LANDSAT TO GROUND STATION
INTERFACE DESCRIPTION

REVISION 9

JANUARY 1986

GODDARD SPACE FLIGHT CENTER
Greenbelt, Maryland



REVISION PAGE

REVISION DATE BY

DESCRIPTION

APPROVED

Revision 1 5/28/81

Revision 2 | 5/1981

/1981

w
[
(@]
N\

Revision

Ne 1+-A33

As indicated by ver
black bars marked Rev 3 in
the page margins of Revi-

sion 3.

Change 1 12/1981

land are not in all cases

As indicated by vertical
black bars marked CN 1 in
the page margins of Revi-
sion 3. Note: Some rear--
rangement of material and
editorial corrections have
been done in this issue

indicated by change bars.

Webb

Revision 4 2/1982

As indicated by black bars
in the page margins of

Revision 4. Some material
has been rearranged in this
revision.

Webb

Change 1 3/1982

As indicated by black bars
marked CN 1.

w.

Webb

Revision 5 8/1982

Revisions are indicated by
black bars in the page
margins.

W.

Webb

Revision 6 1/1983

Revisions are indicated
black bars in the page
margins.

by

Webb

Revision 7 | 8/1983

Revisions are indicated
black bars in the page
margins. '

by

.
W

. Webb

Revision 8 6/1984

Revisions are indicated by
black bars* in the page
margins.

W.

Webb

Revision 2 9,/1985

Revizions ars indicated by

black bars* in the page

margins.

Clark

*Npte that the black bars in

the page margins are effective
revisions and change notices.

ii

only for current




PREFACE

Revision 9 of the Landsat to Ground Station Interface Description
updates Revision 8 of the document published in June 1984.

Major updates were made in Revision 8 in order to include the
Landsat-5 mission:

Modification of the title to delete reference to the
Landsat—-4 mission in favor of using the generic Landsat
title

Elimination of references in the text to the Landsat-4
mission and substitution of the term "Landsat" where the
reference was applicable to both the Landsat-4 and Landsat-5
missions

Addition of mission-specific information for Landsat-5

" where such information is included for Landsat-4.
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LANDSAT TO GROUND STATION
INTERFACE DESCRIPTION

1. LANDSAT MISSION OVERVIEW

1.1 FLIGHT SEGMENT

Figure 1 is an illustration of the components of the Landsat flight
segment.

1.2 ORBIT

The Landsat orbit is defined as follows:

Altitude 705.3 km
Inclination 98.2 degrees
Repeat cycle 16 days

Orbits per cycle 233

Ground trace spacing at Equator 172.0 km~

Sidelap at Equator 7.6 percent
Descending node time 0930 . to 1000 hours
Nodal period ’ 5933.0472 seconds

The value of 705.3 for the Landsat orbit agrees with the altitude
over the Earth's Equator (hg) that satisfies a Keplerian period (P)
corresponding to the design nodal period. The 705.3-km altitude

is not intended for use in detailed orbital analyses because it
does not precisely represent the actual Landsat altitude at the
Equator.

a is altitude measured from ﬁﬁe center of the Earth.
km3

P =27 [a3 P = 5933.0472 sec; pn = 398601.2

™ sec?
a = 7083.465 km ro = 6378.165 km.
he = a - re = 705»3 km-

Figure 2 shows the Landsat orbit for the l16-day period. Landsat-5
coverage will normally be separated from Landsat-4 coverage by 8
days. Maps and information regarding nominal ground track and
scene-center locations for both Landsat-4 and Landsat-5 will be
available from the Earth Resources Observatlon System (EROS) Data
Center, Sioux Falls, South Dakota.

1.3 FUNCTION OF LANDSAT ATTITUDE CONTROL SYSTEM

The Landsat spacecraft attitude control system (ACS) orients the
spacecraft relative to a desired target. The central control sys-
tem element is an onboard computer (OBC) that processes all sensor-
derived information and, in conjunction with various types of

(=]
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stored information, generates the appropriate control signals to
operate the spacecraft reaction control devices. The Landsat
reference sensor system consists of coarse Sun sensors, an Earth
sensor (for safe-hold only), an inertial reference unit (IRU), a
pair of fixed-head star trackers, and a three-axis magnetometer.
All sensor outputs are transferred to the OBC in addition to being
downlinked in telemetry. The OBC processes the sensory inputs and
derives the control equipment commands. The primary attitude refer-
ence is derived from the IRU. The IRU bias drift and scale factor
errors are computed within the OBC through use of known target
stars. A l-sigma pointing accuracy of 0.01 degree is expected from
this system. ‘

1.4 COMMUNICATIONS

Figure 3 shows the overall data flow from Landsat. Foreign ground
stations will receive data by X- and S-band links. For more infor-
mation concerning these data transmissions, refer to Section 9.

1.5 NASA/GODDARD SPACE FLIGHT CENTER (GSFC) LANDSAT USER PRODUCT
SPECIFICATIONS

a. NASA/GSFC intends to maintain the Landsat-4/-5 Data Manage-
ment System MSS partially processed output high-density
tape (HDT-A) format compatible with the Landsat-3 format
family currently in use within the GSFC/Image Processing
Facility.

b. MSS user photographic and computer-compatible tape (CCT)
products will not be produced by GSFC. The EROS Data Center
will be responsible for producing these user products.

c¢. The TM high-density tape (HDT), CCT, and photographic output
product formats have been defined in Interface Control
Documents 2501 and 2801. However, plans are being made to
conform the formats as closely as possible to the generic
structure of the HDT and photographic products currently being
used for Landsats-2 and -3. GSFC intends to use the Martin
Marietta Model MH2879-L high-data-rate recorders and the
Goodyear Landsat-4 high-resolution film recording system.

Additional product information should be obtained from the EROS
Data Center, Sioux Falls, South Dakota.

2. ATTITUDE AND EPHEMERIS DATA

NASA/GSFC plans to provide attitude and ephemeris data for use in
processing image data to Landsat Ground Station Operations Working
Group (LGSOWG) members on a routine basis within the telemetry

8 kbps S-band downlink and TM videco data.
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The ephemeris data, which are provided in the form of orbital-state
vectors, will be derived by the spacecraft OBC from uplinked pre-
dicted ephemeris data. The accuracy of these data is presented

in Table 1 and the content and data format are described in Section
5. The ephemeris data provided within the telemetry S-band down-
link and TM video data will normally be between 1 and 2 days after
tracking data cutoff. Onboard ephemeris processing by the OBC.
does not introduce any significant degradation to the accuracies
defined in Table 1.

Table 1
Ephemeris Location Accuracy
' (1 sigma)
: Position/Location Accuracy (meters)
Source (days from tracking cutoff)
1 , 2 3
Predicted-fit ephemeris 250 500 1000

Landsat pointing accuracy will be 0.01 degree~(1 sigma). Point-
ing, ephemeris, alignment of the TM to the pointing axis, and
timing errors will result in positional accuracy of the imagery
with systematic correction only (no use of ground control points)
as summarized below:

: Cross Track Along- Track

Error Source (Meters 10) (Meters lo)
Ephemeris 100 500
Time , N/A 80
Attitude 123 123
Alignment 427 855
Total (root-sum-square) 455 1001

The altitude of the Landsat orbit, considering both orbit eccen-
tricity and the Earth's figure, will vary between about 696 and
741 kilometers. Maximum altitudes will occur over the North and
South Poles and minimum altitudes will occur over equatorial re-
gions.

The Landsat ACS-pointed axis is defined as the line of sight from
the spacecraft of the geocenter (i.e., the origin of the Earth-
centered inertial true-of-date coordinate system). This is also
the nominal alignment axis for the optical axes of both the T™
and the MSS. Detailed alignment data are provided in Appendix F.

3. NAVIGATIONAL DATA

NASA plans to provide improved interrange vectors (I2RV) by Telex,
which allow proper pointing of ground station antenna for acquisition’



of satellite data signals. These vectors will be provided daily,
at least 24 hours before becoming effective. The "I2RV message is
described in Appendix D. Orbital element and state vector data
are available from NASA as an alternative to I2RV messages until
the capability to accept I2RV data is implemented by LGSOWG mem-
bers. Orbital element data are estimated to be in the range of

2 km accuracy.

4. MULTISPECTRAL SCANNER SPECIFICATIONS

4.1 MULTISPECTRAL SCANNER RADIOMETRIC SPECIFICATIONS

4,1,1 Spectral Bands

'The MSS operates in four spectral bands in the solar-reflected
spectral region as follows:

a. Band 1--0.5 to 0.6 micrometers
b. Band 2--0.6 to 0.7 micrometers
c. Band 3--0.7 to 0.8 micrometers
d. Band 4--0.8 to 1.1 micrometers

4.1.2 MSS Detectors

o

'The MSS uses the following detectors in each spectral band:

a. Band 1--Photomultiplier tube (six each)
b. Band 2--Photomultiplier tube (six each)
c. Band 3--Photomultiplier tube (six each)
d. Band 4--Silicon photodiode (six each)

4.1.3 MSS Radiance/Signal Range

The scanner provides video signals that are accurately related
to radiance values in each spectral band. The maximum radiance
levels for Bands 1 through 4 are:

Maximum Radiance

Band. 10-% watts cm 2 ster—!
1 24 .8
2 20.0
3 17.6
4 46 .0

NASA has no plans to acquire Sun calibration data for the MSS.

4.,1.4 MSS OQuantization

Each sample is encoded into a 6-bit word using rounding quantiza-
tion.



4,1.5 MSS Signal-to-Noise Ratio (SNR)

The ratio of output signal level to root mean square (rms) noise
input radiance for the scanner and the multiplexer is required

by instrument specification to be as defined in Table 2 when the
multiplexer samples are in the linear mode. When the multiplexer
compresses signals from Bands 1, 2, and 3, the SNR's are similarly
required to be as defined in Table 3. The specified SNR's prior
to gquantization are defined in Table 3a.

4.2 MSS SCANNING MIRROR CHARACTERISTICS

4.2.1 MSS Geometric Accuracy

The Landsat MSS scan mirror is supported by two flex pivots that
exert a restoring torque on the mirror. The torque is zero at
approximately the center of scan. Bumpers are provided at the
two ends of scan to reverse the mirror angular velocity. During
the "active” scan (west to east in the spacecraft descending node)
when video data are collected, the mirror is essentially torque-
free except for the flex-pivot torque. During the reverse or
back-scan; a torque motor applies torgque to restore the system
energy lost during the previous scan cycle. .The mirror inertia
is approximately 0.0077 slug-ft2 and the combined spring constant
of the flex pivots is approximately 4707 ft-1b per radian.

4.2,2 Scan Mirror Assembly

Sensor ground coverage perpendicular to the satellite track 1is
accomplished by means of a flat scanning mirror oriented at 45
degrees with respect to the scene that scans about the X-axis.
The following parameters define this scan mirror assembly system:
- a. 'Scan frequency: 13.62 Hz +0.01 percent

b. Scan angle across scene: 14.90 +0.06 degree or 0.26 +0.001
radian

c. Timing format (Figure A-2)
d. Active scan period: 32.75 +1.25 milliseconds

4.2.3 Geometric Fidelity

Geometric fidelity shall be defined by:

" a. Lines per scan (scanned simultaneously)--Band 1 through
Band 4: 6 ’

b. Scan-to-scan line-length wvariation--42.0 pr, rms over 100
scans (the variation will be larger when operated simultane-
ously with the TM instrument)



Table 2

Specified SNR After Quantization
(Linear Mode)

Band

2

High-radiance 1level:

Minimum system signal- 89
to-noise (S/N) output
(after analog to digi-
tal (A/D) conversion)

1/2 high-radiance level:

Minimum system S/N output 54
(after A/D conversion)

73

46

50

33

104

54

"Table 3

Specified SNR After Quantization
(Compression Mode)

o

Band

2

High-radiance level:

Minimum system S/N output
(after A/D conversion)

1/2 high-radiance level:

Minimum system S/N output
(after A/D conversion)

75

43

65

38

47

30

Table 3a

Specified SNR Prior to Quantization

Band

Specified Requirement

High-radiance (MW/CM2-Sr)
Minimum SNR at high-radiance
1/2 high-radiance (MW/CM2-Sr)

Minimum SNR at 1/2 high-radiance

2.48

124




c. Optical centerline variations--Less than 1 percent of full
scan

d. Scan repeatability--Scan angle versus time is repeatable
within 24 pr, rms over 100 scans after line-length correc-

tion
€. Scan nonlinearity--For the linear portion of the forward
scan, the repeatable scan rate deviates by less than +2.4,

-5.0 percent from the mean scan rate.
4,3 MSS INTERNAL CALIBRATION
There are provisions in the MSS for internal calibration.

4.3.1 Bands 1 through 4 Internal Calibration

The internal calibration is provided on every other mirror scan
cycle (major frame). Data on the alternate cycles are black level
(dc restore in Band 4). A redundant source and varying neutral
density filter will generate appropriate radiant levels and spec-
tral distribution to provide internal calibration for Bands 1
through 4. The internal calibration for Bands 1 through 4 consists
of a decreasing gray optical wedge (ramp calibrate) input of 10.2
+2 milliseconds duration that occurs 42.8 +2 milliseconds after
line-start code (nominally 11 milliseconds after end-of-line code).
Preflight gray-wedge test data will be supplied to the Landsat-4/-5
ground stations for all modes of operation. A typical gray-wedgs
calibration curve is shown in Figure 4. The middle two bits of

the binary words are inverted as is the case for all video data.

LEVEL 63

GROUND

OF. 15 200
DATA END-OF-LINE

CODE

S

LEVEL 32

L\‘ WORD 2 e | EVEL 0
WORD 1 e

WORD 304

Figure 4. Typical Gray-Wedge Calibration Curve

4.3.2 MSS Internal Calibration Accuracy

For the maximum duty cycle period beginning 3 minutes after turnon
(normal warmup time), the calibration wedge output is required by
instrument specification to provide thé means to calibrate gain

10



and offset values for Bands 1 through 4 (paragraph 4.1.1) within
the following relative accuracies.

a. Channel to channel (within a band)

(1) Ratio of gains between channels: 2.0 percent peak
to peak

(2) Offset differences between channels: +15 millivolts
(less than 0.24 guantum average)

b. Band to band
(1) Ratio of band average gain (average of six channels)

between bands: +30 millivolts (less than 0.47 quantum
level average)

O

Stability at any channel
(1) Gain change: +2.0 percent over the maximum duty cycle

(2) oOffset change: +12 millivolts over the maximum duty
cycle period (less than 0.19 guantum level average)

The amplitude range of the calibration signal in the low-gain
mode varies from a maximum of greater than 3.5 volts (level 55)
to a minimum of less than 0.5 volt (level 8), and in the high-gain
mode (Bands 1 and 2 only) from a maximum of greater than 4.0 volts
(saturated level 63) to a minimum of less than 2.0 volts (level
32).

4.4 HMSS SENSOR OUTPUT FORMAT

With the exception of the addition of a 4-bit spacecraft identifi-
cation word, the MSS time-code format for Landsat-4/-5 is identical
to the 4-band format of Landsats~-1, -2, and -3. The MSS data for-
mat for Landsat-4/-5 is described in Appendix A.

4.5 MSS DATA PROCESSING CONSTANTS

- The values of certain spacecraft and sensor constants required in
ground processing are provided in Appendix B.

5. THEMATIC MAPPER SPECIFICATIONS
5.1 THEMATIC MAPPER RADIOMETRIC REQUIREMENTS

5.1.1 Radiometric Sensitivity

The TM output in each of Bands 1 through 5 and 7 have a SNR for
specified input in accordance with Table 4. For a constant input
radiance, the SNR is defined as the ratio of the output value {(in
units of radiance) averaged over at least 100 samples to the rms

-

11



Table 4 _
Thematic Mapper Signal-to-Noise Ratios

Constant in Band
Input Radiance
Band (mw/cm2-sr) Minimum SNR
1 0.28 32
2 0.24 35
3 0.13 26
4 0.19 32
5 0.08 13
7 0.046 5

value of the noise equivalent radiance that is defined as the rms
of the deviations of the output samples from the average value.

The sensitivity of Band 6 is specified in terms of noise equivalent
temperature difference (NETD). The NETD for Band 6 as measured
after at least a 6-pixel settling time at 300 K is 0.5 K. The
minimum scene temperature for this band is 260 K.

The peak-to-peak signal variation across a scan line when scanning
a uniform radiance scene is specified not to exceed 0.5 percent of
the average output signal of the channel during the scan. For

Band 6, this peak-to-peak signal variation is specified not to
exceed 0.5 percent of the full scale signal.

5.1.2 Radiometric Accuracy

Relative radiometric accuracy between bands operating in the re-
flective region -shall be better than 2 percent. -To maintain radi-
ometric measurement accuracy for the total mission duration, an
internal reference source is used to provide calibration data for
ground correction. In addition, a dc restore technique is used

on board to minimize the effects of low frequency noise and drift.
A zero-radiance level is applied to the sensors when the shutters
are closed to develop a zero-clamp level for the A/D circuitry.:
This zero-clamp level is fractionally updated before each sweep.
The zero-clamp level appears as a sensor black-level output to the
ground during the shutter-closed period. NASA has no plans to ac-
quire Sun calibration data for the TM.

5.1.3 Sbectral Bands

The scanner is specified to operate in seven spectral bands in the
solar-reflected spectral region as follows:

a. Rand 1--0.45 to 0.52 micrometers
b. Band 2--0.52 to 0.60 micrometers
c. Band 3--0.63 to 0.69 micrometers
d. Band 4--0.76 to 0.90 micrometers

12



e. Band 5--1.55 to 1.75 micrometers
f. Band 6--10.40 to 12.50 micrometers
g. Band 7--2.08 to 2.35 micrometers
5.2 THEMATIC MAPPER GEOMETRIC CHARACTERISTICS

5.2.1 TM Geometry

The relationship between the Earth's surface and the data sampled
by each TM detector is described in this section. The TM scan
mirror is a 16- by 2l-inch ellipse that provides a nearly linear
scan motion covering a swath on the ground 185-km wide. A preci-
sion digital controller drives the mirror. A scan-line corrector,
located behind the primary optics, compensates for the forward
motion of the spacecraft and allows the scan mirror to produce
usable data in both scan directions. Figure 5 shows the critical
TM scanning components and the geometric relationship of the TM
detectors to their ground-track projection.

Figures 6 and 7 give details of the detector geometry. The detec-
tor rows within a band are separated by 2.5 instantaneous fields
of view (IFOV's). This is done because the multiplexer samples
the even detectors 0.5 IFOV later than the odd detectors within
a minor frame of data. 'In this way, the odd and even detectors
are an integral multiple of IFOV's apart in space. The spacing
between Bands 5 and 6 is 34.75 IFOV's so that the edge of Band 5
detectors will line up with the edge of a Band 6 detector. Nocte-
that the Band 5 detector edge is 0.75 IFOV from the center line
of the band, while the edge of the Band 6 detector is 3.0 IFOV's
from the center line. As shown in Figure 7, there are 37 IFOV's
between the trailing edge of Band 6 Detector 1 and Band 5 odd
detectors in the forward direction, and 40 IFOV's in the reverse
direction., Table 5 gives the minor frame adjustments between
detectors. It includes nominal physical spacing and sample tim-
ing. ;

5.2.1.1 Sample Timing--As shown in Figure 7a, the values of Band
6 Detectors 1 and 3 are held immediately after the line start
code. The Band 6 Detector 1 sample is placed into the first minor
frame after line start, and the sample of Band 6 Detector 3 1is
placed into the second minor frame. At the beginning of the third
minor frame, the values of Band 6 Detectors 2 and 4 are held. The
Band 6 Detector 2 sample is placed into the third minor frame, and
the sample of Band 6 Detector 4 is placed into the fourth minor
frame. The above process is then repeated starting with the fifth
minor frame.

The odd detector values of Bands 1 through 5 and 7 are held at the
beginning of each minor frame. The even detector values of Bands
1 through 5 and 7 are held at the mid-point of each minor frame.
All detector values for Bands 1 through 5 and 7 are placed into
the minor frame at which they are held. When the detector layout

13
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. Table 5 ,
Detector Adjustments for Layout Geometry
and Multiplexer Sampling

Minor-Frame Adjustment

Reverse Scan Forward Scan

Scan Direction (east to west) (west to east)
Band 1 even +3 -2
Band 1 odd 0 -0
Band 2 even -22 23
Band 2 odd -25 25
Band 3 even -47 48
Band 3 odd -50 50
Band 4 even -72 73
Band 4 odd -75 75
Band 7 even -117 118
Band 7 odd -120 120
Band 5 even -143 144
Band 5 odd -146 146
Band 6 1 -186 183
Band 6 2 -174 175
Band 6 3 -187 182
Band 6 4 -175 174

Note: One Band 6 detector is sampled per minor frame.

The sequence from line start is detector

1'3'2'4'1’312/4’10"

and sample timing effects shown in Figures 6, 7, and 7a are com-
bined, the minor frame adjustments defined in Table 5 result. For
example, there are nominally 37 minor frame samples between the
trailing edges of Band 6 Detector 1 and odd Band 5 detectors on
forward scans. Band 6 Detector 3 samples are placed in the minor
frame after the Band 6 Detector 1 sample. Thus, there are 36
minor frame samples between odd detectors of Band 5 and Band 6
Detector 3 on forward scans.

For reverse scans, the values of Table 5 again represent the minor
frame adjustment between the tralllng edges of Band 6 detectora
and the other bands.

5.2.1.2 TM Scanning Mirrors--The scan mirror assembly (SMA) oper-
ates in two modes: scan angle monitor (SAM) mode and bumper mode.
The bumper mode is a third backup and will not be addressed in
this document. The SAM mode can operate with scan mirror elec-
tronics number 1 (SME-1) or scan mirror electronics number 2
(SME-2). For each SME, there exists a fifth-order polynomial
describing the nominal departure from linearity (or profile) of
the scan mirror forward and reverse scans. (See Appendix C.)
These nominal polynomial profiles must be adjusted on the basis

17
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of first half and second half scan time data due to observed pro-
file wander (expected to be a slowly varying adjustment of +10
microradians at midscan over 2000 scans) and due to launch vibra-
tion profile shifts (expected to be less than +200 microradians
at midscan).

Appendix E, TM Midscan Correction Summary, explains how  a parabola
is added to a smoothed profile polynomial to create a ground cali-
brated prcfile pclynomial.

The scan mirror electronics (SME) mode is indicated in Bits 6 and
7 of TM serial Word E. Serial Word E is given within the PCD TM
housekeeping telemetry. See Section 5.4.7.2 (k).

The scan mirror produces nonlinear motions normal to its scan
direction. This produces cross-scan or along-track errors that
are defined using the polynomials given in Appendix C.

The scan line corrector (SLC) scans in the along-track direction
and is intended to remove the along-track spacecraft and along-
track Earth-rotation motion during the active scan time. The SLC
position is reset by the end-scan pulse and initiates along-track
scanning before the start-scan time. The SLC position at start-
scan is a function of scan mirror turnaround €ime. The following
are nominal SLC parameters:

Scan frequency (nominal) -13.99 Hz
Scan period (nominal) 71.462 ms
Scan rate in object space (nominal) 9.6 mr/sec

5.2.2 TM Geometric Accuracy

A line synchronization signal is generated once each scan line.
The signals relate the position of the scanning system with respect
to the ™M frame.

Excluding the effects of possible spacecraft attitude changes, the
path of any detector on the ground will not deviate from a straight
line by more than 1.0 IFOV (maximum) during the active portion of
each scan. The scan profile (angular position versus time) can be
described to within 0.1 IFOV (rms) by a smooth function of time
with a maximum of three inflection points. A calibration profile
has been derived from data taken during scan mirror subsystem tests
and is provided in Appendix C.

The scan profiles in both along-track and cross-track directions
are specified to be repeatable to the calibration profiles to with-
in 0.1 IFOV (rms) over 400 scans and to within 0.2 IFOV (rms) over
the operational lifetime of the instrument. To meet the scan pro-
file repeatability requirements, scan profiles should be adjusted
using first half scan time error and second half scan time error
information that is provided in the high-data-rate stream.

19



The Flight Segment (FS) includes mechanical devices that are active
during the time that images are being acquired. These mechanical
devices cause low-amplitude motion that is passed through the
spacecraft structure and results in attitude deviations of the TM
optical axis. This motion is called jitter.

Observed rms TM Jltter error, referenced to the spacecratt coor-
atc :

dinate system, is as follows:
Error Magnitude
Frequency Range (Hz) (arc-sec, 1 sigma)

0--0.01 36 All axes
0.01--0.4 10 All axes
0.4--7 5 All raxes

' 2 Roll

.Greater than 7 1 Pitch
2 Yaw

Significant error does not occur above 77 Hz.

Because of the developmental nature of the TM system, the NASA
ground- processing system is being designed to.accommodate larger
worst-case (peak) jitter errors of 20 arc-seconds above 7 Hz.

The amplitude and phase of jitter is expected to be asynchronous
with respect to the TM scanning and thus requires measurement and
correction during ground processing. The TM attitude measurement
capability is up to nominally 2.0 Hz, using the attitude control
inertial reference units (IRU's), and from nominally 2.0 to 125
Hz, using the angular displacement sensor (ADS). IRU and ADS
outputs are combined on the ground to compute FS attitude devia-
tions from nominal pointing. Below 125 Hz the TM is structurally
rigid, and below 20 Hz the spacecraft center body 1is structurally
rigid. ADS and IRU measurements fully characterize the attitude
jitter of the TM optical axis.

5.2.3 TM Scan Rate

The scan rate (scene angular scan rate) during the usable portion
of the scan is specified to deviate not more than 1 percent (peak)
from the average scan rate over any 30-second time period.

5.2.4 TM Overlap/Underlap

The peak overlap or underlap of IFOV's in adjacent scan lines of

a band, not including the effect due to variations in range across
the scan (i.e., bow-tie effect), altitude variation, or spacecraft
jitter will be less than 0.2 IFOV error (in 395 of 400 measure-
ments) over the full length of the scan lines when viewing the
BEarth. This is an instrument-level specification value, which in-
cludes differential (forward/reverse) cross—scan scan mirror non-
linearity, SLC nonlinearity, and internal instrument vibration.

20



5.2.5 TM Scan-Line Length

The length of a scan line is defined as the time required for
scanning between the images of two sources that are at opposite
ends of the.scanned field of view.. The TM line length (active)
will vary by no more than +1 minor frame time from the line length
averaged over 400 scans, exclusive of jitter effects external to
the TM. Note that the specified performance (+1 minor frame) is
for the active scan ‘line length. 1In operauion, the TM line length
variation may be as large as +20 minor frames when the TM and MSS
operate simultaneously.

Major frame length (scan line start to the next scan line start)
can vary up to an additional #10 minor frames due to variation in
mirror turnaround times.

5.2.6 Forward to Reverse Scan Alignment

Because alternate image line sets are scanned in opposite direc-
tions, the data must be manipulated to construct a sensible image.
In addition to reversing the order in which detector values are
positioned on alternate sets, the data must be aligned to preserve
proper along-track registration. A simplified illustration of the
alignment required is shown in Figure 7b. AlSo shown are the
approximate magnitudes of errors which would result from not in-
cluding various factors in the alignment process.

5.3 TM INTERNAL RADIOMETRIC CALIBRATION SYSTEM

An internal calibration system is provided within the TM instrument
to assiat in performing radiometric calibration of the image data.
cludeq a set of three calibration source lamps w1th associated
optical conductors for Bands 1 through 5 and 7, and a temperature
controlled blackbody surface for the thermal band (Band 6). The
obscuration shutter also provides a zero-radiance surface for use
in setting the dc reference level for Bands 1 through 5 and 7
within the instrument electronics, and provides a second known-
temperature surface for use in thermal band calibration.

At the completion of each imaging scan, the obscuration shutter
rotates into a range of positions in which the normal optical path
for each detector is blocked. As the shutter passes through these
optical paths, the calibration lamps, blackbody surface, and.zero-
radiance surfaces pass through the detector FOV's. - As a result,
calibration radiance levels and a dc restore level are provided
between active scans for Bands 1 through 5 and 7 detectors, and
two known-temperature levels are provided between active scans for

Band 6 detectors. These data are intended for use in establishing
calibration functions which can be applied to image data collected
during each scan.
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5.3.1 Calibration Lamp System

The internal calibration system for Bands 1 through 5 and 7 pro-
vides calibration data over a span of approximately 50 pixels
(~0.5 milliseconds) within each scan. On forward scans, the cali-
bration data begins approximately 6.8 milliseconds after the end-
of-line pulse (EOL), and on reverse scans the calibration data
begins approximately 1.9 milliseconds after EOL. Based on pre-
launch test observations of the Landsat-4 instrument, the shape
of the calibration data radiance profile within each scan is not
a simple step-function, and must be interpreted carefully. An
example of a calibration pulse observed through a Band 3 detector
of the Landsat-4 instrument during prelaunch test is shown in
Figure 7c. 1In order to establish the value which corresponds to
each calibration data level, NASA plans to average over 65 pixels
centered on the calibration pulse.

The internal calibration lamps for Bands 1 through 5 and 7 can be
operated in either an automatic mode or in a backup mode. 1In the
automatic mode, an internal sequencer automatically switches be-
tween various lamp combinations to provide an eight-step seqguence
of calibration levels. This sequence is as follows:

o

Nominal Calibration Level™*

Step Lamp Configuration (percent of full scale)
1 All lamps OFF ’ 0
2 Lamp A ON 40
3 Lamps A and B ON 70
-4 Lamp B ON : 30
5 Lamps B and C ON 50
6 Lamps A, B, and C ON . 90
7 Lamps A and C ON 60
8 Lamp C ON 20

*Calibration radiance values provided in Appendix C.

Progression through this sequence is synchronized with scans such
that each calibration level is present in approximately 40 consecu-
tive scans. Examples of the exact calibration level seqguence seen
through two detectors of the Landsat-4 instrument during prelaunch
test are shown in Figures 7d and 7e. Roughly 0.5 second is re-
guired for changing calibration levels because of the time required
for the lamps to warm up to full radiance, or to cool down in the
case of the infrared bands. For this reason, NASA plans to ignore
nine scans surrounding each calibration level change, beginning cne
scan before the transition occurs, and continuing through seven
scans after the transition has occurred. NASA also plans to deter-
mine lamp configuration by interpreting calibration data magni-
tude. (There are calibration lamp current monitors within the
spacecraft housekeeping telemetry, but these are not intended for
use in determining calibration lamp configuration; these monitors
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are not available within PCD.) In the automatic mode, the calibra-
tion lamp ON/OFF monitors indicate whether or not each lamp is
enabled for operation under sequencer control.

When the internal calibration lamps are operated in the backup
mode, changes in lamp configuration are controlled directly by
ground command. In this mode, the calibration lamp ON/OFF monitors
indicate the lamp configuration. NASA has no plans to operate the
TM in this backup mode.

5.3.2 DC Restore System

DC restore is a technique for minimizing the effects of low fre-
qguency noise and drift. A zero-radiance level is applied to the
sensors during shutter obscuration to develop a zero-clamp level
for the analog-to-digital circuitry. This zero-clamp level is
fractionally updated before each scan to a nominal level of 3
digital counts. The zero-clamp level observed during the shutter-
closed period should be considered representative of a sensor
black-level output during imaging (although detector noise may
result in output values below the dc restore adjustment value
when viewing a zero-radiance scene).

The zero-radiance condition is established when the shutter blocks
the normal optical path for each detector, and is present through-
out the obscuration period except during the calibration pulse.
Shutter obscuration occurs approximately 1.2 milliseconds after
EOL on both forward and reverse scans, and continues for approxi-
mately 8.3 milliseconds. Adjustment of the zero-clamp level begins
approximately 2.2 milliseconds after EOL on forward scans, or
approximately 5.4 milliseconds after EOL on reverse scans, and con-
tinues for approximately 3.1 milliseconds.

5.3.3 Thermal Band Radiometric Calibration System

A temperature-controlled blackbody and a temperature-measured
shutter surface provide the calibration reference points for the
four Band 6 detectors. Band 6 detectors view the temperature- .
measured shutter surface during the dc-restore calibration period
and the temperature-controlled blackbody during the calibration
period of each mirror scan. (Refer to Table 7 for the location

of these two periods in the TM forward and reverse scans.) The
calibration shutter and blackbody temperatures are measured and
inserted in mission telemetry (minor-frame words 49 and 47, respec-
tively - see Table 13), and in the payload correction data (PCD)

TM housekeeping telemetry (reference 5.4.7.2.k). Absolute calibra-
tion will be necessary for the thermal IR channel to account for
the blackbody shading factor. Compensation for temperature drift
‘and possible emissivity variations is expected to be required
throughout the mission. A further description of the thermal

band radiometric calibration procedure is provided in Appendix G.
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5.4 TM OUTPUT FORMAT

The TM output is an 84.903 +0.080 Mbps nonreturn-to-zero mark
(NRZ-M) serial bit stream. This signal employs differential trans-
mission and has redundant outputs for the X-band and Ku-band com-
munication channels. Eight TM bits are grouped to form a word;
‘words are grouped into minor frames; and minor frames are used

to form major frames. Each major frame contains all data applic-
able to the one sweep (71.46 milliseconds) of the scan mirror.

The output format is shown in Figure 8 and is descrlbed in the
following subparagraphs.

Several "key parameters" are commoﬁly used terms in Landsat image
processing. Brief definitions follow:

" a. Swath Angle——The'object space angle of scan mirror travel
during the active scan time.

b. Scan Rate--The angular scan velocity of the scan mirror.

c. Dwell Time--Detector sample time for Bands 1 through 5
and 7.

s

d. Line Length--The number of detector sample times during
the active scan time.

e. Filter Frequency--The nominal bandwidth of the detector
presample filter.

f. Data Rate--The TM output bit rate.
g.  IFOV-—-Instantaneous field of view.

h. Scan Period--The time of a complete scan cycle including
one forward and one reverse scan.

i. Scan Frequency~—Thevreciprocal of the scan period.

j. Active Scan Time--The time required for the scan mirror
to travel from its start scan position to its end scan
position.

k. Turnaround Time--The time from end-of-scan to the next
start-of-scan, during which scan mirror motion reverses
direction.

The nominal values of these key parameters are as follows:
a. Swath angle: 15.390 degrees (hominal)

b. Scan rate: 4.42191 rad/sec (nominal object space)

28"
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c. Dwell time: 9.61i psec

d. Line length: 6320.3985 IFOV's (nominal)
e. Fiiter frequency: 52.02 kHz

f. Data rate: 84.903 +0.080 Mbps

g. IFOV Bands 1 through 5 and 7 (nominal values) = 42.5 prad;
Band 6 = 170.0 prad

h. Scan périod: 142.922 msec (nominal)

i. Scan frequency: 6.9968 Hz (nominal)

j. Active scan time: 60,743.013 microseéénds (nominal)
k. Turnaround time: '10,719 msec (nominal)

Figure 9 details the pseudorandom noise code for the TM scan-line
start.

All words in the format, except for minor-frame sync, scan-line
~start, and "not-pseudonoise" (PN), will have the last four bits
inverted and will then be PN-encoded.

5.4.1 Major Frame Sync

The major-frame sync is referred to herein as the scan-line start
(SLS). The SLS begins with the third word after the word in which
the SLS pulse from the scanner has been sensed. The SLS consists
of 816 bits of PN code generated from a 10-bit register so that
the last 10 bits of the SLS are 10 logical ones. (See paragraph
5.4.5, PN Encoding.) The actual bit pattern is shown in Figure

9. The SLS preempts all data; however, word sync is maintained
from scan to scan. The SLS words are not. PN-encoded.

5.4.2 Major-Frame Format

Since each TM word major frame contains the data relative to a
single mirror sweep, the frame is of variable length. The major
frame length during normal operations will be 7435.3 +30 minor
frames. Major frames are partitioned into minor frames. The
major-frame formats are defined in Tables 6 and 7. (See Table

8 for the time-code format and Figure 8 for the TM data format.)

5.4.3 Minor-Frame Format

- Each scan is divided into minor frames of 102 words of 8 bits
each. The format for a single minor frame is shown in Figure
10. All minor frames except the last one are composed of 816
bits. The last minor frame of any major frame may contain any
integral number of 8-bit words up to the full 102.
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Pseudonoise Code for Thematic Mapper Scan-Line
Data Encoding and Complement of the Epilog
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Table 6

Thematic Mapper Major-Frame Format

Nominal
Number of
Minor Frames

. .
Required

Data Type

1
6
3152 +10
2
3159 +10
3 +0, -1

155 +30

3161 +10

6320 +20

End scan +2
End scan +3
End scan +960
7435.3 +30

Major-frame sync code
Time code

Scene

Midscan code*

Scene

End-scan code--START
End-scan code-—END
Line length
Postamble—--~START
Postamble~-END

*I1f command ON, otherwise replaced with scene data.

**Approximately at center of scan.

Table 7

e

Thematic Mapper Data Format
(From end of scan to end of turn-around period)

Forward Scan
West to East
at Descending Node

Reverse Scan
East to West
at Descending Node

Start End Start End
Event Minor Frame Minor Frame Minor Frame Minor Frame
Count Count Count Count
End Scan 6320 +20 End scan +2 6320 +20 End scan +2
Line Length and End scan +3 End scan +4 End scan +3 End Scan +4
Scan Direction ;
Shutter Obscur- 6445 +50 Obscuration 6445 +50 Obscuration
ation Start +865 Start +885
. i
DC Restore End scan +230 End Scan +555 End Scan +560 End Scan +885E
i
Calibration Obscuration Obscuration Obscuration Obscuration |
Start +583 Start +703 Start +75 Start +195
PN 960 7435.3 +30 End Scan +960 7435.3 +30

PN End scan +

Note: The start and end times are nominal times.
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Table 8
- Thematic Mapper Time-Code Format

A B C D E F

1 0 0 : 0 0 ‘ 0 0

2 0 10 D(8) 10 D(4) 10 D(2) 10 D(1) 0

3 0 10 H(8) 10 H(4) 10 H(2) 10 H(1) 0

4 0 10 M(8) 10 M(4) 10 M(2) 10 M(1) 0

5 0 10 s(8) 10 s(4) 10 s(2) 10 s(1) 0

6 0 100 ms(8) 100 ms(4) 100 ms(2) 100 ms(1l) 0

7 0 1 ms(8) 1 ms(4) 1 ms(4) 1 ms(l) 0

8 0 X1 X2 X3 X4 0

9 1 100 D(8) | 100 D(4) 100 D(2) 100 D(1) 0

10 1 1 D(8) 1 D(4) 1 D(2) 1 D(1) 0
11 1 1 H(8) 1 H(4) 1 H(2) 1 H(1) 0
12 1 1 M(8) 1 M(4) 1 M(2) 1 M(1) 0
13 1 1 s(8) 1 s(4) 1 s(2) : 1 s(1) 0
14 1 10 ms(38) 10 ms(4) 10 ms(2) 10 ms(1) 0
15 1 1/2 ms 1/4 ms 1/8 ms 1/16 ms 0
16 l * * * . * O

Output Sequence: Al-Al6, Bl-Bl6, Cl-Cl6, D1-Dl6, El1-El6,

F1-F1l6
D - Day * = Spares (set to "1")
H - Hours () - = BCD weight
M - Minutes X(1l-4) = Spacecraft ID as follows:
s = Seconds 1110 = Landsat—-4
ms ~ Milliseconds 1101 = Landsat-5

5.4.4 Minor-Frame Sync

The minor-frame sync is a 32-consecutive-bit sync word. The first
bit of the first minor-frame sync occurs immediately following

the 816-bit SLS and is repeated every 816 bits until the next

SLS reinitializes the sequence. The sync word is not PN-encoded
and has been selected to maximize the opportunity to correct for
bit slippages. The sync word can be interrupted by the SLS at

the 8-bit word boundaries. The selected bit pattern for the sync
word can be represented as the hexadecimal number 02 37 16 Dl.

5.4.5 PN Encoding

All TM data except for: (1) major-frame sync, (2) minor-frame
sync, and (3) postamble data are PN-encoded. Encoding is accom-
plished by inverting the 4 least significant bits (LSB's) of each
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8-bit word and exclusive ORing the resultant word with a pseudoran-
dom noise (PN) code. The PN code (Figure 9) is generated from a
10-bit seed word (0011 1101 10) by exclusive ORing the 1lst and 4th
bits to create the 11lth bit, as shown below. The resultant 1024-
bit repeating code is truncated (reset to the seed word) each
minor frame so that the last 10 bits of the code used in each
minor frame are "1's." Note that, since the first 4 words (32
bits) of each minor frame are minor-frame sync and not encoded,
the first bit used in encoding is the 33rd bit of the seguence .
produced by the generator shown. The generator also produces

the PN code used for major-frame sync and the inverted PN code
used as postamble.

The PN code generator is reset to a fixed value (00 1111 0110)
for the start of scan line and for the start of each minor frame
thereafter. This starting code, along with all other codes pro-
duced by the PN code generator, are shown in Figure 9. Note that
‘the first 32 bits of each minor frame are not PN-encoded. (See
Figure 10.) PN encoding is performed only on bits 33 throuygh 816
of each minor frame. The PN code bits (Figure 9) are exclusive
ORed with corresponding video data word bits (the last 4 bits of
each video word are inverted before the exclusive OR process 1is
performed). The PN-encoded data are transmitted to ground, most
significant bit (MSB) first. The PN inverse code consists of 4
words of minor-frame sync, Band 6 sensor word and PCD word (PN-
ancoded), followed by 768 bits of inverted PN code (PN bits 49

to 816 inverted) repeated continuously for approximately 1 milli-
second. Refer to Table 7 for the timing of PN inverse code.

5.4.6 Band 6 Sensor Word

The outputs of the 4 thermal-band detectors of Band 6 appear in
sequential minor frames as the first 8 bits immediately following
the minor-frame sync. . The signal from Detector 1 of Band 6 occurs
in the first minor frame after SLS and every fourth minor frame
thereafter. The output sequence is Detector 1, Detector 3, Detec-
tor 2, then Detector 4. Band 6 sensor words are PN-encoded.

1st BIT (MSB)

/

p—»— 0 {1} 1}10]|1}]1}1T}{1} 0} 0 p—>— PNCODE
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5.4.7 Payload Correction Data

The PCD contain all data required by ground stations for correcting
TM sensor data. The data sources, data, and timing associated with
their collection, formatting, and transmission to ground stations
are provided in this section for the TM payload data stream. The
PCD are transmitted to ground stations by a 32-kbps digital signal
modulated on the S-band carrier and within the TM payload data
stream, carrying the following types of data:

¢ Angular Displacement Sensor (from the Angular Displacement
Sensor Assembly—-ADSA)

@ ADS Temperature (from ADSA)

¢ Gyro Data (from OBC)

e Gyro Drift Data (from OBC)

e Attitude Estimate (from OBC)

e Ephemeris (from OBC)

¢ TM Housekeeping Data (from OBC)

® Spare Housekeeping Data (from OBC)

@ Spacecraft Time Code (from the Power Distribution Unit-PDU)
e MUX Status (generated in the PCD formatter)
e A/D Ground Reference (from ADSA)

. Sync (generated in the PCD formatter)

e Major Frame Identification - MFID (generated in the PCD
formatter)

e Telemetry Frame Correlation (generated in the PCD formatter)

The PCD contain information from many sources, including a 2- to
125-Hz bandwidth jitter measuring sensor. The jitter information
is derived from a three-axis angular displacement sensor (ADS)
that is mounted on the TM instrument. Calibration cf this sensor
is based on prelaunch test results. The ADS output will be gquan-
tized to 12 bits per axis. The PCD are formatted, subsequently
multlplexed onto a 32-kbps digital s-band data link, and inserted
in the TM payload data stream.

The sixth word in each TM minor frame contains either 8 pits of

PCD or, in every l6th minor frame, a minor-frame counter number.
The minor-frame count commences with a count of "zero" at minor-
frame 16 (the 16th minor frame of video after SLS) and is incre-
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mented by one and inserted every 16 minor frames thereafter. This
counter also resets to "O" beginning in the 16th minor frame after
end-of-line {(and aftesr midscan, if in use). The PCD "word" is
either SYNC, FILLER, or DATA. (See Paragraph 5.4.7.1.) The words
are output in the order FILLER, SYNC, DATA, DATA, DATA, FILLER,
FILLER FILLER... SYNC words are hexidecimal 16's (00010110) and
FILLER words are hexidecimal 32's (00110010). DATA words are re-
peated twice (three words total) and represent eight unique bits
of PCD. Approximately 20-21 filler words are required between
each data set. PCD and minor-frame counter words are PN-encoded,
and the left-most bit of MSB is output first. PCD word sync will
be repeated every 24-25 words in the unpacked PCD format (i.e.,
after minor-frame counter removal).

5.4.7.1 Packed and Unpacked PCD Formats—--The PCD, which are asyn-
chronous with TM data, are generated at 4 kbytes/sec. The TM
requests a PCD word for 15 of every 16 minor frames, or at a rate
of 97,545 Hz. As a result, the PCD transmitted in word 6 of the
wideband TM payload data stream are in an unpacked format. Filler
words are used to rate buffer the PCD 4 kbytes/sec generation rate
up to the 97,545 Hz TM PCD word request rate. The number of filler
words required to accomplish this rate buffering will vary. The
user will be required to synchronize on the unpacked format data
stream, extract the data words, perform a majority vote on the
validity of the three identical data words to select one of the
three words, and pack the selected data words into a buffer. The
unpacked PCD format (TM minor-frame word 6) must be reformatted

to match the packed PCD format by the user before the data can be
extracted. The processing necessary to transform the PCD data in
word 6 of the TM minor frames to the packed PCD format is shown

in Figure 11.

a. Unpacked PCD format (TM minor-frame word 6)

TM Payload Word 6

(PCD word content) Value

FILLER . HEX 32 (00110010)
SYNC HEX 16 (00010110)
DATA

DATA one 8-bit data value

DATA repeated twice

FILLER HEX 32

FILLER HEX 32

FILLER HEX 32

It should be noted that PCD are replaced in minor frames 16, 32,
48 ... by minor-frame ID words.
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b. Packed PCD format (by user)

Cycle length: 4 major frames

Subcom sequence length: 4 major frames

‘Major-frame length: 128 minor frames _
Minor-frame length: 128 words, 8 bits/word (Figure 12)

(1) PCD cycle format (Figure 12)

(2) PCD major-frame format (Figures 13 and 14)
Sync word hexidecimal FAF320

(3) PCD subcom (Figures 15, 16, and 17)

- 5.4.7.2 Data and Timing--The timing of all PCD data items 1is
given, referenced to the PCD time code for the PCD cycle in which
the data item appears. The PCD time code is described under Sec-
tion g. of this paragraph. :

a. ADSA--The Attitude Displacement Sensor Assembly (ADSA) con-
sists of three nominally orthogonal ADS sensors. The ADSA
is mounted on the TM telescope. Each axis of the ADSA
will be sampled every 2 milliseconds. The sample will be
converted to a 12-bit integer word and ~inserted in two
consecutive words of the format, with the four MSB's of the
first word set to zero.

Digital count 0 is maximum positive angular displacement,
and digital count 4095 is maximum negative angular dis-
placement. The LSB of each count is 250/211 microradians.
The nominal zero angular displacement output of the ADSA

is 2048 +50 counts. (The #50 count variation is considered
to be of negligible magnitude.)

Each ADSA axis is sampled every 0.002 second. There are
8192 samples of each ADSA axis in a PCD cycle. The sample
timing is given below.

Let the samples of any one axis appearing in a PCD
cycle be numbered N = 0,1,2,...,8191. Then the time
for each sample is defihed relative to the PCD time
code of the PCD cycle by:

ADSA AXIS SAMPLE TIMES

1 PCD Time Code + (2N + 3/8) milliseconds
2 PCD Time Code + (2N + 7/8) milliseconds
3 PCD Time Code + (2N + 3/8) milliseconds

Each axis of the ADSA has a nominal 2.0 to 125.0 Hz band-

width. The exact transfer function to rotational motion
is given in Appendix C.
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32 msec
(128 WORDS)

*

SYNC 01,2 MFID 65
ADS i* 34 ADS 66,67
ADS 2 56 ADS 68.69
ADS 3 7.8 ADS 70,71
9 sus comm (FIG 15) 72
10 73
ADS 1 11,12 ADS 74,75
ADS 2 13,14 ADS 76,77
ADS 3 15,16 ADS 78,79
GYRO (FIG 18) 17 8a -
18 GYRO {FIG 18) 81
ADS 1 19,20 ADS 82,83
ADS 2 21,22 ADS 84,85
ADS 3 2324 ADS 86,87
25,26 o 88,89 w
ADS 1 27.28 F ADS 90,91 F
£ £
ADS 2 29,30 g ADS _ 92,93 z
ADS 3} o332 s ADS - 94,95 §
SYRo (FIG 18) 33 f % f
[=] Q
34 5 Gvro (FIG 18) 97 g
2 2
ADS 1 35.36 ADS 98,99
ADS 2 37,38 ADS 100,101
ADS 3 39,40 ADS 102,103
41,42 104,105
ADS 1 43,44 ADs 106,107
ADS 2 45,46 © ADS 108,109
ADS 3 47,48 ADS 110,111
GYRO (FIG 18) 49 112
50 GYRo (FIG 18). 113
ADS 1 51,52 ADS 114,115
] Aos 2 53,54 ADS 116.117
ADS 3 55,56 ADS 118,119
57,58 120,123
ADS g 59.60 ADS 122,123
ADS 2 61.62 . ADS 124,125
ADS 3 63.64 ADS 126,127
H
1l = roll (x), 2 = pitch (y) and 3 = yaw (z)

Figure 14.

PCD Minor-Frame Format
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TELEMETRY 0.

MAJOR-FRAME
PULSE

.15
16

TELEMETRY
MINOR
FRAMES 27

28

49
50

95
96

103
104

o

1

|

ns
116
117

127

PCD MAJOR FRAME

0 1 2 3
A A A A
T T ST T
T T T T
N ! 1 1
T T T T
U u U U
D D D o]
E 15 E 15 E 15 E
16| ¢ 16 18| €
G g P P
Y " .
F E E
0T M ;\I’A M
E . E
R T R
s ! L 1
PTl | ° M 39| S
A 40
R M 40
E
46
47
95 - 95 95
96 96 96
TIME vqer - .
CODE 1 2 3
103 103 103
104 104 104
107 107 107
ADS 108 | ADS 108 | ADS 108 | ADS
TEMP 115 |_TEMP 115 | _TEMP 115 | TEMP
. 116 - 116 . 116 .
117 117 117
127 127 127
=ZERO FiILL

*Frame Error and A/D Ground Ref. (See Figure 16).

“1" . 00000001
“2' . 00000010
“3” . 00000011

Figure 15. Subcommutation Data (Word 72)
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MUX FRAME

<<:?“ ERROR BIT

( 116

117

MINOR
FRAME

Figure 16.

Contents of
Word 65
Mmsas

LFﬁ.[:::::=—<=::::jmm
| Foo I |

L

A/D GROUND REF

e ——ll BN -

F.E. = FRAME ERROR

Frame Error and A/D Ground Reference

LS8

1st Minor
Frame

o!
o

2nd Minor
Frame

3rd Minor
Frame

63rdt Minor
Frame

— - —

127th Minor
Frame

{END-QF-MAJOR
FRAME n}

Figure 17. Frame Counter Identification Bit Pattern



C.

The nominal relative alignment between the ADS and the
spacecraft is Xppg = Xg/c where Yapg and Zpapg are rotated
CCW nominally 20° about Xg/c. Appendix F defines the exact
alignment.

No attempt to calibrate the ADSA postlaunch is planned.
Predicted jitter levels indicate the need for all ADS data.
If this analysis proves to be too conservative, less use
of ADSA data may be poessible in routine processing. NASA
has designed its processing to use all ADSA data.

ADSA Temperature--Up to four ADSA-related temperatures will
be sampled once a PCD major frame (4.096 sec). Each sample
will be converted into 2 8-bit words with the first 4 bits
of the first word set to zero. As before, the data will
be sampled in the word time preceding the first data word.
That is:
Minor Data Sample
Frame Word Time (word)
Temperature 1 108-109 72 71 (108)
Temperature 2 110-111 72 71 (110)
Temperature 3 112-113 72 ~ 71 (112)
Temperature 4 114-115 72 71 (114)
ADSA temperature is in degrees centigrade with an LSB weight
of 0.01221°C. Zero counts corresponds to +50°C and 4095
counts corresponds to 0°C.
Temperature compensation of ADSA and DRIRU data does not
appear to be necessary and 1s not planned at this time.
Gyro Data-—-Each axis of both dry rotor inertial reference

units (DRIRU's) is sampled by the OBC every 64 milliseconds;
one data value for each axis 1s provided in PCD. The data
will consist of a 24-bit word for each axis (a total of 72
bits). Figure 18 shows the format of the gyro data in the
PCD. Each sample consists of three 8-bit bytes. The three
bytes must be assembled into the 24-bit word. The data are
in 2's complement format with the most significant bit
first.

About each axis, the DRIRU generates a signed pulse for each
0.05 arc-sec of angular motion. A positive pulse increments
a 24-bit register and a negative pulse decrements the regis-
ter. A positive pulse is generated by a negative rotation
about the gyro axis. The OBC samples this register every

64 milliseconds.

Pitch orbital motion and gyro drift cause the register to

periodically overflow. The register is reset to zero when
its value is positive 223-1 and a positive pulse is received
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Word in Minor Frame

Minor

Frame 17 33 49 81 a7 113
Q 11 1a 2l

AT DU i, J Ui JEN ~fin. N SIS USRI S R S S

3 13 23 23 . 3 32 33

o

1_ = Xaxis (roll) byte n

2 = Y axis (pitch) byte n Three eight-bit-bytes (n = 1 - 3) are required per axis. The MSB is output first.

W
[

Z axis (yaw) byte n

Figure 18. Gyro Data

or when its value is'negative 223 and a negative pulse is
received.

Each DRIRU axis has a nominal 0-2 Hz bandwidth. The exact
transfer function is given in Appendix C.

There are 256 samples of each DRIRU axis during a PCD
cycle. Fach axis is sampled at the same time. The sample
timing is as follows:

Let the gyro samples for any one axis appearing in

a PCD cycle be numbered N = 0,1,...,255. Then the

time for each sample is the PCD time code plus (64N
~ 28) milliseconds.

During ground processing, DRIRU data is compensated by cor-
recting the sign, scaling and rotating the data into the
ACS reference axes. Appendix F defines the relationship
between the DRIRU sensing axes and the ACS reference axes.

gyro Drift Data--The drift calculation is performed by the

OBC. Gyro drift parameters are updated asynchronously based
on star sightings at up to once per minute. When a gyro

drift value is observed to change, the estimate was changed

at the PCD time code for the cycle minus 14.337 seconds.
The data consist of a 32-bit two's-complement value for each

-axis (THETA BX, THETA BY, THETA BZ - See Table 21).

Gyro drift is calculated in the ACS reference axis coordi-
nate system defined in Appendix F. Gyro drift must be sud-
tracted from the compensated DRIRU data as a correction to
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calculate spacecraft attitude. The units of gyro drift rate
are radians/512 ms. Gyro drift output data (in units of
radians/512 ms) are calibrated at an LSB weight of 2-47,

' The format and frame position of the gyro drift blnary

scaled integer data is as follows:

MSB LSB
2—-17 2—47

SXXXXXXX XXXXXXXX XXXXXXXX XXXXXXXX

- THETA BX 16 17 18 ' 19
MINOR ( THETA BY 20 21 22 23
FRAME “

THETA BZ 24 25 26 27

The data will appear in word 72 of minor frames 16 through
27 of PCD major frame zero. (See Figure 13.) Since the
data will be sampled every 16.384 seconds, it will repeat
at least three times between each calculation.

Attitude--The OBC calculates a flight segment attitude esti-

mate every 512 milliseconds. The OBC will output one of

eight sets of data in telemetry every 4.096 seconds (once

a PCD major frame). Attitude is Euler parameters (i.e.,
EPAl, EPA2, EPA3, EPA4) that specify vehicle attitude rela-
tive to Earth—-centered inertial frame (nondimensional).
EPA]1,2,3,4 are components of the reference guaternion (as
propagated from gyro data) which defines spacpcratt atti-
tude. Components 1 through 3 define the Eigen axis of
rotation in ECI coordinates, and component 4 defines rota-
tion about that axis, as shown in Figure 19.

Euler double precision words (36 bits) are compressed and
scaled to 32 bits, 2's complement binary form as follows:

i 32 BITS
MSB : LSB
20 : ) 2=-30
BIT ORDER SXXXXXXX XXXXXXXX XXXXXXXX = XXXXXXXX
BYTE ORDER 1 2 3 4
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The four compressed Euler Parameters (EP's) are output
in word 72 of minor frames 0 through 15 of each PCD major
frame. (See Figure 15.) The output sequence of EPAl

~ through EPA4 is as follows:

PCD Minor
Content Frame Numbers
EPAl 0 1 2 3
EPA2 4 5 6 7
EPA3 8 9 10 11
EPA4 12 13 14 15
BYTE ORDER 1 2 3 4

There are four attitude estimates in each PCD cycle. The
time associated with attitude data contained within the
PCD can be derived from the time code contained in words
96 through 102 of the first PCD major frame in the cycle.
The derivation is as follows:

PCD

Major-

Frame

Number Time Computation
0 PCD time code - 4.096 seconds + 36 milliseconds
1 PCD time code + 36 milliseconds
2 PCD time code + 4.096 seconds + 36 milliseconds
3 PCD time code + 8.192 seconds + 36 milliseconds

In the normal operating mode, the OBC computed attitude is
output to provide a low-frequency reference attitude. The
4.096-second sample rate does not support reconstruction

of high frequency attitude errors. Gyro data are provided
every 64 ms to contain 0-2 Hz frequency data and the ADS
data, provided every 2 ms, contain frequencies up to 125

Hz. Since these sensors have different frequency responses,
the data must be appropriately compensated to be combined.

f. Ephemeris--This calculation is made by the OBC. In this
case, only 1 of 16 data sets will be output in the PCD
(i.e., every other PCD major frame - 8.192 seconds).

Ephemeris consists of spacecraft position components
(EOGBRF, Table 22) X, Y, and Z in meters and spacecraft
velocity components (EGOBVF, Table 22) X, Y, and Z 1n meters
per millisecond. Ephemeris is output as 32-bit binary words



defining X,Y,2,X,Y,Z in Earth-centered inertial true-of-date
(ECITOD) coordinates. 1In the ECITOD coordinate system, the
Z-axis is along a line from the center of the Earth coinci-
dent with the true Earth spin axis, positive north. The
X-axis is along a line from the center of the Earth toward
the intersection of the true Equator and true ecliptic of
date. The Y-axis completes the right-handed set. (The
ECITOD system varies slowly with respect to a truly inertial
system due to precession and nutation of the Earth's axis
and precession of the plane of the ecliptic. These varia-
tions occur slowly enough that the ECITOD system can be con-
sidered to be inertial over a span of a few days for atti-
tude control purposes.)

The ephemeris data are 36-bit double precision words that
have been compressed to 32-bit, 2's complement form by
dropping the second sign bit and the three LSB's. The
-format of these data is as follows:

Position Components

MSB - LSB
222 2-8
"WORD 72
SXXXXXXX XXXXXXXX XXXXXXXX XXXXXXXX
X 16 17 18 19
Y 20 21 22 23 MINOR
, FRAME
yA 24 25 26 27
Velocity Components
MSB LSB
22 2~28
WORD 72 i\\
l N\
SXXXXXXX XXXXXXXX XXXXXXXX XXXXXXXX
X 28 29 30 31 2
Y o 32 - 33 34 35 > - MINOR
; FRAME
2z 36 37 38 39 -

50



The data will appear in word 72 of minor frames 16 through
39 of every other PCD major frame. (See Figure 15.) These
major frames will carry the "1" and "3" identifier in place
of time code.

There are two ephemeris estimates in each PCD cycle. The
time associated with ephemeris data contained within the

PCD can be derived from the time code contained in words

96 through 102 of the first PCD major frame in the cycle.
The derivation is as follows:

PCD Major-
Frame Number Time Computation
1 time code + 36 milliseconds
3 time code + 8.192 seconds + 36 milliseconds

PCD Time Code--Fifty-six bits of spacecraft time code (seven
8-bit words) are inserted in the PCD stream. This code
represents the start time for PCD major frame 0 and provides
the timing reference for all data in the PCD cycle. The 56
bits of spacecraft time code are subcommutated into word 72
of minor frames 96 through 102 of the first PCD major ftrame
of the PCD cycle. (See Figure 15.) The output sequence for
the 56 time-code bits is contained in Table 9.

"PCD Minor-Frame Sync—--The same sync pattern used for the

telemetry data will appear in words 0 through 2 of each PCD
minor frame.

Minor-Frame Identification (MFID)—-A 0 to 127 count of minor

frames will appear in word 65 of each PCD minor frame (see
Figure 17).

Major Telemetry Frame Identification--Word 72 of minor

frames 96 through 103 of the second, third, and fourth PCD
major frames of a four-frame set (Figure 15) will contain a
unique identifier (1, 2, or 3).

TM Housekeeping Telemetry—-—-A total of 248 bits of TM house-

keeping telemetry data may be stripped out of the telemetry

format by the OBC and sent to the formatter. The data will

appear in word 72 of minor frames 16 through 46 of the third
PCD major frame after the telemetry major-frame pulse.- - (See
Figure 15.) This major frame will carry the identifier "2"

in place of time code. Specific TM telemetry data items are
given in Table 9a-1.

51



Table 9
Time Code Format in Payload Correction Data
(word 72 of minor frames 96 through 102
of the first PCD major frame in a cycle)

Minor- Time Code
Frame Word , Words 72
Number Number Bits 0=7 Content of Word 72
96 1 0-3 Spacecraft ID
4-7 Hundreds of days
97 2 0-3 Tens of days
4-7 Units of days
98 3 0-3 Tens of hours
4-7 Units of hours
99 4 0-3 Tens of minutes
4-7 Units &f minutes
100 5 0=3 Tens of seconds
4-=7 Units of seconds
101 6 0-3 Hundreds of milliseconds
4-7 Tens of milliseconds
102 ‘ 7 0-3 Units of milliseconds
4-7 Fractions of milliseconds
(LSB = 1/16 millisecond)
103 - .0=7 NASA use

‘Notes: Bits 0-=7 = Two BCD words in format (MSB-LSB), (MSB-=
LSB). Spacecraft ID are encoded as follows:
1110 Landsat-4
1101 Landsat-5
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Table 9a-1
TM Housekeeping Telemetry

Word 72 ;
of Minor Standard
Frame Number Description Bit Mode
16 Blackbody temperature, °C
17 Silicon focal-plane assembly
(FPA), °C
18 Calibration shutter flag
temperature, °C
19 NASA use
20 Baffle temperature, °C
21 Cold FPA monitor temperature, °C
22 NASA use
23 NASA use
24 Scan-line corrector temperature, °C
25 Calibration shutter hub
temperature, °C
26 NASA use
27 NASA use
28 Relay optics temperature, °C
29 NASA use -
30 NASA use
31 NASA use
32 Serial Word B:
Band 1 On/Off 0 1
Band 2 On/Off 1 1
Band 3 On/Off 2 1
Band 4 On/Off 3 1
Band 5 On/Off 4 1
Band 6 On/Off 5 1
Band 7 On/Off 6 1
Cold Stage Telemetry 7 1
On/Off (see Note 5)
33 NASA use
34 Serial Word D:
Cal Lamp 1 On/Off 0 1
Cal Lamp 2 On/Off 1 1
Cal Lamp 3 On/Off 2 1
Cal Lamp 1 Override 3 0
On/Off (see Note 6)
Cal Lamp 2 Override 4 0
on/0Off (see Note 6)
Cal Lamp 3 Override 5 0
On/0Off (see Note 6)
Cal Sequencer On/Off 6 1
Multiplexer Backup 7 1
on/Off
35 Serial Word E:
NASA use ' 0 -
NASA use 1 -
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Table 9a-1 (Continued)

Word 72
of Minor Standard
Frame Number -Description , Bit Mode

Blackbody On/0Off (see Note 7)
Blackbody T2 On/Off (see Note 7)
Blackbody T3 On/Off (see Note 7)
Blackbody Backup On/Off
SME 1 On/Off (see Note 1)
SME 2 On/Off (see Note 1)
36 Serial Word F:
NASA use
NASA use
NASA use
NASA use
NASA use
NASA use
Multiplexer On/Off
Midscan Pulse On/Off
(Primary) (see Note 4)
37 Serial Word G:
Scan Line Corrector 1 On/Off
Scan Line Corrector 2 On/Off
Cal Shutter On/Off
Cal Shutter Phase Lock Y/N
(see Note 2)
Cal Shutter Amplitude Lock
Y/N (see Note 2)
Backup Shutter On/Off
Backup Shutter Phase Lock Y/N
Backup Shutter Amplitude
Lock Y/N
38 NASA use
39 Serial Word L:
DC Restore Normal/Not Normal 0
Frame DC Restore Selected Y/N
Telemetry Scaling On/Off 2
(see Note 3)
NASA use 3
NASA use 4 -
Midscan Pulse Backup On/Off 5
(see Note 4)
SME 1 Select SAM (see Note 1)
NASA use
40 Primary mirror temperature, °C
41 NASA use
42 Secondary mirror temperature, °C
43 NASA use
44 NASA use
45 NASA use
46 NASA use
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Table 9a-1 (Continued)
Notes concerning serial words:
1vascan mirror electronics (SME-2) is selected, then
Serial Word E--Bit 6

Serial Word E--Bit 7

2
0
1
Serial Word L--Bit 6 0

2CAL shutter amplitude lock (Serial Word G--Bit 4 = 1) indicates
that the shutter is moving with the correct amplitude.

CAL shutter phase lock (Serial Word G--Bit 3 = 1) indicates that
the phasing between the shutter and scan mirror is correct.

Both phase and amplitude lock must be present or shutter may inter-
fere with the image data.

31f telemetry scaling (Serial Word L--Bit 2 = 0) is off, then black-
body, baffle and silicon focal plane temperatures are invalid.

41f midscan pulse (Serial Word F--Bit 7 = 1) or midscan pulse backup
(Serial Word L--Bit 5 = 1) are on, midscan code will be injected
into the image data at midscan. -~

5Cold stage telemetry off (Serial Word B--Bit 7 = 0) implies that
cold stage FPA temperature data is not valid.

6calibration lamp override on (Serial Word D--Bits 3,4, or 5 = 1)
implies that the indicated lamp current active control loop is not
in use, and that lamp radiance may have changed.

7Blackbody, Blackbody T2, and Blackbody T3 On/Off (Serial Word E-—Blts
2-4) combine to 1nd1cate commanded blackbody state as follows:

Blackbody State Bit 2 Bit 3 Bit 4

"Off commanded
T1 commanded
T2 commanded
T3 commanded

)
o~ OO
o oo

The TM housekeeping telemetry in the PCD cycle was sampled
at the PCD time code for the cycle minus 16.316 seconds.

Each telemetry function can be converted from counts (C's)
which range from 0 to 255 to engineering units (EU's) by using
the following equation:

EU = Ag + A1C + ApC2? + A3C3 + Ayct + AgCd
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The units and coefficients for each telemetry point are defined in
Table 9a-2. The information in Table 9%a-2 applies to both Landsat-4
and Landsat-5.

1l. Spare Telemetry--Up to 176 bits of telemetry data may be
stripped out and output in telemetry in the same manner
as the TM housekeeping data.

The data will appear in word 72 of minor frames 28 through
49 of the first PCD major frame after the telemetry major-
frame pulse. (See Figure 15.) This major frame carries
the spacecraft time code.

The data in the PCD cycle was sampled at the PCD time code
for the cycle minus 16.316 seconds.

At present, four 8-bit words have been defined as shown
in Table 9b.

m. Frame Error--A "Frame Error Bit" is transmitted as the MSB
of word 72 of minor frame 116 of each PCD major frame (see
Figure 16). A digital zero indicates that the expected
telemetry major frame pulse either did not occur or did
not line up with the start of the first PCD major frame.
Under this condition, all other data in the associated
PCD major frame may be invalid.

n. A/D Ground Reference--The cutput of the Angular Displacement
Sensor Assembly (ADSA) A/D Converter for a grounded input
is transmitted in word 72 of minor frames 116 and 117 of
each PCD major frame (Figure 16).

5.4.8 High-Resolution Data

The high-resolution sensor data usually follows the PCD word and
completes the minor frame. The format is always 96 8-bit words
unless preempted by the next SLS. During the first six minor
frames following the SLS, these data slots are taken up with time
code information. All time, picture, and calibration data words
are PN-encoded.

5.4.9 TM Time Code

The TM time code information contained in the first six minor
frames after scan-line start-represents the time of the scan-line
start. Time code minor frames contain 102 8=bit words. The first
four words are dedicated to minor-frame sync. The minor-frame
sync word is:

MSB (output first)
0000 0010 0011 0111 0001 0110 1101 0001
LSB
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Table 9Db
Spare Telemetry in PCD Subcom (Word 72)

Minor -
Frame | ' ‘ Function
28 Ephemeris Source Identification (00)16 = GPS
(01)16 = Uplink
29 Roll Gyro Identification (00)316 = Gyro 1
(0l)16 = Gyro 2
30 Pitch Gyro Identification (00);g = Gyro 1 See
(01)16 = Gyro 2 Be low
31 Yaw Gyro Identification (00)16 = Gyro 1
(01)16 = Gyro 2 )
IRU Channel
Gyro 1 Gyro 2
Ro1l B A
Pitch B c
Yaw A C

Time is binary-coded decimal (BCD) days and Greenwich mean time
(GMT) hours, minutes, seconds, milliseconds, and 1/16 millisecond.
A 4-bit spacecraft identifier is included within the time code.
Table 8 shows the output format of the first six minor frames of
each major frame (i.e., set of 16 scan lines).

5.4.10 Midscan Code Format

If enabled by command, a midscan code will replace portions ot
the data in the last 96 words of a scene data minor frame. The
midscan code consists of 48 words of white (level 255) data fol-
lowed by 48 words of black (level 0) data. The midscan code will
start within two to nine words of the second scan-angle monitor
pulse following scan-line start, which will occur approximately
in minor frame 3160. The midscan code can interrupt scene data
at word boundaries and need not be coherent with a minor frame.
In most cases, the midscan code will occupy portions of two minor
frames. The midscan code does not replace minor-frame sync, Band
6, and PCD words. Midscan code data are PN-encoded, have the
four LSB's inverted, and are output MSB first. NASA intends to
use this mode infrequently on a noninterference basis with foreign
acquisition requirements. Upon special request, foreign ground
stations could receive MSS or TM imagery with midscan code en-
abled. For TM, this is unnecessary because first half scan time
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error and second half scan time error is inc¢luded in the line
length code described in Section 5.4.13. This line length code
is part of the X-band data.

5.4.11 End of Scén

When the end-of-scan pulse occurs, approximately 6320 minor frames
into the major frame, the TM will generate 48 words of dark (level
0), followed by 48 words of bright (level 255), 48 words of dark,
and 48 words of bright in segquence. These words will replace the
high-resolution data in the current minor frames but not the minor-
frame sync, Band 6 sensor, or PCD. Insertion of this end-of-scan
code will allow determination of end of scan by ground processing
systems. The first bit of end-scan code occurs within two to nine
word times of the TM mirror scan-angle monitor pulse. The end-scan
code is not coherent with the minor frame, but does start on an
8-bit word boundary. (Accordingly, line length is a nonintegral
number of minor frames, but is an integral number of 8-bit words.)
The 192 words of end-scan code will usually occupy portions of
three minor frames. End-scan code data are PN-encoded, four LSB's
inverted, and output MSB first. The image data appearing after

the end scan code results from continuing motion of the scan mir-
ror.

5.4.12 Line-Length Data

After the end scan code has finished, the next two minor frames
contain a line-length code that indicates the time from line start
to midscan, the time from midscan to line stop, and scan direc-
tion. The line-length data appearing in a scan is for the previous
scan.

The scan mirror assembly transmits a 32-bit serial data word to the
multiplexer at the end of each scan (Figure 8). 1In the scan angle
monitor mode, the data are as shown in Figure 20." As indicated,
each bit of the 32-bit line-length code is repeated 47 times and
encoded in six consecutive 8-bit bytes (48 bits total).

The units of magnitude are clock pulses where the clock rate is
1/16 the TM 84.903 bit rate. Minus magnitudes are given in 2's
complement notation.

SHSERR = time error in clock counts from the nominal
midscan to. line stop count of 161,165

FHSERR = time error in clock counts from the nominal
line start to midscan count of 161,164

For example, a typical engineering model sample is:

000000100100 1111111011101 00000000
Decimal = 36 Decimal = =35 Reverse
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SHSERR |

= (36) (1/(84.903/16)) = 6.78 microseconds
FHSERR = (=-35) (1/(84.903/16)) = -6.60 microseconds
Active scan time ((161,165 + 161,164) - (SHSERR + FHSERR))

x (1/(84.903/16)) = 60,743 microseconds

Typical magnitudes of FHSERR and SHSERR for the Landsat-4 instru-
ment are +65 and -65 counts on forward scans and -135 and +135
counts on reverse scans. Typical magnitudes of FHSERR and
SHSERR for the Landsat-5 instrument are -190 and +190 counts

on forward scans, and +155 and -155 counts on reverse scans.

The image data appearing after the line length/scan direction
information results from the continuing motion of the scan mir-
ror, and continues until shutter obscuration occurs.

5.4.13 DC Restore and Calibration Data

After transmission of the line length and the scan direction data,
high resolution sensor data will resume until the sinusoidally
oscillating shutter obscures the optical path to the detectors.
During this period, the internal calibration and dc restoration
data are transmitted as described in Paragraph 5.3. Table 7 pro-
vides approximate start- and end-time periods when calibration
and dc restoration occur for both the forward and reverse scans.
Refer to Table 7 for minor-frame shutter obscuration timing.

5.4.14 Postamble Data

Postamble data commence at the 960th minor frame following end-scan
code. Postamble will continue for approximately 1 millisecond,
until it is interrupted by major-frame sync. Major—-frame sync will
interrupt only at word boundaries. Postamble minor frames contain
the standard minor-frame sync (4), Band 6 data, and PCD words.

The remaining words of each minor frame shall contain the inverse
of the PN-code shown in Figure 9. The inverse PN-code data are

not encoded. The PN data start with the 49th bit of the pattern
and are reset at each minor frame. (Refer to Table 6 for a list

of timing and minor-frame word counts for postamble.)

5.5 TM DATA PROCESSING CONSTANTS

The values of certain spacecraft and sensor constants reguired
in ground processing are provided in Appendix C.

6. TELEMETRY FORMAT

For Landsat-4/-5, there will be two fixed telemetry formats, one
engineering format, and one mission format. Both formats can
operate at 1 kbps or 8 kbps. The mission format will be transmit-
ted to ground stations at 8 kbps. A minor telemetry frame consists
of 1024 bits that represent 128 8-bit words. Sixteen of the 128
words are in a fixed position and are located symmetrically in

-
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the format as four groups of four words each. A major frame con-
sists of 128 minor frames.

6.1 REAL-TIME TELEMETRY AND HIGH-RATE DATA FORMATS FOR GSTDN
BACKUP STATIONS AND FOREIGN GROUND STATIONS

Real-time spacecraft telemetry (i.e., housekeeping and OBC data

. reports), high-rate data (PCD, OBC memory dump, or recorded telem-
etry data), and FS ranging signals are downlinked by the S-band
transponder. The PCD, OBC memory dump, recorded telemetry data,
and ranging signals are present when being transmitted to a GSTDN
back-up station. These data are not intended for acquisition and
use by foreign ground stations. ’

6.2 BIT RATE

The output bit rates for direct telemetry data transmission to
GSTDN and foreign ground stations are shown in Table 10.

6.3 MODULATION TECHNIQUE

The real-time spacecraft telemetry is biphase-S phase-shift keyed
on a 1.024-MHz subcarrier which phase-modulates the carrier
(Biphase-S/PSK/PM) and is radiated through the omni antenna.
Twenty percent of the power is in the residual carrier. The
biphase-S and NRZ data formats are described and shown in Table
11.

6.4 WORD LENGTH

The word length is 8 bits assembled into analog, passive analog,
bilevel (discrete), or serial digital. :

6.5 FORMATS

Three formats are supported by Landsat-4/-5: Format I (engineer-
ing), Format II (mission), and Format III (OBC dump). The mission
format is to be used by GSTDN and foreign stations during normal
on-orbit payload activity. The engineering format is to be used
by NASA when the spacecraft is deployed in an orbit-adjust or
safe-hold activity, and the OBC dump is to be used by NASA to
maintain and verify OBC software.

7. MISSION FORMAT TELEMETRY

This section describes the Landsat-4/-5 Mission telemetry data to
be provided to the foreign ground stations.

7.1 TELEMETRY FRAME FORMAT
Table 12 presents the minor-frame word (column) allocations for

the mission format. Each minor-frame word is sampled every 128
milliseconds at 8 kbps. Ten mirror-frame words (i.e., columns
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Table 10

Telemetry Bit Rates

Bit Rate
Telemetry Type (kbps) Receiving Site
Real-time spacecraft 8 GSTDN or foreign
telemetry stations
Payload correction 32 GSTDN or foreign
data stations
Table 11

Data Bit Stream Formats

Data Format

Description

NRZ-L

NRZ-M

BI¢-S

NRZ level (or NRZ change):
"ONE" is represented by one
level. "ZERO" 1is repre-
sented_by the other level.

NRZ-mark (differential en-
coding): "ONE" is repre-
sented by a change in
level. "ZERO" 1s represen-—
ted by no change in level.

Biphase, a transition occurs
at the beginning of every
time (T) period. "“ZERO" is
represented by a second tran-
sition one-half time period
later. "ONE" is represented
by no second transition.

0, 1,

(i.e.,
frame.
ports.

7.2

7.2.1

2,
spacecraft data and are designated as fixed words.

3, 34, 35,

32, 33, 96,

Major Frame

64, 65, 66, and 67) are reserved for specific

97,

TELEMETRY FORMAT

98,

Six words

and 99) have been allocated for subcom-
mutated data so that data -are sampled at least once every major
Twenty-five additional words in each minor frame (i.e.,
columns 91 to 95 and 108 to 127) have been reserved for OBC re-

The major-frame telemetry format is a 128- by 128-column matrix.
contains 128 8-bit words (columns) and is

A minor frame

(row)
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shown in Table 12. A major frame consists of 128 minor -frames.
The format starts in row 0, column 0 and proceeds sequentially
through the matrix until the final word. in row 127, column 127

is transmitted, thus completing a major frame. The MSB is trans-
mitted first in a minor-frame word. The major-frame duration is
16.384 seconds at 8 kbps.

7.2.2 Minor Frame

Each minor frame contains 128 words. The first three words are
used for the minor-frame synchronization. The minor-frame counter
is located in word location 65. These data words are located in
fixed word locations as shown in Table 12. At the 8-kbps rate,

a word period is 1 millisecond.

7.2.3 Telemetry Control Words

7.2.3.1 §ynchroniiation——The first three words in each minor
frame are used for minor-frame synchronization. These 24 sync
bits are described as follows:

WORD O WORD 1 WORD 2
MSB LSB
11111010 11110011 ' 00100000

Since the telemetry bit stream is transmitted MSB first, this sync
pattern is received as shown. 1In hexadecimal, the sync pattern is
FAF3203¢.

7.2.3.2 Frame Counter--Word 65 of the minor frame is the frame
counter. At the end of each minor frame, the counter is incre-
mented by one, and the new value (n+l) is placed in word 65 in

the subsequent minor-frame counter location. This process is con-
tinued until a maximum count of 255 is reached and the process is
repeated. Only the seven LSB's are needed to determine the frame-
counter contents for subcom word ID (0 to 127). The bit pattern
sequence is shown in Figure 17.

7.2.3.3 Other Control Words-—There are:two other control words
in each telemetry minor frame that may be required in ground pro-
cessing. The contents of these words are described below and in
the following paragraphs:

a. Word 3
(1) Bit rate (bits 0, 1, and 2):
000 = 1 kbps (engineering use only)

011 = 8 kbps (normal use)
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(2) Format ID (bits 3 and 4):

01 = format I (engineering), for NASA use only
10 = format II (mission)
11 = OBC controlled, for NASA use only

(3) Real-time computer data dump (bit 6)

OBC dump, for NASA use only
real-time spacecraft/normal payload operation

0
1

b. Word 35 - Computer Data Word ID (8 bits)—--Identifies the
OBC report number contained in this minor frame. The 25-
word OBC contribution to telemetry minor-frame word loca-
tions 91 to 95 and 108 to 127 can be identified by this
means.

7.2.3.4 Subcommutation Mission Format--There are a total of 31
subcommutated words in a minor frame: 6 normal and 25 OBC words.
The length of the subcommutation cycle is one full major frame.
The 7-bit (0 to 127) minor-frame counter contained in word 65 is
used to identify subcom words 32, 33, and 96 through 99. Words
may be sampled in these columns one or more times per major frame.
For example, a telemetry word assigned a sample rate of once per
major frame will be sampled approximately once every 16 seconds

at 8 kbps. Those words that require sampling faster than once
per major frame have been equally spaced in subcom columns. As
an example, a word requiring four samples per major frame is
sampled first in minor frames N, second in minor-frame N+32, third
in N+64, and fourth in N+96. The OBC reports contained in words
91 to 95 and 108 to 127 are subcommutated as a group, and are
indexed to the OBC report number contained in word 35.

7.2.3.5 Nonfixed Columns--There are 112 other columns in the mis-
sion format for the assignment of subsystem telemetry data.

- 7.2.4 Telemetry Assignments by User

Tables 13 through 19 list the telemetry data of interest to
Landsat-4/-5 ground station operators. Table 13 gives a telemetry
function description and location in the telemetry matrix for

data sampled in each minor frame, and Tables 14 through 19 cover
the six subcommutators. See Section 8 for a description of the
contents of OBC reports. '

8. ONBOARD COMPUTER REPORTS

The OBC contributes 128 reports to each telemetry major frame

and 1 report to each telemetry minor frame. The length of the
reports are mission unique, but must be at least two words long.
The first word is output in column 35 and gives the report number;
the remaining word or words give the data being reported. The
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Landsat-4/-5 flight software contributions to telemetry are pre-
sented in this section. The OBC data items contained in the telem-
etry stream and their output rates are listed along with the format
of the reports as they appear in the telemetry minor frames.

The number of OBC reports generated by the various flight elements,
as well as the rate at which the reports are output per major
frame, is tabulated in Table 20 and Figures 21 through 28. The
"Samples/Major-Frame" {(Tables 21 and 22) column contains the total
reports contributed by each processor to each major frame. The
Landsat-4/-5 flight software will contribute 103 reports to each
major frame of telemetry, 17 of which are useful in ground process-
'ing of image data. This leaves 25 reports as a reserve for growth
in the number of OBC data items contributed to telemetry. Each
report will be 25 words long. The rate at which the various re-
ports are output ranges from one to eight times per major frame.
The order in which the OBC reports are output is defined in Table
20. The ACS telemetry is given in Table 21 and Figures 21 through
27. The ephemeris computation telemetry report is given in

Figure 28 and Table 22. Most of the data in Reports 1, 2, 8,

9, 10, and 11 are intended primarily for operation of the space-
craft and for engineering purposes. Ephemeris and attitude data
in the OBC reports are the same as in the PCD subcom except for
sampling and scaling. The epoch for the attitude estimates (ACS
Telemetry Reports 1 and 2), gyro compensation data (ACS Telemetry
Report 10) and ephemeris (Ephemeris Computation Telemetry Report
1) is defined by the parameter T¢ in ACS Report No. 11.

The relationship between these reports and Tg is as defined below:

Minor frame Minor frames containing
containing Tf reports for epoch Tg
30 8, 9, 16, 27

62 40, 41, 48
94 72, 73, 80
126 104, 105, 112

Gyro data in ACS Telemetry Report 12 are also related to Tg, as
explained below. Gyro data (CNGX, CNGY, CNGZ) used by NASA for MSS
processing are provided in ACS Telemetry Report 12. The three
samples (three gyro axes) in a set are sampled simultaneously, and
each report contains four sets sampled at 0.512-second intervals.
The first set within the report that occurs in minor frame 15 cor-
responds to a time 0.512 second before the time Tf which appears
within (ACS Telemetry Report 11) minor frame 30. The data continue
uniformly at 0.512-second intervals. These gyro data are uncom-
pensated (alignment, bias, and scale factor errors are not cor-
rected) and may be filtered or unfiltered. (A presampling filter
is available and if in use, FLTROFF in ACS Telemetry Report 38 1is
set to 1. The filter has unity dc gain and a break frequency of
approximately 0.5 Hz. This filter is not currently being used;
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Table 20

Onboard Computer Telemetry Report Sequence

Minor
Frame

OBC Report
~ Number
(Column 35)

OBC Telemetry Contents

Telemetry
Report
Number -

Notes

C~JOUL = WNE-C

11
12
13
14
i5
16

17
13
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

12
13

11
12

Attitude control system
(ACS) telemetry report
ACS telemetry report

ACS telemetry report
Ephemeris computation
telemetry report

"ACS telemetry report

ACS telemetry report
ACS telemetry report

ACS telemetry report
ACS telemetry report

11
12

See Fig.

See Fig.

See Fig.
See Figq.

See Fig.

See Fig.
See Fig.

See Fig.

21

22

23

24
25

26 .
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Table 20

Onboard Computer Telemetry Report Sequence (Continued)

Minor
Frame

OBC Report
Number
(Column 35)

OBC Telemetry Contents

Telemetry
Report
Number

Notes

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

70
71
72
73
74

75

(N

12
13

11
12

O p—

ACS telemetry report
ACS telemetry report

ACS telemetry report
Ephemeris computation
telemetry report

ACS telemetry report
ACS telemetry report

ACS telemetry report

'ACS telemetry report

11
12
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Table 20

Onboard Computer Telemetry Report Sequence (Continued)

Minor
Frame

OBC Report
Number
(Column 35)

OBC Telemetry Contents

Telemetry
Report
Number ~

Notes

76
77
78
79
80

81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

111
112

113
114
115
116
117

12
13

11
12

BN

12
13

ACS telemetry report
Ephemeris computation
telemetry report

ACS telemetry report
ACS telemetry report

ACS telemetry report
ACS telemetry report

ACS telemetry report

Ephemeris computation
telemetry report

11
12
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: Table 20
Onboard Computer Telemetry Report Sequence (Continued)

OBC Report ' ‘ Telemetry
Minor Number : Report
Frame | (Column 35) OBC Telemetry Contents Number Notes

118
119
120
121
122
123
124
125
126 11 ACS telemetry report 11
127 12 ACS telemetry report 12

if plans to use it develop, additional information will be pro-
vided.) To compensate the gyro data:

a. Obtain, negate, and scale CNGX, CNGY, &nd CNGZ to radians
b. Rotate these to the ACS reference axes
c. Subtract 6px, 6y, and gy
d. Perform frequency response compensation (i.e., apply a
digital filter which corrects the phase and amplitude of
gyro data--Ref. DRIRU transfer function described in Appen-
dix C) to a 0.4 Hz bandwidth.
Normal spacecraft configuration for imaging is Earth pointing with
inertial reference and the gyros in the low-rate mode. Parameters

defining this configuration are defined in Table 21 and should be
verified from telemetry to assure normal image acquisition.

9. LANDSAT COMMUNICATIONS

The following descriptions summarize the Landsat-4/-5 to foreign
ground station communications interface. Additional descriptive
material and data are provided in Appendix H.

9.1 LANDSAT X-BAND CHARACTERISTICS

The following information describes the Landsat X-band link charac-
teristics:

a. Frequency: 8.2125 GHz

b. Transmitter power: 44 watts
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TLM Word

OBC Data

1 2 3 4 5

x By X

MSB LSB | MSB LSB |MSB
6 7 8 9 10
0z
LSB

11 12 13 14 15
16 17 18 19 20
21 22 23 24 25

Output four times per major frame in minor frames 8, 40, 72, and 104,

Sixteen MSB's of double precision 6x, 6y, 6z are downlinked.

Figure 21. ACS Telemetry Report 1

79



TLM Word 2 4 5
Wx Wy
OBC Data
6 7 9 i0
Wz Ex Ey
11 12 13 14 15
Ez EPA1
i6 i7 18 i9 20
EPAZ EPA3
21 22 23 24 25
EPA3 EPA4
Output four times per major frame in minor frames 9, 41, 73, and 105.

Eight MSB's of single precision Wx, Wy, Wz are downlinked. -
Sixteen MSB’s of double precision Ex, Ey, Ez, are downlinked.

Figure 22.

ACS Telemetry Report 2




TLM WORD

OBC DATA

1 2 3 4 5
MODE
6 7 8 9 10
FLTROFF
11 12 13 14 15
16 17 18 19 20
ICAL
21 22 23 24 25

. Figure 23.

ACS Telemetry Report 8
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TLM WORD

OBC DATA

1 2 3 4 5
6 7 8 9 10
11 12 13 14 15
SENSTA
16 17 18 19 20
21 22 23 24 25
Figure 24. ACS Telemetry Report 9
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TLM Word

OBC Data

EHY

1 2

fbx fby fbz

mMsB LSB |{MSB LSBMsB
6 7 8 9 10
eb z
LSB

11 12 13 14 15
16 17 18 19 20
21 22 23 24 25

Output once per major frame in minor frame 27.

Sixteen MSB’s of double precision 8 bx, 6by, 6 bz are downlinked.
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TLM Word

0BC Data

1 2 3 4 5
Ts .
MSB
6 7 8 9 10
LsB| xxxxx
1 12 13 14 15
16 17 18 19 20
21 22 23 24 25

Output four times per major frame in minor frames 30, 62, 94, and 126.
Notes
1) Each value of the T, in OBC Report ACS 11 defines an epoch at which gyra
data is sampled, ephemeris data is computed, and attitude is computed.

Scale = 38, Length = 42 bits preceded by sign bit, and
LSB = 1/16 millisecond
TF FORMAT
s ! 2374—-MILLISECONDS OF YEAR —e 2°

47} 46 2 l8 5]4 o

1
T
UNUSED

i 341/15mc-=2“‘ X ———— X

be o e f e

TF

The four ACS 11 reports in each major frame correspond to the four Ephemeris report

sets and the other ACS reports sampied four times per major frame.
2} Tf is the GMT milliseconds into the year as derived from the DPU clock, referenced
to a value of 8.64 X 107 msec at 0000 hours GMT on January 1.

Figure 26. ACS Telemetry Report 11
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TLM WORD

OBC DATA

«——— CNGX,

CNGY, ——

«—CNGZ,—

10

CNGX1 CNGY1 — ]
i1 12 13 14 15
¢——— CNGZ, L o CNGX2 -——><-—CNGY2 ~
16 17 18 19 20
g CNGZ, e CNGX, ———»
21 22 23 24 25
-§———————— CNGY3 . CNGZ3 —_—

FOUR SETS OF GYRO DATA PROVIDED:

(1) CNGX,, CNGY,, CNGZ,
(2) CNGX,,CNGY,,CNGZ,
(3) CNGX,,CNGY,, CNGZ,
(4) CNGX,,CNGY,, CNGZ,

Figure 27.

ACS Telemetry . Report 12
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TLM Word

OBC Dsta

1 2 3 4 5
EOGBRF{1)
MsB Ls8
6 7 5 9 10
EOGBRF(2) - EOGBRF (3)
11 12 13 14 15
EOGBVF(1)
16 17 18 18 20
EOGBVF(2)
21 2 23 28 25
EQGBVF{3)

Output four times per major frame in minor frames 16, 48, 80, and 112.

Figure 28. Ephemeris Computation Telemetry Report 1

86




Table 21
ACS Telemetry

Samples/ | Number
0BC Major of LSB
Symbot Definition Report Frame Bytes Range Unit Weight
0, Roll axis angular increment 1 4 2 200312 | rad 1220
each (512 ms3) OBC cycle
g, Pitch axis angular increment 1 4 2 £0.0312 rad w220
each {512 ms) OBC cycle
v, Yaw axis angular increment 1 4 2 £0.0312 | rad Vol
each (512 ms) OBC cycle
w, Roll axis angular rate 2 a 1 £0.0310 | rad/sec | 1/2°7
w, Pitch axis angular rate 2 4 1 £0.0310 | radisec | 1/2'2
w, Yaw axis angular rate 2 4 1 £0.0270 radisec | 1/2'2
E, Roll attitude error 2 4 2 £3.9999 | rad '
E, Pitch attitude error 2 4 2 £3.9999 | rad w2
E, Yaw attitude error 2 4 2 £39999 | rd 2's
EPA1 2 4 3 €2 ND uz*?
EPA 2 | Euler parsmeters that specify ve- 2 4 3 22 NO 72?2
hicle arientation reiative to Earth- ’
EPA 3 | centered inertial frame 2 4 3 22 ND 222
EPA4 2 a 3 *2 ND 2?2
0,4 | Roll gyro biss compensation (angle) |10 1 2 *1.526 E5| rad 2!
each {512 ms) OBC cycle
04y | Pitch gyro bias compensation (angle)f 10 1 2 1526 E5 | rad 2>
each {512 ms) OBC cycle
g, | Yaw ayro bias compensation (angle) |10 1 2 21526 E-5| rad 2>
each (512 ms) OBC cycie
TF Flight saftware time 1" 4 8 2.748E11 | msec me

MODE ACS mode. Earth pointing= 4 8 1 1 4 N/A 1

ICAL ACS Reference. Earth semsor = 2, 8 1 1 3 N/A 1

inertisl reference =3

SENSTA Gyro rate mode. Low =1, 9 1 1 1 N/A 1

High = 0 (Bits 8,7.6)

CNGX X-axis uncompensated gyro data 12 32 2 +1.683 E4 | Counwts | 1/2*

CNGY Y-axis uncompenssted gyro data 12 32 2 +1.683 €4 | Counts | 1/2°

CNGZ 2-axis uncompensated gyro data 12 32 2 21.683 E4 | Counts | 3/2°

FLTROFF | CNGX, CNGY, CNGZ filter 8 1 1 1 N/A 1

ON=1, OFF =0
*Low rate mode: 1 count = 1/20 arc second ND = NONDIMENSIONAL

NOTES:

U Ox Y.z fangular increment) — measured anguiar motion about the ACS reference axes during a 0.512-second
period; positive value = positive motion per right-hand rule; daw in two's compiement form; computed every
0.512 seconds, but sampied in 8 kbps telemstry svary 4.096 seconds. Thess parsmeters are not used in NASA
image processing.

2) Wy vz fangular rate} — anguiar increment wx.v 2 ) divided by 0.512 seconds. Thess parametens are nor used
in NASA image processing.

3 E X 'Y_ 2z (artitude error) ~ desired attitude (based on the ephemeris) minus measured attituds (based on gyro and
star tracker data); defined about the ACS reference axes; data in two's complement format; computed every
0.512 seconds, but sampied in 8 kbps telemetry every 4.096 seconds. These paramaeters are nor used in NASA
image processing.

4) EPA1-4 (Euler parameters) — defined in 5.4.7 2¢; data in two’s complement format; computed every 0.512
seconds, but sampied in 8 kbps telemetry every 4.096 seconds. These parameters aiso zppear in PCD, but are
scaled differently and are sampled at different times. These parameters are only used to intialize NASA image

ing, but are esti to result in i 10 arc secand accursdes it used {in comparison 10 1.5
arc second accuracies using DORIRU data, or 36 arc second accuracies with no attitude corrections).

5) 9”‘ BY.BZ (gyro bias compensation} — defined in 5.4.7.2d; data in two’s complement format; estimated at
eachsar sighting {up to once per minute), but sampled in 8 kbps telemetry every 16.384 seconds. These
parameters also appear in PCD, but are scaled differently and are sampled at diffarent times. in NASA image
processing, one value (the /ast good value obtained) is selacted for each processing interval (i.e. spscecraft
imaging pass} and used in processing MSS data.

8] CNGX.Y.Z (uncompensated gyro data) — change in DRIRU channeis occurring over the preceeding 0.512

second period; deveioped from 0.064 sacond DRIRU samples which are corrected for register overflow, iow-pass
filtered 10 0.5 Hz if the filter is in use (FLTROFF = 1), subsampled 8:1, and then differenced: data in two's
compiement form. CNGX and CNGZ will normaily indicate approximately 0 counts, and CNGY will normally
indicate approximatety 4480 counts {i.e. orbital pitch rate).
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c. Spacecraft antenna characteristics

Shaped-beam antenna

Gain at 63.8 degrees from nadir (plus 7 dB)
Gain at nadir (minus 9 dB)

Spacecraft connection loss: 0.6 dB

d. Modulation scheme

® Unbalanced quadrature phase-shift keyed (UQPSK)
® MSS (15.0626 Mbps) data on the Q-channel
e TM (84.903 Mbps) data on the I-channel

e. Downlink spectrum: The TM data are PN-encoded on the space-
craft. Data are spread over approximately 170-MHz band-
width.

9.1.1 Working Mode, Modulation, and Spectral Occupation

The Landsat X-band transmit link uses a UQPSK modulation format for
transmitting TM and MSS data. The TM data are usually modulated

on the "I" carrier channel, and the MSS data on the "Q" carrier
channel with a 4 to 1 power split. There will be three operational
modes that are as follows:

o

Mode I-Channel . 0O-Channel Modulation
1 PN (84.903 Mbps) MSS (15.0626 Mbps) UQPSK
2 TM (84.903 Mbps) T™™ (84.903 Mbps) BPSK
3 T™ (84.903 Mbps) MSS (15.0626 Mbps) UQPSK

The TM data are replaced with PN code for mode 1, in which only the
MSS is operating. The PN code used to replace TM data is generated
as shown in Figure 28a. In mode 2 when only the TM is operating,
the MSS data may be replaced with TM data. In modes 2 and 3, the
TM data are PN-encoded as defined in 5.4.5 within the instrument
electronics. The MSS and TM are differentially encoded by convert-
ing from NRZ-L to NRZ-M for downlink transmission.

9.1.2 Output Filter Characteristics

A low-pass filter at the output of the TWT is planned to attenuate
the TWTA second harmonic as well as the output noise to a level at
which it will not degrade the Ku-band forward link receiver nocise

figure. A pre-TWTA four-pole 0.01-dB ripple Tschebyscheff filter

with a matched bandwidth of 225 MHz is provided to meet power flux
density restrictions. The X-band low-pass filter characteristics

are as follows:

Bandwidth: +84 MHz

Insertion loss: <0.15 dB
VSWR: 1.15:1
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Figure 28a. Generation of PN Code to Replace TM Data
Phase deviation from linearity: <0.25 deg over +84 MHz
Insertion less variation: <0.05 dB over +84 MHz
Gain slope: <0.01 dB/MHz over +84 MHz
Rejection: >31 dB at 16.4 GHz; >14 dB at 13.775 GHz
9.2 LANDSAT S-BAND IMAGE DATA TRANSMISSION CHARACTERISTICS

The following information describes the Landsat S-band image data
transmission characteristics:

a. Carrier frequency: 2265.5 MHz

b. Transmitter power: 10 watts

c. Spacecraft antenna characteristics-
Shaped-beam antenna

Gain at 63.8 degrees from nadir (+2.5 dB)

Gain at nadir (-8 dB)
Spacecraft connection loss: 1.5 dB

d. Modulation scheme
e NRZ-L PCM/FM
® MSS 15.0626 Mbps {(same as Landsats-1 through -3).
e Deviation: +5.6 MHz +5 percent

e. Downlink spectrum: MSS data are spread over approximately
20-MHz bandwidth.
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9.3 LANDSAT S-BAND TELEMETRY DATA TRANSMISSION CHARACTERISTICS

The S-band telemetry will be commanded on in response to a foreign
station's request for telemetry data to support their MSS image
data reception by either S-band or X-band. The following informa-
tion describes the Landsat S-band telemetry data transmission
characteristics:

a. Freqguency: 2287.5 MHz

b. Effective isotropic radiation power: +3.2 dBW

C. Modulation scheme:
® 8-kbps data (1.024-MHz subcarrier): Biphase-S/PSK/PM
e High-rate data (PCD, OBC, STR to GSTDN): Biphase-S/PM
e Ranging signals (to GSTDN): PM

e Carrier modulation index for 8 kbps telemetry: 0.8
rad with other signals; 1.6 rad alone

d. Frequency stability and aging temperatyre stability:
e Combined effects over 1 year: +3.8 parts per 106

® Short-term stability: the rms fractional deviation for
a 3-minute period, measured with a l.0-second integration
time shall not exceed 3 x 1079,

e. Downlink spectrum: Data are spread over approximately
3-MHz bandwidth.

9.4 LANDSAT X-BAND AND S—-BAND COMMUNICATIONS AVAILABILITY TO
FOREIGN" GROUND STATIONS

Foreign ground stations can acquire TM video data by the X-band
link only. PCD can be acquired by the X-band (in TM video).
S-band (32-kbps data link) transmission of PCD to foreign ground
stations is not planned. MSS video data can be acquired by the
X-band link in addition to the S-band link, as is currently the
case with Landsat-2 and Landsat-3. MSS telemetry data can be ac-
quired on the S-band 8-kbps link. If required, S-band and X-band
communications links can be operated simultaneously to satisty
foreign ground station coverage reqguirements for common areas.
Simultaneous S-band and X-band image data transmission to one sta-
tion will not be supported. Each Landsat Flight Segment has been
designed to transmit a cumulative total of 100 daytime and 50
night thematic mapper scenes to participating user ground sta-
tions. A typical station pass transmission schedule is shown

in Figure 29.
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9.5 DOWNLINK CARRIER. FREQUENCY STABILITY

Pfeliminary downlink carrier frequency stability for the X-band,
S-band telemetry, and S-band image data communications links to
foreign ground stations are as follows:

a. Landsat S-band telemetry data transmission frequency sta-
bility: +0.0004 percent inclusive of initial frequency
setting, aging, and temperature stability effects over
1 year :

b. Landsat X-band transmission initial setting accuracy:
82125 