ALL BANDS ON) B4 .4X

object, lmaged on detector A,
band 1, at-a time t = 0. The ao-
tive scan time during which
video 18 acquired 1a 33
miliiseconds. In the west-to-
east active scan period, a scan

RACIATION SURFACE BLACK PAINTED HONEYCOMB
INTERMEDIATE STAGE TEMPEAATURE =147K

INTERMEDIATE STAGE HEAT LOAD 2.2 watis

COLD STAGE HEAT LOAD 117 mw

Table 4.8 TM PROTOTLIGHT SPECTRAL PERTORMANCE OBSERVED BAND LOCATIONS

LOWER BAND EDGE UPPER BAND EDGE BANDWIDTH
AT HALF MAXIMUM AT HALF MAXIMUM AT HALF MAXIMUM
OBSERVED DIFFERENCE OBSERVED DIFFERENCE OBSERVED DIFFERENCE
BAND AL AL- ALS AU AU- AUS 3 AX . AXS
INm) {Nm) rem} M} (Nm INM)
1 452 2 518 -2 66 -4
2 529 9 610 10 a1 1
3 624 & 693 3 69 9
4 7786 16 905 s 129 =11
5 1568 18 1784 34 216 16
7 2097 17 2347 -3 250 .20
6 (uM) 10.422 .002 11.661 -.839 1.239 -.861

monitor sensor determines the
mirror angular position to atart
and stop detector sampling. The
scan mMonitor sensor ansures
that the crosa-track optical scan
18 185 km at nominal altituds
regardlass of mirrar scan
nonlinearity or other perturba-
tions of mirror velocity. Cross-
track image velocity is
nominally .82 meters per
microgecond. After B.6688
microseconds, the 80-by
80-meter image has moved 87.9
maters. The 81 sample taken at
this instant representa 16
meters of previous information
and 68 meters of new informa-
tlon. Therefors, in practice the
“effective’ IFOV of a detector
in the cross-track direction
musat be considered to be 88
meters corresponding to a
nominal pixel area of 68 by 83
maeters (at nadir point). Use of
Lhe “alfective” IFOV in area
calculation therefore eliminates
:he overlap in area between ad-
lacent samples (plxals).

Band 1 data precedes band 4
data by 64.926 microseconds.
Also, band 2 precedes band 4
dats by 44.812 microseconds,
and band 3 preocsdes band 4 by
20.314 microseconds. This
spatial misregistration 18 cor-
rectad by insarting the ap-

propriate number of Jummy
bytes prior to tha data in band
1, 2, and 3 during CCT produc-
tion. In using the term “byte,’
1t 18 Important to distinguish
between '‘spacecraft” bytes an
in-band bytes. For example,
band 4 detector A is sampled

Table 4.8 TM PROTOYLIGHT RADIOMETRIC SNNSITIVITY

BANDS 1-B &7

SIGNAL-TO-NOISE

RATIOS
NOISE MINIMUM MAXIMUM
EQUIVALENT SCENE CENE
BAND  REFLECTANCE | MEASURED MEASURED
1 0.8% 52 143
2 0.6% 60 279
a 0.5% 48 248
4 0.5% 3s 342
] 1.0% 40 194
7 2.4% 21 164
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mece in this time period. The
)\umber of bytes denerated in
\ll bands during this period 18
5. Bands 1, 2, 3, and 4 are off-
et from each other by two in-
»and bytes.

¥1ithin a spectral band there 18
ilso & time deiay between the
yutputs of detector A gnd F of
1.98 microseconds or 22.3
meters (for a nonrotating
Earth}, which i1s compensated
for during the production of
Him images.

Table 4.7T RADIOMBTAIC

PRATORMANCE OF
BAND 8
CFP SCENE
TEMP TEMP NEAT. K
300K G190
95K 320K 0.12
300K 0.28
105K 320K a.21

Signal compression, via four-
segment, quasi-logarithmie
amplifiers, is generally
employed to improve the aignal-
to-noise ratic in bands 1, 2, and
3. By compressing high ra-
diance level signals, the quan-
tization noise more nearly
matches photomultiplier noise.
Band 4 signals, derived from
silicon photodicdes, are never
compressed because equivalent
load resistor noise 18 best
matched by linear quantiza-
tion. The available ground com-
mandable analog processing op-
Lions are illustrated in flgure
4.13. In the high gain mode ap-
‘plisd to bands I and 2,
amplifier gain i8 increased by a
nominal factor of 3. This in-
crease allows greater use of
system dynamic range for those
gcenes producing low senscr ir-
radianoce.

Thers are two Signal compres-
slon amplifiers in the
spacecraft. One {8 used to pro-

cess sensor data from bands 1

gor data, all dats are encoded
into B-bit (1-byte) digital words
representing senscr amplitudes
in terms of 64 discrate steps,
0-1-2-...63. S1x-bit encoding is
used regardless of whether the
data were linearly processed or
compressed. Additional data
must be combined with the
digital data, so that the sensor
data can be properly processed.
As an example, the start and
end of sach active mirror Scan
time must be indicated. A
preambla is added to maintain
mirror-scan to mirror-scan bit
synchronization. A line-length
code that represents the
numbet of pixsls encoded from
mach detector during the mirror
active scan time 18 added.

A vital addition to the ssnsor
data is gpacecraft time code.
This is essential to 1dentify
when and, thersby, where the
data were acquired. Time code
is basic to framing M83 data to
coincida with Werldwide

Reference SBystem (WR3) image

Table 4.8 TM PROTOTLIGHT SGUANE WAVEA AESPONSE (SWR) — (Band Averags)

30 METER BAR

45 METER BAR

60 METER BAR

600 METER BAR

BAND SWR a SWR [ SWR SWR o
1 0.46 01 0.76 0.03 0.94 0.02 1.0 0.0
2 0.44 0.02 0.72 004 0.96 0.03 1.0 0.0
3 0.41 0.01 0.72 0.02 0.91 0.02 1.0 0.0
4 0.43 0.0% 0.76 0.03 0.95 0.03 1.0 0.0
5 0.42 0.02 0.78 0.03 0.89 0.03 1.0 0.0
7 0.44 0.02 0.76 0.02 0.92 0.02 1.0 0.0

120 METER BAR
BAND SWHR 0

180 METEH BAR
SWR ] SWR

240 METER BAR

2000 METER BAR
a SWR o

6 0.44 l 0.04

078 | 001 0.94

0.00 .10 0.0
| |

Anslog SBensor Signal
Processing

The analog sensor samples are
to be eventually digitized into &
single 16.0828-Mbpa data
stream; however, analog pro-
cessing, including amplifica-
tion, track and hold, and de
restoration are performed
bafore A/D conversion. In addi-
tion, provision i8 made for
linear amplification or
nonlinear amplificatlon, which
can be sslected by commands to
tha spacecraft.

and 3, and the second is used
sxciusively for hand 2 date. In
subsequent processing, decom-
pression of tha signala i8 per-
formed using separate decom-
presaion tables for bands 1 and
3 and for band 2. Calibration-
wedge signals from each band
are decompressed through the
same tables before data calibra-
tion.

Formation of the Ssrial
Digital Data Btream
After analog processing of sen-
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Table 4.0 T PROTOFLIOCHT

ANCGISTRATION

DYNAMIC BAND-TO-BAND

ALONG SCAN REGISTRATION

WITHIN PFPA <0.v IFOV
WITHIN CFPA < 0.08 IFOV
CFPA TO PFPA <0.19 IFOV

CROSS SCAN REGISTRATION

WITHIN PFPA < 0.13 IFQV
WITHIN CFPA <0.10 IFOV
CFPA TO PFPA <0.27 IFOV

Rotating
Shutter

Sun Shade

Calibrate
Lamp Driver

Photomuitiplier
Tubes {18)

Scan Mirror

Scan Manitor

Photodiode
Detector/Preamp

Fiber Optics

internal
Calibrate Lamps

Primary Mirror

Figure 4.10 CUTAWAY VIEW OF MULTISPECTRAAL SCANNER

center points. In addition,
scene identification, which is
applied to all Landsat
photographlo and tape pro-
ducts, 1s derived from
spacecraft time cods (Greenwioh
Moan Time).

A typical data sequence may be
described as follows: Preamble
maintains bit synchronization
from scan to scan. A§ the mir-
ror angular position arrives at
the western edge of the area to
be imaged, a line-stary code i8
produced. This code interrupts
the detector sampling sequence
and causes detector A, band 1
10 be sampled, A minor-frama
aynchronizing digital word
{MNF3) i3 also produced (on
channel 25). Each time the
MNFS or its complement is
gonerated, it indicates that a
new sequence of detector video,
astarting with detector A, band
1, 18 being produced. In this

manner, data are tagged
throughout each line scan,

At line start and generation of
the firat MNFJ, video 1a
preempted to psrmit insertion
of 2 bytes of spacecraft time
code. The complete {Une sode
conalsts of a 4+-byte 1dentifier
followed by 44 bytes of time-
code data. The first mirror soan
containg the four identified
bytes followed by 20 bytes of
time code. The 24 hytas are
distributed, 1 byte per datector
(bands 1, 2, 3, and 4) channsl.
The next line start {mirror
sCAn) contains an alternata
4-byte identifier and the re-
maining 20 bytes of time code,
Thersfors, the complete tims
cods can be recovered from two
consecutive mirror sweeps. For
Landsat 4, the alternate 4-byte
identifier is coded to provide
spacecraft identification as
follows; 0010 = Landsat 4,

412

0000 = Landsats 1-3.

After time-code insertion, detec-
tor video, MNP3 and its comple-
ment MNFS are transmitted
until an end of scan code 18 pro-
duced by a position sensor,
which detects that the angular
position of the s¢can mirror has
reached the eastern edge of the
imaged area. At this time, an
end of line code is transmitted.
A line-length code (LLC) is com-
puted then for each sensor
channel. The code provides in-
formation on the number of
bytes generated by each detesg-
tor during active acan time.
During ground processing, byta
variations between sensors can
be eliminatad to equalize the
1ine langth through the In-
troduction of dummy bytes of
snythetic video.

On alternate mirror retraces,

after the LLC 18 completed,




calibration data are transmit-
ted in digical form. Precisely
8,080 word-pericds after line-
atart code, the preamble code
preempts all data and the pro-
cess repeaty.

The 26 channels with all
necessary codes are multiplexed
into a 16-megabit-per- second
digital astream and transmitted
at 3-band to ground receiving
statlons.

At the receiving station, the
data are recorded on magnetic
tape recorders. Figure 4,14 11-
justrates a typical channel of
data after demultiplexing.

MSS Scanning Arrangsmant

4 DETECTORS
PER BANDS 1.4
124 TOFAL]

CHRECTION
OF FLIGHT

Ground IFOV

All Bands - 82.7 x 5§7m
Data Rate - 15.06 Mbps
Quantization Luvels - 64

FIELD OF VEEW
14.9 DEGREES

§-LNES SCAN-
A 14

BPACECRAFT
VELOCITY VECTON

ComPORITE
185.3 KM 1 TOTAL AREA SCAN
b T iden _.1' FOR ANY BAND

RMED @Y
ooy | REPEATED & LNE
P | PER BAND SWEEPS
[T u PER ACTIVE MIRROA.
N CYCLE
| T
-
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e —
BAND ¥ BANO 2 BAND 3 BAND 4
DETECTOR l._ lld hls—*n—gq-—l-— l!j t:ll—-l
i
A _T_ 51 82 $13 s$14
B s3 54 §156 $16
c b1 56 $17 s18
2
D §7 53 819 §20
£ $9 §10 s21 522
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le— 114 —f - ‘J.
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IMAGE MOTION
PRODUCED BY
MIRROR SCAN

IMAGE MOTION
PRODUCED BY
SPACECRAFT
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§ = DETECTOR SAMPLING SEQUENCE
ALL DIMENSIONS ARE IN METERS
EQUIVALENT GROUND DISTANCE

Figure 4.13 M58 LIGHY FIRE ARRLANGEMENT

Figure 4.11 LANDSAT 4 MSS BSCANNING GEOMNTRY
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COUNT

COMPRESSED COMPRESSED
8 (.1 JHGHGAN (1,2, ﬁ LOW GAIN
7’
/] /
sej~ usearn 7
/ /
, /7
ar- LINEAR (), 1,2, &)
Ve
Il 7
0 ’ /
/ // BANDS HAVING MODE INDICATED
zu PJ A NI ADHARCE
/ tmW/icm® sl
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! o |
/ } 1.7%
4 400
0 | ; n .
25 50 75 100

RADIANCE, PERCENT OF MAXIMUM

Figure 4.13 MBS DIGITAL OUTPUT COUNT AB A FUNCTION OF
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END DF LINE CODE
NOTE: DATA WORD IS $IX MTS, MOST SIGNIFICANT BIT FIRSTY FOUR BLACK WORDS DD 11001
FOUR WHITE WOROS{110011)

TiMg CODE LINE LENGTH
\ 10 8ITS, LEAST SIGNIFICANT BIT
{ PREEMPTS DATA 1N WORD NUMBE RS 1713, 3774, 3175)
"':"1‘1‘;3:} fe——— wssoara GAAY WEDGE ISEE NOTES 1 THRU 5)

CALIBRATION

1000111....) (ALTEANATE SCANS|

PREAMABLE]
1.312.8 £ 20 WORDS

10 16110

la— 3,000 TO 3.400 WORDS WOROS WORDS
T4 s 18 WDRDS

7.876.8 + 1 ATS

SHUTTER CLOSES 3,960 ¢ 200 — 901 + 1R WOROS
WORDS AFTER LINE START

1,028 » Y0 WOADS

Fe——1.371L20WIRDS —=qf

¢ 8,060 WORDS EXACTLY

7.372.8 WOADS LONG
TERM AVERAGE

NOTES:

1. GRAY WEDGE AiSE TIME APPROXIMATELY 20 WORDS

2. FIRST WORD AFTER LINE START CODE IS WORD NUMBER O

3. PREAMALE LENGTH IN RITS WELL NOT BE DIVISIBLE BY § EXCEPT BY CHANCE
4 DECOMMUTATED SPACECRAFT TIME CODE IS FOUND IN WORDS D AND §

Figure 4.14 DEMULIIPLEXED DATA CHANNIAL
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nadir viewing
The two HRY instruments can
be pointed so as lo cover
adjacent fields. In this
configuration the totaf swath
width is 117 km (nadir) and the
two fields overlap by 3 km.
Since the distance between
adjacent ground tracks at the
equaltor is approximately

108 km, complete Earth
coverage can be obtained with
ihis fixed setting of instrument
fields.

HRV
instruments

The angle between the sun .
direction and the vertical at the
sub-satellite point varies with iy
the seasons. This variation is el
ilustrated opposite as a function
of latitude and lime of year (in
months).
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off-nadir viewing

~wy appropriatety selecting the
orientation of the pomting mirror,
which is conirolled irom the
ground it is possible 10 observe
any region of interest within a
950-km-wide strip centered on
the satellite ground track, i.e.
the observed region needs not
necessarily be centered on the
ground track.

The width of the swath actually
observed varies between 80 km
for nadir viewing and 80 km for
extreme ofl-nadir viewing.

The program of observations to
be made is controlled by the
sateliite’s onboard computer. A
~sequence of recorded images

4. may include both modes of

instrument operaliocn
{multispectral or panchromatic
mode) and changes in each
instrument’s viewing directions.

regions
obsarvad

sy

e

salellite
ground track

?ﬁ;é"vablo sirip i ! !

the HRV instrument

The HRV instrument is designed
to operate in either of two
modes, in the visible and
infrared portions of the
spectrum :

« a panchromalic {(black and
white) mode corresponding 1o
observation over a broad
spectral. band, and;

. a multispectral {color) mode
corresponding to observation in
three narrower spectrat bands.

The instrument's sampiing mesh
corresponds to a ground
element (pixel) that is

10 m X 10 m in the first case
and 20 m X 20 m in the
second, for nadir viewing. This
basic design decision was
dictated by the smali-scale
subdivision of much of the
agricuttural land in many parts
of the world and was also
required for cartographic
applications.

Light from the scene being
viewed enters the HRV
instrument via a plane mirror
that is steerable by ground
conirol. The viewing axis can
thus be oriented as required in
the plane perpendicular to the
orbit. This off-nadir viewing
capability covers a range of

=+ 27° relative to the vertical {in
45 steps of 0.6° each). This
allows the instrument to image
any point within a strip
extending 475 km to either side
of the salellite ground track.
Because of the earth's
curvature, the maximum viewing
angle at the ground is 33° from
the vertical.

This off-nadir viewing capability,
along with the high resolution,
are two of the most innovative
features of the satellite. The
possibilities offered by these
design features are described
on pages 9 1o 11,

Engineering mode)
of the HRV instrument

Characteristics of the Multispectral Panchromat
HAY instrument maode mode
Spectral bands ......eeeerraciienas 0.50-0.59 pm 0,51-0,73 g
................ 0.61-0,68 um
........................ .. 0,79-0,89 pym
Instrument field of view .............. 41 413°
Ground sampling interval (nadic viewing) 20 m X 20 m 10mx10
Number of pixels per ine .......euen 3000 6000
Ground swath width (nadir viewing) ... 60 km B0 km
Pixel coding formal ....overesasirenns 3 X 8 bits 6 bits DPCM
Image data bit rate ...............een 25 M bits/s 25 M bits/

(1) DPCM (digital puise code modulation) is a mode of dala compression that does
gegrade the radiometric accuracy of ihe image data (256 grey leveis).

) cco
Basic detector array (Charge Coupted Plane mirror detector Arrays
Davice, 1728 etemenis} steerabie by

ground control \

b Ll SR (\ o
{2) The detectors are of the CCD
{charge-coupted device) type. Each
array consists of 6000 delectors
arranged linearly. This forms what is
known as a " push-broom " scanner
since it images a complete line of the
ground scena in the ¢ross-track

direction in one " look ™ without any
mechanical scanning.

olf-nadir  nadir
viewing viewing

off-nadir
viswing
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stereoscopic viewing capabilities

Another important possibility
offered by the HRV instruments’
off-nadir viewing capability is
that of recording stereoscopic
pairs of images of a given
scene (i.e. images recorded at
different viewing angles during
successive sateilite passes in
the vicinity of the scene
concerned).

At the top of the page we saw
that two observations can be
made on successive days such

“*lhat the two images correspondg
“10 pointing angles on either side

of the vertical. In such cases,
the ratio between the
observation base (or distance
between the two satellite
positions) and the height {or
saltellite alitude) is
approximately 0.75 at the
equator and 0.5C at a latitude of
452

The main applications for
stereoscopic imagery are in
photogrammetry and photo-
interpretation (morphogeology,
hydrographic studies, elc.).

pass on day E

reference surface

10

revisit capabilities

one pass each on days: D 4 10 O+5

Were the satellite instruments What, precisely, are the ravisit
only capable of nadir viewing, frequencies that can be

the revisit frequency for any achieved ?

given region would be 26 days. During the 26-day period

This interval is unacceptable for separating two successive

the observation of phenomena  satellite passes over a_given
evalving on limescales ranging  point on the Earth's surface,
from several days to a lew and taking into account the
weeks, especially where the steering capability of the

cloud cover hinders the instruments, the point in
acquisition of usable data, question could be observed on
However, win SPOT. he [ Heren passcs 1t wore o
capability for off-nadir viewing  51ude of 450, More specifically
during satellite passes in the if the day on which the satelite’
vicinity of a region of interest  firi passes venticaily over the
censiderably increases the point of interest is represented
revisit possibilities. by O, then the other days on
which this same point can be

observed are as shown at the
top3 of the following page (1,
2, 3.

It can be seen from the above
that a given region can be
revisited on dates separated
alternately by one and four (or
occasionally five) days. The
possibility of obtaining image
pairs on successive days is of
interest because of the relative
short-term stability {48 hours) of
weather patlerns.
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