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- FOREWORD

This-handbook was prepared by New Technology, Inc., under Contfact
NASB8-31423, entitled, "User Technology Study;" The Remote Sensing Data
Handbook (RSDH)_presently contains summary information on remote sensors
of earth resources and related data system elements. Technical mohifofs
for this handbook are Messrs. Harvey Golden (EF-21) and Déve Schaefer:
(EF-23) of the Data Systems Laboratory of the Marshall Space Fligﬁt-Center,
Alabama. I’rincipal investigators for the handbook are James L. Ellison
and R. R. DeWitt of New Technology,-lné., Huntsville, Alabama. |

Ques;iqns, comments and suggestions concerning the contents and forﬁat

'*?fdf:thisfhandbookkareuinvitédl”iCommunications,may7be madé.viaithe'RSDH.f‘f'f

Change Request Forms (located at the -end of Section 2) or by telephone to
4 the follow1ng 1nd1v1dua1 |
. | Mr. Dave Schaefer (205) 453-4064
~Revisions of this document and/or quarterly updates are availéble
'through tﬁe National Technical Information Service and/or the Marshéli.Space

Flight Center Documentation Repository.

. Revised 31 July 1978

(Revisidn 3)
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RSDH

Section 1
INTRODUCTION

Thi§ handbook is a digest of information on remote sensor data systems. It-
'“includes characteristics of space-borne sensors and the supportive systems immedi-
ately associated therewith. It also includes end-to-end systems inférmation that
will assist the user in appraising total data system impact produced by a sensor;
The objective is to provide a tool for anticipating_the complexity of systems and_

potential data system problems as new user needs are.generated. Materials in
this handbook span sensor systems from the present to those planned for.use in
the 1990's. Sensor systcms on all planned missions are presented ih digest form,
condensed from data as available at the time of compilation. Projections are
made of anticipated systems,

Remote sensing systems encompass many disciplines.. To prqviggithenhapdbpokf_

~fes .

uéef wifh a ﬁerspeétive between the discipline and the specific sensor iﬁfoimation,
“an introduction to each scensor group (c.g., Scatterometers) is included in

each sensor category. This introductory scction will assist the user in under-
standing the principles of the operation of the instrument and thc‘meaning of terms
associated with specific sensors. Sources of additional information and trends

in the field are also discussed. The information in each introductory section

addressés a particular category of sensors and is outlined as follows:

Historical Information

Principles of Operation

Performance Limiting Factors.

Data System and Output Products

Trends in R § D




1]
- Prominent Contributors
~ - References
Information on specific sensor systems is presented in a data sheet format

"which is discussed in Paragraph 1.3.

: l.lv“ReVisién Control

' A'revision éontrol structure-and procedure is provided in Section é, such
‘that this handbook may be maintained by periodic revision and/or republicatiéns; All
N seﬁsor'relétéd information and data sheets in this handbook are dated, numbered

anndjcontrolléd via this procedure.

% 1.2 RSDH Cross indexing
To further a551st the handbook user, four cross 1ndexes are prov1ded to

en ry 1nto the sensor systems 1nformat10n from any of four dlfferent

B R T P A L

v e

'A;phébétiCaI;Listing bffSenSOré vs. Sensor Category

Pfogram'Alignment and Developmént Schedule Information

i

L3

Discipline Alignment and Major Function Information

Sensor Spectrum and Coverage Characteristics

“These indexes are describéd and contained in Section 3.

1.3 Sensor Data Sheets

Information on specific sensor systems is presented in a data sheet format
which organizes the information without restriéting it. The same data sheet for-
mat is used thropghout the handbook and i§ illustrated in Figure 1-1. As shown
in Figure 1-1, the data sheet is structured into thirtecn information cells plus a
continuatiqn sheet. To’familiariie the user with the sensor data sheets, Figure 1.1

-~ gives a short description of the information content for each information cell.

R DA 31 Jan 1078 et
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, Section 2
RSDH REVISION CONTROL

In order for the RSDH to be current and useful, a communication mechanism
is required between the Data Systems Laboratory (DSL) personnel, who are respon-
sible for the publication and maintenance of the RéDH, and the RSDH users. This
communication link is provided by a revision control structure and associated
updating procedures outlined and described in this section. It is anticipated

. that, in many cases, RSDH users will be major contributors to the handbook's
technical contént. This mechanism provides a means for these users to contribute

new, additional or corrcctive information to the RSDH.

2.1 Reviéion Control Structure
The revision control structure for the RSDH is separated into three activities
as follows: -
- Overall RSDH Revision and Distribution Control
- Sensor Catcgory Revision Control

- RSDH Change Requests

Overall RSDH Revision and Distribution Control - The users of the RSDH will

include Data Systems Laboratory and associated contra;tor personnel, other NASA
personnel, contractors, and other government agencies. Each user will be issued a
RSDH bound in a looseleaf folder so that he may make page additions and deletions.
The RSDH Table of Contents will be followed by a '"RSDH Revision Contfol Sheet" which
will reflect the current content status of Sections 1 through 4 and the structure
(titles only) of the sensor categories in Section 5., The internal content of each
sensor category is controlled by a different form as explained later.

In order to provide revisions and other RSDH changes to users, a '""RSDH Dis-

tribution List" is maintained. This list identifies all RSDH recipients by name,

| REV. DATE: 31 Jan 1978
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organization/éompany, address and number of copies provided.

Sensor Category Revision Control - A sebarate table of contents and revision
control form entitled,; "“Sensor Category Table of Contents and Revision Control
-Sheet,ﬁ is maintained -for each,senso; category in Section 5. These control forms
are located at-the front of each-sensor cateéory and provide content and revision

status on an individual sensor group basis.

V_'RSDH Change Requests - The RSDHwill be updated periodically as new infor-.
]_ mation is avail?ble. It is recognized that RSDH ugers may be a major source 6f
up-to-date sensor information as it is released. Users may originate a request
:for change to the RSDH via the Change Request (CR) forms provided ét the end of
fd:;hi§ﬁsgctionmv?IhevCR-qums-permit users to note outdated information .and input
.new‘iﬁformation-and other suggestéd.impréveménts to the RSDH.

The responsibilities and procedures for accomplishing revision, distribu-

tion and change request activities are discussed in the next paragraph.

2.2 Revision Control Procedure

RefisionS'are made on é periodic basis to improve and expand‘the information
content of the RSDH, The initial copy of this handbook (Baseline Issué, dated
SO June 1977) represents a concentrated effort by Data Systems Laboratory to accumu-
late, condense, categorize and format sensor information into a useful reference
document, RSDH users utilizing this manual to perform requirements analyses, sensor
system studies or other sensor related evaluations will -be able to contribute sig-
nificantly to keeping this handbook as current and up-to-date as practical. The CR
form discussed in Seétion 2.1 and contained at the end of Section 2 is provided for

this purpose. In order that new and corrective information from CR's, as well as

-

Q- REV.NO.. 2 | REV.DATE: 31 Jan 1978
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_those.generated by Data Systems Laboratory, can be inserted into the RSDH on a

'timely and effective basis, the following rbvision'cohtrol'proceﬂures'are-establiéhed :

. Rev151on Frequency - New mater1a1 developed or recelved by Data Systems Lab-

oratory for anluslon into the RSDH w111 bc rev1ewed for approval on an as- received
b351§. Updated material will be formulated into revision packages ‘and released to

“RSDH users on a frequency of at least semi-annually, but not more than quarterly,

. Revisibn Centrol Authoritz,- The authority for approving new and/or revised
content for the RSDH is.ves;ed with the Requircments. Analysis Branch (EF-23) of
the Data Systems Laboratory. Revision control is accompliehed by.ene or more
>designeeé of the Requiremcﬁts Analysis Branch in the form of a RSDH Revision Control
Uhit (RCU). The functions of the RSDH RCU are as follows:
(1) control fhe list of rceipients‘of the RSDI,

(2) approve material that is to be added to or deleted from
- the RSDH

(3) insure that all CR's arc reviewed, answered and/or implemented,

(4) {nsure that the RSDH is maintained as current as practical.

- Preparatlon of Revxscd Material - Prcparqtlon of revision packages is -

the respon51b111ty of the RSDH Investlgatlve Un1t (IU). The RSDH IU is composed °
of Data Systems. Laboratory pcrsonnol from the Recquirements Analysis Branch and/or
contractor personnel. The functions of this unit are to:

(1) perform rescarch on sensors or related systems for
- inclusion into the RSDH as directed by the RCU,

(2) review, research and implement CR's as approved By
.~ the RCU,

(3) control and maintain the originals (master COpleS)
' of the RSDH and revision packagcs, and

(4) print and release RSPH revision packages as approved
by the RCU.

’ . E REV.NO.: 2 REV. DATE: 31 Jan 1978
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~* Contents of Revision Packages - Change material approved by the RCU will

be issued on a periodic basis in the form of RSDH revision packages. These
" packages will contain ‘the following:
(1) Revision Instruction Sheet - This sheet will provide
the revision number, revision date, pages to be deleted,

pages to be added and special instructions as appropriate,

(2)'New RSDH pages, as reqﬁired, annotated with revision date
and number;

(3) Changed RSDH pages as required, ‘annotated with revision
date, revision number and revision section indicator,

(4) Updated Revision Control Sheets for those sections and/or
“sensor categories which have been modified.

The. functional diagram in Figure 2-1 illustrates revision control activities

for the RSDH.

REV. NO.: 2 REV. DATE: 31 Jan 1978
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RSDH

Section 3
RSDH CROSS INDEXES

The sensor information maintained in thiéidocument is structured into ten
(10) categories which are representati?e of the major’remote sensing devices
presently used or plénned for use in space programs and relate& discipline
activities. These ten categories are identified in the Table of Contents by
category title, section number and page. An additional "Sensor Category Table of
Contents and Revision Control Sheet” is located in ffont of.each sensor category
.’section to provide content information and revision control for that sensor group.

To utilize the RSDH by the "Table of Conternts' structure, one may select the .
sensor category of intcresg and scan the "Sensor Category Table of Contents and
Revision Confrol Sheet" to locate the specific sensor(s) desired. Four (4) cross
indexe;xarg_proyided in this scgtion which allows entri,inpo the RSDH ?n,pﬁhefggll.*'
Qays.  A bfiefbdescription‘is provided for each cross-iAAex, foliswéd‘by the -

- specific cross indcxed information.

Alphabetical and Sensor Cafcgorx,lndcx - This index provides a complete

alphabetical listing of all sensors contained in the RSDH. This. list is cross-
indexed to sensor categories and page numbers which allows entry into the
handbook by sensor name, title or acronym.

Program and Development Index - This index provides a list of current and

planned space programs reclative to the sensors contained in the RSDH. Sensor titles,
sensor development schedule data and RSPH page numbers for sensor location are in-

dexed to the sponsoring program. This index allows one to locate specific sensors in

the RSDH, relative to a given program. Programs are listed in alphabetical order.

Discipline and Major Function Index - The Discipline and Major Function Index

-provides the user with a means of locating sensors which align to a particular




" discipline or application. The major function associated with the sensor and

RSDH page information are also provided.

Spectrum and Coverage Index - Sensors are grouped by category and listed
alphabetically within each group. Spectral characteristics, IFOV, FOV and page

numbers are provided for each sensor.

_REV.DATE: 31 Jan 1978
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ALPHABETICAL AND SENSOR CATEGORY INDEX

————
. PAGE
ALPHABETICAL LISTING SENSOR CATEGORY NUMBER
. Advanced Atmospheric Sounding and Atmospheric Sounders 5.3-39
Imaging Radar [AASIR] (Section 5.8)
Advanced Very High Resolution Imaging Spectroradiometers 5.8-83
Radiometer [AVHRR] (Section 5.7) '
Altimeter, Radar [ALT] Altimeters "5.2-19
. (Section 5.2)
Coastal Zone Color Scanner [CZCS] Imaging Spectroradiometers 5.7-77
(Section 5.7)
Earth Terrain Camera (S190B) Multispectral and Mapplng Cameras 5.5-21
: (Section 5.5)
Fluxgate Magnetometer [FMAG] Field Measuring Sensors 5.10-31
(Section 5.10)
Gradiometer, Rotating [GRAD] Field Measuring Sensors 5.10-35
(Section 5.10)
Heat Capacity Mapp1ng Radiometer Imagirg Spectroradiometers 5.7-69
[HCMR] (Section 5.7)
‘High Resolution Infrared Radiation | Atomspheric Sounders : 5.8-75
Sounder [HIRS] Section 5.8) .
Large Earth Survey Telescope Imaging Spectroradiometers 5.7-87
[LEST] (Section 5.7)
Laser Altimeter/Profilometer Laser Radars 5.4-21
Experiment (OP-06-S) (Sec;ion 5.4)
LIDAR (APE-01) Laser Radars 5.4-15
(Section 5.4)
Metric Camera (EOE-1) Multispectral and Mapping Cameras 5.5-15
(Section 5.5)
Microwave Atmospheric Sounding Atmospheric Sounders 5.8-69
Radiometer [MASR} (Section 5.8)
Microwave Sounding Unit [MSU] . Atmospheric Sounders 5.8-79
(Section 5.8)
Multispectral Photographic Multispectral and Mapping Camera 5.5-27
Facility (S190A) (Section 5.5)
Optical Bar Panoramic Camera (S163)| Multispectral and Mapping Cameras 5.5-33
: (Section 5.5)

SECTION NO.: 3] SECTION TITLE:

RSDH Cross-Indexing
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ALPHABETTICAL AND SENSOR CATEGORY iWDeEX

"PAGE
ALPHABETICAL LISTING SENSOR CATEGORY NUMBER
Scanning Multichannel Microwave Atmospheric Sounders 5.8-89
Radiometer [SMMR] (Section 5.8)
Scatterometer, Microwave [SCAT) Scatterometers 5.3-17
(Section 5.3) ,
./.
Shuttle Imaging Radar [SIR-B] Synthetic Aperture Radar 5.1-45
. (Section 5.1)
Spaceborne Laser Ranging System Laser Radars 3 ‘ 5.4-21
(OP-16-5) . (Section 5.4) .
! Q
Stratospheric and Mesospheric Atmospheric Sounders 5.8-57
‘Sounder [SAMS] (Section 5.8) '
Stratospheric Sounding :Unit [SSU] Atmospheric Sounders 5.8-85
(Section 5.8)
Synthetic Aperture Radar [SAR] Synthetic Aperture Radar 5.1-41
Temperature/Humidity Infrared " Atmospheric Sounders 5.8-33
Radiometer [THIR] (Section 5.8) .
"~ Thematic Mapper [TM] Imaging ‘Spectroradiometers 5.7-45
(Section 5.7)
Vertiéal'Temperature Profile Atmospheric Sounders 5.8-51
Radiometer [VTPR] (Section 5.8)
‘Very High Resolution Radiometer Imaging Spectroradiometers 5.7-63
[VHRR] (Section 5.7)
Visible Infrared Spin'Scaﬁ-Radio— Atmospheric Sounders 5.8-63
meter Atmospheric Sounder [VAS] (Section 5.8)
Visible Infrared Spin-Scan Imaging Spectroradiometers 5.7-49
Radiometer [VISSR] (Section 5.7)
34
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PROGRAM AND DEVELOPMENT INDEX

DEVELOPMENT
: . SCHEDULE .| pagE
PROGRAM SENSOR —— T T TrosT| NUMBER
— 76‘ 77{78{79{80 8" 821{83({84{85| 1985 .
AEM/HCMM. . | Heat Capacity Mapping Radiometer * 5.7-69
' [HCMR] ‘
(Section 5.7)
GOES/NOAA . | Visible-Infrared Spin-Scan Radio- | OPERATIONAL 5.7-49
meter [VISSR]
(Section 5.7)
GOES/NOAA | Visible-Infrared Spin-Scan Radio- * 5.8-63
meter Atmospheric Sounder [VAS]
(Section 5.8) C
Gravity Gravity Gradiometer, Rotating -Ti* 5.10-35
Gradiometer '| [GRAD]
Satellite (Section 5.10)
(Shuttle
0P-#2-A)
ITOS/NOAA Vertical Temperature Profile OPERAT|IONAL 5.8-51
Radiometer [VTPR]
(Section 5.8)
R ITOS/NQAA}y;.;Vervaigh Resolution Radiometer.. { OPERATIONAL e o 5377§4;.;3;
ST VERR] Aebehet : A . i R B!
(Section 5.7)
LANDSAT-D Thematic Mapper [TM] ]* 5.7-45
(Section 5.7) ' .
NIMBUS Coastal Zone Color Scanner [CZCS] 5.7-77
(Section 5.7) :
NIMBUS Stratospheric and Mesospheric 5.8-57
Sounder [SAMS]
(Section 5.8)
NIMBUS Temperature/Humidity Infrared OPEﬁATIOQAL 5,8-33
Radiometer [THIR]
(Section 5.8)
SEASAT-A Altimeter, Radar [ALT] 1* 5.2-19
: {Section 5.2)
SEASAT-A Scanning Multichannel Microwave 1= 5.8-89
Radiometer [SMMR]
{Section 5.8)
SEASAT-A Scatterometer, Microwave [SCAT] T]* 5.3-17
(Section 5.3)
SECTION NO.: 3.2 | SECTION TITLE: RSDH Cross-Indexing
B 3.5 REV.NO.: 2 1978
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RSDH
PROGRAM AND DEVELOPMENT INDEX

e
DEVELOPMENT
N A SCHEDULE - PAGE
'PROGRAM - SENSOR ~. posT| NUMBER
' , 76177|78{79]80|81{82]83)84)85| 1985
"“SEASAT-A - | Synthetic Aperture Radar [SAR] # 15.1-41
(Section 5.1) ~
SEOS . Large Earth Survey Telescope [LEST - * 5.7-87
(Section 5.7)
Shuttle = | Earth Terrain Camera 5.5-21
Mission #4 (Section 5.5)
Shuttle © | Multispectral Photographic T §5.5-27
Mission #4 Facility -
: : {Section 5.5)
-Shuttle. Optical Bar Panoramic Camera = T ' 5.5-33
Mission #4 (Section 5.5) |
 'SIR-B' N Shuttle Imaglng Radar [SIR- B] ‘ 1) : 5.1-45
(Shuttle (Sect1on S 1)
YirSortie)t | S s 1
_ SMS-2 Visible-Infrared Spin-Scan OPERATIONAL 5.7-49
" : Radiometer [VISSR]
(Section 5.7)
Spacelab . Metric Camera , |* 5.5-15
{Section 5.5)
Spacelab - Laser Altimeter/Profilometer 1 '5.4-21
, | . Experiment
(Section'5.4)
~ Spacelab LIDAR " . 5.4-15
(Section 5.4)
Spacelab Spaceborne Laser Ranging . ' - 1 "1 5.4-21
(Section 5.4)
STORMSAT - Advanced AtmoSpﬁeric Sounding and ] 5.8-39
Imaging Radiometer [AASIR]
(Section 5.8
STORMSAT Microwave Atmospherlc Soundlng ] ]* 5.8-69
Radiometer [MASR] :
(Section 5.8)
TIROS-N Advanced Very High Resolution * 5.7-83
Radiometer [AVHRR]
(Section 5.7)
SECTIONNO.: 3.2 - | SECTION TITLE: RSDH Cross-Indexing
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RSDH
PROGRAM AND DEVELOPMENT INDEX

— 2
DEVELOPMENT
SCHEDULE PAGE
PROGRAM. SENSOR . =55T| NUMBER |
76177178{79]80|81{82|83184|85| 1985
TIROS-N High Resolution Infrared Radiation * 5.8-75
Sounder [HIRS]
(Section 5.8)
TIROS-N Microwave Sounding Unit [MSU] * 5.8-79
- (Section 5.8)
TIROS-N Stratospheric Sounding Unit ([SSU} * 5.8-85
(Section 5.8) )
" Vector Fluxgate Magnetometer [FMAG] ] 5.10-31
Satellite. (Section 5.10)
System
(Shuttle
OP-@5-A)

SECTIONNO.: 3,2
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- DISCIPLINE AND MAJQR FUNCTION INDEX

DISCIPLINE(S)

SENSOR AND MAJOR FUNCTION(S)

PAGE
NUMBER

EARTH AND OCEAN PHYSICS

Global Surveying & Mapping

Land Mohitoring

Ocean Dynamics

Ocean Dynamics-

Ocean Dynamics

Ocean Dynamics

Ocean Dynamics

Solid Earth Dynamics

Fluxgate Magnetometer [FMAG]
(Section 5.10)

Global Magnetic Field Mapping

Thematic Mapper [TM]
{Section 5.7)
Earth Resource Imagery
(Reflective § Emissive)

Altimeter, Radar [ALT]
(Section 5.2)
Altimetry, Sea State

Laser Altimeter/Profilometer

Experiment

(Section 5.4) .
Altimetry, Sea State Ocean an

Coastal Bottom Topography, Sub-

surface Ocean Temperature Pro-
filing, Fish School Detection
and Track, Marine Plankton
Productivity, 0il and Hazardous
Material Detection, Ocean Cur-
rents Mapping

Scanning Multichannel Microwave

Radiometer [SMMR]

{(Section 5.8)
Ocean Surface Wind Speed and
Temperature Data, Polar Ice
Canopy Characteristics and
Ocean Mapping

Scatterometer, Microwave [SCAT]
{Section 5.3)
Wind Vector Measurements

Synthetic Aperture Radar [SAR]
(Section 5.1)
Sea Ice, Coastal Features,
Ocean Wavelength & Direction

Gradiometer, Rotating Gravity

[GRAD]
(Section 5.10) _
Global Gravity Mapping

5.10-31

5.7-45

5.2-19

- 5.4-21

5.8-89

5.3-17

5.1-41

5.10-35

SECTIONNO.: 3.3

SECTION TITLE:
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DISCIPLINE AND MAJOR FUNCTION INDEX

Y S S S S S ’

Atmospheric Monitoring

Atmoshperic Monitoring

Atmospheric Monitoring

Atmospheric Monitoring

PAGE
DISCIPLINE(S) SENSOR AND MAJOR FUNCTION(S) NUMBER
Solid Earth Dynamics Spaceborne Laser Ranging System 5.4-21
‘ (Section 5.4)
Earthquake Events
EARTH OBSERVATIONS
Atmospheric Monitoring Advanced Atmospheric Sounding and 5.8-39
Imaging Radiometer [AASIR]
(Section 5.8)
Visible and Infrared Imagery
and Temperature and Humidity
Soundings
Atmospheric Monitoring Advanced Very High Resolution 5.7-83

Radiometer [AVHRR]
(Section 5.7)
Sea Surface Temperature
Ice, Snow and Cloud Information

High Resolution Infrared Radiation 5.8-75
Sounder [HIRS]
(Section 5.8)
Temperature and Humldlty
Soundings - ' 3

LIDAR 5.4-15
(Section 5.4)
Atmospheric Winds, Temperature
Profiles, Constituent '
Abundances, Cloud Top Altitudes
Cirrus Cloud Reflectivities and
Thickness

Microwave Atmospheric Sounding . 5.8-69
Radiometer [MASR]
(Section 5.8)
Temperature and Humidity
Profiles

Microwave Sounding Unit [MSU] 5.8-79
(Section 5.8)
Atmospheric Temperature
Profile Soundings from
Surface to 40 Km

39
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DISCIPLINE AND MAJOR FUNCTION INDEX

: PAGE
DI$CIELINE(S) , : _ SENSOR AND MAJOR E_UNCTION(S) ' ’ NUMBER

 EARTH OBSERVATIONS (continued)

"Atmospheric Monitoring Stratospheric and Mesospheric ~ 5.8-57

Sounder [SAMS]

(Section 5.8)
Temperature Profile and
Element Concentration
Soundings from 10 Km to 120 Km

Atmospheric Monitoring Stratospheric Sounding Unit [SSU] 5.8-85
' - (Section 5.8)

Temperature Soundings from

25 Km to 50 Km '

" Atmospheric Monitoring : Temperature/Humidity Infrared ‘ 5.8-33
S Radiometer [THIR] ; '
(Section 5.8)
Temperature Humidity Soundings
and Cloud Cover Imagery

“Atmospheric Monitoring . ] Vertical Temperature Profile 5.8-51
‘ ; Radiometer [VTPR] :
(Section 5.8)
Temperature and Water Vapor
Soundings up to 30 Km

Atmospheric Monitoring ' Very High Resolution Radiometer 5.7-63
[VHRR]
(Section 5.7)

"Cloud Imaging (Day and Night)

Atmospheric Monitoring B Visible Infrared Spin-Scan 5.7-49
Radiometer [VISSR]
{(Section 5.7)

Visible and Infrared Imaging

Atmospheric Monitoring Visible Infrared Spin-Scan Radio- 5.8-63
: meter Atmospheric Sounder [VAS]
(Section 5.8)
Sea Surface and Cloud Top
Temperatures (Soundings and
Imaging)

Land Monitoring _ Earth Terrain Camera 5.5-21

(Section 5.5)
High Resolution Imagery

3-i0
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DISCIPLINE AND MAJOR FUNCTION INDEX

-

DISCIPLINE(S)

SENSOR AND MAJOR FUNCTION(S)

PAGE
NUMBER

Land Monitoring

Land Monitoring

Land Monitoring

Land Monitoring

‘Land Monitoring

Ocean Monitoring

EARTH OBSERVATIONS (continued)

Land/Atmospheric Monitoring

Heat Capacity Mapping Radiometer
[HCMR) '
(Section 5.7) .
Thermal Mapping Data High
Spatial Resolution

Metric Camera
-(Section 5.5)
High Resolution Imagery

Multispectral Photographic Facility
(Section 5.5)
High Resolution Multispectral
Imagery

Optical Bar Panoramic Camera
(Section 5.5)
High Resolution Imagery

Shuttle Imaging Radar [SIR-B]
(Section 5.1)
Microwave Image Data

Large Earth Survey Telescope [LEST]
(Section 5.7)
Visible and Infrared Imagery
and Atmospheric Temperature
Soundings

Coastal Zone Color Scanner [CZCS]
(Section 5.7)
Visible and Infrared Imagery
of Coastal Waters and Open
Ocean Parameters

3-)

5.7-69

5.5-15

5.5-27

5.5-33

5.1-45

5.7-87

5.7-77
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RSDH

Section 4
DEFINITIONS AND  ACRONYMS

Definitions and acronyms presented in this_sectibn are basic t§ thg RSDH
in its entirety and are provided to establish a common framework between a
varying category of users and the information contained in this handbook.
Definitions which pertain to only one sensor category will be covered in the

Introduction Section for that particular sensor group.

4.1 Definition of Terus

Detector - That clement in a sensor which is illuminated by the
output of the radiation gathering means and which has an
(electrical) output that is relatable to the intensity of
the input radiation over a frequency range which characterizes-
the radiation.

Sensor - A combination of facilities including an antenna, lens,
focusing mirror or .other radiation gatherlng means, and a8 = L
"detector with 1ux1113ry devices which can be used ‘to colleét ™
radiation of a desired nature, produce an output proportional
to that radiation and organize the output into a recognizable
format.

. Instrument - A class of apparatus including sensors which, in the
' broadest sensc can be said to be intcnded to be responsive to
physical phcnomena in some consistent way as opposed to a --
tool which can be said to be intended to bring about an alter-
" ation of physical properties.

Experiment - An cxperiment is an organized thrust into an unexplored
sphere of knowledge or the utilization of unproven methods with
the purpose in mind to illustrate the plausibility of a concept.
In the area of interest here, an experiment may involve one or
more sensors and other instruments and one or more satellites.

Payload - A spacc vehicle system payload, in the context of this
handbook, consists of the sensors plus the supportive space-
borne hardware required to maintain them in the desired orbit
and convey their information back to earth (including life
_support system whcre applicable),

41
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Geoid - An imaginary surface that coincides with the mean sea
level in the ocean and its extension through the continents.
(The geometric figure formed by this surface is an ellipsoid

flattened at the poles.)

Backscatter Coefficient - The backscattered power per unit area

4.2

normalized for antenna gain, range loss, and transmitted power.

Acronyms

éig - Analog to Digital

AAFE - Advanced Application Flight Experiments
_AASIR - Advanced Atmospheric Sdunding'and Imaging Radar

ADC - Analog-to-Digital Converter

~ ADP - Automatic Data Processing
AEM - Applications Explorer Missions
__AFOS - Automation of Field Operations and Services

‘ALT - Altimeter

APE - Atmospheric Physics Experiment

ARS - Agriculture Research Service

ASCU - Archive Station Communication Units

ATS - Advanced Technology Satellite

AUS - Agriculture Utilization Subsystem

AVHRR - Advanced Very High Resolution Radiometer
BIL - Band-Interleaved-by-Line

BLIP -‘Backngund-Limited Infrared Photoconductor
CCh ~ Charge-Coupled-Device

CCT - Computet Compatible Tape

CDAS - Command Data Acquisition Station

CDDF - Centrai Data Distribution Facility

CDPF - Central Data Processing Facility
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CIT - California Institute of Teéhnology
CMG - Control Moment Gyro

CNRS - Centre National de Recherches Spatiales.

CONUS - Continental United States

CPU - Central Prbcessor Unit

CR - Change Request

CW - Continuous Wave

CZCS - Coastal Zonc Color Scanner

B et

D* - Detectivity

DACS - Data Acquisition and Control Subsystem

DAPS - Data Processing Subsystem

dBm - Ration refercnced to a particular impedance
DDHS - Digital Data Handling System
DEC -_Digital Equipment Corporation
Qig_- Digitﬁl'information Processor .
DIS - Dafa Input Subsyétem
-QMQ - Digital Muirhqad Display
DOD - Department of Defense
DSL - Data Systems Laboratory
EFL - Equivalent Focal Lcngth
EQE - Earth Observation Experiment
EOS - Earth Observation Satellite
Egé ~ European Space Agency
ETA - Earth Terrain Camera
EU - Etdvds Units (1 EU = 107°
FFT - Fast Fourier Transform

FOV - Field of Vicw

TN
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FMAG - Fluxgate Magnetometer

FMC - Forward Motion Compensation

FNWC - Fleet- Numeric. Weather.Central

GARP - Global Atmospheric Research Program

Ge - Germanium

. GISS - Goddard Institute for Space Studies
GOES - Geostationary Operational Environmental Satellite
GRAD - Gravity Gradiometer

GRE - Ground Resolution Element

§_S_F_C_ - Goddard Space Flight Center
HCMM - Heat]Capécity Mapping Missions
HCMR - Heat;Capacity Mapping Radiometer
; 1-1_[)_[)_5 - High Densi‘ty Digita’i_’Tape Recorder .

kll)_DI - High -Density Digital Tape
' @_’[ - High Density Tapé
HDTR - Higi\ Density Tape Recorder
HgCdTe - Mercury-Cadmium Telluride
HIRS - High Resolution Infrared Radiation Sounder
HRE - High Resolution Etalon
HRPT - High Resolution Picture Transmission
_I_}ﬂ - Instantaneous Field of View
InAs - Indium Arsenide
InS - Indium Sulfide
InSb - Indium Antimonide
Irp - Information Processing Divison

IR - Infrared

ITOS - Improved TIROS Operational Satellite
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JPL - Jet Propulsion Laboratory
2:1 - Joule-Thompson

k_b_p}_ - Kilo bits per second

LaRC - Langley Research Center
L§§£ - Large Earth Survey Telescope
LIDAR - Light Detection and Ranging
LSI - Large Scale Integration

MA - Multiple Acéss (TDRSS Mode)

MASR - Microwave Atmospheric Sounding Radiometer

Mbps - Mega bits per second

- MDHS - Meteorologiéal Data Handling Systém
Miz - Mega lertz

~ MLE - Maximum Likelihood Estimator

MMIPS - Min-Machine- Interactive Processing System

ﬂgﬁ;f Multispectral Photographiﬁ Facility

- MRE. - Medium Resolution Etalon
MRIR - Medium Resblution-lnfrared Radiometer
MSS - Multispectral Scanner
MSSCC - Multicolor Spin-Scan Cloud Camera
MSU - Microwave Sounding Uﬁit
§5§g§_- NIMBUS/ATS Data Utilization Center
NASCOM - NASA Communications Link
NEDT - Noise Equivalent Differential Temperature
NEP - Noise Equivalent Power |

NESS - National Environmental Satellite Service

NIR - Near Infrared 45
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" NRL - Naval Research Laboratory
 NSSDC - National Space Science Data Center

0P - Ocean Physics
" PbS - Lead Sulfide
o PCM < Pulse ‘Code Modulation

PGDF - Product Generation and Dissemination Facility

. : RSDH

NOAA - National Oceanographic and Atmospheric Agency

NMRT - NIMBUS Meteorological Radiation Tape
NRZ - Non-Return to Zero
NWS - National Weather Service

OPBR - Optical Bar Panoramic Camera

P/B - Playback

PbSe - Lead Selenide

PbSnTe - Lead Tin Télluride

PDPF - Project Data Processing Facility

PDPS - Project Data Processing System

_P_}_ - Principle Investigator

PIXEL - Pic;ui‘e Element

PM - Pulse Moduleation

PMT - Photomultiplier Tube

PMC - Pressure Modulated Cell

PN - Pseudorandom Biphase Modulation
;PQ_E_Q_ - Project Operations Control Center
PPU - Patch Panel Unit

PSK - Phase Shift Keyed

QE - Quantum Efficiency

RAU - Remote Acquisition Unit
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RCU - Revision Control Unit
RMS - Root Mean Square
RSDH - Remote Sensing Data Handbook |
RGD - Research and Development
SAMS - Stratospheric and Mesospheric Sounder
~ SAR - Synfhetic Aperture Radaf
SASS - SEASAT-A Safcllite Scatterometer
SATCOM - Satellite Communications
" SCAT - Scatterometer
$/DB - Synchronizer - Data Buffer
SDPF - Satellite Dafa Processing Facility
SDR - Supplementry Data Record
SEQS - Synchronous Earth Observation Satellite
SESS - Satellite Ficld Service Site
Si .- Silicon
SIPS - Satellite Input Processing System.
V SIR - Shuttle Imaging Radar -
SIRS - SafelliteAInfrared Sounding

SIU - Serial Interfacc Unit

SMMR - Scanning Multichannel Microwave Radiometer

SMS - Synchronous Metcorological Satellite
S/N - Signal to Noise

SOCC - Satellite Opcrations Control Center
SOPS - Satcllite Output Processing System
SRI - Standford Research Institute

SSU - Stratospheric Sounding Unit

STDN - Spaceflight Tracking and Data Network

TBD - to be determined
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.THIR - Temperature/Humidity Infrared Radiometer

<

ERE

WFC - Wallops Flight Center
~ WWB 5»World Weather Building

~ ZIP - CZCS Information Processor

ZnSe - Zinc Selenid
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TELOPS - Telemetry Onéﬁgae Processing System
TDRS - Tracking and Data Relay Satellite
TDRSS - Tracking and Data Relay Satellite System

TGS - Triglycine Sulfate

TIR - Thermalllnfrared

-3

LM - Telemetry

- Thematic Mapper

3 12

X

Teletype

Traveiing Wave Tube .(Amplifier)

[ =
ol
m
¢

Ultra Low Expansion

c

0
-]
'

Unified S-Band

SDA‘;Lunited'States Depditmeht of Agriculture -

'|

-_Univeféal Time

- Ultra Violet |

VAS - Visible Infrared Spin-Scan Radiometer Atmospheric Sounder
VDM - VISSR Digital Multiplexer

VHRR - Very High Resolution Radiometer

VIC - VISSR Ingest Comfﬁter

VIP - Versatile Information Processor

VIS - Visible

ylggg - Visible Infrared Spin-Scan Radiometer

VTPR - Vertical Temperature Profile Radiometer

VTU - Video ?erminal Unit

e
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Section.é‘
SENSOR CATEGORIES

Section 5 consists of ten sensor categories as listed in the Table of
Contents. Each category is identified by an index tab and contains three basic
parts; an intro&uction, a listing of research mate}ial and RSDH Data Sheets..

The introduction provides the user with a general overview, operating
principles and other background information for a particular category of sensors.
The listing of research material, which follows the introduction is made up of

- the follow1ng

. Act1ve Contributors - A partlal list of workers in the
- discipline who have d1st1ngu1shed themselves by their
leadership.

* References - These lists identify those publications of which
specific mention is madc in the introduction and/or data
sheets. Numbers in brackets (e. g-» [13]) in the text refer

- to this list.

N Bibliographies - These lists are documents and papers relevant
to the sensor catcgory. In some cases, Bibliographies are
broken down to show applicability to particular sensors.

* Illustration Credits - This list provides acknowledgement
of the sources for illustrations used in the RSDH. The

- 1listings consist of four columns. The first two give the
figure number and page with respect to the RSDH. The second
two columns identify thc research material (reference number
and page) from which the illustration was drawn.

All pages in Scction 5 arc numberced consccutively with the section number
preceding the page number (c.g., 5.2-1, 5.2-2, ctc.).

Specific information on infrarcd detectors is presented in Appendix A.
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Section 5.1
INTRODUCTION TO

SYNTHETIC APERTURE RADAR (SAR)

'The waveléngths in the microwave region of the spectrum are long compared with
the size of scattering centers associated with most weather phenomena. -As a result,
remote sensors built to operate in this spectral region have the potential to
provide an all-weather capability because thc relatively long waves are not effect-
ively reflected or scattered by the small centers. Most weather phenomena are,
therefore, transparent to microwaves. Microwﬁve remote sensors can provide
operation on the dark side of the earth as well as the lighted'side. Various '
radiometers measure passte microwave radiation to détermine atmospheric temperature
and these'Qevices are addressed in another section. This section deals with an

active microwave sensor known variously as the Synthetic Aperture Radar (SAR),

.- coherent. radar or sidelooking radar. As with cdnvcntional;radafég“the:arealof:ﬁfawb_f?z

intercst'is flooded with microwave radiation of controllable characteristics and .
the return réflcctions are opcratcd'upon. As will bhe shown later, it is primarily
the processing at the receiver which gives the SAR its uniqueness. Advantages othef
than all-weather operation49re gained using microwave cnergy rather than visible or
infrared radidtion. One ;uch advantage is the capability of the'longer wavelengths
to penetrate solids and liquids, and rcturn radiation from beneath‘thé surface;
This_characteristic can be utilized to map subsurface terrain features as on the
Apollo Lunar Sounder wherc a SAR was opcrated at other thdn microwave frequenciés

(5 MHz, 15 MHz, and.150 Milz) in an environment of low attenuation surfeces to
realize deep penetrations of the order of sevcralimgters. The reflection and absorp
tion of terrestrial soils have becn found to vary with water contcnt; éalinity,

chemical composition and other factors. Researchers have recognized the potential

31 Jan 1978
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‘of microwave sensors for mapping soil moisture for agricultural purposes, for
_locating‘soillsalt problems caused by irrigation water, for determining the type

- of rock in certdin outcroppings and for penetrating vegetative cover.

. -properties of the interaction of the radiation with the ground targets. Images can

'1s scanned and the output of the detector is plotted against scan angle. Conven-
::tlonal radar may also be used to produce images. The problem with-both of these
' alternatives is?resolution. The beam width in a‘"straightforward" radar or a

'm1crowave rece1ver 1s proport10na1 to the 51ze of the antenna ard the wavelength

’_“of the"radzatlon. For a g1ven antenna size (dlameter), as the wavelength is reduced,
i55the beam Wldth is reduced but the 1nf1uence of small scattering centers is 1ncreased
1 1f Wavelength ‘reduction is -used as.a method of improving resolution, weather

‘penetration capability suffers. Likewise, we are limited by structural consider-

‘apertures in the early fifties. The hardware was first approached with airborne

"equipment using an x-band coherent radar, a conventional oscilloscope and film

RSDH

The SAR is a microwave imager and has much in common with the Multispectral
Scanner and Thematic Mapper in that the output product is a photograph of a sub-

satellite swath. The image has its own set of unique characteristics owing to the

also be developéd-using passive microwave devices where a highly directional antenna

ations in increasing antenna size to improve resolution. The constraints of nature,
then, limit even the potential for improving microwave imaging unless a more subtle
approach ia utilized. In the following paragraphs, we will attempt to aid the
reader in visualizing the principles upon which the SAR is founded.‘ A rigorious

or even thorough treatment-of these principles is beyond the scope of this nanual
and the reader whose requirements are not satisfied by this coverage is referred

to more detailed material [1]. Coddyear Aircraft Corp., The University of Michigan

and the University'ef 11linois figure heavily into the first work with synthetic

REV. DATE: 30 Jan 1978 |
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camera for display with a tape recorder used as a memory in processing the data.

The object of the early experiments was to demonstrate the concept of Doppler beam
sharpening. . The geometry of a typical airborne SAR operation is shown in Figure

50‘1-10 x

& GROUND
RANGE

FIGURE 5.1-1 SAR Operation Perspective View

The antenna is placed and pattern chosen so that radiation leaving it illumin-
ates a strip parallel to the flight path (shaded area Figure 5.1-1). Scan of the
strip is achieved by the forward motion of the spacecraft. The antenna is not scannedg

nor is it rolled or yawed to compensate for spacecraft motion. These errors, together

| REV.DATE: 30 Sept 1977
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with spacécraft velocity variations, will be dealt with later. For how, let us
" assume ideal circumstances.

As shown in Figure 5.1-2, the wavefront leaving the antenna propagates onto -
the illumina;ed area along slant range Rs. If the reflections from the ground
were specular, angle of incidence and reflection would equal and no return would -
be received, but for the maﬁority of targets in the strip, the reflection is

j diffused. .The wavefront is disturbed and individual reflections from points within
" the strip are‘?eturned to ‘the antenna at times proportionate to slant range RS.

The round trip propagation time between the antenna and the target ‘is

AT = 3&& (1)

where C is essentially the speed of light (propagation speed for the medium) and

can be visualized at about one foot per nanosecond.
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Were the transmitted puiseuﬁ singlé wavefront, all the returns from yariqus
targets at different-slant rangeé would be distinct aﬁd séparable. Howeyef;'since
the transmitteé pulsé is a sequencé of wavefroﬁts, it has‘a'finité"length or thick-
ness and two or more tafgefs at differcnt values of Rs will be illumiﬁated simul-
taneously and,thefefore, will not be seﬁarablc. In theory,Arefléctions from targets
are scparable if thcy_aré staggered in tandem by ; distance greater ihan the trans-
mitfcd pulse léngth. Since the cchés have traveled the round trip.to-the targets,
they will be sufficiéntly stdégc;gd it they .originate from targets whose/slént
ranges are different by an amount cqual to one half the physical length §f the pulse

. cT ' o ; S
ARS 2 =5 i _ (2)
We can call this scparation slant range resolution or

Co.cr S | =
R i . &
and the corresponding ground range résolution is

pg = g cos V¥ : . ) . '. (4)

-~

where ¥ is the antenna depression angle as shown in Figure 5.1-2. The pulse width

or wavefront thickness is rcduccd.hy usfng-widv bandwidth radars_aﬂd bulséAcompfesf
'sion techniques [2]. |
The a}ong-track dimension or azimuthal cross section (horizontal plane

dimension of the pulsc) is determined by the antenna pattern. As shown in Figure
5.1-3, the width of.a pulge produced by an antenna, with haiffpowér beamwidth of
8 radians, at range RS is L = BRS. |

| If L is.a measure of the along-track resolution (px), then the only recourse
open for use in "straightforward" radars is to make 8 small. Beamwidth is related

to antenna aperture in a diffraction limited system: one where the errors in the
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FIGURE 5.1-3 SAR Operation Plan View

reflecting surfaces are essentially non-existant. The relationship, which is known
~ as the Rayleigh Criterion, was first applied in optics and simplifies to :
A .
B = D radians ,
where A is the wavelength of the radiation and D is the dimension (aperture) of the

antenna in the plane being considered (horizontal).

Therefore, we can rewrite the expression for along-track resolution as:

px =ng 8 | (5)
3=E |

A.R ®
px = “x )
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As was pointed out earlier, to keep B small, A may be reduced or D increased but

both of these alternatives become unattractive if carried beyond certain limits.
Therefore, to improve B beyond the limitslof the Rayleigh Criterion, we employ a
synthetic aperture technique.

1f the.radar emits a sinusoid at a frequenc; fo, then sinée the spacecr#ft

is in motion with some velocity v,Tthe reflected signal will have undergone a

shift in frequency.

X0

| seacecrarr
| MoTioN
l

' fq = FREQUENCY
OF RADIATION

A
FIGURE 5.1-4 SAR Operation Side View

The amount of Doppler shift is proportional to the propagation speed C and
the relative velocity between the source and the point of observation. If the
point of observation were on the ground at point A, the Doppler shift would be

proportional to the rate of change of RS.

F_ = S f (7

TN O
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Since the "observation" point is on-board the spacecraft, not on the ground, the
radiation travels twice R and the shift is doubled. The change in Rs can be
equated to spacecraft velocity v as follows:

'DtRs = v Cos.Y : (8)

and the expression for the Doppler shift from a specific targef can be rewritten:

fD - 2VC<C>sx-fQ | 9)
£
1
Cos f = Eiin - (11)
< .
2v '
and f:o iR (x'xo) ' (12)
. s -

‘Clearly then, if a projection is made abeam the épacecraft, echos from targets
not lying on the projection are undergoing a Doppler frequency displacement from
the ofiginal radiation and echos frbm-targets lying on the projection are not
shifted. We can, therefore, excludévsome returns by a narrow bandpass filter
ceniered at fo' The passband of the filter determines the frequency limits of
"acceptable'" signals. The received signals then are discriminated against linearily
as a function of X=X for any value of range. Thevradar beam then can be said to
be collimated.

The synthetic aperture technique, although first conceived from the Doppler
viewpoint, can also be approached from an entirely different but mathematically
equivalent viewpoint. Following from Figure 5.1-1, observe that a reflection at
range Rs ’is illuminated by the radar while the latter moves through a distance of
L= gR.

If the physical antenna is regarded as one element of a linear array which.is

elongated only in the direction of flight, occupying in time sequénce all the

i REV. DATE: 0 Sept 1977
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elemenfal positions germane fo the array, then intuitively, it ehouid be poseihle
to "synthesize" an aperturc ofvlength L by sutitably storing the received signal
before processing the data. The processed data then has nearly all the qualities
of data that would have been éeneratcd by an antenna of length L. ' Actually, the
data is better 4in several ways.

In a physical array, n cqually spaced dipelcs transmit signals in phase (thus
the beam is normal) to the array, ull.n dipoles rcceive signals from a target and
all these signals are aaded in the antenna itsclf. In the synthetic antenna, n
signals are transmitted in scquence (one for each radar pulse), received in
sequence and stored in such a manner that thcir phases and amplitudes are preserved.
Pinally, during the signal-processing operation the stored signals are added
together, thus reconstructing the cffective aperture.

By manlpulat1ng phase upon rcadout tho synthetlc aperture radar can be made

fujn
- -Gy S
;,‘.,_‘, P

to focus on any range to further 1mprove the rcsolutmn at that range These
focused SAR's have the requircment that small peitubations in the flight path bf.'
the ;pacecraft must be taken into account in image rcconstruction. An accelero-
meter comp?ehsates for positional shifts along the flight. path by altering the

phase of the transmitted or rcceived pulses.

N
A // EXTRA LENGTH
\\ ” INDICATES DISTANCE

ALL TRANS-
MISSION LINES

’ ARE SAME LENGTH RAY WOULD TRAVEL IN
SUMMING SO DELAY TIMES IMAGE ___—F~ SPACE DURING TIME
POINT ARE EQUAL. POINT YO TRAVERSE LENS (AT

’ REDUCED SPEED).

FIGURE 5.1-5 Comparison of Broadside Antenna
Array with Lens Focused at Infinity

T —
‘ _ I REV.NO.: 0 REV. DATE: 30 June 1977
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Most real apefture radar antennas are focused at infinity, as illustrated in

Figure 5.1-5, but synthetic aperture antennas (see discussion below) often are

~focused at a nearer point, as shown in Figure 5.1-6. For the lens seen in the
"figure, the pafhs From object 0 to image point I through a, b, ¢, d and e all

_experience the same delay,’ the -extra delay for the shorter path through ¢ being

due to an extra distance traveled in the low-velocity path within the lens. For

the antenna the .same effect can be achieved by adjusting the lengths of the trans-

~ mission lines from the various elements to the summing point. Thus the delays-
- along paths (0aS,0bS, OcS, 0dS, and OeS are all the same. Hence, the antenna is

“  focused at point 0.

‘SUMMING -
" POINT

FIGURE 5.1-6 Comparison of Focused Antenna
- Array with Lens Focused at Point O

The synthetic aperture can be built either in the form of an array focused at
infinity, as in Figure 5.1-Sl(ca11ed an unfocused synthetic aperture), or in the

form of an array focused at some closer point, as in Figure 5.1-6. The element

~positions of the array (a-e in the figures) are not simultaneously occupied by
: - physical antennas. Rather, the radar travels first to a, then b, then ¢, then d,

then e, etc. The signal received at each point is compared in phase with the signal

. 0.: _ ] REV. DATE: 30 Sept 1977
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transmitted at that point, and the result stoced in a memory. Either in the space-
craft or on the ground, the signals stored in thc memory are processed to achieve
the equivalent of the transmission line lengths shown in Figures S.i-S and 5.1-6.

A common way to store this information is on signal film. ‘

To focus at a clo;ef point like the antennd of Figure 5.1-6, a method must be
devised to use all the information available from the time the target first enters
the beam of the real antcnna until it leaves this beam. Not only will this give a
better resolution, but also it does not waste power as docs the system diagrammed in
Figure 5.1-3. ~ Figure 5.1-7 is a simplifiecd illustration of the way in which the
focused synthetic aperturc system operates, as viewed from a Doppler frequency point
of view. Here we assumc that each of the skctches represents what happens in the
general vicinity of onc of the points (a through e) of Figure 5.1-6. Actually, this
means that cach of the points shown in Figurc %.1-6 rcprescents tens or hundreds of
clements for this situation; otherwise there would be»insufficifnt samples to-
achieve the Doppler filtoring_of~Figurc 5.1-7. Figure 5.1-7(a) shows the situation
when the farget 0 has just been illuminated by the real aperture. At this time the
set of Doppler frequencics (relative velocitics) corresponding to the forwgrd edge
of the rcal aperture is filtered and usced tor target 0. Range lines are also shown
The point P on the ground track of the spacecraft is the foot of a perpendicular
from poinf 0. The spacecraft has not yct reiached this point. In Figure 5.1-7(b).
corresponding to point b of Figure 5.1-6, the Doppler frequencies used are those
midway through the forward part of the beam, and the spacecraft is closer to point
P. In Figure 5.1-7(c), the spacecraft is directly over point P and abreast of
point 0. The Doppler filter here is the same as that of Figure 5.1-3. In Figures
5.1-7(d) anJ 5.1-7(e), thec mirror-image situation prevails as the spacecraft
moves on past P. The results of each of these ftive filtering operations are stored

and combined in the processing system to produce the equivalent focused synthetic

! REV.NO.: 1 REV.DATE: 30 S p:r 1977
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{s)

{c)

(o)

(e}

{d)

FIGURE 5.1-7 Operation of Focused Synthetic-Aperture System
from a Doppler Point of View (a-e Have Same Meanings as in Figure 5.1-6)
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aperture. In a real system the filter moves continuousiy rather than incrementally
as indicated here. Furthermore, aaditionai filters are at work for each of fhe
elements Qithin the real aperture. Obviously, the mechanization is quite compli-
cated.

The type of storage used depends on whether the. synthetic aperture processing
is to be performed 1mmcdlatcly or on return of the data to a ground station. With
immediate processing the information may be stored in a recirculating delax line,
which may also serve as part of the processor. Storage can also be achieved by
separately gating returns from each runge elcmont‘into a capacitor with a long
decay time constant. A techaique tor temporary storage that appears more suifable
“fer a fully focused procucssor involves the use of one or more storageﬂfubes;
Storage for later pr0e0591ng can be dLnlOVCd by 1ecord1ng the 51gna1 on mag-

netic tapc 1f the tape recorder has sutfln‘cnt bandw1dth ThlS is reasonable with

IR

 the present ‘state-of- thc art as long as thc range- resolutlon {5 not-too Finar
Recording the rcceived signal on film with the same type of recorder employed‘fer

. the rcal aperfure systcm permits use of a wider band width than does magnetic tape.
At present this is thc most commonly used method for focused synfhetic aperture
systems. SYstems presently planned for spacecraft applicatien (SEASAT-A) are
designed to transmit SAR output video directly to Earth on a scparate wide-band
data link with no storage whatever. The film record is produced on the ground
upon receipt of the video signal.

The returning radar signals wiil have a bandwidth determined by the range-
resolution capability built into the radar system. A photographic process permits
recording of wide-band signals with greater easc than is possible with certain
other recording systems; conscquently, it is well suited for use with synthetic

aperture radars, provided one can tolerate somc of the film-processing inconven-
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jences. Photographic recording also permits high-density storage, another quality
which is desirable in fine-resolution imaging systems.

| The radar receiver output is a sequence of reflected range pulses; these are
" used to intensity-modulate é cathode-ray tube, the electron beam of which is swept
i synchronously with the returning pulses. Successive range traces are recorded
:.éide-by-side, ﬁroducing a two-dimensional format in which the dimension across the
film represents range and the dimension along the film represents the along-track

dimension. This format is shown in Figure 5.1-8.

STARY OF SWEEP . _
. .(\O‘A
¥

1 wevewsiry N\ LENS
. MODULATION
END OF SWEEP

BIAS + BIPOLAR VIDEO

RANGE

AZIMUTH

FIGURE 5.1-8 Radar Signals are Sent Through a Biased CRT,
and then Recorded on Film for Subsequent Optical Processing

The film recording oé the output of the coherent detector is like a hologram
in th#t the phase information is contained in interference fringes on the film
[3]. This point is illustrated by Figure 5.1-9 which sbows how a hologram is
constructed. With the hologfam a sample of the illuminating beam is mirro?ed
onto thé(photdgraphic plate, where it interferes with the scattered light
from .the object viewed to produce the well-known holographic interference:
fringes. In the radar the same effect is achieved by the homodyne receiver, in

which the interference is between the sample of the transmitter signal and the

scattered signal received on the antenna.

| REV. DATE: 30 June 1977
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: Jqs;las an image is reproduced from the hologram by iliuminating it with
'monochromatic light, so an image can be produced from the radar film by similar
illumination. | |

The film recorded at the output of the synthetic-aperture receiver, which is
in effect é microwave hologram, is called signal film. Like an optical hologranm,
it is an interference pattern which is difficult to interpret when viewed by itselr.
Thﬁs, it must be processed to produce an image film for use by the interpreter-:
Each scattering object on the ground produces a one-dimensional Fresnel zone plate
corresponding to the range of the object, and with a focal length proportional to
this range. Reflectors, at the same range but with different along-track coordin-.
ates appear as zone plates with displaced centers; their radar cross sections are
manifested in thg\modulation intensity of the :zone plate.

Wheh this collection of one-dimensional holograms is illuminated by a co-
herent, collimated beam ofvlight, a one-dimensional wavefront reconstrﬁction takes
place. The spatial pattern associated with cach reflector generates a real and
virtual image, each having a focal length proportional to range.

The conventional optical processor configuration using conical, cylindrical,
and spherical lenses is described clscwhere, [4], [7], (2). The description given
below represents the current statc-of-the-art in optical processing and will be
utilized for Seasat-A SAR datu by the Jet Propulsion Laboratory in Pasadena,
California.

Although the applicability of optical processing for future missions (because

- of the increasing resolution and accuracy rcquirements) is questionable, the

technique has significant heritage and its requirements are well understood.
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ILLUMINATING BEAM %_,__ MIRROR
— T~ \&— OBJECT
SCATTERING
CENTER
SCATTERED
WAVE
(a)
CONVERGENT
WAVE
' HOLOGRAM
VIRTUAL REAL
IMAGE IMAGE
(b) '

FIGURE 5.1-9 Top diagram (a) depicts conventional optical setup for
producing a hologram. Hologram (b) can, in turn, reproduce both a
virtual and a real three-dimensional image.

Figure 5.1-10 shows a block diagram of optical processing data flow. The

processing is simplified by maintaining a constant film speed to spacecraft speed
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ratio. In this way, the azimuth focus iﬁ the correlator remains constant through-

_out the pass. If this were not done, it would be necessary to compensate dynamic-
ally in the correlator for the azimuth focus. The signal film, then, is processed
through the optical correlator, and the image can be digitized or exposed on

photographic film to obtain a transparency.

VELOCITY ey SIGNAL IMAGE
FiLM FItMm
VIDEO (-
SIGNAL O
] OPTICAL —— OPTICAL
|  RECORDER ™| correLATOR [
PRF
3 )
TIME CODE
IMAGE

ocinzer [ CCT

FIGURE 5.1-10 Optical Processing

RTINS PR VN

Figufe S;i-ll is ﬁ simﬁlificd diagram of.un §bti§ﬁl procésSor;. Aiééliiﬁétéa  v
laser beam illuminates the signal film. The film is tilted to take.into account the
linear increase in the azimuth focus with iﬁcreasing slant range.i'The firét lens
transforms the data, and. the phﬁscAcorrcction is.made for range migration iﬁ'the
transform planc. Both azimuth and range-frequency filtcring is performed. The

~— TRANSFORM PLANE PMASE CORRECTION
TOCOMPENSATE FOR RANGE MIGRATION
SIGNAL
FiLm SIGNAL FILM IMAGE WITH

'; RANGE CURVATURE REMOVED

({

-\\\\\.
>

LasER ,
LIGHT OUTPUT OR J
IMAGE )
INVERSE € FiLm
TRANSFORM LENS TRANSFORM LENS

CYLINDRICAL LENS TO CORRECT
FOR DIFFERENT RANGE AND
AZIMUTH FOCAL LENGTHS

FIGURE 5.1-11 Simplified Diagram of Optical Processing
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transform of a point target with the tange curvature corrected is a uniform ampli-
tude light wave w;th quadratic phase variation in the range and azimuth dimension.
The second:iehs then transforms the data after it has been partially processed,‘

A cylindrical lens telescope then images the data in ézimuth to bring the range
and azimuth focal.lengths into coincidence. The input and output film planes are
tilted with respect to each other to compensate for chanée in the azimuth focal
length with range.

Figﬁre 5.1-12 shows the generation of multiple looks by optical means. The
phase history of a point target is spread out over the distance indicated by the
double-headed arrow. If the aperture is stopped down to look at only one quarter
of that &ittance with the laser beam, the light would focus through the correlator

to a poznt at ‘one quarter of the full resolution. Illumination of any one of these

':'four segments would produce a different pixel 1nten51ty at ‘the output focus. Thus,
four looks could be obtalned at the output focus by moving the beam across the

- signal. Instead of doing that, however, the film is moved past the beam,: the focus

point moves at the output in the same direction as the output film so that the
different speckle intensities are averaged by photographic integration on the film.

The film can detect only intensity, not phase.

POINY TARGET SPECKLE
INTENSITY FOR LOOK 2

el | O
L e T

iLumiNaTeo L L oo POINT

APERTURE TARGET . CORRELATOR , |
. PHASE : OPTICS
1 LOOK 3 wisTORY :

=T _
O O

FIGURE 5.1-12 Optical Multiple-look Generation
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Another technique is t; illuminate the full area, in which case the spot size,
i.e., the resolution, would decrease by a factor of four. Then, the output film is
moved at a veiocity different from the image so that the data is integrated for
four cells, resulting in the same resolution as the previous technique; Instead of
anAéverage of four cells, the result is a lirear. integration along a four-cell
length in azimuth. This process does not necesgarily yield a discrete number of
looks. Rather, it is a continuing process almost equivalent to an infinite number
of dependent looks. If a pulsed laser were flashed exactly once per look, then
exactly four looks are obtained. However, there is an improvement because the
integration is conmtinuous as opposed to an averaging of four separate cells,

Figure 5.1-13 shows a more detailed drawing of the corrélator. The laser )
beam goes through a beam expander and a spatial filter primarily to produce a high
quality plane wave. The signal film is moved past the beam, and the two spherical
ienses, which are the transformer and re-transformer, can be.considered asicompris-
ing a single one-to-one telescope. The telescope relays the image after it is
filtered in both range and azimuth, weighted, and corrected for range migration,

and relays that to the output wherc cylindrical optics of the azimuth telescope

BEAM EXPANDE R
MIRROR Ve - ~

LASER

0@ o —

FREQUENCY
PLANE
APERTURE

@
DATA @ ;N\ J

FiLM

MAP FILM
AANGE TELESCOPE AZIMUTH TELESCOPE

FIGURE 5.1-13 Tilted Plane Correlator
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then operate on the data to bring the range and azimuth focal points into coin-
cidence so that they are focused on the imaged film.

Normally, the Qignal film is stretched by some factor in azimuth; therefore;
the cylindrical lenses also perform an additional function of obtaining a one-to-
one aspect ratio in range and azimuth.

The range migration correction can be done perfectly at only one range to
the targgt. The correction increasingly degrades the data with increasing distance
from the‘centeri Therefore, the data probably has to be processed in more than one
range swath to pprevent the degradation of the resolution by the'correction. If all
the data were processed in oneiswath,with just'one correction, the resolution
would be degraded at the beginning and the end of the éwath. The number of cor-
rections required varies with the latitude of the data area because of the Earth's
rotation. Correction' in four sections is sufficient to correct for a 100 km-swath»
to maintain a 25 m resolution for all latitudes. (8]

Synthetic Aperture Radar systems proposed, for the 1990's are currently under
- investigation by a number of NASA centers, contractors, and a few of the larger
universities throughout-the U.S. fhe primary focus is on data processing because
of the impact on present data systems, i.e., Seasat-A SAR, and more importanfly
the effect on future systems by the volume of imagry to be generated by free-
flyers (automated payloads) and Spacelab in the future.

During the period from August 1975 to May 1977, NASA sponsored numerous work-
shops to: define future technology requirements for sen51ng and detection from
space, user needs, and projected NASA missions. As a result of these workshops, a
major thrust into three particular areas has been proposed: 1) provide a ten-fold
.increase in mission output through improﬁed sensing accuracy, resolution, and

spectral range by 1985; 2) reduce information system cost by 1 to 2 orders of

-
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magnitude through extensive integration of scnsor and on-board prﬁéessing teéhQ
nology by 1985; and 3) provide the capability for near real-time, low-cost global
surveys through multipurpose. all-wecuather, active/passive microwave systems by 1990
[6] [11]. Current activities wh;ch support these goals will be addressed in the
remainder of this section.

Synthetic Aperture Radar systems perceived for frée-flyer applications in the
1990's will include a digital processing capability. Frce-flyers will be particu-
larly useful in monitoring the dynamic features of our environment, such as sea
state, soil moisture, biological growth, etc. These applications rely on timeli-
ness of the image product so that ncar real-time processing énd subsequent trans-
mission to an appropriate site rcpresents. a highly desirable sys;emicapability.[li]'

Several_NASA-contracto:s and commercial companies are active in‘d§§¢lqping

hardware and software for ground digital processing and limited on-board (aircraft)

A'PTOCCSSin23[7} 8], - e i e s

The Jet Propulsioh Laboratory (CIT) has. proposed an cffort to develop a
~stand—along real-time SAR digital data processor capable of producing 4-lobk, 25
resolution with 20 km swath width imagery utilizing Seasat-A digital raw data witﬂ
an afchitecture such that it cventually could be used on épacécraft. Real;time
producfion of 100 km swath width imagery will be requifed by 1990.

Figure 5.1-14 is a functional diagram of a digital processor. The analog to
digital unit converts the analog signal from the data link to a digital format.
Data corresponding to a swath interval is stored at a rcal-time ratevin a buffer
and transferred at a continuous lower ratec to the digital recorder. The data is
processed as a two-dimensional array as indicated in Figure 5.1-15. In the
correlation process, the locus of points that the trace will go through in memory

will follow a curved path.
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FIGURE 5.1-14 Digital Processor Functional Diagrém

The azimuth correlation path depends on the range from the antenna to the

".~corre1ation point and on the antenna boresight angle to the zero doppler line.

Eaphﬁ'@égéf:esolutibn*;él1~hasué'unique c6rreiation path'and correlation function

3\
!

so that it is necessary to preserve the data as the correlation is made.

S
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FIGURE 5.1-15 SAR Digital Data Processing

The procedures involved in digital processing are shown in Figure 5.1-16. Range

" compression may be aécomplished before (as shown) or after azimuth compression. -
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IMAGE QUTPUT
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FIGURE 5.1-16  SAR Data Processing Flow

Table 1 lists the requirements for the processor if the data were processed for
four separate looks and thcen added together. The assumptions made are: 1) 6 bits
are requiied after range compression; 2) computation of 10 doppler spectfa at 10
- . locations is‘suffiéient to determine the cenfroid; 3) there is a- 32 point-inter-.’
polation accuracy bctwceq data points; 4) the matched filter has 5-bit accuracy.[8]
memory consists of a very large array. Addressing is determining which'element
from the array will be puilcd out for operations. Addressing has td be done with
sufficient precision for interpolation within 1/32 of a sample between one data
sample and the next. It has not becen determined yet exactly what interpolation
accuracy is required, but early indications arec that a 32-point interpolation is
more than :equired. The items that take a large amount of memory are the signal
array, which stores about 108 bits, and the range migration correction. -Although
the range migration correction data is about one order of magnitude higher than the
signal array, the number of operations is dctermined primarily by the azimuth

10

compression, where 6.4 x 10~ additions are needed to do one second of data. The

image formatter for this system has a fair amount of memory because the entire

! REV. NO.: 2 REV. DATE: 31 Jan 1978
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_TABLE' 1. -Requirements‘for SAR Digital Processor,
Four Separate Looks

Dynamic range;,.

Input rate for
1:1 output,

Number of

data-element,

Number of operations

Element  bits/sample. bits/s bits per second
, ' 8 4 7
qurmatter [ 1.1 x 10 6.69 x 10 2.2 x 10
3.29 x 10°-16 KFFT
¥ Range 6 1.1 x 108 8 x 10 1.65 x 10%-x
A;oypre551on o 8.2 x 107_+
. ‘ 8 8 8
Signal array 6 2.34 x 10 1.17 x 10 2.34 x 10" Xfers
Memory - 3 --- --- 1.6 x 10%° Xfers
‘addressing 100-4 KEFT
Spectral 6 1.98 x 10~ 4.8 x 10 2.4 x 10 -x
é?é%?$%s~ ' 1.2 x 106-+
o o 9 7
Range- ’ 31 -——- 1.2 x 10 3.88 x 10 Xfers
migration
- correction
Matched filter & 3.88 x 108 3.88 x 108 3.88 x 1.07 look ups
computation
Azimuth 9 ‘1.9 x 101! 4.25 x 10° 6.4 x 10°%x
compression 3.2 x 1010_+
Image 11 1.75 x 10° 2 x 10° 8 x 10 -x
formatter 5.9 x 10 -+
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.image has to be stored for three-quarters of the synthétic aperture length. As .
"the phase history of the tree comes in to the signal array, the first image begins
to form. When one quartér of it passes through,_an entire image for one look has
~already been generated. Now, that entire image needs to be stored while the
remaining three quarters of the phase history'isvprocessed intb the other three
looks. Althouéh this poses a memofy problem, the number of operations for the
image formatter is quite low.

Table 2 ﬁives the processor requirements when the data is processed at full
resolution and then four lines are added together to achieve the four looks. First
of all, the image formatter is no longer necessary to store entire imaées. How-
-ever, in azimuth compression, it is necessary to operafc over four times as large

an area for ecach image. If all the opcrations in.this tabie were added tbgethér

9

for the full resolution processing, the total data storage would be about 2 x 10

:,lbits as -opposed. to the four-look storage, which is only abQHF€1;¥Q9?~biFSi,g

Although the number of thousand-point transtorms (KFFT) is the same, the number
of transfers is more for the four solution mcthod. |

The growth of spiice-borne systems has becen less dramatic than that of ground-
based systems. Chaructcristicé of some current or developmental space;borne3
computers are shown in Table 3, and projections are shown in Table 4. The progress
in LSI technology and system architecture has made possible the design of on-board
processors with high throughput rates. With the cmphasis on the Shuttle program
and the anticipated large volume of data collected onboard a spacecraft, NASA has
contracted the General Electric Company to develop a processor for on-board real-
time data processing applications. The GE processor cmploys a pipeline arrange-
ment to perform arithmetic functions at a spced of 250 nsec. per function, with
expectations to halve it to 125 nsec. The operational data rate is 100 megabits

per second.

- I REV. NO.: 2 l REV. DATE: 31 Jan 1978
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Full Resolution

(pixel size - 8-m range, S5-m azimuth)

_-TABLE’Z Requirements for SAR Digital Processor,

-Dynamic range

Input rate
for 1:1

Data number
of elements

Number of

4 Elemeﬁt bits/sample input-output MIG, bits operations per sec
8 4 7
.Formatter 5 1.1 x 10 /sec 6.69 x 10 2.2 x 10
) Range - (5 in) 1.1 x 10® bits 8 x 10° 3.29 x 10°-16 KFFT
©f ‘COMPTESSION 56 gut 1.65 x 10%-x
8.2 x 107-+
‘Signal array 6 234 M bits 4.68 x 10° 2.34 x 10° replace
‘addréssing 31 --- .-- 6.39 x 10" Xfers
Spectral 6 1.98 x 10%its 4.8 x 10° 100 - 4 KEFT
| .analysis 2.4 x 10%-x
1.2 x 106*+
. 9 7
Range- 31 ~—- 1.2 x 10 3.88 x 10 transfers
migration
correction
Matched filter 5 3.88 x 168 3.88 x 108 3.88 x 107 look ups
computation
"Azimuth 11 7.66 x 1011 1.3 x 10s 2.56 x 1011-x
compression 1.28 x 1011_+
: 8 5 7
Image il 2,13 x 10 5.2 x 10 7.76 x 10 -x
formatting : 3.88 x 107_+
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TABLE 3 Current or Dcvelopmcntui Spaceborne Computers

Type Word Add Multiply Memory | Memory
Length | Time Time Cycle Capacity
{bits) (us) wus) Time (Words)

(us)

IBM 4Pi/EC 32 S 10 2.5 16K/132K

Bunker Ramo BR1018 18 6 28 1.0 4K/131K

CDC 469 16 2.4 10.4 1.6 0.5K/64K

Honeywell HDC-701 12 2.4 10.8 0.6 4K/16K

. TABLE . 4 Projections ol Spaceborne Computers
Year Gate Delay Add Time Multiply Memory Cycle
(ns) ‘ (ns) Time (ns) Time (ns)

1975 . | - _ 2,400 10,800 600 - .. o

1980 4-6 ' 100 770 100

1985 1.5-2 1 22-30 400-320 50

1990 0.8-1.5 12-22 170-320 20

" With the development of space-qualified microprocessors, expected by 1980,
the trend will be to decentralize the on-board computing. Individual processors
will be used to replace hardwired logic in more and more of the instruments and
subsystems. This form of distributed computing is comparable to the current Earth-
based federated computer systems in which processors are dedicated to performing
largely independent functions but can intercommunicate via data buses. Distributed
computer configurations using identical microprocessors will offer increased

capability at a lower cost in both hardware and software.
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The use of a single, highly complex and expensive comiputer to perform a large
number of .computing tasks has been characterized by high costs in software develop-
ment, verification and simulation. With a network of identical processors, all
performin.g‘ largely independent functions and operating at less than their full
capacity, the software can be developed on an independent function-by-function

" basis using common software tools at a substantial reduction in effort and com-

plexity.

The distributed computer system also offers an increase in overall system

reliability. The loss of a single processor would not cause a complete system

RSDH

FIGURE 5.1-17

ITRN
1060
£ © WHAT WILL BE
a B < WKATY IS POSSIBLE
z 00
<]
1xy
w
©®
[ 4
£
o ol
@
=
<
- 4
[
8 -
<
]
M ?
E HONEYWELL §
w HDC-701 # GSFC
/ aop
g. 0.ip ’ ®
s MIT—RAYTHEON
o 4
& BLOCK 81
® 001} FLO
’ ccs.
0.00% i [ i
1950 1880 1870 1880 1980 2000

YEAR

Performance of Spaceborne Computers

fREV.NO: 2

5.1-28

REV. DATE; 31 Jan 1978




ASDH

failuré as it would in a centralized computer system. Simple'biock redundancy
woulﬁ_also be ﬁore easily implemented on a selected basis. The‘apa};cation of
more cdmplex forms of system architecture to provide higher levels bf fault toler-
ance, as in the JPL STAR computeﬁ is not expected to occur until the late 1990°'s.
Contiol Data Corporation (CDC) has developed a processdr which will handle range
migration corrections and interpolations but not multiple look fuﬁctions. CcDC

is currently operating'an on—board (aircraft) compﬁtcr which provides partial,

or pre-processing of raw SAR data.

Other commerciil companies working on SAR digi£al processing include Westing-
house (Baltimore, Md.), and Goodyear, Aerbspace Div. Though both are presently
concentrating on ground processing, their efforts are centered around handling :
sméll résolutién elements (i.e., 5 x 7 meter) under conditions of 1a£ge swath
widths tSO to 100 km).

The ﬁ#e of Chargg Coupled ngice'(CCD) frgnsverse filteps proVides a veryikt;
Apowerfﬁl‘éémﬁufationai tool‘in thc implementﬁfion of the cérfelatérs requiredligﬂ
a SAR processor. [12] Texas Instruments, Ihc., has built and tested a laboratory
feasability breadboard, and an aircraft engincering model of a~ﬁoduiar processor
capable of analyzing SAR image data. The CCb filters utilized in these experimenfs~f
are four-phase sufface-channel devices having split clectrode weighting.

The achievement of high range resolution implies the use of wideband chirp
signals for a pulse compression radar. The use of a surfacc wave device range
chirp correlation filter is an alternative capable oanc;ohmodating the required
bandwidths. However, the time windows commensurate with the aéhievable range
resolution are typically tens of nanosecbnds; ahd are difficult to handle with.A/D
conversions and digital techniques.

fhe use of a modular processor concept in which each module processes on the

order of 200 range cells, makes it possible to sample the radar video at a high
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. each Pulse Repétition Interval (PRI). The number of samples to be stored is the-

the output data iate is constrained by the PRI making time expansion of the video

l'techﬁique is that radar data from an appropriate range swath may be recorded on a

-:..conventional instrumentation tape recorder having a few hundred kilohertz bandwidth.

~and a nine-track, - 800-BPI magnetic tape unit were used. 'The simulated radar echo
,b'_pﬁlses,were.transfer:ed from the tapejtolthp disk. The simulated radar bursts

correspond to radar returns from a swath of interest at sequential azimuthal
“output of the azimuth correlator is digitized and stored in memory. The memory can
_then be used much as a scan converter to refresh a CRT display.

: By exPandihg'thé-system to 200 azimuth correlators.

Gobdyéar‘s Sapphire. Program neérly meets current requirements but lacks the

rate during a small time window corresponding to the module's swath width once

number of'samples.required”to cover the swath plus the number of bits in the range

correlator. Whiie the input'sampling rate is constrained by Nyquist considerations,

possible in order to reduce the processor module's data rate to one commensurate :
with CCD transversal filter operation. Subsequent processing speeds may easily

be handled with present CCD technology. Another advantage of such a buffering

In.order to form a 200 x 200 element picture with this breadboard, a TI 960A

computer with 28K memory used in conjunction with a 1,100,000 word disk memory

locations. By recirculating this sequence of bursts to the breadboard while
sliding thé azimuth read-in time window across the swath time, a complete picture

can be processed-an azimuth column at a time. To reconstruct the picture, the

The time required to process a 200 x 200 element picture is 1 1/3 hours due

to the long azimuth correlation time. Real-time processing could be accomplished

Improvements in SAR processors may be expected in the areas of improved resolu-
tion, multiple look imagery, focusing, motion compensation, and wider dynamic range.

-Software development for image processing is still in the preliminary stage.
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capability of correcting for rangc migration. Of the possible-aigorithm candidates
which may be utilized only two supportia'mOQerately complex pfoceéSor, these are: .
1) the maximum likelihood algorithm; and 2) the table look-up algorithm. The
former is a statistical procedure based on the probability density function of the
data. For the case of Gaussian data, which is a'valid mpdel for microwave imagéry
of the earth's surface, only first and second order statistics are required. A
system based on this approach is designed by calculating these statistics from
data-samples of known classes and then assuming that ali dafa from the same class
have these same statistics. This appfoach seems well suitéd to large area sea-
‘'state data processing. The tablc look-up algorithm essentially stores in a large
table (computer memory) all possible outcomes of the data and associates with

each possible outcome one of the classes associated with each of the possible
values of the input data. Subsequent data arc then classified by‘using the

data point to address the memory to look up the classification. Both algorithms
require a significant aﬁount of computatioﬁ, mainly additions,'multiplicatioﬁé

and comparisons. The table look-up algorithm requires a much smaller amount of
computation but significantly morc memory.

The wavelength of SAR transmitters is a subject of prime concern not only as

a function of reflection from the illuminated phenomenon but,6also from the stand-
point of power consumption and reliability. The Seasat-A SAR is an L-band system
(A = 23cm) and allows use of solid state amplifier components such as TRAPATT
(Trapped. Plasma Avalanche Triggered Transit) and IMPATT (Impact Avalanche Transit
Time) devices. For applicatiéns requiring shorter wavelengths such as Ku-band for
ocean windfields the current statc-of-the-art demands klystrons or TWT's. Both

of these devices require higher operating power and off;r lower reliability than
the longer wavelength solid state devices. Figures 5.1-18 and 5.1-19 illustrate

the projected advances in solid state and TWT amplifiers.[6]
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During the next decade, continued developmentibf'present mic:oWéve solid-
state devices will increase their frequency and power capabilities and lower their
noise figures. As we have iearned from.the past, however, teéhnology is an ever-
evolving phénomgnon and it can be expected that the present solid-state concepts
will give way to newer and better ones. Bulk effects will be discovered which will
increase solid;state power performance. Even now; traveling-wavé effects are being
found and explored for higher solid-state gain. Low-loss matched front ends are
required for improved performance of both active and passive microwave systems.
Iniegrated microwave circuifs can achieve fhis goalnby eleminatiﬁg cables, con-
nectors, matching elements, and discrete components which degrade overall system
performance. Integration also implies miniaturization, which results in better
thermal étability, Feasibility dcmonstrations of advanced, space qualified front-
end hardware are scheduled for September 1980. [10] [14] |

Multlple frequency hqnd SAR opcratlon 1s a realty now. (1 e e a1rcraft and .

K} cof
ground tests) and is already planncd for Shuttle appllcatlons in the 1980' [10]

Multiple frequency, dual polarization, and decreasing resolution size are the main
‘drivers behind current antcﬁna design. The chronology for multipurpose radar imag-
ers will initially be Shuttle sorties, and Qill ultimatcly be used operationally
on longer duration earth orbiting platforms. B

SAR antenna design rcpresents a particularly active aréa in tbe development‘
of future.sensors. User agencies have needs for high-resolution, wide-swath
_imagery. Present antennas cannot mect these nceds, especially in the L- and Ku-
band region. Currently under investigation arc deployable, large, clectrically
steered phased arrays... A combination of antenna elements with distributed
active devices éan provide low-noise passive and high-power active capability.

An initial study of phase array antcnnas will be complected June:1979; followed

S.i-32
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by a hardware feasibility study in 1980, and flight feasibility tests in September
of 1981. [10] Paralleling this effort is a planned (1982), agriculturally
'oriénted Sh#ttle Imégiﬁg Radar (SIR) employing a dual frequency SAR. [14]

- Scientists ‘at the Remoté Sensing Laboratory, University of Kansas, are currently

- gathering ground truth information with a vehicle mounted SAR in support éf future
EéAR'cbﬁfiéufétfons. [6] The Space-borne Imaging Radar scheduled for 1979 is a

geology experiment utilizing a modified (look angle) Seasat-A SAR.
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SHEET _

(1) SENSOR NAME, ACRONYM: SEASAT-A Synthetic Aperture Radar - SAR

(2) DISCIPLINE: Earth. and Ocean Physics‘ (3) SUBDISCIPLINE: : Oc.ean I)ynamics
(4) APPLICATION AND OBJECTIVE: ‘

The SAR is put into near polar earth orbit and earth-oriented to obtain microwave
imagery at 1275 MHz of the sea surface. This data is to be conveyed to ground
stations in real time.. The object is to discern the length and direction of ocean
waves, the size, location and speed of sea ice, 0il spill and coastal features.

- (5) HERITAGE/KEY PERSONNEL: The only satellite-bornc SAR flown prior to 1976 was the
Apollo Lunar Sounder Experiment. It produced profiles on the lunar sub-surface
at 5, 15 and 150 MHz. ‘

Instrument Rep: Frank T. Barath (JPL) 213-354-5431 or Frank Schutz 213-354-5392

(6) SENSOR DEPLOYMENT:

The SEASAT-A satellite, bearing the SAR is to be launched to attain a near-polar

orbit of 108° inclination and altitude of 790 km. The period will be approximately
100 minutes resulting in 14 1/2 orbits per day. This yields complete ocean coverage
in 12 hours. '

(7) SENSOR CHARACTERISTICS

- (7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

Using an antenna measuring 10 m. (azimuth) x 2 m (elevation) the SAR

receives reflected radiation from a swath of 100 km width, starting 250 km off
nadir. Data is transmitted directly to ground via S-band link, video pass band

is 2-21 MHz. No on-board storage is provided due to high data rates. The average
on-time is 10.85 min. over each of the following STDN: Alaska, Goldstone, Rosman,
Madrid and Orroral.

- {78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

The swath is illuminated by 1275 MHz microwave pulses of 32 microsecond duration
occurring at 1400 pps. The transmitter is operated at a peak power level of 800
watts. Azimuth compression ratio is 155:1. Range compression ratio is 576:1.
Transmitter operates in 4 modes: standby, on, operate, calibrate. Mode is
selectable by ground command.

(7€) DETECTOR MEASUREMENTS CHARACTERISTICS:

Spatial resolution of the system is 25 m. System noise figure is 2 dB.

5.1-%
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DATA SHEET
SHEEYT 2 oOF 4

(8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:

ENCINEERING ax . 'QU' wi x
AND <r P/B RIT TAS 28K X WUPLIRK 21084 MRz
ATTITUDE ! "DOWNLINK 22875 MMz
T/ 640K use TELEMETAY TRACKING,
MO 1K TRANSPONDER COMMANDS
ANTENNA
SCAT -
Ett
: P LOW-RATE
_— Low DuaL 45 108
¢ SYSTEM RECORDERS
-3 2266.1 MK
. 2
VIRR " AM §-BAND SAR DATA
_ y ] MODULATOR POWER DOWNLINK
CONTROL ame ANTENNA
BAR A
LOGIC CONTROL ﬂ
ALY
ﬁs ﬂl GATE 20 MHz
CONFIRMING y v
T OUTPUTS
5 SAR ‘
v=t>{ TRANSMITTER
COMMAND INPUT *
C .
PRF INPUT A STALO '\ 1275 MH2
ouTPUT R ANTENRA
aar 91 MH: \ & \ A
‘

SAR
RECEIVER

(8) MEASUREMENT AND TRANSMISS!ON SYSTEM - NARRATIVE!
S-Band Ry:

a - Carrier 2106.4 MHz _6
b - Short.term frequency stab = +1.5 x 10

¢ - Phase-locked-Loop Bandwidth = 800 kHz + 20%
d - Command channel threshold = better than -114 dBm
e - Command frequency resp. = 1 kHz to 30 kHz down 3 dB from regular of 16 kiz
f - Ranging channel threshold = -90 dBm
Command: ’

16 KHz subcarrier bi-phase modulated by up to 2 kbpsNRZ command bit rate (PCM/PSK/PMW

S-Band Transmitter for Regular Telemetry and Tracking:
a < Carrier 1 watt, 2287.5 MH:z
b - B. W. = #3 MHz about the carrier
Telemetry:
a - 25 Kbps real-time data stream bi-phase modulating a 1.024 MHz subcarrier
-which in turn phase-modulates the carrier (PCM/PSK/PM)
b - 690 kbps tape recorder playback phase modulates the carrier

. " SAR Transmitter: a - Carrier 5 watts, 2265.1 MHz
' b - Bandwidth 210 MHz about carrier

SECTION NO.: 5.1 SENSOR CATEGORY: Synthentic Aperture Radars
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DATA SHEET s

SHEET ofF 4
{10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:
'SDF CONTROL UNIT
PRF PULSES :
COHERENT TRIGGER
SAMPLE CLOCK (45.5 MHz)
PARAMP/DOWN—CONV/ SAR DATA
:‘2:5" MULTI-FUNCTION  jpi COHERENT SAR FORMATTER (SDF)
2 RECEIVER (MFR) DEMODULATOR -, _ © CONVERTER
9 METER [} :
ANTENNA . _ .
, TO JPL VIA
WIDEBAND  —— ] COMMERCIAL
DIGITAL TAPE CARRIER
RECORDER (WBR) ‘ 3-10 DAYS
BACK-UP | |sAR
WBR SIMULATOR [*

STDNS process the following Data Streams for SEASAT-A;

1 - Low-rate real-time telemetry (32 kbps max.)

Low-Tate playback tclumutry (640 kbps min., 800 Kbps max. )
SAR Analog (2-21 Miiz)

Command data (1-2 Kkbps)

Range/Range -rate tracking.data.

2
3
4
5

Out
(a)
(®)
(¢)

(d)

lll

put of the Demodulator consists of the follow1ng

Analog radar return signal 2-21 MHz,

Pulses occurring at the PRF of the SAR sensor,

A coherent trigger signal which is coincident with the de51red leading edge .
of the radar return signal,.

A sampling clock which is coherent with SAR sensor r1m1ng and equal to half
the SAR sensor STALO frequency (i.e., approximately 45.5 MHz}

{11} RECEIVING AND PROCESSING — NARRATIVE:

Recorded information includes (in addition to raw radar return):

a - Frame synchronized low rate real-time telemetry,

b - Predicted operational orbit information from tracking data processor,

¢ - Universal time tag of the coherent trigger signal, accurate to within
1 millisecond and containing day of year information,

d - The PRF/STC delay words which are extracted from the real-time data
stream and used to set-up the demodulator, and

e - Configuration status of the ground station equipment, including STDN
I.D. and operational paramcters of the demodulator and ADC.

S.\-43
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{12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

HDDT FROM GSFC aPL ~ |_FiLm AND DUPES SAR
SDR FROM PDPS = ‘ - REQUESTS TEAM
FiLM
NOAA
y - _
\ 7-10 7-10
HOURS DAYS
LIBRARY
HMDDT SIGNAL RECORDS | ' '
FILM IMAGE RECORDS NATIONAL ENVIROMENTAL
(ORIGINAL) WEATRER DATA
FILM IMAGE RECORDS SERVICE | SERVICE
- (FIRST GENERATION) - . '
FILM IMAGE RECORDS
(SECOND GENERATION)
MICROFILM BROWSE
FILE o
" COPY OF ALL CCTS —
SAR SUPPLEMENTARY ~
| DATA RECORDS OPERATIONAL
. COMMUNITY

(13) DATA DISTRIBUTION — NARRATIVE:

The optically processed film supplied by JPL will not be fully corrected geometri-
cally or radiometrically. These films will be provided in strips covering 30 to
‘50 km of the radars' 900 km swath. Photo mosaics are created by matching appro-
priate film strips. .
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(1) SENSOR NAME ACRONYM -Shuttle Imaglng Radar (SIR)

_ RSDH
' DATA SHEET

27 SHEET_1__ OF _4

(2) DISCIPLINE: Earth Observatlons (3) SUBDISC!PL!‘NE:l Land ‘Monito‘ring

(4) APPLICATION AND OBJECTIVE:

The SIR is a synthetic aperture imaging radar which will utilize a spacecraft
platform. The purpose of the SIR will be to gather image data at microwave
frequencies for application to a variety of earth observation studies planned
for the Space Shuttle.

(5) HERITAGE/KEY PERSONNEL:

Principle Investigator: Dr. K. Krishen, NASA-JSC 512-483-6287

{6).

SENSOR DEPLOYMENT:

The SIR will be deployed by the Shuttle (sortie) and will have a varlable orb1t from
200 to 400 km at inclinations of 90°. The SIR will be designed for 7-day sortie
missions with a useful life of approx1m1te1y 5 years with refurbishment. The
engineering model is planned for 1981 and the operational model 1s projected for
1982.

7

+  'SENSOR CHARACTERISTICS

{7A) CAPABILITIES AND CONSTRA‘NTS OF THE SENSOR TO ACQUIRE THE MEASURED lsARAMETER:

’frequenc1es and receive thc bagkscatter data w1th dual polarlzed dual frequency

antennas. The returned signals are rcceived, amplified, and converted to digital
format for later conversion to Image data. On board monitor functions are also
provided. ' o s

{78) ACTlVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

- for X-band transmission providing horizontal and vertical polarization at 25° off

Traveling Wave Tubes (TWT) provide thce X-band (10 GHz) and L band - (1 GHz) microwave
energy. Simultaneous transmission in the form of a pulse (15-25us) with a
repetition rate of 1200-1880 kHz allow nearly identical swaths to be illuminated
for correlation after the returns arc processed. Four different antennas are used

nadir. A beam width of 38° results in'a total X-band coverage of 7° to 60° off

nadir. Scanning is provided through vehicle motion. Two L-band antennas are sited
at (TBD) of nadir with a beam width of (TBD). :

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

Receivers for both bands are similar. The sequence in processing the microwave
return is: pre-amplification, single conversion super-heterodyne, and pulse
compression (4000:1 ratio) with range gates. Noise temperatures are 1100° and
1600°K and noise figures are 2:5 and 4 for L and X band respectively. Bandwidth
for either receiver is >35 MHz (TBD) and dynamic range is >50 dB (8 bit conversion).

5.1-42
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- DATA SHEET
. SHEET 2 OF 4
.} . (8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:
. . e RN
[="sanD raDAR '] ANTENNA
S : SUBSYSTEM
. L 5 <
'—’ h—— — d—— . ™ « ) g-‘
<& °
wgh| OSCILLOSCOPE o ! nGE[Z
_, AND DVW <13 a JEYZIS
- . . . == > g w 8 [~Y -]
. e “Olpug
5 L~ BAND RADAR go —1=2 E z
a3 _CONTROL PANEL : - > 8 1E i
Bl - IR
e DIGITAL TAPE - . . & ] zL &
3 RECORDER _-lj_____ S8of |
' | | - ~ N } } i
-2 : .fWNHS. - |
T ;_{, DATA AND : 1 piGiTAL
R HOUSEKEEPING  Htmemmienving ; |
B . INTERFACE PANEL - SEQ i
BB l ;:&ru7s g | ' ! ' |
. . - STALO
' l DIGITAL TAPE = « 15
. RECORDER Coiz
. . MOkl =
X — BAND RADAR HE2E| 65
U8lx2 <&
' coumm PANEL h | 1z .
o < o . - « )
a ‘1 )
RADAR CONTROL - _.;E > 29|Z2
lmmme . i I ESEl®E.
' B 52k S48|x><
Y B ‘ 5 ‘ . v x-éAnonAoAn . J

{8 MEASUREMENT AND TRANSMISSION SYSTEM ~ NARRATIVE:

Data will be digitized on-board and stored on magnetic ‘tape (240 Mbps tape
recorder in development) . _

-

T - . , 5\ "\Ci.
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(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:

Not Applicable.

{11) RECEIVING AND PROCESSING — NARRATIVE:

Data is stored on tape on-board and will be rcturned to ground via Shuttle.
Correlation with other image data will be accomplished by ground processing.
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(12) DISTRIBUTION OF DATA FROM GROUND STATIONS ~ BLOCK DIAGRAM:

This space intentionally left blank.

{13) DATA DISTRIBUTION -~ NARRATIVE:

3

This spacé intentionally left blank.
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Sccetion 5.2
INTRODUCTION TO ALTIMETERS

The current state-of-the-art in ultimetry takes the form of a microwave radar.
In all'actiVities to date, the role of altimetry has been visualized to inclu&e
‘detection of dynamic ocecan features (tides, waves, currents, etc.) or mapping of
permanent mean ocean surfuce topography (geoid). Also, subsurface geological
features, known to affect the occan gcoid, have been affirmed with the Skylab.
altimeter and could result in new applications 6f aifimetry for bathymetric posi-
tioning of underwater topograpﬁic features. [1] .

Data collection techniques, while limited to nadir viewing, ﬁrovide accurate
global mapping in the range of centimeters for altitudc and meters for wave height;
The precision with which gecophysical units are inferred, however, is dependent on
;“g:ouqq'guppor;'systems gnd tc;hn;qggs sgch‘9§ lase;_trqck;ngg gphgmeris da;a,
gréﬁnd truth,.orﬁit.calihrntiog; ctc. | - co T

Initial experiments in altimetry rclied on short-pulse (or pulse-limited)
techniques to achieve requircd range resolution. This technique is described
below. With the cvolution of satecllite measurcment systems a new method of
Tesolving range for sea state information developed called chirp radar. The result
of this method is an effective compression of the transmitted pulse width. This
technique is also describéd, along with further explication relating to a specific
sensor program.

An orbiting microwave altimecter transmits a pulse with an effective spatial
length tﬁat is short compared to typicul wave heights (e.g., less than 0.5 m}. As
the pulse interacts with waves bencath the satellite, it is scattered back toward
the satellite by specular points on the Iarger gravity waves. The short pulse is

"stretched'" temporarily by the occan waves, and the degree of this stretching is a

5.2 I REV.NO.. O REV. DATE: 30 June 1977
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radar pulse interaction region, as shown in equations (1) and (2). From specular-

it becomes

direct measure of the mean heights of the waves at the suborbital point.

The radar cross section can bhe expressed as a function of the height of the

point theory, backscattered strength from N specular points is

. N ‘
‘[3; =T g, e§2k°zi cos 0) 0
=1 1 )

where:

o
"

curvature at the ith specular point

(3]
"

height of the ith specular point above mean surface

= ‘radar wave number

-
o]
)

)

i

angle of incidence from vertical
When equation (1) is squared, written as a distribution over height, and averaged,

a4

. N (2) = “ﬁ’ n(z,g)gdg ' (2)

Qhere n® (Z;”ié'the average backscatter cross section per unit area per unit height
incrementaét'height Z, and n(Z,g) is the average number of specular points per unit
area for heights between Z and Z+dZ and for Gausian curvature between g and g+dg.
The physical illustration of a radar pulse of spatial width AZ cos 8 = (e1)/2
advancing over the ocean is shown in Figure 5.2-1. If this model is used, and it
is assumed that a symmetric Gaussian distribution of sea-wave heights exists, the
expression in equation (3) is obtained for the average radar cross section of the

sea as a function of time. Radar altimeter power return (H « a) is

2 3 Hx, EB.Z 2t : t
GZa(t)= /T — P () - ) [1-¢ (;R) it (3)
(3 s S S P
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8 : 8 5 - 0Azcosf T PULSEWIDTH

ADVANCING RADAR V

RESOLUTION CELL AT
posiTion £ CT

MEAN SURFACE LEVEL

"FIGURE 5.2-1 Physical Tllustration Sf'SpecuIar?Ppint
Scatter (Specular Points arc Highlighted) -

where:

G = antenna gain as a~function of time R

.d(t)‘;,avorage radﬁr /CTOsS so&r\on‘as.n tunctlon of tlme

H = helght ot thc radar a]r1mctor
a = “radio" radius of thc curth
s¢ = total slopc

x = (e1) / [4(1n 2)1/7)

w

t o= [2(x 2 2n2)Y 2y )
p w - _

t, = (2H'¥2)/¢

I/Wg = [(8 In 2)/V ] + (1/s%), whcrc Wc'und'Vg“hré‘sh0wnjjn{FigUre 5.2-2

h? = mecan-squarc sea wave height

Pp(x) = crror'fupction of argument x
Two constants tp and tv appcnr in this model. ts is'muéﬁ.ia;éer than tbi this
defined as thc ""pulse llmltcd" mode of the average radar. cross sectlon as a function
of time in cquation (3) is as shqu in Figure 5.--3. The slope of the leading edge

ol the signal is a function ol the signiticant seawave hclghts “1/3 at the sub-

. I REV. NO.: ’ REV. DATE:
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orbital point. This portion of the signal is the one that must be used to extract
 "sea state."

Av—— RADAR ALTIMETER ANTENNA
/m'reum ILLUMINATION PATTERN

ﬁ, Y, = BEAMWIDTH

EDGE OF EFFECTIVE SPECULAR SCATTERING
AREA \g {COMBINATION OF ANTENNA ILLUMINATION PATTERN AND

ANGULAR DISTRIBUTION OF REQUIRED SPECULAR SCATTERERS)

ADVANCING RADAR '
© JRESOLUTION CELL )\

,'EIGURE 5.2-2_ Interpretation of'Aitiﬁeter Model Constant.ts-
| The copstants.tp'and ts have simple geometric interpretations that help to

;explain thevnature of the received signal. As shown in Figure 5.2-4, tp represents

. the amount that the  incident signal (propagating vertically downward) gets stretched
- by ocean waQes of height h. ‘fhe constant ts is a measure of the time that the radar

echo i; being.received from the sea, as shown in Figure 5.2-2. In the pulse-limited{
modé (fs « tp); this return will beireceived from a spherically advgncing resolu- A

tion cell as long as (1) there are spécular points with slopes large enough to
backscatter, an& (2) the'antenna'beamwi&th is great énough to permit illumination

of the sea. For pulse-limited operation, the length of the trailing edge of the
~ pulse shown in Figure 5.2-3 is essentially t..

Because the ihformation on significant sea-wave height for pulse-limited

“"altimeter operation is contained in the slope of the leading edge, one way of

T rev.no.: _REV.DATE: 30 June 1977
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FIGURE.5.2-3 Average Radar Cross Section as a Function
of Time (Where HI/S is Significant Wave Height and W is Windspeed)
retr1ev1ng the he1ght dlstrlbut1on 1nformat1on is to d1fferentlate (as a functlon
iof tlme) the averaged leadlng edge. ThlS derlvatlve is then essentlally a pulse h
that is directly proportional to the ocean-wave height probability density function.
This effect is shown in Figure 5.2-5, in which a more realistic height distribution
that the symmetric Gaussian function is now hsed. Oceanographers have known that,

for greater wave heights, the height probability density function is skewed toward

_—- - x
ayin 2 w AVERAGE SCATTERED
PULSE AFTER
STRETCHING 8Y
INCIDENT - SEA WAVES
ALTIMETER
PULSE
P AMS 7
J SEA
Z WAVE -f 2, 4 - 21/&24»2#-5
HEIGHT ! 4 ~ =

_

FIGURE 5.2-4 Interpretation of Altimeter Model Constant tp
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heights above the mean ﬁlane; This skewness can be described by a parameter §,
“which can be as high as 0.4, Hence, the upper graphs in Figure 5.2-5 show wave

" probability density functions (with and without skewness) for various wave heights.
The lower graphs show the time derivative of the averaged leading edge of the
‘received signal for a io-nsec transmitted pulse (in the absence of noise). This

" signal, for greater wave heights, is stretched in direct proportion to the width
of-the height probabi;ity density fun;tion. However, note that when the height
density_fgnction is skewed (dashea curve), the radar return is also skewed,‘but

in the opposite &irection. This has been observed experimentally, where the radar
ﬁCentroid" of;the measured altimetry return appears to move toward the troughs and
away from the waveucresfs. The theoretical model explains this shift and can be
'fe used'asia;correctiqﬁ'to quantitatively determine“the error factor introduced by

wave skewness for the purpose of determining the mean sea position.

30 0 30 30 0 30 60 30 O 30 120 90 €0 30 O 30 60 90
SURFACE HEIGHT, M

NORMALIZED ROUGHNESS
PROBABILITY DENSITY

h o 1.86CH h e 040 h = 16M h= 38M
Hyg = 48 CM‘ Hyg = 1AM Hyjq = 45M Hyg = 102 M
W = 1 WSEC W = 5 M/SEC W = 10 M/SEC W = 15 M/SEC

NORMALIZED LEADING
EDGE.DERIVATIVE

2 0 20 2 ' 20 o0 20
TIME DELAY, NSEC

FIGURE 5.2-5 Wave Probability Density Functions
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The specular-point'model, and its.extension,to'radar altimetry, therefore,

- adequately explains'the interaction mechanism with the.sea and can permit both
the design of the sensor and the 1nterpretatlon/extractlon of sea-wave height
1nformat1on from the received s1gnal |

Results from recent- experiments (i.e., AAFE) have shown that:a more efficient
way of measuring sea.state may be attained with a chirp radar s}stem A chirp

'system allows a S/N 1mprovement by transmlttlng a relatively long pulse, but -
retains the character1st1cs of the pulse limited system through pulse compress1on
A deta11ed analy51s of this technique is given by [2], with only a cursory descr1p-
tion prov1ded below for the sake of cont1nu1ty

It is the broad frequency content, or bandw1dth -of a short radar pulse that

'accounts for. 1ts high. resolutlon capab111t1es.. It'follow53'as a consequence of -

e . Fourler analysxs, that a long pulse -of  con ta t carrier frequency contalns a -

ﬁnarrow handw1cth and therefore;*possesses poor¢resolut10n proper s;vgﬂg

the spectrum.of this long signal can be.significantly broadened by 1ntroduc1ng
modulatlen. To utilize the transmitting device eff1c1ent1y, thls modulat1on must
take the form of frequency modulat1on (FM). By this method one can 1ntroduce the
freqnency spread characteristics of a short pulse W1th1n-the envelepe of a long-
duration signal. The linearity.of a radar system-permits one to realize the poten-
tial of this shorter pulse by a suitable phasc equalization in the radar receiver.
Darlington's model for such a system is illustrated iniFignre 5.2-6., The transmit-
ted signal consists of a sequence of adjacent pulses each possessing a unique
carrier frequency, f (see Figure 5.2-6). To realize the short pulse potential,
one 1mag1nes that the received signal is passed through a network possessing a delay
versus frequency character, as illustrated in Figure 5.2-6. Although the frequency

f1 is the first to be received, it is just this frequency that is delayed the long-

‘REV. DATE: 31 Jan 1978
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~-. FIGURE 5,2-6 (a) Model Chirp radar signal composed of five adjacent pulses
each possessing a unique frequency. (b) Suitable delay equilizer for the
signal in (a). The output of this network is qualitatively a pulse of
increased amplitude with a pulse width of T seconds.  The network is
~illustrated for the particular case where fn € £l

--est amount by the ne;work. in this manner each pulse of distinct carrier frequeﬁcy
tﬁ?iégméée to ﬁﬁait"-until"the highest-frequéncy'cdmpohent arrives, whereupon all the
_ short’ﬁuiseé eﬁerge‘simultaneously. Thu§ following the delay equalization, the -
-original signal of Figure 5.2-6(a) will be compressed in time;‘and,‘by energy con-

‘\servation, the collapsed signal will.be necessarily increased in amplitude.
For several practiéal as Qell as theoretical reasons the signal chosen for the

- Chirp system is characterized by a linear frequency modulation, as illustrated by

Figure 5,2-7. This important case consists of a rectangular envelope of T seconds

duration [see Figuré 5.2-7(a)]. Within this éhvelope the instantaneous frequency
is modulated in a linear manner covering a band of frequencies A, centered at a

frequency fo [see Figure 5.2-7(b)]. Figure 5.2-7(c) schematically illustrates a
signal in a limiting form of the one illustrated in Figure 5.2-6(a). A suitable
delay-equalizing network for the signal with linear FM is given, therefore, by a
- limiting form of the equalizer in Figure 5.2-6(b). The delay characteristic of.

;:bthiS'limiting network is shown in Figure 5.2-8(a). This response envelope is given |

analytically by the absolute value of D [(sin wAt)/(mAt)] and is illustrated in

REV. DATE: 31 Jan 1978
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Figure 5.2-7 (a) Ideal enveclopec of actual Chirp signal, of T seconds
duration and chosen to be of unit amplitude. (b) Instantaneous frequency
s. time characteristic, of - Chlrp signal;- a band of frequenc1es, A,
centered at- fols l1n0ﬁrly swept during. thé pulse ‘duration.™ (¢)" Schematlc
diagram of a signal having the properties indicated in.(a) and (b).

Figure 5.2-8(b). In this cxprcssion, D, called the d19p¢r31on factor, is deflned
by the product TA and represents a parameter of fundamental slgn1f1cance The
collapsed pulse width, t, 1s of thc order of I/A,. Consoqucntly, there has been a
pulse width reduction given by the ratio T/t = TA = D,‘und a signal émplification
given by (D)1/2.

A typical state-of-thc-art pulsc compression ratio is 1000:1. That is, the
effective pulse y1dth of the received signal 15.?3%6 of the transm1tted pulse
width.

Figuré 5.2-9 shows schematic geocentric rclations of the various surfaces
associated with satellite altimetry. TM is thc.raw.altimeter range which has to

be corrected for laboratory instrumental calibration, clectromagnetic effects,

I REV. NO.: 0 | REV. DATE: 30 June 1977
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FIGURE 5.2-8 (a) Network delay vs. frequency characteristic suitable for
‘phase equalization of the Chirp signal in Fig. 2; ideally, this network
is chosen to have a flat loss characteristic. (b) Envelope of output
response from the network in (a); this pulse now has a pulse width about
1/A and an amplitude increase given by+/D, where D = TA is called the
dispersion factor.

Séa state, and periodic sea surface influences to give TS. S represents the
 n6h-periodic "séa level." CT and CE, the geocentric radii of the altimeter and
E, its subsatellite point oﬁ the reference -ellipsoid, are computéd from satellitel
tracking-information. EG is the absolute geoidal undulation to be computed from
this investigation, while SG is the quasi-stationary departure of the mean
instantanédus sea surface from the geoid - the '"undisturbed" mean sea level. It can
be seen from the Figure 5.2-9, that the required geoidal undulations are given by
EG = ET - ™ ] MS - SG
where, MS represents the sum of the qalibration constants and the orbit uncertain-
ties, if any. SG represents the deviation of the surface to which the measurement
is made from the geoid. Since we do not have any information on SG which is not
considered to vary significantly over the length of profiles corresponding to
different submodes of observations, the sum (MS + SG) is considered as the
calibration é0nstant.
The -geoid to be determined must be in absolute position or geocentric

(i.e., centered at the earth's center of mass) and have correct scale, shape and

REV.DATE: 30 June 1977 _
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T SATELLITE ALTIMETER

SATELLITE ORBIT

SURFACE REPRESENTED BY
UNCALIBRATED ALTIMETER
MEASUREMENT -

G = GEOID

—— E = GEOCENTRIC
REFERENCE ELLIPSOID

EARTH'S
€ CENTER OF /

GRAVITV

$ = MEAN INSTANTANEOUS
SEA SURFACE (MISS)

FIGURE 5.2-9  Schematic Geocentriv Rplations of Surfaces
' Involved atellite-Altimetry - - - :

e AT

orientation in érdor té Mcot the goulm of gecodery and aléo make ¢onfributions to
" the solution of probléms in carth gravity modclinﬁ, geoﬁhysics,'6céanography,
ctc. Correctness of shape depends on the precision of thclaltimCtEr and, in theory,
absolute centering and orf¢ntution are dopwndcnt~on'tho édtcllite'orbit'ephemeris.
The correctness of geoid scale requires that the orbit ephemeris éﬁq tﬁe altimeter
cither have no biases or systematic crrors, or fhat such biases and systematic
errors must be known tu an accuracy hetter than the error tolerance:of the geoid
to be computed. Currently and for some riTF to come, thesc two scalar conditions
cannot be met becausc of‘unkuown sysrcmutic ervors or biases in tracking station
geocentric coordinates, the carth's gravity model, the tracking_systems and the

altimeter itsclf. There is, thercioere, a need for other sources of scale and

orientation control. Such a nced can be satisfied by the use of terrestrial marine

I REV.NO.: REV. DATE: 30 June 1977
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: geodetic data.to‘obtain scale and orientation control in. the computation of the
. merine geoid (i.e., the geoid in the ocean areas) from satellite altimetry.
Three types of terrestrial geodetic parameters are required for this scale
'end orientation eontrolz (1) the best evailable estimates of the figure of the
ertﬁ in.terms of the size and shape of a reference ellipsoid, (2) geoid heights
”referenced to this e111p501d and (3) maring geodetic controls. "The first two
fof these are required as a priori inputs to provide a coarse scale. The third
rserves'as benehmarks establlshlng the fine scale and misclosure errors. This is
‘lw,ekin to leveling practice on land.v Satellite altimetry is simply geodetic leveling
from space. . [3] |
Measurement features and atmospheric parameters which must be addressed to
oth.calzbrate the altltude measurements and to verlfy the sea state measurement
'capao;i1ty‘ere sat1sf1ed through ground truth 1nputs. The term "ground truﬁh"
"or1g1nated in the field of aerial photography, and 1f app11ed strlctly, means
dzrect "in situ" data taken for verification of remote measurements. For satellite
.epplications, the definition has been extended to encompass all reference data
(including.remOte‘sensing by aircraft and, in some cases, even other satellites)[4].
The Skylab S-193 experiment proved the worth of space-borne altimetry while
the followﬁon GEQOS-3 experiment provided the necessary hardware experience to gather
accurate altimetry data on a global basis. The SEASAT-A Altimeter should provide
vtheldegree of accuracy required for a global :lm geoid determination. Benefits
derived from on accurate geoio model include; (1) adjustment of the North American
Datum, used for surveying, mapping, engineering operatioos, navigation, and
: resource development, (2) the extension of control points and determining their
. ‘three-dimensional coordinates to offshore areas as well as the determination of

""" national and international marine boundaries, (3) accurate knowledge of absolute

REV. DATE: 31 Jan 1978 |
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deflection of the vertical at sea, which could provide the orientation for all

national datums [5].

Other applications which would henefit from a more accurate geoid include

gravity field, wean ‘scu level, and piate tectonics and ocean trench determination.

The SEASAT follow-on (B) will pfohably.include an'on-bqard'Maximum Likelihood

Processor (MLE) for ncar real-time precessing with formatted and corrected geo-

physical units as an output [6{.
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«.DATA SHEET _ )

i : SHEET or_ 4
(1) SENSOR NAME, ACRONYM: Radar Altimeter, ALT

(2) DISCIPLINE:  Earth and Occan Physics | (3) SUBDISCIPLINE: Ocean Dynamics

| (4) APPLICATION AND OBJECTIVE:

The SEASAT-A Altimeter will survey thc carth's occans for the purpose of measuring
significant wave heights and mean sea level, and to detect tides, currents and
storm surges in support of global forecasting. Additional correlative data will
allow a precise orbital measurement and refinement of the geoid model.

{5) HERITAGE/KEY PERSONNEL: The SEASAT-A Altimeter is the result of the Skylab-S193 and
GEOS-3 experiments in altimetry. The most notable efforts in aircraft altimetry
measurements from the sca surfacc arc the AAFE-Wallops/NRL experiments.

Experiment team leader-Dr. Sam Smith/NWL; ‘Inst. rep.-W. F. Townsend/Wallops

(6) SENSOR DEPLOYM ENT: - '

The SEASAT-A satellite bear1ng the ALT 1is to be ldunched to obtain a mean circular
orbit with a 108° inclination, mean altitude of 790 kin and approximate ground

speed of 6.6 Km/sec. An orbital period of 104 minutes results in 14 orbits/day.
Seven orbits arc requircd for complctc (mission) ocean coverage. :

n ' ' SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND. CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER . i
“The ALT cmploys a ‘nadir’ v1cw1ng pﬁrabolx; dish antenna’ to 111um1nate and Teceive energy}
~from a. circular. arca on the- scA;qurfacn withian- thectlve rad 1us of ;1.6 to- 12 Lm“,y:,f
-fdepcndent on"sea “state. - A1I  altimeter ditd will b¢ ‘recorded:’ Playback"data ‘becomes -
the source of data records for the low rate tclemetry link as the satellite passes over
selected tracking stations (STDN). Corrclative data from the other 4 SEASAT-A sensors
in addition to sca truth datu and precisc orbital information from laser tracking sites

are necessary to reduce the ALT data to ¢c;u1arc LCOPhYGlLdl units  (i.c., waveheight,
altitude). _ ‘

{78) ACTIVE SOIJRCE CHARACTERISTICS (FOR ACTIVE SENSORS): : : _ -

A frequency synthesizer drives the SAW dipersive delay line in the transmitter section
producing a short pulse of the required shape and frequency spectrum. This FM pulse
'is applied to the modulator and up-converted, and finally to the TWT. The resultant
transmitted energy takes the form of a 3.2 us burst with a 13.5 CGHz carrier

frequcncy modulated at 100 Mliz/ps. Peak power is 2 Kw and thc pulse repetition fre-
quency is 1031 Hz. The antenna is a circular, parabolic refleutor type providing

39.5 dB c¢ffective gain and 1.6° becam width,

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

Receiver bandwidth is + 160 Mliz contcred at 13.5 GHz with an allowable inband noise
level 2 -82.75 dBm. For an average backscatter coefficient of ¢ JB (min), the signal-
"to-noise ratio is approximately 13 dB.  Following RF, IF; and AGC stages, the return
signal is compressed (1000:1), then segmented by runge gates into aquisition, plateau,
altitude, and noise vidco, then sampled at a 20 Mz rate. A 10 bit A/D converter
provides the required 60 dB resolution.

SECTION NO.: 5.2 SENSQR CATEGORY: Altimeters

Premdin§ "_pa_ge_hl_.ank

S.2-19 REV.NO.: 2 REV. DATE: 31 Jan 1978

R _




RSDN

 DATA SHEEZT -

o
I
({31
m
-4
o
Q
|

grTemeETy .
{8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM ~ BLOCK DIAGRAM.

RECEIVER bomemamcmanafiel 10 BIT A/D CONV.
RF/IF AGC .

: Up-CONV
RNG. GATES (X4)

F ]

NAD!R 5 MHz
VIEWING —
TRANSMITTER 1 INTERFACE
ARD 3
MODULATOR | . coORTROL
UP-CONV DUAL
“SAW-DDL beed | 4108 BIT
FREQ SYN RECORDERS !
&
use
| TRANSPONDER] . 2106.4 MH2
L S R — UPLINK; COMMAND,
5 MHz _ _ TRACKING -
-~
2287.5 MHz

DOWNLINK; TLM, TRACKING

IERTIEYAL .,

AR D T L T

(8) MEASUREMENT. AND TRANSMISSION SYSTEM — NARRATIVE:

The leading edge of the impulse response corresponds to the integral of the
specular point density. During processing the half power point measures
altitude, -and an estimate of wave height is obtained by measuring the rise

of 8 kbps. The normal tape utilization will be to record deta in a forward
direction and to playback in reverse. Data will be restored to the forward
direction on the ground. The downline telemetry carrier power is 1 watt with
a bandwidth of #3 MHz. During real-time transmission, a 1.024 MHz subcarrier
is bi-phase modulated at 25 kbps. The sub-carrier then phase modulates the
carrier. In the _playback mode, the carrier is phase modulated at a rate of

690 kbps.

5.2-20

time of the leading edge. A/D conversion provides an average data rate output

wpp et e s o
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(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:
TLM, COMMAND, TRACKING

"GSFC
STON TELOPS INFORMATION PROCESSING
LOW RATE 640 Kbps P/B___ | piviISION (1PD)
‘@——»| TELEMETRY 25 Kbps R/T
RECEIVER nAscom | PROJECT OPERATIONS
CONTROL CENTER (POCC)
P |
FNWC 640 Kbps
eI INNUIU | SO
r T
: ¥ ; l
: !

, ALT SATELLITE EPHEMERIS I

| DATA PARAMETERS DATA |

| |

| _ !

| . I
J I CORRECT MEAN' ‘ _ : !

| BACKSCATIER » |

P COEFFICIENT [

| FOR PATH LOSS |

' T T T  mAiMuM T R

{ LIKELIHOOD l

| TABLE OF WAVE Sbuntbon I

| HEIGHT STATISTICS [ : ALTITUDE,

| CORRELATIVE AND L | WAVE

| SEA TRUTH DATA o HEIGHT,

: LOCATION

(11) RECEIVING AND PROCESSING — NARRATIVE:

Low ratc telemetry is reccived by the Satellite Tracking Data Networks (STDN)
at 640 kbps (P/B). The IPD will construct a Master Data File in time-order as
generated by the satcllite. A daily data package is sent to JPL. The PDPF at
JPL will produce a single processed data record in geophysical units (ie., wave
height, altitude, etc.).

ixpected Performance:
Signitiicant

Parameter Altitude Waveheight Backscatter
Range 761-858 km 1-20 m -85 € ¢ <€ -20 dBm
Accuracy 68% within +10 cm 0.5 m or *10% +1 dB
SECTION NO.: 5.2 SENSOR CATEGORY: Altimeters
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DATA SHEET
_ . SHEET
7RG TRy IRy
" (12) DISTRIBUTION OF DATA FROM GROUND STATIONS ~ BLOCK DIAGRAM:
SURFACE . 4
TRUTH AND
EXPERIMENTAL
DATA BASE
i ALGORITHM
PL | ALT EXPER-
S 24 HRS. IMENTAL
(PDP.F) TEAM «
‘ : o= g '
| -7 DAYS ‘
‘ Q R
| .
i : ' NOAA :
:
: -ARCHIVES 7-10 HRS 7-10 DAYS
| SCIENCE
E | ‘TELEMETRY, NATIONAL ENVIRONMENTAL
| 1 ORBIT, WEATHER DATA
| 'SEA TRUTH SERVICE _ISERVICE
| — : .
|
| Y
| ' OPERATIONAL
.USER
COMMUNITY

(13) DATA DISTRIBUTION = NARRATIVE:

JPL receivés edited and time-smoothed TLM data from GSFC.

The 4 primary

functions of the Project Data Processing Facility (PDPF) are:

(a) produce an Experimental Data Reéord for each team,

(b) produce supplementary data for each experiment (i.e., sensor earth
located footprint, engineering data, etc.), '

(c) produce a single processed data record in geophysical units for each
experiment, i.e., altitude, wave height, etc., and

(d) produce validated algorithms to independent raw data users (e.g., FNWC).

g -2/

SECTION NO.:

SENSOR CATEGORY: Altimeters
e ~ RREV..NO.: 2

REV DATE: ) Jan 1978

~




SENSOR CATEGORY
- TABLE OF CONTENTS AND REVISION CONTROL SHEET

' SENSOR NAME "| MUMBER |- "' EFFECTIVE
OR OF " PAGE - -
OTHER ENTRY PAGE_S NUMBER REV.DATE REV. NO.

Section 5.3 Table of Contents ' 1 5.3-i 31 JAN 78 2
Introduction to Scatterometers 15 5.3-1 31 JAN 78 2
- 5.3-2 31 JAN 78 2
5.3-3 31 JAN 78 2

5.3-4 |31 JAN 78 2.
5.3-5 "31 JAN 78| 2
5.3-6 31 JAN 78 2
5.3-7 31 JAN 78 2
5.3-8 31 JAN 78 2
5.3-9 31 JAN 78 2
5.3-10 30 SEPT 77 1
5.3-11 30 JUN 77 0
5.3-12 31 JAN 78 2

5.3-13 30 SIPT 77 1-
5.5-14 30 SEPT 77 1
5.5-15 .30 SEPT 77 1
SEASAT-A Microwave Scatterometer 4 5.3-17 Il JAN T 2
’ 5.3-18 31 JAN 78 2
5.3-19- | 51 JAN 78 2

SECTION NO.: 5.3 TSENSOR CATEGORY: Scatteromcters

5. 3-1 JREV.NO. > REV.DATE: 31 Jan 1978




'RSDH

This page intentionally left blank.

REV. DATE: 30 June 1977

S.3-ii



Section 5.3 _
INTRODUCTION TO SCATTEROMETERS

Active microwavé-sensors haQe been used to measure range, reflection or
scattering coefficient and shape of the returned pulse from various objects
or scenes. The ability with which a scene or object scattefs inéident micro-
wave energy can be assessed by mcasuring the radar-scattering.cross sections
‘at various frequencies, polarizations and incident angles. A microwave scatter-
ometer is a speccial-purposce radar that is uscd to qﬁéntitatively measure the
target reflectance or écattering cross section. Long-pulse.and continuous-wave
scattcrometers have bécn used to measure the scattering signatures of rough
surfaces such as terrain or the occur. The quantity of interest is the radar- )
backscatter cocfticient. which is the backscatter power per unit area normalized

.for antenna gain, range loss.uand the transmitted power. . . . L. .

Ocean waves may be defined as undulations of the surface with time scales in
thé range from 10 ms to 25 scc.,. corresponding to wave lengths in the range from
0.5 cm to 1000 m, respectively. These are subclassified as (lj‘;deify waves,
with time scales in the range of 0.1 to 25 scc., length v:ulés from 2 cm to 500 m
and heights to 30 m, and (2) capillary waves, with tinic scales in the range from
10.1 to 10.2 sec., length scales from 0.5 to 2.0 cm, and heights of less than
1.0 em. Ocean waves arc random, and time record of the ocean-surface displace-
ment in a storm region may contain wave periods in the entire range indicatéd.
Far from a storm center, waves become more organized as the longer waves propagate
more rapidly out of thc region. Long waves occurring away from storm centers are
referred to as swells. Long waves approaching a coastline are influenced by the

drag of the bottom and bccome shallow-water waves. Wave energy is eventually

dissipated through brecaking in an active near-shore arca called the surf zone.

I REV. NO.: 2 REV. DATE: 31 Jan 1978
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Wave energy is also dissipated offshore through viscous effects and by breaking,
which is evidenced by the presence of whitecaps.
Capilléry waves have been traditionally investigated by theoreticians and
experimentalists with académic interests. More recently, and with the onset of
. microwave'instruments as remote sensors, capillary waveé havé attracted more
attention from a more practical point of view. The roughness of the sea is
interrupted by the density and structure of capillary waves, which respond to
4-,windspeed.
Capillary spectrum components are readily related to the radar wavelength
-by/the Bragg scattering condition that the radar return from adjacent crests of
‘the most impdrtant ocean components add in phase. This leads to the conditiom:

A sin 8, =n /2 - - (1)

where A ocean wavelength (component of spectrumj

A

radar wavelength

6.
i

angle of incidence (from local vértical)
The first order perturbation theory shows results only for n = 1, although intui-
tively one might expect higher order ''Bragg resonances" also to be important. At
an incident angle of 30° this means that the '""Bragg wavelength'" for the ocean is
the same as the probing radar wavelength. Consequently, the Bragg wavelengths at
that angle are, for the frequencies considered here, in the capillary region of
the ocean wave spectrum.

Measurements taken té'date reveal the following information about the depen-
dence of the backscattering cross section from the ocean on windspeed:

(1) A range of radar wavelengths exists for which backscatter is .
primarily dependent on surface windspeed and relatively

insensitive to large-scale roughness.

(2) Backscatter at or near the vertical (0° incident angle)
monotonically decreases with increasing windspeed.

REV. DATE: 31 Jan 1978
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(3) Backscatter from incident angles greater .than 20°
(nominally) from the vertical, monotonically increase:
with increasing windspeed. ' S

(4) The upwind, downwind sl crosswind viewing directions
give different values for backscatter cross sections
and are scnsitive to windspeed.

A representation cf these features of occan'backscatter as a function of

windspeed and incident angle for I-3 ¢m wavelength radar illumin,ati‘on- is shown

in Figure 5.3-1. For windspeeds less than 1 m/sec, cssetlf:ial'lyfno sensible

30
MIRROR SPECULAR GREATER THAN
250 8ACKSCATTER
MIRROR SPECULAR LESS THAN
20 BACKSCATTER
15
L ANGLE OF
oy / INCIDENCE = 0°
S o 1 wvpoTHETICAL ANGLE
S i | ofF INCIDENCE OF
o -5|1] CONSTANT
. : {§4. BACKSCATTER, A\ .o o
gk e -\ ANGUE: OF T i
1 INCIDENCE = 55
-15 {l

\

~

Q
K ged

\ [ N 1 11 )
0 2 4 810 20 40 80 100 200°
WINDSPEED AT 20 M ABOVE
THE MEAN SEA LEVEL, M/SEC

FIGURE 5.3-1" Represcntation of Approximate Magnitude
of’ Backscatter Cross Section from the Ocean at
- to 3-cw radar wavelengths '

backscatter is scen at any angle of incidence: the strong radar return at 0° is
from specular mirror reflection (shown as dotted line). As the windspeed increases

toward 2 m/scc, patches of roughness begin to appear on the surface where turbulent

gusts of the surface cxceed the threshold for wind-to-water coupling. The small

.
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capillary waves generated by these gusts produce some backscatter at all angles
"~ of incidence wifh very rapid rates of change of backscatter as compared to wind-
E épeed. The local slope of the curves at high windspeeds shows that extremely
accurate measurements of the ba;kscatter must be made to sense a small range of
; Ba#kscatter vaiues: Alternatively, the local slopes at low windspeeds show that
rleSs accurate measurementé are required'to sense small percentage changes.
| Backscatter measurement semsitivities with respect to windspeed and direction

are shown in Figure 5.3-2. An interesting observation is that the upwind-downwind

0.
(4]
z
€.
E.. s : * WINDSPEED
TR 13.9 M/SEC
29
.25
S {E Wk . S N ¢
. g _ © WINDSPEED
] - 6.5 M/SEC
<€ «
£EO0 _si /.’ > . — T
g .o UPWIND. =’ DOWNWIND o
« L, ~ A* _ * ~ e
-20 L. A - A ol
-80 o .90 180 270

RADAR AZIMI'JTH ANGLE RELATIVE TO UPWIND, DEG

FIGURE 5.3-2 Langley Research Center Values of ¢° Compared
to Wind Heading (Vertical Transmit/Vertical
Receive Polarization; Incident Angle of 40°)

fdependency was predicted and explained,mﬁre than 20 years ago at NRL, assuming

4specu1ar points as the backscatter mechanism and wave tank measurements of the

. 'probability distributions of surface facets as compared to windspeed. However,
the crosswind dependency was not predicted so that with perfect instrumentation
(that is, no error in the backscatter measurement but no knowledge of the viewing
direction) a radar cross-section data spread of many decibels will be obtained.
. For example, in Figure 5.3-:2, a 6-dB spread exists upwind to crosswind at a 13.9

m/se¢ windspeed, 40° incident angle, with an average backscatter coefficient over
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ail wind heading angles of -10 dis, whurcas. ut 6.5 ﬁ/sec wiﬁdspeedg thé averaée>
is approximately -15.5 dB, with nn.upwind-ro-crogéwind spféﬁd‘of'4 dB.

This probiem can only be solved cither by knowing the viewing direction with
respect to wind directions or by viewing the surface from cnough different direc-
tions so that thc upwind, downwind, and crosswind curves can béiobtained as input

datg. [1]

Scatterometer resolution at angles away trom vertical is given by

Resolution = R, (——1-6) , - . (2)

where R is the slant range, #, is the beam width in the cross-trgck.direction,A
T is the pulseduration, and § 4is the 3 dB beam width along t;ack;“vThe expressioﬁ
in cquation (2) is not appropriate at nadir, hnwcvér,'and may_be'dctérmined by
pulsc duration rather than beam width. The radius of surface iliumination
correspohding to pGISc Juration ;t vertical is given By

r = (cth)l/? : I (3)

The SEASAT-A Scattorometer (sce data sheet) represents fhc:currcnt state-of-
the-art in mouSuring ocean backscatter with nAmiéfdwﬁvé rnduf._.ThelSASS design,
deployment, and data handling to intfer wind vcctoré wi}l'bb &iscussgd as an
example of éurrent technigues.,

In concept two radar measurements at difterent acimoths sve sufficient to
determine the ocecan surtiace wind vector; however, the ncar sinusoidal scattering
characteristic often yiclds multipic wind vector solutions from these radar
mcﬁsurcmcnts. These multiple solutions are approximately cqual in speed but
different in dircction. Frequently, the quadrant of wind dircction can be deter-
mined from conventional mcteorological data and/or sﬁtellite obtained cloud mosaics,

thereby providing a means for sclecting the corrcct solution.

532
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To infer wind vector from satellite radar measurements requires both forward
‘and aft looking antennas to obtain data of two azimuth angles for each resolution
cell. An optimum implementation uses antenna beams, each oriented 45° relative
to the sub-satellite track, to provide observations which are separated in azimuth
by 90° (Figure 5.3-3). The time between illumination of a given resolution cell by
the forward and .aft beams depends on the cells position along the fan beam illumin-
.ation. Thus, the scatterometer must be designed in order to make the forward and
aft beam cells cross at the same geog:aph?c site. " Each re;olution cell (50 km)
~_ must have two footprints on it, (not ;equired at the same time, however) giving
0° data at azimuth angles 90° apart.

The Doppler cells along the fan beam are adjacént so that the cross track
grid spacing (ceﬁter—to-center) can be kept to So.km and the along-track grid'
‘spacing is set at 50 km by the scatterometer digital controller.

The resolution cell size is larger than the doppler cell size due to the
smearing of the cell caused by satellite motion during the measurement period.

The Doppler cell size is determined by the antenna beamwidth (1/2°) and Doppler
bandwidth of the filters.

Resolution cell size is also controlled by the orientation 6f the doppler
'liﬁes within the beam illumination which varies along the beam (Figure 5.3-3).

For the inner cells (low incidence angles) the Doppler line is oriented approx-
imately 45° to the central beam axis. For the outer cells (high incidence angles),
the ofientatioh is about 13° with respect to the beam central axis. The Doppler
bandwidths are designed so that the 50 km x 50 km resolution cell siie requirement
is satisfied over the primary measurement zone (~25° to ~55°). At angles beyond
55°, Doppler bandwidths are held-constant so the resblution cell size does increase

slightly beyond the 50 km limit.
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In addi;ion to the 12 hopplcr cells nechd fdr wiﬁd actcrﬁiﬂafioﬁ,.three
more will be used for 0° mecasurements near nadir (0°, 4°, 8° intidénce éngle).
This completes the complement of angles required to dévelop a data library of ¢°
as‘a function of incidence angle (0° to 65°) tor the full range of ocean surface
conditions. From these data one can determine whétﬁer geophysical parameters
other than local winds affect the scatterometor mcusurémenfs andtds a result
~establish more definitive design boundaries fhy optimizing incidenﬁe angle,
polarization, wind specd measurcment range, ctc.) for future scattéromcters.

One of the more important questions concerning every remote sensor is whether.
or not it is operating propérly. Extensive in-flight housc—keeping’data are being
provided routinely by the sciatterometer in uddifion to planned subsystem level and
system level performance validation and diagnostic activftics;

An array of three land-based reccivers is planned to verify transmitter

o ,

ttern shape.. This technique’

na gain and pi was”

" performancé as well as the ani

'uscd on the Skylab RADSCAT cxpcrimcnt and it otfers the only means of evaluating
thc‘transmittcr and antenui on a subsystem busis,  For Qiagnospég_purposes, fhe
SEASAT-A ;cattcromctcr can be operated in a radidmcfric modé-(tfaﬁsﬁitter inhihitcdj
in order to isolate the recciver lor pcrformuncu‘vcrificutjbn: 'Twobtest conditions
arc possible in this mode: (1) antenna not deployed and looking into deep space
with a target brightness temperature ~5°K and (2) antennas dcpioyed qnd looking

at the ocecan surface with o target brightness toumperature 125 -‘175°K. A 5°K

target offers hich sensitivity for verification of antenna and receiver losses and
VSWR. Receiver losses and noisc temperaturce stability can be monitored throughout
the mission, independent of the {ntcrnul calibration source, by ﬁéing the radio-
metric mode with the sca surtace as‘a target. There are certain minimum require-

ments that must be met in order to certify the scatterometer das an operational

| REV. NO.: 2 REV. DATE: 31 Jan 1v78
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-"imstrument‘aftef_it'is placed in ofbit. During the one year period, aircraft
'mnderflights are required so that direct comparisons can be made between a well
.tca;ibrated (0.5 dB)‘aircraft scatterometer and the satellite scatterometer. .Direct

comparison of aircraft and satellite ¢° data will be used as an absoiute calibra-
tion of the satellite séatterometer thus removing any fixed biases from the data.
Long term instrument atability'characteristics will be determined from periodic
‘comparison,of aircraft and satellite o° values.
It has been demonstrated with extensive aircraft data that 0° measured at
v:Sf to 129Aincidenee angle is relatively insensitive to ocean surface roughness
and wind conditions. Consequently, long and short term stability information,

. 1ndependent of alrcraft underfllghts, will be gathered routinely using data

ﬁ8° "near nadlr" Doppler cell.

:;‘gfrom the

*The quallty of the SEASAT-A scatterometer data can be further evaluated u51ng

u'measurement results from other sensors on the sate111te A1t1meter o° data,

for example, can be compared with the scatterometer nadir data to reveal bias
in either instrument and the time variation of these biases. Secondly, Scanning
MultiffeqoenCy Microwave Radiometer (SMMR) data may be useful for correlation
with scatterometer data during high wind speed measurements.
The software for inverting ram scatterometer data to g° and for converting
0° to wind vector must also be validated under all measurement conditions. Figure‘
5.3-4 is a flow diagram showing the steps necessary in this process. This
processing is conveniently separable into the convereion of raw data to scattering
~coefficient and the conversion of 0° to geophysical units (wind vector), which
allows each to be designed and evaluated independently.
| Prior to launch the scatterometer will be calibrated in terms of the ratio

”of received power to transmittéd power, PR/PT; thus, the first step is to convert .

REV. DATE: 31 Jan 1978



Vqééﬁéf&fiohbbf ﬁihd'f{élds nré‘béiﬂg conﬁgdéruJ; [3]‘[6] B

raw data to PR/PT using pre-flight calibration inforﬁa;ioni :Satellite parameters
such as attitude, ephemeris data and various instrument anq ph}éical‘constants
are used to detcermine ccll locations on the carth, range, cell-lcngfh, incidence
angle, and antcnna look angle. This infofmation along with perfinent housekeeping
data are used to determine antenna gain and are inputs for calculéting c° and RMS
error for use in the geophysical algorithm, |

The first sfep in converting a ¢° matrix to a wind vector map is to use both
the visible/infrared and microwave radiometric data from other SEASAT-A sensors to
make a path loss correction to thclvalucs ot 6%, Conversion to wind vector will
be nccomplished using algorithms that have been developed using several theoretical
approaches'with cach algorithm keing cvaluated during the mission. Tﬂese initial

values will contain aliascs causcd by the multi-valued relationship between ¢° and

wind speced and dircction. Several methods for removel of these aliases and the

The futurec of microwave scatterometers (through tth1980's) will probably be
dependent on the performance and data quality of the SEASAT-A SCAfm ~Although
radgr.techniqucs arc well established, laser scuttcrométcrs are currently being
investigated as an alternative. The lactter toechinique relics héavily'on
an accurate geoid model (e.g.. #10 cm) and statc-of-the-art sbacecraft attitude
control and measurement, which uec cxactly the oxpecred achievements of the SEASATA

SCAT.
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SPACECRAFT

HIGH AND LOW WIND SWATH

TOP VIEW

FOOTPRINT NO, 1 s——rpp!
650 ]

e
/ \ l—— SATELLITE su§TnAcK

HIGH WIND HIGH AND LOW
SPEED ONLY  wiNDS'

FIGURE 5.3-3 Scatterometer Fan Beam Geometry
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RSDH ORIGINAL PAGE IS
DATA SHEET OF POOR QUALITY .
sHeeT _ 1  ofF 4

(1) SENSOR NAME, ACRONYM:  Microwave Scatterometer, SCAT -

(2) DISCIPLINE: Earth and Ocean Physics (3 SUBDISCIPL!NE: ' Ocean Dymamics

(4) APPLICATION AND OBJECTIVE:

The SEASAT-A Satellitc Scatterometer (SASS) provides a periodic and spatially
distributed measurement of the radar hackscatter coefficient (power return) for

the determination of wind spced and direction (i.e., wind vector) at the sea
surface, Wind vectors are a key paramcter for improved weather forecasting, hazard
warnings, ocean pollution monitoring, and navigational routing and scheduling,

{5) HERITAGE/KEY PERSONNEL: The functional design of the SASS is the result of
4 major experimental efforts, these are: (a) AAFE RADSCAT, LaRC, (b) 13.3 GHZ SCAT,
JSC, (c) SEA CLUTTER STUnY, NRL, (d3} S-193, SKYLAB; .

Exp. Team Leader - W, L. Grantham, LaRC 804-827-3631

{6) SENSOR DEPLOYMENT:

The SEASAT-A Satellite, bearing the SASS is to he launched to obtain a near circularn
orbit of 108° inclination and meun ultitude of 794 km. The orbital period is 104
minutes resulting in approximately 11 orbits per day. Seven orbits are required

for complete ccean coverage. .

N ' SENSOR CHARACTERISTICS

{7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER: .

- The SASS employs 4 dual polarized, fun beam, stick antennas. The plimary measurements
- swath is 500 km.wide beginning 200K off the satellite -sub- track.: Sequential antenna
“address1ng provides orthogonal tootpr:nt crossings to the right, left fore, and aft.
These star-like patterns definc 100 m prid spacing and 50 m 1c:o]ut10n Doppler cells
with incident angles of 25° to 55°. Sea State Information is supplied from 3 resolu-
“tion cells at and near nadir from side lobes gencrated by each antenna pattern. Also,
a high winds swath (55°sUj<65°) though less accurate provides. addltlonal data and

incrcases the cffective coverage to over 1500 m, —

{78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

‘The measurement swath is illuminated with a S ms burst of microwave energy at a
repetition rate of 40 Hz. The transmitted power, 100 W peak at 14.6 GHz is applied
“sequentially with appropriate polarization to 4 stick antennas. The illumination
pattern is 25° x 0.5° dirccted 42° off nadir and aligned 45° across the satellite
sub-track. ‘Side lobes from the four stick arrays provide sea state information near
nadir.

{7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

.Received RF energy from thce proper antenna is directed to a preamplifier, band pass
filter, and first conversion mixer. The resulting IF signal is fed to the SASS
processor consisting of 15 band-pass poppler filters, square-law detectors, DC
amplifiers and signal intcgrators. Antcnna gain is 32 dB with an efficiency of 48%.
Receiver band is 14.6 Gliz + 250 Miz. In-band noise is less than -155 dBm in any
2.5 kHz band within 14.6 Gillz + 1 MHz.

Precedmg page blank
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I

" _DUAL
4 x 108 BIT
RECORDERS

/h"\

DOWNLINK
22875 MHz

DATA SHEET: ' 2
, SHEET oF 4
(8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — stck DIAGRAM:
i SCATTEROMETER (SASS) ‘]
B PROCESSOR - |agee——ee RECEIVER
ANT.
E - SEQ-
ﬂ L UENCER
_ _ END-OF-WORD [
Fm
E DATA-2K bps | * ' ‘ l l £
CONTROL /
! UNIT el TRANSMITTER ANT.
i : NETWORK
i A
I | .
LOW RATE gl USB
DATA SYSTEM TRANSPONDER

(9) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:

S-Band Transmitter for Regular Telemetry and Tracking:

L
{

-

&

a - Carrier 1 watt, 2287.5 MHz
b - B. W. = +3 MHz about the carrier

» Telemetry:
: a - 25 kbps real-time data stream bi-phase modulating a 1.024 MHz

subcarrier which in turn phase-modulates the carrier (PCM/PSK/PM)
b - 690 Kbps tape recorder playback phase modulates the carrier

| 5.3-18
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DATA SHEET o 3 4
~ SHEET OF

{10) SENSOR DATA RECEPTION AND PROCESSING —~ BLOCK DIAGRAM: -

™ . . L
640 Kooy - VRIGINAL poGEp 1
: LSl B iPD 1 . GE BOCR ¢y :
LOW RATE % Kops - : QL,AUTY
~ TELEMETRY ol PROJECT N :
RECEIVER NASI.GM OPERATIONS
WIDEBAND CONTROL
LINES
STON CENTER/GSFC

TO JPL VIA SURFACE
K 3-10 DAYS

1 ‘ ¥ + . ' l

SATELLITE EPHEMERIS
S T
. ASS DATA PARAMETERS OATA
; .
\ B CALC. DAIA : ..
- CORRECT MEAN | - CELL LOCATION o 21 CONSTANTS - - .

BACKSCATTER .. — -1 PATH LOSS MODEL
COEFFICIENT - - SEA TRUTH AND
FOR PATH LOSS | — . EXP. LATA

CONVERT TO WIND VECTOR

\ B : ' I |

MATCH CELLS ! DETERMINE DETERMINE

FROM FORE AND *{ WIND - WIND ot
AFT ANTENNA . SPEED " | DIRECTION :

WIND

L ‘ v ) ‘ _] vecvon

{11) RECEIVING AND PROCESSING - NAPRATIVE:

The STDN sites reccive Low-Rate playback TIM data at 640 at 800 kbps during
contact periods. Reccived TIM data is retrangmitted to il at SFC via TELOPS.
IPD will preprocess the TLM data to produce time-smoothed and quality-checked
telemetry, A master Jdata file is constructed on a daily basis-and sent to JPL
via surface delivery.

.39
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' DATA SHEET |
' SHEET _ 4 ofF 4

(12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

SURFACE
TRUTH DATA

LOW RATE |__BASE
TLM FROM
poCC F""_'L—-' : - ,
(GSFQ) | pROCESSING s 7 nes, | SCAT
EXPERIMENTAL
FACILITY (JPL) ' TEAM

SURFACE
DELIVERY 7 DAYS w
‘ , NOAA
LIBRARY 7-10 . 7-10
HOU
SCIENCE, TLM, | OURS v v DAYS
ORBIT, AND | NATIONAL' ENVIRONMENTAL
- | SEA TRUTH | WEATHER DATA .
| patA . g .sg‘fwcg -
| ACCUMULATED| - - g N
MISSION DATA | : '
BASE FILES | | operaTiOnNAL OPERATIONAL
N - USER S USER :
COMMUNITY __COMMUNITY

(13) DATA DISTRIBUTION — NARRATIVE:

JPL receives edited, time-smoothed TIM data from GSFC. The four primary functions
performed by JPL are:

a - produce an Experiment Data Record for each team,

b - produce supplementry data for each experiment (i.e., sensor

. earth located footprint, engincering data),

¢ - produce a single processed data record in geophysical units. for
each experiment, i.e., wind speed/direction, surface temperature,
etc., and o

d - produce validated algorithms to independent raw data users
(e.g., FNWC). o

SECTION NO.: 5.3 SENSOR CATEGORY: Scatterometers -
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Section 5.4

[NTRODUCTION TO LASER RADARS
(LIDAR)

Until recently, cptical remote sensing has been restricted only to passive

techniques in which either radiation emitted or -attenuated by the target has

been measured in order to provide signature information. However, recent progress

in the development of wmore rugge:d-and stable lasers, suggest the use of laser
radarias tools to actively prube the environment.

The laser radar or LIDAR is similar to a microwave fadar, but operates_at
optical wavclengths gonerated by a pulsed laser. The LIDAR has several unique

features which make it usvful and practlcal as a remote sen51ng 1nstrument

Among these.urc the ab111ty to opcratetondvpundently of external 51gna1 sources,

to operate at: n)ght covoxtly, tc opoxate in. speotrall\ narrcew wavelength bands,. -

“to ellmlnate*sh1dow1ng and-

laser light can be emitted in very short pulse of high energy and thereby good
spetiaivrcsolution'is obtained. The high pulse energy permits coverage of long
distances, and the high cnetpy density of the laser oeum offers'tﬁe possibility
of rcalizing the Ruman-lidar. The laser light is honoehromatio whicﬁ mokes it
possible to eliminate background !ight by narrow band filters in the receiver.
It can be well collimated which gives angular reselution and reductioﬁ of
background light by use of narrow rcceiver lobe. The low diveréenoe of the
laser heam permits the tracking of comparatively smail objects.

Various remote scnsing techniques are currently used, proposed and/or
under study, depending on the specific applications, the nature of the optical
effect or process utilized, the spectral range, the type of laser as a
radiation souroe and the relative positions of the radiation source and the

detector. Laser radars as applied to the hydrosphere, can be used to provide

'.'aﬁi)w one: it modulate ‘OF - ﬁodé?tﬁé;iﬁﬂihtionﬁﬁilheﬁ

I REV.NO.: 3 I REV. DATE: 31 July 1978
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shallow-water bathymetric measurements, to detect and identify oil slicks, to -

detect algae, to med§ure and:tra£k sﬁbsurface currents and to measurevwater-
fiturbidity; As applied to the atmosphere, the laser radar can be used to study'
the compositibn,.Structure and dynamics of the atmosphere. The optical effects
that may be ut111zed include emission, absorption, Raman scattering, fluorescence,
d:and elastic scattering of the Rayleigh and Mie types depending on the wavelength
of the ingident radiation and the nature of the target. The spectral range
%=;extéﬁ&§ froh the near ultraviolet fo.thg infrared. The lasers can be ei£her
.,hfixéd frequency or tunable frequency, and they can operéte either in the_
~ C-W oﬁtput~mo&e:or in the ﬁulsed output méde. The fixed frequehcy lasers include
':the chemical lasers, gas lésers and the solid state lasers. Tunable frequency lasers
7iﬁélh&é‘fhé bﬁganic dye3lasefs'fparametric oscillators, semiconductor diode and
spin=flip Raman’ lasers, harmonlc generatlon and frequency mlxlng, bulk |
'lsemlconductor laser (optically pumped), and hlgh-pressure gas lasers (electron
. beam pumped). The position of the radiation source relative to the detector
classifies the system as single-ended.active or doubled-ende@ active. In
the single-ended active system, the radiation source énd the detector are located
" together and backscattered radiation is measured. In the double-ended active
| §YS;efn, the radiation source and the detectors are on opposite sides of the

-target and the attenuation of the laser beam by the target is measured.

PRINCIPLE OF OPERATION

Optical remote sensing using lasers is based on the principle that photons
 interact with atoms, molecules and particles to produce various types of optical
.- effects depending on the wavelength of the incident radiation and the nature of

 the térget. A laser beam is emitted from a transmitter, scattered back by

REV. NO.: 3. " REV. DATE: 31 July l978»
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certain media and measured ih a receiver. From the signal received, one is able
to make a statement on the backscattered medium (targetj.T | |
Basiéally, a LIDAR system consists of a pulsed laser transmitter, a teie-
scope receiver, dgtector(s) and dafa system to record the backscattered light
as a function of distance or range. Examp1e§ of various applications will be
discussed here. -
Laser altimeters and other ranging devices can operaté on the phasing prin-
ciple or upon pulse time of travel. Both have their equivalent. The phasing
principle is illustrated by Figure 5.4-1 where the output of a solid state or gas

. ]
CW laser is amplitude modulated at some frequency f Absorption type modulators

1
are common in gas lasers due to the difficulty of direct (current) modulation.
~With solid state (injection) lasers, common practice is to simply modulate the
~current through the laser'diode. The output of the laser is propagated at the

" ‘Velocity of light in'the medium and a wave of  length'A characteristic of £ is.

1
generated in space. The laser's energy is reflected off a target located at

"A”", A corner cube reflector is normally used as a target because of its capa-
bility to reflect a beam of light back to its origin. The returned beam, detected

in the receiving optics, produces an electrical signal S The output of the

1
laser is sampled and produces signal Sz. The differences between S1 and S2 are
in amplitude (which is compensated for) and in‘phase which is proportional to the
distance (D)bbetween the laser and the reflector, If D changes by an amount smaller
than A, the change can be read directly on the phase meter. However, if D is
longer than A, an ambiguity exists which can be resolved by determining the phase
between two other Sl’ Sz signals at some other frequency fh. Normally, phase

measurements at four different frequencies are used in-.calculating "p" This

technique is often called tone ranging.

REV. NO.: 3 REV. DATE: 31 July 1978
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RECEIVING
OPTICS

REFLECTOR .

i
e emome el e oo | '
o G o o | LASER

A g D

OUTPUT
SAMPLING OPTICS ‘MODULATOR
. t
~ _ : AMPLITUDE
o 1 ADJUST

" FIGURE 5.4-1 Laser Ranger (Laser)

A second ranging technique is illustrated by Figure 5.4-2 where a short pulse
"is emitted from a ruby or similar laser. The output is again sampled and this
trigger starts a counter totalizing the pulses produced by an oscillator. The
laser output reflects off the target at '"A" and is detected in the receiving otpics
where it stops the counter, thereby completing one determination of "D". The
f;equeﬁcy of the oscillator driving the counter can be selected so that the number
of pulses counted during the time of flight of the laser output pulse (to the target

and back) numerically corresponds to the distance D in centimeters or other units.

REV. DATE: 31 Jul 198
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" DISPLAY
o 11
: COUNTER . ::sc
RECEIVING f f
OPTICS ‘
, — e LASER FORMING
A Y | NETWORK
| Do >
' OUTPUT
SAMPLING _
OPTICS

FIGURE 5.4-2 Laser Ranger (Time of Flight)

0w1ng to the shortness of the wavelength pulses produced by lasers can be

phy51cally very short, which leads to good resolution of target p051t1on. Rangers

‘a&of elthergtype can be made accurate to w1th1n one: or: two centlmeters “in; several

kilometers. For these reasons, laser rangers have been used for determining. the
distance from the earth's surface to extraterrest;al bodies like the moon and other
satellites. In these experiments, the laser is mounted on.thé-ea?th‘and the
cornercube reflector is mounted on the satellite. Laser.raﬁgers ha&e also been
selected for use in earthquake detection schemes where they would be used in
connection with a satellite to measure the motion of the plates making ﬁp the
lEarth's crust.

Another form LIDAR can take is essentially a scatterometer as shown in Figure
5.4-3. Here, energy emitted by the laser reacts with the medium through which it
passes. The radiation thus produced is monitored at the laser site for such things
as polarization rotation, backscattered radiation intensity and wﬁvelength. Depend-

ing upon the nature of the interaction of the laser output radiation with the

REV.NO.: 3 REV. DATE: 31 July 1978
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S

medium and/or the target, the radiation received might not be the same wavelength
,és that emitted by the laser. There are basically two interaction phenomena

. of interest, floréscence and Raman scattering.

RAMAM
SIGNAL 2

BALAMCE

T >
o LIGHT EMITTING
FILTER2 |PMT! oDI0DE .

BEAM SPLITTER \ \ 2 4 TEST PULSE
. FIBER OPTIC
_ — ,
BACKSCATTERED —— | ,ﬂ PUT] ey RAMAN
. LIGHT iy _ 1 SIGNAL 1
: —— V FILTER 1
. - = FLT
TELESCOPE FILTER 3
PMT
3 .
| ey RAY LEIGH-MIE
. SIGNAL |,
 TRANSMITTED @ [ ' .y, OUTPUT PULSE -
LIGHT . _LASER HEAD "~ SIGNAL

~  PHOTODIODE
FIGURE 5.4-3 Optical Design Schematic

~ Florescence occurs when the laser light reacts with the surface in
such a way that radiation is rc-emitted at a wavelength significantly
different from that of the lgser. This characteristic is being employed and
practital; experimental sensors have been built to defect the florescence of oil on

;water. This florescence has an output signature characteristic of the type of oil

=

‘and the implication is that it will be p0551b1e to develop 0il spill detectors

Lapable of classifying the type oil involved. As an example, in one sqch experiment

a N2 laser emitting at 3370 Angstroms excited twenty-nine different grades of oil

“into florescence at wavelengths ranging from 4000 to 6000 Angstroms. An example

of”this kind of system is shown in Figure 5.4-4 [3]. In the configuration shown,
"':-"the support systems requlred for operatlon, the power requlrement, size and

" complexity make 1t difficult to imagine this evolving into spacecraft borne system.

m— I I REV.NO. 3 ]| REV.DATE: 31 Julz 1978
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A variation of the system described above is the Raman LIDAR. These have
been developed [1] to monitor air temperature and the turbidity of water. The
application to air temperature measurement can bé conducted along a horizontal
path (uniike a VTPR) but it lacks advantages which would obviate the VTPR.
Temperature accuracy and vertical height range of measurements made by LIDAR
are inferior to vertical temperature profiling radiometers but the spatial resolu-

tion claimed for the Raman LIDAR is superior.

UV BLOCKING FILTER
GAS -
suepLy ] IMAGE SLICER :
VACUUM- || _:ngz
SYSTEM . IMAGE :
rower W 1 _DissEcToR: [ ——
_suemy T e = L
cooLing | ]| BEAM FORMING OPTICS SPECTROMETER"
uniy [ GRATING WAVEFORM
) DISPLAY
MODULATOR UV LASER CHANNEL
------------------------------------ LTI ST T T C T IET T Ty eyl A ExrrrareTTTTTor eI OSCILLOSCOPE
] | Z! LASER BEAM EoUcTOR
AIRFRAME N Siacoron M .
. -y
‘ FLUORESCENT RECORDER
LASER BEAM —“'Z i"' RETURN SIGNAL
A

RECEIVER FIELD OF VIEW

Y U

,,r-l-

V

oiL SPILL
LASER ILLUMINATED AREA

FIGURE 5.4-4 Schematic of Experimental Airborne
Laser Remote Sensing System
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~The LIDAR system for atmospheric monitoring, shown in Figure 5.4-5 uses a
doubled [5] narrowband frequency tuned laser pumped by a doubled Nd:YAG laser.
The laser emits a monochromatic, high power and highly collimated beam of low
‘divergence. . The beam goes to the folding optzcs where it is reflected to the
trénsmittér;optics for further collimation.- A portion of the laser beam goes

through the folding optics to the laser power monitor.

The pulsed high power laser beam, after being spatially filtered, is focused
~ onto a narrow column of the atmosphere by the transmitter optics. Molecules 'and
'aer0501$ absorb and/or scatter this radiation (i.e. the emitted laser pulses

undergo Mie scattering, Rayleigh scattering, Raman scattering and resonance Raman

~ and/or resonance fluorescence). - A portion of the light is scattered back from

" '-'thé atmosphere and is collected by a receiving telescope which is coaxial or

adjacent to the transmitter.

fhe-collected backscattered light is focused at a field of view-limiting
aperture, then passed through a narrow band filter (to reject unwanted stray
light of‘different wavelengths) .and then through a narrowband iﬁterference filter
to a fast response radiation detector(s).

The detector(s) transform the received photons into photoelecfrons. The
-output signal (photoelectrons) is processed in an analog fashion or by the
fU1$e counting technique depending on the level strength of the returned signals.
'The strong signals are processed in the analog fashion in which the photoelectrons
are,amplified,,filtered, fed inté‘a two sample hold and then into a highly stable
analog-to-digital converter (ADC). The digitalized output of the ADC is trans-
ferred into a 16-bit register. The weak returns can be processed using pulse
j_ éounting techniques in which the photoelectron are amplified,rdiscrimiﬂated,

pulse shaped and fed into two 8 bit counters and then into a 16-bit register.

REV. DATE: 31 July 1978
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‘A range bin clock activated by.a laser-has-fired pulse transferred the contents of

the 16-bit register-into'a shift-register storage buffer at intervals corresponding

~to 250 m of lidar range. After sufficient time has elasped for acquisition of all

return-signal data, the shift register will be clocked into the experiment computer

fthrough‘a RAU or through a High Rate Multiplexer. The scientific data from the
'LIDAR is based on the time-when the pulse returns (i.e., time delay between trans-

mitted and received pulses), the amplitude of the return pulse and the pulse width.

"The'signal obtained from the LIDAR system is a time history of the inter-

; action of the transmitted light pulse as it propagates through the atmosphere. By

knowing the Speed of light in the atmosphere, the time history of the backscattered

_radiation can be converted to distance, and thus the LIDAR can be used to measure
‘;WQ;pg;épapial-distribution of the scattering media in the atmosphere. The light. .
| béﬁkééattefed By the.atmosphere will héve'spectral_characteristics representative
f?6f thé‘ga§»from'which it is.scattered. Tﬁé characteristics of.these spectra, line
' céhtér, width and inténsity lead difectly to the determination of motion, teémpera-
‘ture and abundarice of the stattering species. By analyzing the sﬁectra.as a

_ function:of the transit time (i.e. time delay between transmitted and received

_ pulses) various altitude'regions will be explored.

REV. DATE:
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(1) SENSOR NAME, ACRONYM: LIDAR (APE-01)

(2) DISCIPLINE: Atmospheric Sciences (3) SUBDISCIPLINE: Atmospheric Monitoring

(4) APPLICATION AND OBJECTIVE:

e laser radar is designed to determine atmospheric winds, temperature profiles and
onstituent abundances by measuring the Doppler shift, width and intensity of the back-
cattered LIDAR returns. These measurements are important to provide information con-
erning the dynamics, structure and composition of the atmosphere. It will be also used
o determine cloud top altitudes, cirrus cloud reflectivities and thickness, and

vertical profiles of atmospheric aerosols using baéks;atter LIDAR returns.

(5) HERITAGE/KEY PERSONNEL: At present only simple versions of this sensor exist, which
re the outgrowth of military airborne laser designator technology coupled to laboratory
emonstrated dye laser tuning technology. Exp. Team Leaders: M. Chanin, CNRS, France
G. Fiocco Laborotorio Plasma Spazio, Italy, G. Swenson, NASA, MSFC, R.D. Hake, SRI

(6) SENSOR DEPLOYMENT:

e laser radar.is tentatively scheduled to be launched in 1981 as part of the Spacelab,
into a circular orbit, at altitude 250-275 km and inclination between 38-57 degrees.

t will be hard mounted to the pallet with its optical axis parallel to the orbiter
-axis. '

(7) SENSOR CHARACTERISTICS

. {7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

~Ithe laser radar includes fixed, multiwavelength and tunable emitters operable at UV,

VIS and IR wavelengths, 1 mrad FOV, high resolution dispersive elements, 1 m diamete;
" -Jreceiver, narrow band filters, photomultiplier tubes and photodiode detectors,. signal
“Iprocessing and electronics. It can operate day or night and preferably no moon atnight.
e sensor will be oriented either at the nadir or 45° to the nadir. A total of 18

ours of operation will be allowed due to power constraints.

(7B) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

[The laser radar transmits a short burst (< 2us pulse width) of collimated, mono-

chromatic energy (1J) at a 1 to 10 Hz repetition rate. The_spectral width is <.01 nm.
Power efficeney is 0.1 to 1%, and beam divergence is 1 x 10 ~ radians. '

| —

1! (7C) DETECTOR MEASUREMENTS CHARACTERISTICS: The detectors will measure the intensity
of the backscattered lidar signals. They can be either photomultiplier tube (PMT) or
photodiode depending on the wavelength of the incoming signal. The PMT is used when
the incoming photon is in the UV or visible, with 20% quantum efficiency (QE) at 530
nm, 2% QE at 1060 nm, sensitivity 5 counts/sec and dynamic range from less than 1 photonf
per second to 103 photon per sec. en the incoming light is in the IR, the photodiode
is used, with sensitivity >10 yw/cm®, dynamic range from less than 1 uw/cm® to greater
than 1 kw/cm?. Possible IR detectors are the InS (1000-3000 nm) InSb (2000-2500.n@),
Hgy Cdl-x Te (7000-14000 nm), Pbx Snl—x Te (2000-12000 nm). Data generated is digital

and is approximately 5.4 Kbps. _
5.4-1\3
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{8} SENSOR DATA MENSURAL AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:
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{9) MENSURAL AND TRANSMISSION SYSTEM — NARRATIVE:

‘The detector output can be either an analog signal or calibrated pulses depending
whether the photon counting method is used or the parameter to be measured is the
peak power.

The calibrated pulses are fed into two 8-bit. counters and then its contents are .
transferred into the 16-bit register. The signal is then routed via a buffer to
the High Rate Multiplexer. The analog signal is fed into a two sample hold and
then to 8 bits analog-to-digital converter. The digital output is transferred to

a 16 bit register and then to the High Rate Multiplexer via a buffer. The science

data, corollary data, voice and timing, form a composite data stream which is
transferred to the Ku Band signal processor for downlink.
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(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:

TORS _ DOMSAT

! @
. -y / \«\
ORBITER "‘4\"‘
AVIONICS |

TORSS Jsc- GSFC )
SRoUND n e FaciLITIES
STATION pocc SEE FIGURE 1] - :

FOR DETAILS USER
H ) 3 TAPES
: | ' ,

LANDLINES .

(11) RECEIVING AND PROCESSING — NARRATIVE: The Spacelab and orbiter flight data is
transmitted to the TDRSS ground station via TDRS on the Ku Band. The data stream is
demultiplexed inside the TDRSS ground station and outputed as follows: The high rate
multiplexer wideband data stream and the video/analog 4.2 MHz data are routed to the
Payload Operations Control Center (POCC) at JSC and to the Data Processing Facility
(SDPF) at GSFC via the Domsat. Alternately, the low rate data is routed vialand lines
to JSC and GSFC. The POCC performs the time critical payload data processing. POCC
—operations include monitoring, recording and demultiplexing the payload data.

The SDPF (See Figure 1 on next page) supports the non-time-critical data from the

Spacelab payloads. SDPF operations include quality checking, editing, chronologically
ordering and formatting of the experiment and ancillary data. It performs conversions
and transformations of the ephemeris/attitudes data. SDPF contains two major systems:
Spacelab Input Processing System (SIPS) and a Spacelab Output Processing System (SOPS).

(continued on next sheet)
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(11) continued

-~ The SIPS performs. the preprocessing functions required in SDPF. SIPS operations
N include data capturing, data quality monitoring, accounting demultiplexing.and
analog/video/véice product generation. Output products are generated by SIPS
- for shipment and further processing at other facilities. Their output products
. include: Unedited digital tapes and analog/video/voice tapes.. The SOPS performs
'.._.editing, time validation; formatting and digital product generation. Edited
'dlgltal tapes are generated by SOP's for shipment to the principal investigators.

a
ORIGINAL PATE 1§
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FIGURE 1 SPACELAB DATA PROCESSING FACILITY (SDPF)
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{12) DISTRIBUTION OF DATA FROM GROUND STATIONS — 8LOCK DIAGRAM:

SPACELAB CAMERA PHOTO-
GRAPHS (CLOUD DISTRN & NT)

AIRCRAFT DATA
OTHER SATELLITE DATA
GROUND STATION DATA

cLouD
PROPERTIES poem
-STUDIES -I

LIDAR POLLUTION |
SCIENCE —’

|
|
|
!
l
!
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I
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FORM OF VOLTAGES PROTONS/SEC €
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"{13) DATA DISTRIBUTION — NARRATIVE:

The output tapes are shipped to the Pr1nc1pa1 Investigators (PI). The PI will
process the LIDAR data tapes to reduce scientific and engineering data to usable
form and will then analyze the data and document the results in a form LIDAR
~experiment report.

The data processing and analysis program is approximately six months long.
Preliminary results will be reported by LIDAR team within 90 days of the
mission with final results to be published within 6 months after comparison
with ground truth.

2. 419
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(1) SENSOR NAME, ACRONYM: | Laser Altlmeter/Profl}ometerAgxperlment (OP-~06- S)

- : ‘ Spaceborne Laser Ranging Svstem (0P-16-S)

(2) DISCIPLINE: Earth § Ocean Physics {3} SUBDISCIPLINE: Ocean Processes/Geodynamics

(4) APPLICATION AND OBJECTIVE: The laser radar ‘is used to determine range, height or
depth using backscatter LIDAR returns. These measurements are essential to provide
for active sensing of directional sea state, ocean and coastal bottom topography,
subsurface ocean temperature profiling, fish school detection and track, marine plankton
productivity, oil and hazardous materials detection, ocean currents mapping, solid
earth dynamics and earthquake events.’

(5) HERITAGE/KEY PERSONNEL:: _
JAt the present there is no forerunner sensor. However there are various types of laser

systems available for the precision measurement of distance. Team Leaders: Frank L.
Hoge, J. T. McGoogan, NASA, WFC; M. W. Fitzmaurice, NASA, GSFC

(6) SENSOR DEPLOYMENT: _

The laser radar is planned on a seven day mission in 1981, 1982, 1983 aboard the
spacelab pallet. The sensor will be mounted on a pointing mount or fixed on the
pallet with a gimbal mirror pointing system. It will be at an altitude of 200 Km
and 50 degrees inclination. :

(7 | . SENSOR CHARACTERISTICS

' (7A) CAPABlLlTlES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED' ‘PARAMETER:"
The laser radar includes fixed, multiwavelength and tunable ‘emitters operable at UV

- §Vis and IR wavelengths, 1 mrad: FOV, high resolution dispersive elements,.l m: diameter
"J'receiver, narrowband filters;’ photomu1t1p11er tubes. and’ photodiode:: detectors, signal .
processing and electronics. The sensor requires an altitude reference system, 3-axis’
Gyro Star Tracker, Global Mirror Pointing System (or Pointing Mount and a high-speed
electronic package). The sensor will be used during ocean surface darkness and will be
oriented earthward, on ocean surfaces and towards nadir (San Andres fault in Southern
California). It requires roll and pitch stabilization.

~ {78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

The laser radar transmits a short intense, highly directional, monochromatic and well
collimated. flash of light operating at energies of 1 J, with 1 to 10 Hz repetiion
rate, less than2us pulse width, spectral width from 10 pm to 1 pm, efficiency from
0.1 to 1% and 10~ ‘rad beam divergence.

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS: The detectors will measure the intensity '

of ‘backscattered LIDAR signals. They can be either photomultlpller tube (PMT) or
photodiode depending on the wavelength of the incoming signal. The PMT is used when
the incoming photon is in the UV or visible, with 20% quantum efficiency (QE) at 530
nm, 2% QE at 1060 nm, sensitivity 5 counts/sec and dynamic range from less than 1
photon per second to 10° photon per sec. When,the incoming light is in the IR, the
photodiode is used, w1t§ sensitivity >10 yw/cm”, dynamic range from less than 1 uw/cm
to greater than 1 kw/cm . Possible IR detectors are the InS (1000-3000 nm) InSb
T (2000-25000 nm}, Hg Cd1 Te (7000-14000 nm), Pb Sn1 Te (2000-12000 nm) Data gener- )
ated is digital and’is approximately 54.4 Kbps.™ ] R

2
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{8) SENSOR DATA MENSURAL AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:
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(9) MENSURAL AND TRANSMISSION SYSTEM —~ NARRATIVE:

The detector ‘output can be either an analog signal or calibrated pulses depending
whether the .photon coun'cmg method is used or the parameter to be measured is the

peak power.

. The calibrated pulses ‘are fed into two 8-bit counters and then its contents are
transferred into the 16-bit register. The signal is then routed via a buffer to
the High Rate Multiplexer. The analog signal is fed into a two Sample hold and
then to 8 bits analog-to-digital converter. The digital output is transferred to
a 16 bit register and then to the High Rate Multiplexer via a buffer. The science
data, corollary data, voice and timing, form a composite data stream which is
transferred to the Ku Band signal processor for downlink.-
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(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM: e
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"{11) RECEIVING AND PROCESSING — NARRATIVE: The Spacelab and orbiter flight data is
transmitted to the TDRSS ground station via TDRS on the Ku Band. The data stream is
demultiplexed inside the TDRSS ground station and outputed as follows: The high rate
multiplexer wideband data stream and the video/analog 4.2 MHz data are routed to the
Payload Operations Control Center (POCC) at JSC and to the Data Processing Faculity ;
(SDPF) at GSFC via the Domsat. Alternately, the low rate data is routed via landlines
to JSC and GSFC. The POCC performs the time critical payload data processing. POCC
operations include monitoring, recording and demultiplexing the payload data.

The SDPF (See Figure 1 on next page) supports the non-time critical data from the

Spacelab payloads. SDPF operations include quality checking, editing, chronologically
ordering and formatting of the experiment and ancillary data. It performs conversions
and transformations of the ephemeris/attitudes data. SDPF contains two major systems:
Spacelab Input Processing System (SIPS) and a Spacelab Output Processing System (SOPS).

(continued on next page)
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(11) continued

The SIPS performs-the preprocessing functions required in SDPF. SIPS operations
include data capturing, data quality monitoring, accounting demultipiexing and

-~ analog/video/vVoice product generation. Output products are generated by SIPS

- for shipment and further processing at other facilities. Their output products
include: Unedited digital tapes and analog/video/voice tapes. The SOPS performs
editing, time validation, formatting and digital product generation. Edited

. digital tapes:are generated by SOP's for shipment to the principal investigators.
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.(12) DISTRIBUTION OF DATA FROM GROUND STATIONS ~ BLOCK DIAGRAM:
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-{13) DATA DISTRIBUTION — NARRATIVE:

The output tapes are shipped to the Principal Investigators (PI). The PI will
process the LIDAR data.tapes to reduce scientific and engineering data to usable
form and will then analyze the data and document the results in a form LIDAR
experiment report. 4

The data processing and analysis program is approximately six months long.
Preliminary results will be reported by LIDAR team within 90 days of the
mission.with final results to be published within 6 months after companson
with ground truth.
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Section 5.5

INTRODUCT L:N 'TO MULTISPECTRAL AND MAPPING CAMERAS

The .uniqueness of the pcrspectivé offered by acrial photography has made it
useful for planning purposes for a very long time. The first aerial cameras were
Sdrne aloft by balloons heforc the invention of the airplane and tﬁe progress of
aerial reconnaissance and that ot acrial platforms have been ih parallel since the
first of this century. Techniaues for intCrfrcting and correcting aerial imagery,

»the equipment and pcrsonulltius'invnlvcd in the dequisition and utilization. of
it have all deyeloped around film and the cahora. The roots of remote sensing ére'
found in the photographic techno!npy, Photpgruphip imagery and at least some

. visug;“interpretatléh-tcchniques.grcﬁpfpscntly uschijand will;probably:éontinucﬂto

”iDQLUSbfglffn"rémbte,$én§iﬁg(FbriBbﬁé"tiMQE?fﬂhofdgrﬁphic]emursiqﬂ}ﬁdepQSitdd*”“”f*

uniformly upon a stable backing material is in ro uncertain sense a,valid remote .

FEREIE

‘senso

Fiimiéione has the capaBllity~to~d1fbcii;igggfélg€éféﬁé géﬁmorry o
subject with its radiuncc. This capability mukeslfilm a reasonably dense storage
medium which, together with the varicty and complexity of surface-based film_imégery
analysis cquipment now in usec, are the reasons for considering cameras in this |
handbook. |

The intention of this section is to identify in capsule form the major
aspects of a photographic remete scensing system so that the user of the
handbook could broadly Jctermine the tools likely to be available to him in any
given application, the limits of the capabilitics of thesc tools and the litera-
turc that will lead to morc detailed information. Discussions of the fundamentals
of optics and photo-chemistry are available clsewherce and will not be dealt with.

Techniques vary widely from one application to another and the degree of success

I REV. NO.: 2 REV. DATE: 31 Jan 1978
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f . o , B
reported'in thelliteratu;e ranges over a broad scale. Therefore, recommehdation;

§f methods are not made. |
’Cameras-used on spacecraft are for the most part variations of those
' devéibped}for éircraft use. Some aerial cameras that are in use in 1977 are
éhanged litéie.from the mid-1930's versions of the same cameras. The variety used
in spacé flighf‘includes small hand-held 70mm cameras and larger types, mounted
_to‘the spaééqraft, using large‘film-fofmats. The Earth Terrain Camera (framing
_cameré) used on.Skylab, for examplé, was referred to as the S190B experiment and
;-Qas basically a high-performance réconaissancelcainerao The 46-cm focal length lens
"_wéé chromatitally corrected over the extended wavelength range of 0.40 to 0.90 mi-

w. crons. The. shutter was a bidirectional focal plane with speeds of 1/100, 1/140 and

zzzooasecond, Taking‘into:account”the“subtrack velocityvof the vehicle, a shutter

:sééed‘df 1/200 second allowed '"smear" of thé image which was large compared to the
. iéﬁé{film cdﬁbiﬁaiion resolution.capabiiity of up to 180.lines/mh. (This translates
to a ground resolution of six meters for that particular mission.) The ﬁethod used
to’compensafe for this smear was to réck the entire camera body and lens cone about
a pivot at a rate which would cause the film to move at the same rate as the image.
‘This is called rocking-camera forward mbtion compensation (FMC). . Characteristics

"common>to this group of framing cameras are high resolution and low geometric
distértions. Table 1 summarizes the capabilities of representative cameras and
Table 2 lists compatable lenses.

Another kind of function which cameras pefform‘is spectroradiometry. In this
usage, more than one image.is formed with all images normally being the same size.
The 1light forming each of the images comes from spectral bands selected by filters.
One method of forming a multiplicity of images is to usé a number of cameras, all

boresighted together with matched lenses. An alternative is to use one camera
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body with a number of lenses forming separate images on a single piece of film.
The multiple camera scheme has the advantage offered by the flexibility of being
able to select an optimum film/filter combination for each camera to achieve the
desired results. One disadvantage is that small differences in shutter actuation
time from one camera to another will reduce the deérée of registration that can
.be realized. An example of a multispectral camera puf together from off the shelf
~ components is- the S065 experiment on Apollo 9. This unit consisted of four
conventional Hasselbland 2 1/4" xv2_1/4" (70mm) cameras equipped with 80mm fL:
lénsgs and Wratten filters. These were attached to a ring which was'then mounted
in-flight to a hatch window in the command module. Experiment S065 took'the first
multiband ﬁictures of earth on film from space. Ground resolution of the eqﬁipmgnt
. varied between. 50 énd~125 meters dependiné ﬁpon the band.. A stéte-of-the-art

example of a multlspectral camera of th1s type is the Itek Multlspectral Photographx

‘ZTFac111ty (MPF) bu11t for NASA's S 190A exper1ment It con51sts of s1x cameras, »*l‘
taking imagery in non-overlapping optical bands. Its performance character:
istiqs are summarized in Table 3.

Still another form of multispectral camera is one whereba_multiélicity
of identical lenses (usually four or more) are mounted together on a common lens
board. In éohjunction with a common focal plane shutter, they expose multiple
images on a single piece of film. Filters placed in front of each lens assign-
spectral coverage to each lens. One gdvantage of this arrangement is that the fast
transit time of the shutter minimizes differences in time of occurrence and duration
of exposure of various images. Also, since images appear together on the same

sheet of film, then except for dimensional changes in the film (which should be

small) the images have fixed relative positions and can be registered. Character-

istics of two such cameras are summarized in Table 4.

. 5.852
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TABLE. 3 Design Specifications for S190A
Multiband Camera for Skylab

Area imaged 150 x 150 Km from 5.35 Km altitude

f number (minimm) 2.8
Focal length 150 wm
B Film width 70w
. Base thickness 60 um or 100 ym
Image distortion 0.01% .
Registration All bands registered to <12 ym
Image planc Uniformity hetter than +8% including any
irradiance vigwetting effects *
Borcsiphting v " Optical axes all fall within s conc of 1
are ain full-angle
Repetition rate 1 frame por 2 sec
- Stop opcnings Watcrhouse srops at 1/2 stop increments
. from f/2.8 to f/16 accurate to #1.5%
Forwan) motion Error §%
compensat ion
Shutter speeds 2.5, 5, ond 10 ms accurate to 5% with

£2,5% repeatshility. Six shutters syn-
chronized to 4 ms

Ground

Wavelcngths Film Resolution
hands -{um)* Nimber wfline paires
0.50 « 0,00 314 20

0.60 - 0.70 3414 20

0,70 - 0.80 2424 110

0,80 - 0,90 2424 110

0.50 - 0.88 -3443 95

0.40 - €.70 . se-242 30

* Six other filters can bhe provided for sclecting different wove-
length hands in addition to those specificd here. :
**  Hetimate: not part of NASA specifications,  Note' that
film 3414 was not used on SIMO0A. It is listed here to indicate
roughly what could he ohtained if the system is used in future
orbital experiments. :

Films used for remOte'sensing purposes include both black and white and color.

In both types, films are available with response extended into the infrared region
of the spectrum up to approximately 1.0 micrometer wavelength. Photographic
reSponsé to wavelengths longer fhan this.is normally not possiﬁie because the
lower energ& of the radiation fails to bring about the chemical changes in the
emulsibn. Imagery at the far-infrared wavelengths beyond about 1 micrometer -can be
accomplished using a scanner. (See>section on Imaging Spectroradiometers.)
Films are distinguished by defining the following group of variables:

(1) packaging

(2) SenSitivit§

(3) grain size

S5
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m

spectral response

backing material

chemistry of development

resolution

size

ORIGINAL PAGE IS
DE PQOR QUALITY

TABLE 4 Multispectral Aerial Cameras

Camors Model 11 Mark 1
ur S Pata 1%
Primary use .l
Foraat (cm) 1.9 549 8.9z 8.9
FPila lemgea (w) 76 %
fLase thickaess (um) 100 too
Framan/Roil (1] 300
Nagazine A-SA or A9 A=SA
Cytle time (sec) .0 2.0
find woving file Ty
PC Aste (ee/sec) 2.5 -« T0 NA
RMC Frrer NA nA
AWAR, 1,000:1 a8 NA
{tp/mm)
Fits 2434 NA
Processing A NA
- Typs of measuresent taboratory NA L
Compatible Llenses Xenotar lenotar
(s) E Schaeider
Focal leagth (me) 150, 100 150, 100
RN ) L ns-18 8-18
Naveisngth Range (um) 4 bands ) 4 bands
_Filters - forty available. ~ 0.4-0,7 WATY,
. P 47-0.89 ¥S8,

' Cin'be used wioormas: res -

e fentarilllgz s

Can hé used w/1R © " a3

Changes of focus NA A

roquirsd for 1A

color fiim?

Angulsy coversge varios w/focal varies w/focsl
length Lengen

Shutter Speod (sec)

1/28 - 1/33 or

17130 « 1/350 (A),

17150 - 17330 17350 - 1/300 (B

Sgter Type- 17350 - 1/R00 focal plame .
foeal pisne (2 types: A0
43 Ei

Weight (kg), w/o
fils and Mouat

Mouat Asl,11,-114,-27, A8 o10 118,27,
-27A Er )
ate Annotstion L) “w
Intervalometor res eaternal
Faposure Costrol A NA
fomrts sodified K22
Caners w/A lens
24-cm fita
*Peak *interference fliters

With this many variables, a detailed discussion of

Block IR la 3 bends

the subject is beyond the

scope of this handbook. For details of items one through seven, the reader is

referred to Reference [3]. Some of the film formats in use in cameras as well as
some other remote sensors are shown in Figure 5.5-1. For more information on

formats, see Reference [4].

:  5.57
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-these are mounted between layers of protective glass. The two types have relatively

Optical filters can be of either the pass-band or stop-band variety depending
upon whether their function is to pass or block selected rediation. These two types
may be implemented by an absorption or interference phenomenon. Included in the
absorption filters are colored glass filters (Coming, Schott, Baird atomic) end
Wratten (Kodak) filters.

Colored glass filters can be produced by ions in true solution or by sub-
microscopic crystals.suspended in the glass melt.. Wratten filters are actuelly

a dried gelatin stained with an organic dye and laquered for protection. Frequently,

broad.bandpass characteristics.” These filters are in wide use for color separation
in the visible wavelengths and for color correction in both the visible and in-
visible portions of the spactrum. Absorptlof/fﬁiégr characteristics are elaborately
depicted in. references [5], [6], [10] and” [12]

Intrrference fllters con51st “of @ transparent substrate covered with: alternate
layers of dielectric of different indexes of refraction. The layers are vacuum
deposited and operate on the principle of‘the Fabry-Perot interferometer. They
have the electrical analogy of a filter where the number of stages ef the filter‘
is equivalent to the number of layers of dielectric. These filters are selective
by reflecting unwanted radiation. They are typified by narrow bandpasses and steep
SRirts. Interference filters are frequently built with a total passband of only
50 angstroms. The reflection phenomenon is produced by reinforcement by adjusting
the spacing of the dielectric to a‘speci£ic relationship with the wavelength of
light to be‘passed. When the incident light is not normal to the surface, the
spacing of the dielectric becomes improper for the design wavelength. The result
is that off-axis light sees a ''detuned'" filter, one not operating at the intended

wavelengths. Temperature also tends to “de-tune' interference filters.

REV.NOQ.: 2 REV. DATE: 31 Jan 1978
———
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Most filters, absorption type and interference type, pa#s radiation outéide
the prescribed passbéﬁd. These spurious outputs can be surpressed with another
filter used in combination to eliminate the unwanted radiation. Other types of
auxillary lenses are (1) antivignetting filters whiéh are used with particular
lenses’to even out the light distribution in the image plane and (2) Polarization
filters which are used to remove some of the effect of haze by.discriminating
against the natur#lly polarized component in sunlight.

| In addition to the manual visual interpretation_of photographs, there is a
largé demand for machine processing. In this process, a measurement is made of the
density of the transparency and the coordinates of the measurement are correlated
with it. This can be ﬂone.manuélly_one point at a time or a conversion to video can

beéfmade'uéing a flying-spot scanner or a television camera. Once-the conversion is
made to video, the data can be treated as high resolution video and such operétions
éé the following ﬁan be performed:v o
(a)'density slice
(b) false color
(c) edge enhancement
(d) reverse polafity
(e) contrast enhancement
(f)'gray level_convefsion
(g) horizontal and vertical measureménts
(h)~chénge magnification
(i) cursor
To digitize multispectral records; more than one transparency must be -scanned.

This can be done with a separate video camera for each transparency. However, the

geometric distortions in the rasters must match in order to preserve theregistration

REV. DATE: 30 Sept 1977
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An alternative is to utilize a flying-spot scanner whefe é raster is generated on
a CRT with good_spot définition and short phosphor décéy.éime. The image of the
-raster is focused upon the transparenéies to be analyzed bf using Beam splitfing_-

. mirrors. A photoﬁultiplier tube behind each transparency picks up theﬁvideo for
that particglar channel. In thisvway, geometric .distortions present in the raster
will be projected equally to each transparency.

Visual multi§pectral image reconstruction can be accomplished using an additive
color combiner. A projector is used to project each transparency onto a screen
and the images are registered spatially. Filters afé placed in front of each
projector and the intensity of each projector's output'is adjuéted to pfoduce'the
desired effect. Multiépectral photographs where all recordS appear in the same
_piecé.of'film simplify the'registrétion'probiem from one image to the next sincé;

the relative positions of the images are fixed.

I REV.NO.: 2 I REV. DATE: 31 Jan 1978
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: SHEET 1 OF 5

(1) S;NSOR NAME, ACRONYM: Metric Camera (ECE-1)

(2) OISCIPLINE: Earth Observations (3) SUBDISCIPLINE:  Land Use
(4) APPLICATION AND OBJECTIVE: V '

The Metric Camera-is designed to produce small scalemaps from space photographs and
ty:test the capability of cartographic mapping and map revision from these photo-

graphs at scales 1:50000, 1:100000 and smaller with respect to topographlc and thematic]
data. '

Y

{5) HERITAGE/KEY PERSONNEL:

The Metric Camera is presently available ‘and is essentially a stock Zeiss Model RMK
30/23 Photogrametric camera. Minimum mod1f1cat10ns are presently studied. Exp. Team
Leader ESA

(6) SENSOR DEPLOYMENT: :

The Metric Camera will be aboard Spacelab -1, planned for launch in December 1980,
_at altitude 250 kilometers and 57 degrees 1nc11natlon. The camera will be placed
inside the module, and on a suspension mount under the opt1ca1 window. Pointing

direction is local vertical to within t1 degree.

(7) ’ SENSOR CHARACTERISTICS

{7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

The Zeiss RMK 30/23 Camera utilizes a TOPAR A lens having a focal length of 305 mm

. and aperatures: of '£/5. 6, £/8 and f/11. The maximum lens distortion within the .23 cm
“X 23 cm” £ilm- formatis 3 um, “Angular coverage {5 '56°across the diagonal and 412 oni:
each side. Uniformity of scene illumination in the focal plane is controlled by lens
design. gnd by anti-vignetting filters to within one-half f stop over the entire
visibl é'range and into the near infrared. No further compensation is necessary when
changing film from panchromatic to infrared. Three magazines will be carried on

(78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS): N/A. 7(A) Continued:
- 'board. Photomission planning calls for strip targets ranging in length from 1800-2300

km. 80% overlap is planned. A total of 1650 exposures will be produced of points

of interest in all facts of the earth where sun angles between 15° (for desert areas)
and 68°. Film emulsions used in any one strip will be the same throughout the strip
because changing films requires a change of magazine and filter. The mounting shown
in Figure 1 allows nadir viewing %1°.

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

Filter, emulsion and film base selections have not been made at this writing but it
is reasonable that types 3443 and 2445 represent the type that will be employed.
Forward Motion Compensation is not used in the RMK 30/23. Consequently, shutter
speeds will be limited to 1/500 sec or faster. With a ground track velocity of 7.7
km/sec, image smear during shutter opening, combined with the resolution of the lens/
20 m with the slower shutter speeds. Automatic exposure control is 1ncorporated

Exposure sequence timing is shown in Figure 2.
Precedmg page blank
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, o - DATA SHEET .
_ S < , "SHEET 2 OF 5
. CONTINUATION SHEET: v
. ( . T \\\ S
) \\G’MM’FIL‘I’!M
! ' FILM MAGAZINE \\
‘ : : N
1 \
N\ . \
gy - -
| /
/
i CAMZRA BODY S
l __/’/
] |__,/
v
)
- SPACECRAFT WrINDOW
FIGURE 1 Metric Camera Mount
" DRIVE MOTOR °
SHUTTER -
BLOWER MOTOR.
PRESSURE PLATEN LOWERED = | . . *
VACUUM |, i
- | H N
[]
g!) EXPOSURE 1/1000 sec. !
! (EXPOSURE) RELEASE LOCK ‘ 1
| EXPOSURE OF AUXILIARY RECORDINGS (1/25 sec.) 1
"-‘ ROTATION OF MAGAZINE COUPLING -
AT 1/1000 soc. | | BLOW-OFF PRESSURE 4 E
{mN. 1.09 sec. ] _LIFTING OF PRESSURE PLATEN P,
CYCLE ! . §
MAX. 1.19 sec. | _ FILM TRANSPORT IR :
T ' | PRESSURE PLATEN LOWSRED
| | vacuum
. | .,
0 0.25 05 0.75 1.0 1.04 soc.
FIGURE 2  Exposure Sequence
EECTQON NO.:. 5.5 SENSOR CATEGORY: Multispectral and Mapping Cameras
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DATA SHEET
: SHEET _ 3 OF §

{8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:

FILM
MAGAZINE
REMOTE
| INDICATOR _
™1 FoR FILM-
MANUAL ADJUSTMENTS TRANSPORT
' POWER
REMOTE CAMERA CONTROL |  CAMERA
CONTROL  [FILM ANNOTATING- o]  BODY
UNIT DATA >
* ' AUTOMATIC
POWER »| EXPOSURE
MANUAL CONTROL
GROUND ELAPSED TIME A DJUSTMENT
FRAME NUMBER AT AUTOMATIC FILTER
X  EXPOSURE CONTROL
. APERTURE AND CAMERA
EXPOSURE TIME ' SUSPENSION
MOUNT
_ WINDOW

EARTH RADIATION

(9) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:
_Sensor output is in the form of a latent image on photographic film. This film is

returned to the surface for processing. No data is downlinked but voice recordings
are coordinated with sequences.

g.5-1
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SHEET 4 oOF S5

STETIT

(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:

APPROX.
SURFACE— 550
FILM BASED ORIGINALS
MAGAZINES LABORATORY - EACH ROLL
#  p=—»] PROCESS#1 Esa
PROCESS
# = "2 >~ DUPLICATION
0 beeicg{  PROCESS #3 =i NASA
ADDITIONAL
ANNOTATION
{ GEOGRAPHICAL COORD. R

SUN ELEV AND AZIMUTH ANGLES
GROUND TRACK VELOCITY
ALTITUDE

. SPACECRAFT ATTITUDE

(11) RECEIVING AND PROCESSING — NARRATIVE:

Film types have not been selected. Processes 1.2 and 3 may not be identical.

v

5.8-18
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DATA SHEET '
SHEET _ 5 OF 5

{12) DISTRIBUTION OF DATA FROM GROUND STAT!ONS'— BLOCK DIAGRAM:

ANNOTATED
DUPLICATE | > “RAW” DATA USER

% e~ DISTRIBUTION

EDIT FOR - ADDITIONAL

CLOUD COVER PROCESSING

> COLOR
SEPARATE
EDITED AND
ANNOTATED

DUPLICATE

%—D RECTIFICATION j==pi SCALING j@uipni: DIGITIZE

sl fstereo L
=1 ANALYZE

REPRESENTATIVE ADDITIONAL PROCESSING

(13) DATA DISTRIBUTION — NARRATIVE:

The stated purpose of the metric camera on the Spacelab-1 mission is proof of
concept for mapping purposes. Plans for additional distribution beyond that
objective are incomplete.

5.5-19
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(1) SENSOR NAME, ACRONYM: Earth Terrain Camera (S190B) -

{2) DISCIPLINE: Earth Observations : (3) SUBDISCIPLINE: Land Use

(4) APPLICATION AND OBJECTIVE:

The Earth Terrain Camera (ETC) is designed to provide high resolution photographs
.of land areas that-can be used for urban and regional planning and for the revision
~of maps with scales of 100,000 to 10,000,000.

(6) HERITAGE/KEY PERSONNEL:

~The ETC is the same camera flown on Skylab. The only required modification will be
the addition of pressurized housing. Team Leader TBD, NASA, JSC.

_{6) SENSOR DEPLOYMENT:

The ETC is tentatively proposed to fly as part of the Shuttle Mission No. 4. It
will be rigidly fixed on the pallet. It will be operated from 443 Kilometers (239
nautical miles) altitude and 48 degrees inclination and it will point towards the
nadir with pointing accuracy nadir + 2 degrees.

{7) , SENSOR CHARACTERISTICS

{7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

" The ETC is a mapping camera and is equipped with a £/4 lens with a focal length of
45.7 centimeters. (18 inches). Its-field of view of 14.2 degrees across flats pro-
" viding ground coverage of about 111 kilometers (60 nautical miles)-square-surface
coverage. The camera compensates for spacecraft forward motion through programmed
camera rotation. Sequencc photography rates of 0 to 25 frames per minute are possible,
thus providing up to 85% overlap between frames providing stereo photography. Shutter
speeds are selectable at 5, 7and 10 milliseconds with a curtain velocity 292 cm/sec

(continued on next page)
(7B) ACTIVE SOURCE CHARACTERISTICS (FOR: ACTIVE SENSORS): ) -

R
RS

N/A

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

The ETC uses 12.7 centimeters (5 inches) film of 2.6 mil base supplied in cassettes

of approximately 450 frames each. Total film capacity is 12.7 cm x 61 m (S inches

x 200 feet) thin base. The picture size (format) is 11.4 x 11.4 cm (4.5 x 4.5 inches).
The camera is designed to use the following film types and filters combinations:

(continued on next page)

. Pocain page bk
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 DATA SHEET o
SHEET 2 oF__6

CONTINUATION SHEET:

(7B) contihued

(115 inches/seconds). Photographs of the land areas will be obtained in the
summer hemisphere when the sun elevation angle is greater than 30 degrees, and
in the winter hemisphere when the sun elevation is greater than 20 degrees and
cloud coverage of less than 30 percent.

(7C) continued

Film Film Type Wavelength Wratten Filter No.
S0242 Aerial Color High 0.4-0.7 um Neutral
Resolution
EK3414 Black and White 0.5-0.7 um w-12
or
EK3400 High Definition Aerial 0.5-0.7 um W-12
Black and White

EK3443 Aerochrome IR, Color 0.5-0.88 ' W-12

| The expected ground resolution for the proposed film and filter combination
will vary from 10 meters to 46 meters (37 feet to 150 feet).

SECTIONNO.: §.5 SENSOR CATEGORY: Multispectral and Mapping Cameras .
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DATA SHEET

SHEET_ 3  ofF 6

CONTINUATION SHEET:

311
FILM MAGAZINE — 12,267
(SHOWN PARTIALLY
EXTENDED) |
VACUUM
" FITTING
CAMERA : ’
BODY :
CONTROL ) \— POWER
BOX 71.6
_\ ) (28.20")
OUTER
BARREL
MOUNT
FMC DRIVE _

™

ETC (S5190B) Ground Trace

SECTIONNO.: 5.5
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SHEET 4 OF 6

i8..) SENSOR DATA MENSURAL AND TRANSMISSION SYSTEM ~ BLOCK DIAGRAM:

S , ’ EXPERIMENT
- : COMPUTER D
MASS MEMORY _ SCIENCE

HOUSEKEEPING

CONTROL

- ELEMETRY 64 K?”’ . 1/O UNIT }@g R. A U.
o , — v
l FILM I
FeEsssss=s- 3 .
! ~gguand=c> BODY ASSY
‘ FILM ANNOTATION DATA - b :
Y= : MANUAL ADJUSTMENTS .______;_,. MAGAZINE ,i CHANGE FILM
CONTROL ) o FRAME RATE ) I
BOX v > ’ [
4 MANUAL ADJUSTMENT  fus -
X , F’ 1 MANUAL
POWER o SHUTTER SPEED N FMC DRIVE "<T a FORWARD MOTION
, : . t
' GROUND ELAPSED TIME ! = ,,+,' oo AT
@ ] )
‘e ‘FLIGHT-ALTITUDE ° b v eiiter [ LENS COME ASSY
'8:'SPACECRAFT ATTI'I_'UDE v ; bt I
.o SHUTTER SPEED | 1 MANUAL ~

‘@ FMCRATE S ' besomobacaad o CHANGE FILTER
RN _ - . EARTH RADIATION

. -
» oha- ]

(9) MENSURAL AND TRANSMISSION SYSTEM — NARRATIVE;

Sensor output is in the form of a latent image on photographic film. The film is
returned to the surface for processing. Housekeeping analog and digital data are
downlinked. Voice recordings are coordinated with sequences.

 SECTION NO.: 5.5 SENSOR CATEGORY:  Multispectral and Mapping Cameras
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(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:

_ SURFACE—
FILM BASED
MAGAZINES LABORATORY

;‘1’ 242 11 process#

EK3443 || pROCESS #2

# DUPLICATION
EK 3414 OR
EX 3400 |p=——{ PROCESS #3 > NASA
0
ADDITIONAL

ANNOTATION
M
f GEOGRAPHICAL COORD.
SUN ELEV AND AZIMUTH ANGLES
GROUND TRACK VELOCITY
ALTITUDE ,
SPACECRAFT ATTITUDE -

i

(11) RECEIVING AND PROCESSING — NARRATIVE:

A

The film will undergo initial processing, sensitometry and densitometry testing,
screening and quality control, preparation of screening masters, annotation and
duplication.

H

g.5.25
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(12). DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

-ANNOTATED -
DUPLICATE o{ RADIOMETRIC BLACK & WHITE
CORR MACES AT OR BASE 0ATA
C‘“O . PHOTOINTERP. THEMATIC MAPS TO
————— GEMERAL USER
RRACHINE ARAL. COMNURITY
GEOMETAIC COLOR COMP.
CORR BIAGES
3
GROUD . ' .
CORTROL DRFGEQE‘
DATA D, LYy Ea-
E %& . 9‘A . Pry
. o
, - Ay
ADDITIOAL PROCESSING .
SR
COLOR SHEETS
SEPARATE
4 ; ARCHIVAL ) .
REFORMATTING FOR use
AN . [ overtavig CENSUS TRACT CENSUS CERSUS REPORTS PUBLIC
© RECTIFICATION | DIGITIZE -t KOO T CARTOGRAPHIC, ENUMBERTION DATA i DATAT bsen SOVTS
o SOSAICING : CULTURAL DATA oL — PROCESSING A TAPES
| e scaLe change . [ ust ) v
DY, .| - STERED
TR ANALYZE “INCORYORATED "
AGERCY IPUTS

(13) DATA DISTRIBUTION — NARRATIVE:

The annotated duplicates are subjected to both radiometric and geometric corrections
which becomes the raw or base data and is used primarily by the USGS. The Bureau of
Census requires further processed outputs. The black and white and color composite
maps at 1:24,000 scale are generated. Cultural data is superimposed on the thematic
maps from which the census tract scenarios and enumeration plans are derived. The
completion of the flow includes the actual census field work and the issuance of
standard census data products.

552U -
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(1) SENSOR NAME, ACRONYM: Multlspectral Photograph1c Fac111ty (SlQOA)
{2) DISCIPLINE: Earth-Observations

(3) SUBDlSCIPLINE Land Use

{4) APPLICATION AND OBJECTIVE:

The Multispectral Photographic Facility (MPF) is de51gned to obtain prec1s1on

ultispectral photographs of land areas that can be used for urban and regional
lanning.

(5) HERITAGE/KEY PERSONNEL:
The MP

e MPF is a modified S190A camera flown on Skylab.

Two modifications are being pro-
osed:

Increase the focal length from 15 centimeters to 33 centimeters and the add1t1onﬂ
of a pressurized housing. Team Leaders: TBD, NASA, JSC

(6) SENSOR DEPLOYMENT:

" [The MPF is tentatively proposed to fly as part of Shuttle Mission No. 4. It will be
rigidly fixed on the pallet with its long axis parallel to the velocity vector. It
will be operated from 443 kilometers (239 nautical miles) altitude, 48 degrees inclina-

tion and.it will point towards the nadir with pointing accuracy nadir * 2 degrees.

{7) SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

The MPF consists of an array of six precisely matched and boresighted 70 millimeter
‘cameras with synchronlzed shutters and . individual film- magazines and. filters: that e
51mu1taneously photographs . the same area, each viewing a different: wavelength The i
15.24 centimeters (6 inches) focal length f/2.8 lenses have a field of view of 21.2
degrees across flats providing a square coverage of about 166 kilometers by 166 kilo-
meters (90 miles by 90 milcs) from the altitude of 443 kilometers (239 nautical miles).
Data can be taken in discrete spectral bands from 0.4 to 0.9 micrometers by varying
films and filter combinations. Exposure times can vary from 1/400 to 1/100 seconds,

{78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENQORS) N/A

(7A) continued on next page:

- {7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

The cameras utilize 70 millimeter film of a 4-mil base in cassettes holding approxi-
mately 400 frames each. Photographic format.size is 70 millimeters by 70 millimeters

(2 1/4 by 2 1/4 inches). The cameras are designed for the .following bandwidth/¥ilm
combinations: .

(continued on next page)
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DATA SHEET
- SHEET_ 2 oF 6

'CONTINUATION SHEET:

. (7A) continued:

and framing overltap up to 88 percent can be achieved. The resolution of this .
. camera will vary from 21 meters on the visible color image to 58 meters on
- three longer wave images. Photographs of the land areas will be obtained
. . in the summer hemisphere when the sun elevation angle is greater than 30 -
- . degrees and in the winter hemisphere when the elevation is greater than 20
degreées. The cloud coverage is less than 30 percent.

i (7€) continued

Wavelength

- Camera (Micrometers) Film Type Filter

1 - 0.7-0.8 IR Aerographic Black & White (BGW) EK2424 cc
2 0.8-0.9 IR Aerographic Black § White (BGW) EK2424 DD
3 "~ 0.5-0.88 Aerochrome IR Color EK3443 EE
¥'“_“M0 .4- 0 7 » yhj;Aerlal Color (hlgh resolutlon) S0242 - :f%

o6 o 7 PANA'I‘OMIC X Aerial B&W B EKS400 ‘BB

PRI 0.5-0.6 . .. - PANATOMIC-X Aerial BEH EK3400  AA

5.5 -8
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" DATA SHEET ‘
- SHEET ofF_"6
CONTINUATION SHEET:
3 — )
Q
o /AR P ‘ a
NI N :
- , 1
. Yo !
16.25 inches _ 24.88 inches
Hlela O] 4 o
\
] \ / \ i
! \ / \ 2 | Q
———
[————————— 22.33 inches r——————— 22.33 inches
SIDE VIEW BOTTOM VIEW
Multispectral Photographic Facility (S190A) o
MAGAZINES
INSTALLED
FLIGHT -
VECTOR / __)r_._— NADIR
II )
MPF Ground Coverage S5 -39
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{8) SENSOR DATA MENSURAL AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:

EXPERIMENT
COMPUTER E
MASS MEMORY . SCIENCE
(Housexsspmcf

<

: TELEMETRY 64 )
<= € Kbps 1/0 UNIT R.A.U
/
FILM
1 Fiina MAGAZINE frtrmmmem
SENTRAL - POWER : o MANUAL
o > CHANGE
POWER CAMERA CAMER D O T RO st cAmERABODY | FILM
r’““'f““"’ CONTROL FILM ANNOTATION DATA
- SYSTEM -
MANUAL ADJUSTMENT o SKUTTER
- APERTURE CONTROL ASSEMBLY
» SHUTTER SPEED - LERS peopray
& AUT. OR SINGLE MODE EILTER
-0 GROUND ELAPSED TIME _
© FLIGHT ALTITUDE BORESIGHT CAMERAS AEARTH RADIATION
© SPACECRAFT ATTITUDE _
.e SHUTTER SPEED ' #1 #2 s #| W] |6
.© APERTURE < '
EARTH INSTANTENOUS
FIELD OF VIEW

(9) M’ENSU‘RAL AND TRANSMISSION SYSTEM — NARRATIVE: e

Sensor output is in the form of a latent image on photographic film.” The film is
returned to the surface for processing. Housekeeping analog and digital data are
downlinked. Voice recordings are coordinated with sequences.

5.2-30
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(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:

. SURFACE-

FitM ’ BASED - -
MAGAZINES LABORATORY
EX :14.24 peep-t  PROCESS #1

DUPLICATION

$O 246 —>| PROCESS #3

EK 3400 || PROCESS #4 > NASA

}

ADDITIONAL
ANNOTATION

A

rGEO('SF!AN’HICAL COORD.
SUN ELEV AMD AZIUMTH ANGLES
ALTITUDE ' o
SPACECRAFT ATTITUDE

o

o g

{11) RECEIVING AND PROCESSING — NARRATIVE:
Thé?film will undergo initial processing, sensitometry and densitometry testing,

screening and quality control, preparation of screening masters, annotation and
duplication. :

5.5-3\
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{12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

ABWOTATED '
DUPLICATE . RADIOMETRIC .| BLACK & WHITE
c CORR MAGES _'i RAW OR BASE DATA
Sy - o PHOTOINTERP. | THEMATIC MAPS YO
_l RACTINE ANAL, """ GENERAL USER
- COMMUNITY
GEOMETRIC COLOR COMP.
CORR MAGES :

3

GROUND
CONTROL
DATA

ADOITIONAL PROCESSING

COLOR
‘SEPARATE

SHEETS

h l ARCHIVAL
STERED

use
) OVERLAYING . | cemsusTRacy | CENSUS
@ CARTOGRAPRIC, Po~b-| ENUMBERTION DATA || CENSUSREPORTS | PUBLIC
CULTURAL DATA PLANRING PROCESSING - DATATAPES 6OVTS
| awacvze |

—

% 1120UAD
&0

S
O,

REFORMATTING FOR
CENSUS PLANRING

. |. @ RECTIFICATION .
“+1 o HOSAICHNG _
(O SCALECHANBE, . | L oo

DIGITIZE

“INCORPORAYED"
AGENCY INPUTS

2

(13) DATA DISTRIBUTION — NARRATIVE:

.The annotated duplicates are subjected to both radiometric and geometric corrections
‘which becomes the raw or base data and is used primarily by the USGS. The Bureau of
Census requires further processed outputs. The black and white and color composite
- images are subjected to rectification, mosaicing and scale changes where thematic
maps at 1:24,000 scale are generated. Cultural data is superimposed on the thematic
" maps from which the census tract .scenarios and enumeration plans are derived. The

completion of the flow includes the actual census field work and the issuance of
standard census data products.
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(1) SENSOR NAME, ACRONYM: Optical Bar Panoramic Camera (S163)

(2) DISCIPLINE: Earth Observations (3) SUBDISCIPLINE:  Land Use

{4) APPLICATION AND OBJECTIVE:

The Optical Bar Panaramic Camera (OBPC) is designed to obtain high quality stereoscopic
and/or monoscopic photographs of land areas that will allow delineation of all urban
areas, identification and location of new homes, streets and roads.

(5} HERITAGE/KEY PERSONNEL:

The proposed OBPC is an existing Apollo camera designed with heaters and insulation
to operate in the external environment. ‘
Team Leader: TBD, NASA, JSC

(6) SENSOR DEPLOYMENT:

The OBPC is tentatively proposed to fly as part of the Shuttle Mission No. 4. It will
be rigidly fixed on the pallet and it will be operated from 443 kilometers (239 nautical
miles) altitude and 48 degrees inclination. It will be pointed towards nadir.

(7) SENSOR CHARACTERISTICS

{7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

The OBPC is a scanning mapping camera containing a £/3.5 lens with a focal length of 61
centimeters (24 inches). The shutter is a scanning focal plane, variable slit-width
fshutter. The design includes V/h sensing, automatic control, forward motion compensa-
tion and gaseous nitrogen supply for the film transport. The caméra takes panoramic
cross track strips by rotating the lens around an axis parallel to the flight path. The
images produced cover a field of view 1.88 radius cross track and 0.188 radians (10
degrees 46 minutes) along track. The mode of operation is autocycle with constant
overlap along track. The frame rate varies from 1 frame every 17.5 seconds to 1 frame

(78)*ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS): N/A  (7A) Continued:
every 3.5 seconds. Exposurc time varies from 0.35 to 29 milliseconds.

Photographs of the.land areas will be obtained in the summer hemisphere when the
sun elevation angle is greater than 30 degrees and in the winter hemisphere when the
elevation is greater than 20 degrees. The cloud coverage will be less than 30 percent.

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

The OBPC uses 12.7 centimeters (5 inches) film, EK 3414, Black and White. The film
cassettes contain 1650 frames. Total film capacity is 165 meters (6,500 feet) of
thin base. The format is 11.4 by 127.7 centimeters (4.5 x 50.26 inches). The ground
resolution is S0 feet.
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CONTINUATION SHEET:
A1A12
AlAS - G;ﬁé’ﬂ A1A2 METERING
ELECTRICAL SYSTEM COVER SHUTTLE ROLL A1A20
ENCLOSURE 2 SUPPLY SPOOL
A1A8 3 DRIVE ASSEMBLY
LIGHT SENSOR A1A21
SNe—r ' SUPPLY
SENSOR ARM
A1A17
TAKEUP
SPOOL
DRIVE
ASSEMBLY
A1A3
> LOWER COVER
A1A1
GIMBAL A1A16
POWER SUPPLY
A1A7 AlAE AND FILTER
V/h SENSOR BELLY PLATE  AlA11 . ELECTRICAL SYSTEM
P/ A1A3 STEREO ENCLOSURE 1
DRIVE
Optical Bar Panoramic Camera (OBPC)-(S163)
Il1lustrations
GROUND
TRACE
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DATA SHEET

SHEET 3

OF

{8) SENSOR DATA MENSURAL AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:

EXPERIMENT .
COMPUTER D
MASS MEMORY SCIENCE
CONTROL <HOUSEKEEPING’
DISPLAY
y
TELEMETRY _
- LE §4 Kbos 1/0 UNIT e R.A.U
]
1 FiLmMcasseTTE
FILT
POWER _ LTER
CONTROL CAMERA CONTROE__._‘ CAMERA BODY
uNIT | __FILM ANNOTATING
- DATA
f' - t AUTOMATIC
. LIGHT EXPOSURE
POWER CONTROL

GROUND ELAPSED TIME

FLIGHT ALTITUDE
SPACECRAFT ATTI
FRAME NUMBER

; APERTURE o
EXPOSURE TIME . .. "";

SENSOR

TUDE

f

(9) MENSURAL AND TRANSMISSION SYSTEM — NARRATIVE:

Sensor outpﬁt is.in the form of a latent image on photographic film. The film is
Housekeeping analog and digital data are

‘returned to the surface for processing.
downlinked. Voice recordings are coordinated with sequences.
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(10) SENSOR DATA.RECEPTION AND PROCESSING — BLOCK DIAGRAM:

‘ ' SURFACE-
FILM E BASED
CASSETTE LABORATORY
1650 e '
FRAMES =~ PROCESS #1 | DUPLICATION
ADDITIONAL
ANNOTATION |
/" GEOGRAPHICAL COORD. A\
SUN ELEV AND AZIMUTH ANGLES
GROUND TRACK VELOCITY _
ALTITUDE

SPACECRAFT ATTITUDE

R T

{11) RECEIVING AND PROCESSING — NARRATIVE:

The film will undergo initial processing, sensitometry and densitometry testing,
screening and quality control, preparation of screening masters, annotation and
duplication.
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{12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

¥, Ac Fad ~ .
Jaé'éttjg " FASE -
.- ~tr Y, L_'
Ly

ANNOTATED

OUPLICATE SLACK & WHITE .
conA MAGES _I RAW OR SASE DATA
PHOTOINTERP, THEMATIC MAPS T
—————— ===t GENEAAL USER
MACHINE ANAL. COMMUNITY
GEOMETRIC COLOR COMP.
coAR MAGES

|

GROUND
CONTROL
O0ATA

ACOITIONAL PROCESSING

Tizauao

COtOR SHEETS
ol R (OS0!
4

SOl

ARCHIVAL
OVERLAYING CENSUS TRACT use ce
NSUS
o1 CARTOGRAPHIC, t—o={ ENUMBERTION DATA  fnage] CENSUSREPORTS | PUBLIC
CULTURAL DATA PLANNING PROCESSING DATA TAPES GovTs

FIELD
) use

REFQRMATTING FOR
CEASUS PLANNING
@ AECTIFICATION
® MOSAICING

® SCALE CHANGE

DIGITIZE

STERED
ANALYZE

“INCORPORATED"™
AGENCY INPUTS

(13) DATA DISTRIBUTION — NARRATIVE:

The annotated duplicates are subjected to both radiometric and geometric corrections
which becomes the raw or base data and is used primarily by the USGS. The Bureau of
Census requires further processed outputs. The black and white and color composite
images are subjected to rectification, mosaicing and scale changes where thematic
maps at 1:24,000 scale are generated. Culturali data is superimposed on the thematic
maps from which the census tract scenarios and enumeration plans are derived. The

completion of the flow includes the actual census field work and the issuance of
standard census data products.
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Section 5.7
INTRODUCTION TO IMAGING SPECTRORADIQMETERS

. The classification of Imaging Spectroradiometers includes nonphotographic
imagers which monitor reflected solar radiation in more than one region of the
.spectrum simultaneouély through one optical system. Contrast this with (for
example) Multiband Retufn Beam vidicon. Rather than use film as theAradiation
detecting mechanism, light sensitive electronic devices such as diodes, photo-
voltaic cells or photomultiplier tubes are used. Tﬁe outputs of the detectors
are transmitted in combination with synchronizatién pulses so that the viewed
image can be reconstructed at a remote point.

Imaging spectroradiometers usually takes the form of a multi-spectral scanner
and are used in those applications where: (1) orbital motion of the spacecraft
can proyi@e»scan.aloggfxracka(2) a4numbe:.9f)we;1-defin¢d.speF§§alﬂbgnds iﬁ'FO
be monitored, (3) high radiometric uniformity over the viewed aréa is desirable,
(4) a wide field of view is desired, (5) radiation into the infrared spectrum is
to be monitored. The broad spectral coverage and good spectral and spatial
resolution of imaging spectro-radiometers makes them attractive for applications
where a phenomenon can be recognized by its reflected or emitted radiation. Typical
applications include (1) mapping of geophysical features, (2) crop inventorying,
(3) hydrological surveys, (4) mineral resource searches, (5) urban population
pattern studies, (6) land-use classification, and (7) location .of marine life.

The output of most imaging spectroradiometers consists of a video voltage
with synchronization for each of the optical passbands being used. These video
signals are not at standard TV rates, owing to the fact that the inertia terms in
electro-mechanical scanners will not allow the fast TV line rates. Moreover,

the high resolution capability of this type scanner would make data rates excessive

— _
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if standard TV line rates were used. It is convenient to convert the detector
outputs from analog.to digital and multiplex them if transmission over a distahce
'is required. Currently, signal to noise ratios can support digital quantization
- to the six-bit level.

No clear separation exists between the development of imaging spectroradio-
hméters and ‘the development of imaging electro-optical scanners. The later dates
back into the late nineteen twenties and includes early television experiments.
Forvohr»purposes, little additiohal insight is to be gained by going back further_
" than late 1959,.when the first earth observation instrument to return usable data
from space was flown on Explorer 7. Since theh, thirtf—six instruments, of twenty
different designs, which can be classified as imaging radiometers with mechanical
a“§ganning.\have flown'onAtwenty-different orbifal missions.
The ba51c imaging spectroradlometer is exempllfled by the spectroradlometers
“aboard the early TIROS (2 through 7) and NIMBUS (1, 2 and 3) f11ghts except that
'separate 1mag1ng optics were used for .each spectral band. These instruments, called
Medium Resolution Infrared Radiometers (MRIR), were relatively simple and are
useful for illustration purposes. ’

They are of two basic styles. The earlier units, those that flew on TIROS two
through seven,Acontain no scanning mechanism whatsoever, as they were designed for |
use on a spin-stabilized spacecraft, where the spin provided the cross-track scan
while line advancement is prov?ded by orbital mopion. The Nimbus MRIR, on the other
hand, is similar in layout.to the earlier spin-scan instruments, but since it was
installed on a three-axis stabilized spacecraft, a scanning mirror was added to

provide cross-track scan. Line advancement is still provided by orbital motion

(see Figure 5.7—1).
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Figure 5.7-2 is an~idealizéd and simplified pictoral diagram of the early

Tiros radiometers..

“The centerline of the instrument is installed parallel to the

center of rotation of the spacecraft. A flat mirror deflects the optical center-

line of the imaging dptics_to a path orthagonal to the axis of rotation. Radiation

FILTER

LENS APERTURE

] DETECTOR

T
FLAT
MIRROR
- L
S
g
[- 4
7]
o
=
']
at
-
-
L

/ CHOPPER WHEEL ~ -~~~ - -
(TILTED FOR sLLUSTRAnom.

FIGURE 5.7-2 Early Tiros Radiometer Schematic

enters the radiometer via the mirror and is focused by the individual objective into

an aperturée, which'defines the size of the "instantaneous field of view" (IFOV):

The aperture allows oniy thg imaged radiation which falls within the clear diameter

of the apérture to.pass to the detector and be registered as an output voltage.

The Ground Resolution Element (GRE), or smallest feature which can be isolated on

the surface of the earth,-is directly related to the size of this aperture and the

Equ1valent Focal Length (EFL) of the imaging lens system by the ''lens makers

formula." [1]

Image - object rﬁﬁatlonshlps are illustrated in Figure 5.7-3.
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Image - Object Relationships

One convenient way to look at the IFOV and the GRE is to regard the GRE as
the projection onto the earth of the image of the limiting aperture. It is evident
from the sketch that for uniformly illuminated fields, as the diameter of the
aperture is increased, more light falls‘bﬁ“iﬁé'déteétof;’inéfeasing ééﬁéitiVifyn3ﬂ-
but decreasing spatial resolution. The optimum selection of the aperture diameter
Qill be determined by the light gathering capacity of the imaging system (objective
diameter) and the type of detector used. A filter is used in this illustration to
limit the spectral bandpass of radiation allowed to be imaged. Since the incoming
radiation is normal to the plane of the filter, an interference type filter [2] [3]
could be employed for gqod spectral resolution. These filters can be made quite
selective. Other types of filters, such as color filters, can be employed or the
spectral response limits of the detector itself can be used to define the spectral
resolution. See the section on Multispectral and Mapping Cameras for more refer-
ences on filters.

The chopper wheel alternately switches the radiation entering the detector
from scene radiation to the light level (or temperature) of the chopper disc. ‘The

detector output correspondingly swings between a level defining scene radiation
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level and a near-zero level. Successive amplifier stages can be A-C coupled and
can, therefore, have'higher stable gains and lower noise figures than would be
fpossible with D.C. coupling. D.C. restoration can be used for calibration if
shutter irradience (temperature) is known. On early Tiros flights, there was no
on-board radiometric calibration per se, but as the optical centerline of the
radiometer was rotated around to the "back side“ of the sweep, it was pointed
away f?om earth info deep space, and the resulting detector output was taken as

_ representing a ze;o level. On the later Nimbus flights, the wideband radiation
of the suniitself-was used és_an in-flight reference. |

Figure 5.7-4 'illustrates that the radiometers aboard Nimbus flights were

 similar in principle to the Tiros radiometers except that a scanning mirror

SUN REFERENCE FOR
INFLIGHT CALIBRATION

]
L
1
SCANNING
MIRROR IMAGING OPTICS APERTURE ‘
N -7 DETECTOR
< ,

CHOPPER WHEEL

N

FILTER

FIGURE 5.7-4 Nimbus ﬁadiometer Schematic
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rotating at 8RPM, placed.in front of the 1.7 inch diameter individual Cassagrain
objectives was used to sweep the optical centerline of the system. The axis of
rotation of the mirror was alligned parallel to the spacecraft velocity vector.
In both of these instruments, the outputs of the detectors are digitized and
recorded on tape reéorders for delayed playback. .V
Spéctror~at&iometers of advanced design include the Landsat Muitispectral
Scanner (MSSj and the Thematic Mapper. These sensors differ from earlier designs

in numerous ways, as shown by Figure 5.7-5. A nutating mirror provides cross-track

TYPICAL X .24
PM TUBE
MIRROR OSCILLATES .
+2.89° @ 1362 Mz & ’ ;
GLASS
FIBRE FILTER

. o = .

APERTURE ELECTRONICS
L_ MASK 24 CHANNELS
\.'l/ FIELD OF VIEW (FOV) ‘
west | \ east 1158
/ ro
| \
'R J vV
TWENTY-FOUR

PROJECTED APERTURES
FIGURE 5.7-5 Landsat-1 MSS
scan while orbital motion provides the along-track component. In the case of
Landsat-1, the mirror's frequency of oscillation is 13.62 Hz, and the amplitude is
$+2.89°. This yields a field of view of 11.56°, which form an altitude of 925 km,
translates to a cross-track swath width of 925 km x Sin 11.56° = .2 x 925 = 185.4 km,
which is the published swath width. As the mirror deflects the optical centerline

across the swath, in half the period of oscillation (1.2 x 1.13.62 = 36.7 milli-
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seconds) the spacecraft generating a subsatellite track traveling at 6.47 km/sec;

skews the swéep by an .amount equal to:

1 _ 6.47 km/sec
2 X 713,62 Hz

= 237 meters

on the second half of the mirrors oscillatory cycle, (retrace) an additional
-equal skew is introduced, such that during a single oscillatory cycle of the
mirror, the along-track advancement is 474 meters. To improve the along-track

resolution, six adjacent cross-track lines are scanned simultaneously as shown in

Figure 5.7-6. In this way the along-track dimension of each line is:

5%4— = 79 meters

;-
) ' (- -3 @
LINE Tﬂ@f\ISITION. TIME.': s SEC = 103675 |
] o
| S VELGCITY AT
BIX LINES ] o _ : SUBSATELLITE POINT
PAINTED AT
ONETIME | 4 ) ~—— . = = 647 KM/SEC
- 5 - — '
s -~ __._' 1 ADVANCEMENT OF susaTELLITE
K — POINT DURING ONE CYCLE OF
1 B N—-‘—» THE MIRROR =
. S ————
3 ‘ -
: A .
s [
647 KM _ :
L , ACTIVE SCAN 13620 = 474 METERS
RETRACE I
| : I §1X LINES
: l -‘-'-23- = 79 METERS/LINE
| SATELLITE |
| MOTION

FIGURE 5.7-6 Landsat Scan Pattern
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The aperture mask is arranged so thatAthe apertures of the six detectors
devo#ed to eaéh'spectral band project onto earth as shown in Figures 5.7-6 and
5.7-7. Each additional spectral band being monitored through the MSS requires
another six detectors if the same spatial resolut;on is to be maintained. For
any band, fewer thﬁn six detectors can be used if the along track dimension of the
aperture is changed accordingly. For example, in Landsat C, a thermal band is added,
extending spectral response to include 10.4 to 12.5 ﬁm. Only two detectors (which
are cooled by passive coolers) are used. The aperturés for their detectors are
three times the size of the apertures for the other four channels and, consequently,
the ground resolution element for this band is 240 meters rather than 80 meters.

The apertures for the various spectral bands are arranged as shown in Figure 5.7-7
for the Landsat MSS. Fibre optics couple the radiation falling on the aperture

mask to the detectors.
. .

BAND NO. ! 2 3 4
1
une 2 A
NO. 3 5
4
5
6

- FIGURE 5.7-7 Aperture Mask
As Figure 5.7-7 implies, there is one detector required for each line generated
in each band. In the case of Landsat C, twenty-six detectors are utilized.
Analog to digital conversion and multiplexing are required to organize these out;
puts into-an intelligent format. When choosing the ﬁarameters of the A-D converter,
one method for insuring that all available information is contained in the output
is to choose the sample rate such that there is more than one sample per picture

element (Pixel). For example, if the aperture mask dimensions are such that the

REV.NO.: 2 REV. DATE: 31 Jan 1978




fundamental pixel size is 80 meters square on the ground and a single line is

3
185 km in length, there are l§§jﬁrlg = 2300 elements per line, generated at a
rate of 6 lines per 37.7 milliseconds = 25%27%—§'="366y048 elements per second

per band and with four bands the pixel rate is 4 x 366,048 = 1,464,192 pixels per
second. If we set the sample rate at”l 1/2 samples per pixel, then the sample
rate is 1,464,192 x 1.5 = 2,196,288 samples per second. If the digital quantiza-
tion is six bits, the bit rate is 2,196,2-8 x 6 - 13.2 x 106 bits per second for a
system like that in Landsat 1 and 2.

A significant measure of the quality of a mechanical scanner is the repeata-
bility and predictability of the scan produced by the oscillating mirror. This
quality determines the band-to-band registration and geometric fidelity which,
together with amplitude resolution and spatial resolution, describe the performance
of an imaging spectro-radiometer.

Band—to-baﬁd registratigr is a statement of the ability of an instrument to
successively position field stop apertures associated with one band so that ‘they
spatially agree with the field stops of other bands in order to bring each area
on the earth's surface under the scrutiny of all bands. Spectral signature analysis
_ with an imaging spectro radiometer is dependent upon the capability of the
instrument to achieve good band-to-band registration.

Geometric fidelity is the accumulated errors of six sources which contribute
to the distortion of the image._ Scan linearity errors, caused largely by torque
produced in the scan mirror support pivots, are systematic and can be compensated
out. The remainder of the geometric errors, random cross-scan jitter, scan-to-scan
repeatibility, scaﬁ start and scan end variation, sampling uncertainty and
&etectof alignment are uncontrolled but relatively small and together constitute

a total error in-Landsat 1 and 2 of only twenty-six meters.
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Electronically self-scanned detector arfays will influénce future designs
by removing the. restrictions imposed by some of fhe mechanical properties of
instruments which now use oscillating.mirrors. Included in this type of array
are both hybridtérrays.of individual détectors and the batch-processed Charge-
'Coupled-Devices'(CCDs) on silicon. CCD's now inélude built-in sequential inter-
rogation'éircuits an& several hundred individual sensor diodes with center-to-center
spacings of the order of 25 microns used with an optical system equivalent to that
vaboard Landsat-2, even current CCD array designs yield cross-track resolutions of

. 25 meters. We can project that with a 185 km swath, such an array would be required

to have
185 x 103 3
—— =7,4 x 107 diodes
25
and wpuid be 7.4 x 10° x 25 x 10°® = 18.5 cm in length. Mercury-Cadmium Telluride

 detector arrays with elements. on ‘100-micron'centers are currently availsble.. Such -
arrays would function in the 10-12 micron region of the spectrum éhd could yield
spatial resolutions. of 100 meters with current technology. |

.Arrays of detectors function as ''push-broom' scanners where the along-track
motion is provided by orbital motion andrthe cfossftrack scan is accomplished by
sequentially.addressiﬂg the detectors in the array. Multiband coverage could be
obtained by providing one detector array per band. The fast scan rates which are
realizable with.diode arrays will obviate the requirement to scan more than one
line at a time. ~

Folded reflective optical systéms are in universal use and will probably
continue to be. Folded systems like the Dall-Kirkham are unifbrmly responsive to
broad spectra because the incoming radiation does not pass through any material

except the atmosphere. The optical surfaces are usually silvered and have high

reflectivity over wide optical bands. Another feature of folded systems which makes

A S
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them attractive is their compact dimensions and resulting stiffness and ruggedness
' and ease of thermal compensation. Tﬂe state of optical fabrication technology is
such that the accuracy of curve generaticn achievable in these telescope designs
does not represent a limiting factor im resolution. The primary mirror in the
Landsat 1 and 2 MSS is 22.5 cm in diameter. Other instruments are planned with

objectives up to one meter diameter.

5.7.1 GROUND PROCESSING
In é discussion'of the demand on a data system, one must consider not only
3 thé capability of the sensor to generate streams of data at given bit rates but one
ﬁuSt also .consider ;he kind of job that thé sensor together with its data system

"'is:being called upon to do. In the current programs involving Landsat type missions,

. »

“the emphasis;ié upon vegetation analysis, timeliness of data, frequent coverage and -
';Tpfecise data registration and overlay for analytiéai purposes. The applications
.Lof the data are in the area of: | |
- Monitoring world-wide food froductivity
+ Mapping agricultural land use
~ + Monitoring rangelénds
- Surveying forest resources
« Managing critical watersheds
. Detecting land-use changes
+ 0il/Mineral exploration
Y If‘we assume that these applications are basic and that.the needs placed upon
‘ data systems of the future will continue to be of the kind of need now planned to
4satisfy mission requirements, then we can depiét a representative ground system.
The>system illustrated is not necessarily tied to any particular program but is

written around the Thematic Mapper [4]." It incorporates basic features which are

I
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5 712



RSDH

common to all mu_ltiband high-resolution imaging syétems. A top-level functional
diagram of a representativé ground system is presented in Figure 5.7-8. The five
major subsystems included are the Data Input Subsystem (DIS), the Central Data

Processing Facility (CDPF), the Product Gener;ation and Dissemination Facility (PGDF) |
the Data Management Subsystem (DMS), and the Agric;ulture Utilization Subsystem (AUS).

Each of these subsystems is briefly described below.

TORSS ' : o CONTROLS GROUND SYSTEM
. DATA o. MAINTAINS SYSTEM STATUS
. MANAGEMENT
P (DMU) \\
s
/ - A N
/ | B
— Y Ny ,
DATA PRODUCT GENERATION |=3s
' INPUT | ] ROCESSING FACILITY fmetd o e WYoROLOGY
“P DISSEMINATION FACILITY
TORSS ‘sg':fvmu (coPF) — (PaDF) =g OTHERS
WHNITE — . m—r—— . : —
SANDS . o ' s © | ¢ USER PRODUCTS ON DEMAND
, ‘ e RADIOMETRIC o DIGITAL & FILM
CORRECTION | & LOCATION OF SYSTEM ARCHIVE
© COMPUTE GEOMETRIC CORRECTION e DATA FORMATTING o APPLY GEOMETRIC CORRECTION
e CLOUD COVER DETECTION e PRODUCTS FOR SPECIAL
o EDIT/SELECT DATA USERS
AGRICULTURE DATA

=P1 UTILIZATION SUBSYSTEM

e SAMPLE SEGMENTS

o APPLY GEOMETR!IC CORRECTIONS

o ACCEPT NON LFQ DATA

e GENERATE CROP PRODUCTION ESTIMATES

FIGURE 5.7-8 Ground System Functional Diagram

The Data Input Subsystem (DIS) receives data from the TDRSS via dedicated cable
interconnection. In the early 1980's, these rates are expected to be of the order
of 135 Mbps. Later, as resolution is improved, rates may go to 400 Mbps. The prime

functions of the DIS are to record the raw input data, to perform cloud cover detec-
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tion and scene editing and to compute geometric correction matrices on a per
swath basis.

The Central Data Pfocessing Facility (CDPF) receives edited data from the
DIS and performs standard operations to all data. Thése operations include
radiometric correction and data reformatting to a band-interleaved-by-line (BIL)
formgt.

The Product Generation and Dissemination Facility (PGDF) i$ the main interface
betweeh the ground system and general users. This faéility provides imagery data,
in either digital tape or film format, to users on demand. The data, which may be
geometrically corrected to various map projection systems or enhanced as requested
by the user, is évailable in a variety of sizes, formats, and media. The PGDF also

- houses aﬁd»manages the system archive.

The Data Management Subsystgm-{DMS) provides the central point pf'control and’

d;ta base management for the ground systém. Its prime functions include manage-

‘ment of user demand, the system archive, system communications and system redun-

dancy. The DMS also maintains system status, productioh statistics, operations logs

and administrative services.

The Agriculture Utilization Subsystem (AUS) receives data directly from the
CDPF and performs those operations necessary to produce world crop production fore-
casts on a periodic basis. The operations to be performed include geometric
correction, sample segment extraction, multispectral analysis and areal and
statistical analyges. It is included here as part of the ground system because it
represents the first major user.

Details of these major functions are delineated in the following

paragraphs.

5.1
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5.7.2 DATA MANAGEMENT UNIT

The Data Mahagement Unit provides the central point of control and data base
management in the Data Processing Facility design. The Data Management Unit is
interfaced to the Demand User Subsystem,lArchive Management Subsystem, Communication
Management Subsystem, Redundancy Management Subsystem and the Operations Control
Ceﬁter as shown in Figure 5.7-9. The DMS accepts user produce demand requests
from the Demand User Subsystem, issues archive retrieval requests to the Archive
Management Subsystem and generates processing schedules for the Product Generation
and Dissemination Facility (PGDF). The DMS maintaiﬁs the Data Processing Facility
configuration table in its database and is updated by the Redundanc} Management
Unit in the event of any system anomaly. The Communication Management Subﬁystem'
- offloads the DMS from the front-end communications handling functions associated-

with the DIS CDPF and PGDF The Archlve Management Subsystem wh1ch con51sts of

l;the Multlple Arch1ve Statlon Commun1cat1on Unlts (ASCU's) allows the DMS to ‘mo
the generation of all dlgltal tape products and to identify and track the processing
of the HDDTs, HDTs-and CCTs throughout the system.

-The DMS accepts predicted ephemeris data from the OCC and routes the data to
the Swath Correlator Unit via the Communications Management Unit. The DMS receives
Geometric Correction information and cloud cover statistics form the DIS on a
éeriodic basis and generates the header information and editing schedules utilized
in the CDPF. Radiometric correction coefficient tables are routed to the Radio-
Metric Correction Control Interface Unit on a per scene basis via the Communications
Management Unit.

The Data Maﬁagement Unit also served as a general housekeeping, management and
accounting facility within the ground system. It maintains system status and an

up-to-date inventory of system spares. Production statistics and operations logs

REV.NO.: 2 REV. DATE: 31 Jan 1978
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are computed and maintained for the entire ground system and are available on a
continuous basis to system operators. Finally, the Data Management Unit is used to
assist in administrative services such as accounting, payroll; benefits, management

reports, trend analysis, etc.

.

5.7.3 DEMAND USER SUBSYSTEM

The Demand User Subsystem provides the primary interface from the DMS to the
outside world. The Demand User Subsystem consists of the Local Tramsaction Unit
and their associated peripherals and data links. The Local Transaction Unit and
the External Transaction Unit both function as front-end processors or traﬁsaction
concentrators which accept remote or local terminal inputs, then format and issue
product or service requests to the DMS. The Local Transaction Unit supports a
number of output devices utilized by the administrative services office to monitor

the operation of the grpgndmsystem;w’_;s

5.7.4 ARCHIVE MANAGEMENT SUBSYSTEM

The Archive Management Subsystem provides the capability to monitor the
generation of archive tapes, automatically identify and track each individual tape,
request tape retrieval from the archive, and issue instrpctions to tape unit
operators. The Archive Management Subsystem consists of a network of interrelated
processofs and functions within the ground system. The key elements include the
Data Management Unit, Communication Management Unit, Afchive Station Communication
Units (ASCU) Tape Scheduler Unit, Tape Certification Subsystem and the tape archive.
The DMS monitors the generation of tapes via the Tape Scheduler Unit and the Archive

Station Communication Unit.

5.7
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5.7.5 COMMUNICATION MANAGEMENT SUBSYSTEM

. The Communication Management Subsystem is the front-end t?ansaction processor
~ in the ground system. It interfaces directly with the Data Management Unit,
Redundancy Management Unit and all processing units.in the DIS, CDPF, and PGDF
including the Geometric Correction Subsystem, the Tape Duplication Subsystem, the
Tape Reformatter Subsystem, the Browse Generator Subsystem, the Film Generation
Subsystemlénd the Image Enhancement Subsystem. The Communication Management Unit
provides céhmand and data distribution functions in response to transfer requests
from the DMS. All incoming inferunit messages to the DMS are buffered, formatted
and routed to the DMS for processing. Additional functions include down-line
loading for the ground system, system safing in the event of Data Managemeng Unit
failure'and-alternate interunit.routing of failure messagesvto the Redundancy

Management Unit in the event of Redundency Management Unit link failures.

5.7.6 REDUNDANCY MANAGEMENT UNIT

a From a reliability standpoint, the most critical area in the ground system is
the Data Input Subsystém (DIS), since the data stream from the TDRSS is continuous
and uninterrupted. A failure of equipment here would result in data loss which
cannot be made up.

In examining the DIS, it is seen that data flow from subsystem input to tape
is straightforward from input, through pa}ch panel, to the appropriate HDDR,* and
onto tape. '

Status from the other subsystems is supplied to the Redundancy Management

Unit through the Communications Management Unit and the databus. Although no actual

*There are two types of high data recorders, HDDR is used to refer to the 120
Mbps (42 track) recorder and HDTR is used to refer to the 20 Mbps (14 track)
recorder. : :

5.77.08
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switching of data results, the Redundancy Management Unit can direct the Communi-
cations Management Unit to halt a processing operation due to failures or equipment

malfunctions which are detected.

5.7.7 THE DATA INPUT SUBSYSTEM (DIS)
The'Data'Input Subsystem receives and records data from TDRSS, generates

cloud cover statistics, locates control points, and provides information to the
Communications Management Unit regarding status of input data. Figure 5.7-10,

The Data Input Subsystem, is a block diagram of this .subsystem.

5.7.8 THE CENTRAL DATA PROCESSING FACILITY (CDPF)
The Central Data Processing Facility (CDPF) accepts input data on High Density
‘Digital Tapes (HDDT), comverts the serial bit stream to 8-bit types in a Serial

. Interface Unit (SIU) and .performs data reformatting in the Lin.Commutator Unit . . .

chaﬁging the data forﬁat frdmvbaﬁd-sequenccd-b?-detectof té Béﬁa-intefléé§ed45f-
line. This rearranged data is thén~processed in the Radiometric Corrector Unit
which utilizes the standard radiometric correction algorithms developed by NASA.

The radiometrically co?rected;data'then drives a Video Terminal Unit (VTU)
for operator observation, and another SIU which converts the 8-bit back into a
12 Mbps data flow. These data are routed back through the Patch Panel Unit (PPU)
to another High Density Digital Tape Recérder (HDDR).

Signal flow for the above can be obserﬁed in Figure 5.7-11, The Central
Processing Daia Facility. Other elements of the subsysiem are relatively
straightforward, operating at data rates of 15 Mbps. The radiometric correction
is done in a '"pipeline' fashion which eliminates the rather extensive system

timing problem which would be formidable otherwise.

5.7\
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5.7.9 THE PRODUCT GENERATION AND DISSEMINATION FACILITY (PGDF)

5.7.9.1 GEOMET&IC CORRECTION SUBSYSTEM

The basic, working pért of this subsystem is the Geometric Corrector Unit.
The balance of the units comprising the subsystem are simply interface devices
' with‘this unit.
| Information flow through the Geometric Correction Subsystem begins with-the
input tape being played back on the High Density Recorder (HDDR) as shown in
Figure 5.7-12. Data and time code information are input to the Tape Control
Subsystem, providing commands to the Patch Panel Unit, the recorders and back to
..the Communication Management Unit. The serial data stream is converted to 8-bit
bytes in the Serial interface Unit and the data is then ready to enter.the Geo-

metric Correction. Unit. 6

5.7.9.2 TAPE DUPLICATION SUBSYSTEM -

The Tape Duplication Subsystem, showp in Figure 5.7-13 , accepts data input
in HDDR or HDTR system tape media and converts it to suitable input to the Magnetic
Tape Units for the Generation of Computer Compatible Tapes (CCT). The Tape Dupli-
cation Subsystem can also duplicate the original HDDR or ﬂDTR input tape, or
duplicate a CCT. Controlybf the subsystem comes from the Communication Management

Unit and is based upon copy requests submitted from various users.

5.7.9.3 TAPE REFORMATTER SUBSYSTEM

Data input and output from the Tape Reformatter Subsystem is contfolled by
the Tape Control Subsystem under instructions received from the Communication
Management Unit, as shown in Figure 5.7-14.
Input data after routing in the Tape Control Subsystem is processed by a Seriai

.Interface Unit and then fed into the Line Decommutator Unit. This unit separates

LA
I REV. NO.: 2 REV. DATE: 31 Jan 1978

5.7-22




WaISASqNg UOTID9II0) DTIIOW09Y 9YL ZI-L'S FUNOIA

HILNIHS
228v1 [

AdOD
aduvHs

!

TYNIWY3IL xXnw

Sl

11NN
NOLLYDINNNWOD

o]

e EE NN~

N

AINN NOIYIINNWINOD NOILY LS FAINOUY
LIND IDVIHIANY TOHLNOD

AINN NOLLDTIHYOD J113M03D

AINN IDVIHIALNI VYIS

LINN 1INV HOLVY

YIGHOOIY IdVL AL1ISNIO HOIH
¥3QUODIH IVLIDIO ALISNIQ HOIH
¥3av3y 300D INIL

LINN HOLD3738 1INNVYHD 300D INIL
AINN IDVIHILNI TOHINOD F4VL
1INN HITINAIHIS FdVL

»
[
-]

1S1T AN3INJIND3

e

(HLQH)

ALISNIQ HOIH

H30HOO3Y 34Vl |

(420H)
¥30H023Y 34vi
ALISNIQ HOIH

L

)

| Ly
NOILYLS IAIHOHY t ol s —
—Ill..l....ll._ > w %1 3007 awnL
| | [
nwo o1 _
| W
L iR
111
unn | : LINN 1ND
muﬁ«wn.u‘m_ < 13INVd HOLVY | = l T _ — H3ITNAGIHIS 3dvL
1INN 7 y _
NOI193YH02 D L4 -+ *
21813W039 L~ —t el
LINN - ! AIL
IV 4H LN —lllllll. — e e el
wiwas | I r+ 1
\ | W315AS8NS
_ | 1 TOMINOD 3dv1
LINN (YaaH) i~ 1 (4QaH) r._
IVAHILN 4304093Y VLI910] . ¥3QY023Y 1190
0¥LINDD ALISNIO HOIM ALISN3IO HOINH
sswnL 6 SSWNL a 4
nno oL nnd 04

REV. DATE: 30 June 1977

L

5.7-23




RSDH

wd3sAsqng uoTIedT1dng adel 9yl ¢€I1-£°S FUNOI4

YILNIYI
138V

7

AdOD

ool Mo RLLTEET

i

gqz0

»

@

NI 04 er{p

(P10

niw

(e 1)

NOILVIINOWNOD
NOILVLS JAIHOHY

{(nJsv)
LAINN

» HITTO0UINOD 3dVL

&

~

e rNNETNeE -

LINN NOLLVIINNNWOD NOILYLS JAIHOHY
AINN 3dVL J1LINOVIN
YITIOHLINGD IVaL

LINN HOLVIIdNG 3dvi
H3AQWOI3IY IdVL ALISNIA HOIH
YIAHOIIY IVLIDIA ALISNIA HOIH
1INN IDVALILNI TVIHIS

1INN 13NV HOLVd

LINA IDVIUILNI TOHLINOD IVdL
AINA 123735 TINNVHI 300D INiL
H3avad 300D Il

LINN UITNAIHIS Adve

AlD

4817 AN3WJIND3

REV. DATE: 30 June 1977

©

i

(410OH)
H3QHO0O3Y 3dvi
ALISN3IQ HOIH

{4QaH)
H34HO0I3H IW1I910
ALISN3IQ HOIH

LINN

LINN

HO1VII14Na
Advi

3IVAHILNI
VYIS

xJT 1INV HOLVd

A A

nin

nw

m ” _L
nw o niw

nLN

L

|

YITTOULNOD 34V

%3 oL

3
F= 1 7

~

y3aviy
"1 3002 awiL

(0]
8
b}
o ]
T
|

1INN

1INN
¥3IINGIHIS 3dVL

T
|
|

¥

4

L ¥

n i
[]

B R .1 ‘U'L
4

b
v

L

[} W3LSASENS

1 _ JOUANOD 3dVL = L

b‘---’
1

{41QH) -
HIGUOAIY Advi
ALISN3IQ HOIH

(uaaM)
43040234 L1910
ALISNIQ HOIH

0

REV. NO.:

5.7-24



wdISASqNg I9313IBWI0FOY ommhw..u:._. vI-4°S JuN914

1INN
HOLVLNWWOD
aGNve

{9 aNve) [
HILIVANMOAIY
anve le 1
1
aaounoo] |
asial |
A |
0 I
1 -
slinne % 4
TYDNAAL .‘L
| H-
1
] |
{1 anve) e =
¥3ILLYWHOAIY <
anve
\ ‘Ir
4
YIT10MLINOD
n$10

REV. NO.:

1 L1INN NOLLVIINNNINGD NOILYLS JAIMOYY
» LIND U2LLVNYO43Y ONVE
' LiNN 3OVIHILNI TOULNOD
1 AINN HOLYANWWODIO NI
. LINN HOLY1NWNOD ONYE
z 21NN 3OVIHIAND TVIN3S
z H30H023Y 34VL ALISNIQ HOIH
. ' LIMN TINVA HOLVY
: ' LINN IIVIUILNI TOMANOD IdVi
1 LINN 1953738 VINNVHS 3002 INIL
3 43qvay 3000 3L
i - LINN BITNOIHIS VL
ALD 1S17 ANINAIND3
HIANItd
138V
- —1anvm] 6
-y TYNINYIL XnW
3 & , l——{aNVM]
. (wiaH)
4 Y30H0I3Y 3dVL
. ALISNIO HOIM
LINN S
AND OL “@--P NOILYIINNWWOD
: noiLvis aamouy | 7] .l_
ot
uNn Y " 5 vagvay
39vauaINg [@ nwo wou4 | 3 120023011
. TOMANOD i %
§ 1041NOD 300W i ﬁ. 1
LINN LINN TiNn
; . LIND
HOLVLNWNOI2a IIVAYILINI Pl -, ——
e hvieptied 1anvd HoLve (9 T YIINGIHIS 3dVL
L q" |
3 P |
1
1NN
| F0OVauILNI ! WILSASENS
Vi3S —l JOUANOD 3dVL N
t
|
(W10H)
YIGHOI3IY 3dVL
ALISNIQ HOIH

6 e oL

REV.DATE: 30 June 1977

0

5.7-25



~477 Gutput-data from the HDDR is routed through a Serial Interface Unit, where it is

band interleaved data (intérleaved line-by-1line) to separate lineé in each band.

" Each band oﬁtput is then stored on disc, and output to the Band Commutator Unit
';'in a bénd-sequential format. The Band Commutator Unit recommutates the data, which
' passes through another Serial Interface Unit, convefting.the data back into.serial

format. It then re-enters the Tape Control Subsystem and is recorded on an HDTR,

5.7.9.4 BROWSE GENERATOR SUBSYSTEM
. The ﬁfowse Generator Subsystem converts tape recorded data to photographic
© film iﬁages,'COrrected for each rotation effects and outputs them for scene
quality assessment and generation of scene "shopping lists". Data input to Browse
Generation Subsystem is through a Tape Cohtrol Subsystem which_prbvides interactive/

. control from the Communjications Management Unit as shown in Figure 5.7-15. Serial

vconvertg&_to 8-bit bytes, and through a decommutato: in order to select pixels from
~ the desired spectral ‘band. Spacecraft location is provided by Communications
Management Unit to a Central Interface Unit which éstéblishes the amount of cor-
.rection required for earth rotation. The data is then modified to correspond to

this, and converted to latent film imagery by the Electron Beam Recorder.

5.7.9.5 THE FILM GENERATOR SUBSYSTEM

The Film Generator Subsystem accepts data fapes as input and processes them
under Communications Management Unit control into latent image output (See Figure
5.7-16). input data is routed through a Serial Interface Unit where it is converted
into 8-bit'byte§. This data provides the driving signal to a Laser Beam Recorder
which produces high quality, high rgsolution latent imagery on photographic film.

Annotation of the imagery with sensor, satellite, time and other information is also

provided to the recorder.
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All operational commands to the Film Generator Subsystem originate in the
Communications Management Unit and are started when the input tape reel label is
read by the band input device in the Film Generator Subsystem's Archive Station

Communication Unit.

5.7.9.6 THE IMAGE ENHANCER SUBSYSTEM

The Image Enhancer Subsystem provides the capability to perform image enhance-
ments for.non-standard image products. The subsystem is shown in Figure 5.7-17.
Typical of the class of enhancements are ''gamma compensation," "lével slicing”
and digital filtering. Requests for special enhancement products are handled by
the DMS in a manner similar to normal prpduct requests, in that requests are‘
received by the Data Management Unit.from the Local ffaﬁsaétion Unit.of thé
External Transaction Unit. The Data Management Unit then schedules the processing
and issues a tape :etrievhlwieﬁuestﬁtofthéﬂargﬁievé vialfhe;prdpér?ArchiverStatioﬂf‘
Communicafion Unit. -Once the archival input tape is mounte&‘and registered, the |
Data Management Unit will issue a process request to the Image Evaluation Subsystem

. and monitor the status of the output tape product.

5.7.10 FUTURE SENSOR

The configurations of imaging spectroradiometers that have already flown,
including such conspicuous examples as the four band MSS and virtually every
radiometer designed for wavelengths shorter than 20 um, has been some form
of coaxial reflector, predominantly cassegrain, where the primary is concave and
secondary in convex. Depend;hg upon requirements, these take the form of Dall-
Kirkham or Ritchey-Chretien designs. 'Nothing that is planned for flight during
the eighties suggests any significant departure from this practice. The largest

earth-oriented design being developed for use up to 1990 is the Large Earth Survey

i REV. NO.: 2 REV. DATE: 31 Jan 1978
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Telescope (LEST) which has a diameter of 1.5 meters. Beyond that, there are space-
oriented instruments that are up to 2.4 meters in diameter. The weights associated
with these two satellites are 3300 kg and 9500 kg, respectively, and one can see a
rough correlatipn between weight and mirror area in this one example. Due to
fabrication complexities induced by weight limitations, it is probably reasonable
to expect that we will not see earth-oriented optical systems appreciébly larger
than 1.5 meters until the 90's

Apertures as large as that on the Thematic Mapper (40 cm) have been object-
space scanned. That is, scanning is accomplished by an oscillatiné'diagonal mirror
interposed (at 45°) between the entrance aperture of the telescope and the object.
There is a strict requirement for flatness of this mirror as it oscillates as well
as for 11near1ty of mot1on and low 1nduced v1brat10ns The smaller dimension of |
the eleptlcal d1agona1 mirror is equal to the d1ameter of the prlmary m1¥¥or and"
».}the;q;hexuaxxs_1531}4lAJp1me§gqs‘large The problems obv1ously magnlfy as the d1a-
meter of the primary increases. Con51der1ng the technology in other areas, it is
probable that these large aperture telescopes will utilize something other than a
mirror for scanning object space. One alternate method is pushbroom scanning
which has the prerequisite that there be one detector for each pixel in a sean
line. [9]. These detector's IFOV's are "swept" through the image space electronic-
ally by sequentially addressing each detector in turn. This line of detectors is
then caused to scan the object by spacecraft attitude control or by spacecfaft
orbital motion. Figure 5.7-18a illustrates the former while 5.7-18b illustrates
the latter. .

The diode arrays that will be used for these pushbroom scanners are in some
cases monolythic arrays of many hundreds of diodes, each'coupled to a common bus

through a switch. These arrays are commonly referred to as Charge Coupled Devices

(CCD) owing to the electronic technology associated with the switch. CCD detector
» l REV.NO.: 2 I REV.DATE: 31 Jan 1978
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arrays meeting.1980 réquirements are essentially available for wavelength bands
from 0.4 to 1.0 um, but will not be available for bands above 1 um for 2-3 years.
"Fairchild has made 1728 element monolithic silicqn arrays using a buried channel
structure and a distributed floating gate amplifier that are éapable of NES values
below 100 electrons. Monolithic CCD arrays for the infrared bands at waveiengths
longer than 1 um are not available at present for the configurations required for
mid4198Q because monolithic s£ructures fabricated in narrow bandgap semi-conductor
material are not well developed. However, there is considerable work on hybrid
arrays where discrete HgCdTe and PbSnTe elements are "ﬁardwired" to a silicon CCD.
Hughes-Santa Barbara is fabricating InSb arrays for the 1.0-5.5 um region and

has achieved near BLIP performance on a developmental 8-element array cooled to
77°K. .Honeywell recently received a contract from GSFC to develop ‘9-element hybrid
arrays using both photoconductive and photovoltaic ﬁngTe detectors coupled to

) burled channel CCcD reglsters A tentatlve spec1f1cat1on deflnlng detector requ1re-
ments was submltted to Honeywell to determ1ne if hybr1d IR- CCD detectors meet1ng
SEOS-LEST requirements would be available in 2-3 years. Their conclusion based on
current work at Honeywell and Hughes-Santa Barbara is that detectors better than
these requiremegts would be available during the nineteen eighties.

Detector size available near term is 15 ym for Silicon and 30 um for IR de- -

tectors. If primary mirror diameters stay under 1.5 meters and system speed is
F5 or better, focal lengths of the order of 7 meters can be expected. With a
geosynchronous altitude of 35,000 km, 15 um detector size and 7 m focal length,
the ground resolution that can be obtained is 75 meters. The same parameters
applied to a telescope deployed in a Landsat-like orbit yields ground resolutions
of 1.5 meters. We can say that a Landsat-like future orbiter carrying an advanced
pushbroom scanner would have its resolution limited by political rather than

technical factors.

I REV. NO.: 2 .| REV.DATE: 31 Jan 1978
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Current and projected user needs are indicating requirements of up to twenty

spectral bands. Only about half these bands would be required for any specific
application of tﬁe data so that it may be possible to economize on downlink band-'
width requirements in this way. "Scene noise'" or random variation of radiance
values is larger than .5%. Therefore, it éppears that for earth-oriented obser-

vations radiance quantitizations above the eight-bit level would be superfluous.

. With these limitations, data rates for any coverage desired can be calculated.
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DATA SHEET .
SHEET or_4

(1) SENSOR NAME, ACRONYM: LANDSAT-D Thematic Mapper - TM

(2) DISCIPLINE: Earth Observations | (3) SUBDISCIPLINE: Land Monitoring

{4) APPLICATION AND OBJECTIVE:

The EOS-A Thematic Mapper is a multispectral high resolution scanner capable of
fulfilling the observational requirements of the EOS program, i.e., improved land
use, water resources and food supply/distribution/management by imaging filtering
and detecting reflected solar radiation from the surface of the earth in several
spectral bands simultaneously through the same optical system. .

(5) HERITAGE/KEY PERSONNEL:

LANDSAT MSS, Oscar Weinstein (GSFC), (301) 982-4108

{6) SENSOR DEPLOYMENT:

The observatory will complete 14 6/17 orbits per day in a circular, sun synchronous,
near-polar orbit at an altitude of 705 km aboard a 3 axis stabilized spacecraft.
The local solar time at the north-to-south equatorial crossing is to be

1100 +:30 hrs.

{7 SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

Area scanned is 185 Km swath width centered at nadir. Ground resolution element for
the first five bands is 30 m and 120 m for band 6. Radiometric measurements of these
elements are made to within 0.5%of F.S. radiance and-quantitized to an 8-bit ievel... .
Line rate is TBD/sec. TBD lines are scanned simultaneously with scan efficiency of TBD.
A low data rate mode ('night only") of 15 Mbps is available wherein band 6 only is
utilized. Maximum data rate is 120 Mbps including overhead, telemetry and calibration
information and including bits for a future seventh band of 30 mresolution. Dummy band
7 data is included in the data stream even before band seven is added. -

(78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

R R : \
AREHELTG PR AR NoTe

N/A mammam i-' 5

St

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:
Bands are defined as follows:

Units are micrometers: Band 1: .45-.52, Band 2: .52-.60, Band 3: .63-.69, Band 4:
.76-.90, Band S: 1.55-1.75, Band 6: 10.4-12.5. Square wave modulation response for
Bands 1-5 is 35% for 30 m targets and for 120 m targets in Band 6.

Silicon diodes used as detectors in Bands 1-4. And mercury cadmium telluride detect-
ors for Bands 5 and 6, cooled to the region of 100°K by radiative cooler.

5. 1.4S
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(@) MEASUREMENT AND TRANSMISSION §YSTEM — NARRATIVE:

The EOSA Wideband Communication Subsystem accepts, processes and transmits data
in real time from the TM and a MSS. Three independent spacecraft-to-ground RF
links are provided. A link via TDRSS ‘which gives extra-continental coverage and
two identical STDN links for ™ and MSS. Four antenna sUbsysfems are employed.
The TDRSS antenna provides an S-band T/R feed via the d1p1exer shown; a wideband
transmit only feed at Ku coaxial with the S-band feed; a monopulse tracking horn
with electronics for poxnt1ng the 8-foot furlable reflector and a broad beam CW

beacon source.
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{11) RECEIVING AND PROCESSING — NARRATIVE:

This section intentionally lefzsblank.

8.17-47

Yyl

SENSOR CATEGORY:

Imaging Spectroradiometers

SECTION NO.: 5.7

2

-REV. NO.:

REV. DATE: 31 Jan 1978




RSDH
' DATA SHEET

b gy

(12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

sHEeET 4 ofF 4

CORRECTED
=
‘ _
NAgA e § el
usens r |- ;’
' OPES | jmacE
, . be  PROCESSING
S { eos 3 q ELEMENT
USER PROJECT R
AGENCY OFFICE 4
OUTPUT PRODUCTS
INTL _ ‘
'READOUT
| STATION - NASCOM
, [}
DATA
MANAGEMENT

iyl - ELEMENT. -

LT

__‘H
CH ING
EDUL

‘ OPERATION |
: CONTROL
. €08 T l ‘ | CENTER
| seAvices | e & . _

. S/C ACQUISITION DATA

(13) DATA DISTRIBUTION — NARRATIVE:

-{Data Operations within the CDPF:

(a) provide geometric and radiometric correction,

(b) convert all data to HDDT, -

(¢) convert HDDT to imagery as required,

(d) convert HDDT to CCT's as required,

(e) annotate imagery with alphanumeric data per location code, grey scale image
quality and cloud assessment,

(f) provide extractive processing for selected themes,

- (g) generate one band of all imagery from each SEASOP for cntalog purposes,
(h) establish and maintain catalog of processed imagery.

Note: - Radiometrically corrected tapes are geographically corrected by the CDPF
using in X resamplzng to space oblique mercator projection. Tapes are
also avaxlable with geographic¢ correction data 1nc1uded but not applied.
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(1) SENSOR NAME, ACRONYM:  Visible-Infrared Spin-Scan.Radiometer (VISSR)
(2) DISCIPLINE: Earth Observations (3) SUBDISCIPLINE: Atmospheric Monitoring

(4) APPLICATION AND OBJECTIVE:

The VISSR provides visible and IR images of the earth from geosynchronous orbit.
Since the instrument is stationary relative.to a point on the earth's surface,
the instrument observes movement of wedther across the earth.

(5) HERITAGE/KEY PERSONNEL: Advanced Technology Satellite (ATS) Multicolor Spin Scan
Cloud Camera (MSSCC)

Instrument Rep.: Larry Rouzer (GSFC) (301) 982-6114
Ground Systems: Ed Bisone (GSFC) _(301) 982-4581

{6) SENSOR DEPLOYMENT:

The VISSR is designed for geosynchronous orbit on a sp:.n stablhd.ed satellite

(100 Tpm) (SMS and GOES). Instruments are currently in operation on SMS-2, GOES-1.
Launches are planned in June, 1977 (GOES-2) and January, 1978 (GOES-3). Attitude
is maintained to within .1° with a stability of .5 arc sec. maximum.

7 SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

The Spin of the satellite provides on W-E scan of the earth. On each scan, 8-scan .
lines of visible data and 1-scan line.of IR data are collected.. Following each scan,
the field of view is stepped to the next southerly adjacent set of scan lines. The
full earth disk or any portion may be scanned as directed by ground command. 19.93
minutes is required for full scan and scan return. Each visible channel has an IFQV
of .021 x .025 mrad. (.9 km at satellite subpoint) and the IR has a IFOV of .192 mrad
(8 km). There is a 20% underlap in the FOV of the adjacent visible scans. Scan limits
are. £10° of the subpoint, 1821 latitude steps are required for a full earth scan.

(7B) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

N/A

{(7C) DETECTOR MEASUREMENTS CHARACTERISTICS: The visiblé channel detector consists of
eight S-20 photo multiplier tubes (PMT) arranged in a’ linear array, and sensitive to
radiation on the .55 to .75 micron range. Each PMT is..025 x .021 milliradians. The
dynamic range is 3-80% Albedo. Calibration is by direct solar illumination via prisms
designed to provide 50% Albedo. Signal bandwidth is 210 kHz.

The IR detectors (2) are HgCdTe, cooled to 95°K. The noise equivalence radiance is
1 x 10 ° watt cm~¢ sterad. Each detector is 192 radians x 192 radians and measures
thermal radiance with 10.5 to 12.6 micron range. Lenses send the same IFOV to both
detectors simultaneously.
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{8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:
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(8) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:

The Ritchey-Chretien Telescope (Aperture = 16 inch, focal length = 114.7 inch)
focuses the visible radiance onto 8 filter optical cords that are incident upon
the 8 PMT detectors. The .06 x .06 mm dimensions of the fiber form the visible
band field stops. The IR 'bands are filtered and routed by lenses to each of the
HgCdTe detectors. The video analog output of all detectors is routed to the VISSR
Digital Multiplexer (VDM). The VDM sequentially samples the inputs, sampling each
visible line every 2 microseconds and each IR line every 8 microseconds. The i
samples are multiplexed and converted to digital values, 6 bits for each visible
band value and 8 bits for each IR value. :

The VDM operates in either of two modes, as commanded by the ground station. Mode
-1 multiplexes all eight visible line outputs into the output stream. Mode 2
averages adjacent visible lines before converting to digital values and reduces
the data rate to 14 Mbps from the 28 Mbps of Mode 1. Track and hold logie within
the VDM holds the signal level of a sample constant while it is converted to =
digital format. The values are merged with a scan line identifier, sun pulse
data (calibration) and synchronization data for each scan line. The formatted
(cont1nued on next page)
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(9) continued

output for Mode 1 is shown in Figure 1 (below). All data is immediately transmit-
ted to ground, there is no buffering nor on board recording. The data is collected,
processed as Just described and transmitted to ground during the time that the earth
is in view ($10° of the subpoint) which is about 5% of each scan.

Commands from the ground can select the mode 1 or .2, focus the optical systenm,
select the scan volume to be viewed. The starting of each scan frame requires a
command from the ground.

. ' , ‘16 bits" 12 bits© -8 bits - 20 bits
01010101 - - - - 01 (Sync) (mlr*or position) (Sun data) (rlller)
preamble. . . - T Ee— Word 0 . _

8 bits 6 bits
(IRl)(VIsl)(VISZ)(VISs)(VIS4)(VISS) - - - = (VISSJ
L - Word 1 }
{Sync) (VIS ) - - - - (VISS)

— Word 2 ———

(IRy))  (VIS)) - - - - (VIS,)

e Word 3 ———

(Sync) (VIS ) - -¢c- - (VIS )
L———— Word 4 ——-—1

(IR)) ('VIS)----(VIS) o
L—-—-—-—-—— Word 5‘--____J .f' . . etc. to Word-3824

FIGURE 1: VISSR Data Output Sequence [2]
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{10) SENSOR DATA RECEPTION.AND PROCESSING — BLOCK DIAGRAM:

See ‘Block Diagram .on Sheet 10.

"(11) RECEIVING AND PROCESSING — NARRATIVE:

The Wallops Island Command Data Acquisition Station receives the 28 Mbps or

14 Mbps data stream transmitted by the satellite. The signal is transformed into
machine readable bits by a four phase Demodulator/Demultiplexer and transferred
to the Synchronizer-Data Buffer (S/DB). Within the S/DB, the IR and visible data
are scparated. The visible data is calibrated to adjust for the bias, etc., of
each detector, sampled and placed in an output buffer. The output data can be
sampled at equal time intervals or equal angle intervals. Three interpolation
methods are provided to maintain the selected resolution regardless of the sampling
method chosen. Similarly, special purpose hardware samples and interpolates the
IR data. A GTE TEMPO computer adjusts each IR response for individual detector
characteristics and uses a3 lookup table to convert the raw data to temperature.
Corrections are inserted for spacial alignment of sensors and satellite spin rate
flunctuations.

(continued on next page)
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(11) continued:

The data is entered into-an output buffer along with auxiliary information giving
spacecraft status and housekeeping data. The added information includes an Earth
locator gridding for IR data. The gridding is a 9th bit that indicates whether

a contrastlng spot (boundry) is to be set in this location.

The data resolution can be changed as commanded. The available resolutions are:

Visible Data .9 km (Mode A)
1.9 km (Mode B)
3.7 km (Mode C)
IR Data 8 x 4 km (Normally Chosen)
8 x 8 km (Mode D and NESS Find
- v 4 Line)

v
the 8 x 3R data is output in all modes, including D. The two IR channels can
be averaged or individually selected. The IR data is formatted by special com-
puters and sent to the Satellite Field Service Sites (SFSS) and to the Central
Data Distribution Facility (CDDF).

The CDA retransmits the processed data at 2 MHz, to the NESS facility at Suitland
(Figure 2) via the .satellite. The NESS facility relays the data via microwave to
the Central Data Distribution Facility (CDDF) in the World Weather Building (WWB)
at Marlow Heights, MD. In normal operation, the WWB receives a full disk image
every 30 minutes over the microwave link and sectorizes, enhances (if requested)
and transmits the images to the Satellite Field Service Sites. Each of 18
spectral purpose digital electronic units called Sectorizers extract, from the
received, high resolution, "full disc" images, two data sections of specified
geographical areas (sectors) at resolutions of .9, 1.9 or 3.7 km (See Figure 3).
In normal operation, seven of the .9 km sectors or 4 of the 1.9 km sectors cover
the continuous 48 states. A 3.7 km resolution sector covers the Western U.S.,
Alaska § Eastern Pacific. These sectors plus one sector covering Puerto Rico are
generated every 30 minutes, unless the satellite is commanded to a special scan
mode to monitor severe weather in a given area. Each sector includes grid
information inserted at the CDA. The sectorizers require about 9 minutes to
receive the data and then 17 minutes to process and transmit it. This time span
is within the 30 minute spacecraft imaging interval. Numerous sectorizes are
located at the CDDF and are controlled from a central console and automated
scheduler. Both visible and the equivalent IR data may be sectorized. (The

full disk IR provided to the SFSS;s from the CDA's bypasses the sectorizers.)

IR data is normally used when visible data is not available (night).

The CDDF photographic laboratory provides sequences of negatives of the images
produced on modified photorecorders, as film loops, showing the motion of the
weather. A PDP-8 minicomputer and 16 mm camera system are used to generate the
film loops. The 8 km IR and 4 km visible image sequence are used. Each loop

{continued on next page)
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FIGURE 2: VISSR Central Site Processing
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an ‘continued

‘includes 6 images taken as a 2 1/2 hour period. The first and last frames are
~repeated 20 times and each intermediate frame is displayed twice.

 Upon request, the sectorizers can enhance an image to emphasize selected features.
The procedure implements an enhancement curve which re-assigns grey scale values
to increase the contrast between small temperature variances in a selected range.
. Normally, the temperature magnitude is represented by 256 values of grey scale
' Small changes in temperature cannot be distinguished on displays. By reassigning
the magnitude values associated with selected features in a manner that increases
. ‘the grey scale differences between values, the brightness contrast between the
““values is increased. The specific magnitudes assigned (enhancement curves) are
defined to be proportional to the temperatures in the ranges associated with the
-features being enhanced. Currently 13 operational .enhancement curves are main-
tained. Applications currently include -enhancement of cloud images at specific
altitudes, hurricane development, snow melt 1mages and coastal upwelling.

In addition to belng transmitted to the WWB, the VISSR data is transferred within
' the NESS facility -to ‘the ‘VISSR Ingest Computer (VIC) where all IR data and selected
portions (sectors) ~of visible data are transferred ‘at various. resolutions! to tape.
"The IVC . can then. read the data from tape, reformat it, and transmit it to a
. facsimile device or “to a Muirhead Film recorder. The tape -is taken to the 360/195
i .for further processing. (Full earth 8 x 4 km IR images are always present on the
'tape ) . .
At the 360, the data are mapped into either polar stereographic or. Mercator maps
(option) using the following procedure. Picturé elements are located on the earth
by using the time, scan liné number, sample number and spacecraft location and
attitude data:to calculate the image's latitude and longitude. Currently each
16th sample of each 16th scan line is located for the 4 or 8 km resolution that is
being mapped. This requires 15,000 locators to be processed and uses 20 seconds
of CPU time -on the 360/195. (Over 40 minutes would be required to locate each
sample.) ‘IR and visible data are mapped identically (visible data is expanded to
8 bits). A map storage buffer array of 11.25 mesh per degree (8 km resolution) is
defined. The located samples are used to assign each raw data sample mesh coordin-
ates by interpolating its position between the located samples. The interpolating
algor1thm ‘has been highly optimized to provide efficient mapping. The current
mapping program requires 425,000 bytes of main memory and usually requires about
1.25 minutes of CPU per image. The output map consists of 1302 1913 array of
”p1cture elements (full disk). The data is placed on disk for use in building the
output products.

lFor 1 km data, resolutions are 1 km for 1/8 of earth, 2 km for 1/2 of .
earth or 4 km for all of earth. For 2 km, resolution is 2, 4, 8 km for 1/2
or all of  earth. .

- ' (continued on riext page)
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(11) continued .

Total processing for each frame requires about 10 minutes. This local 360
processing is used for research and other non-operational processing. The

major operational data is provided through the microwave link to the CDDF at
the World Weather Building.

8.71-971
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{12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

RAW VISSR DAT
1424 MMz
NESS [ .
SATELLITE FORECAST
ETCHED VISSR DATA sosa WwiNDS DIVISION
21 H (ARCHIVE) SECTION
{SEE TABLE

1 "
' IR FOR DISK *  visisLe secToRS
{VISIBLE BECTORS) FILM LOOPS
} VE
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(13) DATA DISTRIBUTION — NARRATIVE:

Each SFSS has its own set of regularly received sectors from the 12 standard
sectors that are routinely provided. In addition, each SFSS has two floater
sectors that can be centered at any requested point on the earth disk. (Ref.
6 provides a detail definition of the sectors available at each SFSS.)

Full disk IR data and sectorized images are available to VISSR users. The IR,
unsectorized, image data is transferred directly to the Satellite Field Service
Sites (SFSS) where the data is forwarded to the appropriate Weather Forecast
Service Offices. The unmapped images areztransmitted each 30 minutes or more
often in case of severe weather. 1500 mi“ sectors are transmitted to each
corresponding SFSS. The transmission of a single sector requires a dedicated C-5
telephone line. Each SFSS must be connected to the CDDF by a number of C-5 lines
in order to receive multiple sectors each 30 minutes. Each SFSS has photorecorders
to allow redisplay of an image.yHile discussing its interpretation -with the WSFO.
This same data is available to any user that taps into the system at an SFSS (GOES-
TAP) via a C-5 full duplex line. (continued on next page)
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' ::The CDDF photographlc laboratory provides sequences of negatives of the images
- produced on modified photorecorders, as film loops, showing the motion of the

.. received each 30 minutes.

_AC-5 land-1line link from the ‘NESS Central Facility to the CDA is used to transmit
. control and image data. The control data is used at the CDA and consist of such

. ..data consists of processed images that are transmitted by the CDA via the satellite
| . WEFAX capability to users with modified (to receive S-Band) APT receiving stations.
{7 The 'satellite WEFAX capability i§ available only when the VISSR is not acquiring

; _products available by this link include 8 km resolution IR and visible data. This
' ' year, plans are to expand this service to provide 6 hour repetitive IR coverage and

% ;‘mmr;-:‘m T
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weather. Each day, two film strips are generated for each VISSR and 15 film loops
for wind traction. These are archieved. The data distributed by the VISSR is
listed in Table 1.

-The NESS Satellite Winds Section is supplied with images to evaluate wind magnitude.
and direction. A Man-Machine-Interactive Processing System (MMIPS) is used to
determine wind velocity and altitude for three synoptic times per day (0000z,

1200z, .and 1800z). The information is used to prepare synoptic analysis and
forecasts for the Global Telecommunications System. Two special sectorizers and
four digital Muirhead devices are dedicated to the Winds processing. Inputs are

items as grid points, spacecraft commands and CDA operational commands. The image

data. Currently eight 10-minute time slots of WEFAX data are made daily. The data

12 hour visible coverage of the full earth disk. This coverage would require 12-Tcm
minute time slots daily.

The Satellite Data Services Branch of the Environmental Data Services National

Climatic Center must archieve VISSR data. Table 1 (on the next page) identifies
the products that are archieved and the volume of data involved for each product.

570

‘_SECTION NO.: 5.7 .. | SENSOR CATEGORY: Imaging Spectroradiometers

| REV. DATE: 31 Jan 1078



13 ofF_13

SHEET

RSDH
DATA SHEET

F

CONTINUATION SHEET:

921A9p 938ea03S

SSEW UO UOTINFOSAI [[NF 3B

TR TITY Y RTITe

ASTP 1INy jo sadewr jo ale IS
-3103S 9IninNgy I103j 9Ie SUBI{ V/N uadp umMouyufn umowjupy  umouyu SIAG® safeu]
. (adeg,
: (sadey, 27) 8uo01,66 S139ulep)
V/N $8aNn3dTd Z1  X3eT,68 8 sadeu]
(1d9 00918 (odey,
sade] z1) 2139uUdeR)
(saeaf g) - SI0329A SI0IJ9\ SI03D0\
V/N 23turyopuj 050802 0LS -IX?], @9 PUTM
a (2330w SY)
sdraag
I 9TAON
d uadp oL rd umouyup umouyun wwg {
asn AL1eIqIl JI0F SOTIIIS E
~39ATun Jurjeradood YIIm
pa3tsodop uayyl ‘syjuow ¢ . o §10329G
04SM 10 SSAS 3e paurelay d ‘souw ¢ 000°sST - $9¢ peieudrsaqg Z pue | so8eu]
SIA
PENRTA ERE-Ye) uot1ed07]
9q 031 UOTIUIIdX IdYlIng - pue 9z1§ saBeuy
‘$S4S 4q Yauou [ paurelay | - uadg " 000°C0T 08¢ a1qetrae) Z pue 1 SIA
SSIN 1 uUoTIUalax Ieaf 1 ySTd . mowmsm
d93JE MITAdX I3ITULFSpUT d uadp 00L 11 43 I133aend [4 SIA
1esodstp ystd sodeuy
91039q MITAdX SSIN/SA3 d *sik g 00L°T1 'A) Tind v SIA
. 1esodstp _ ystd sofeuy
910J8q M3TADX SSAN/SAT d safk g 0+0°‘sg 8y Tnd 8 I
(d) wrag - gsas xeak xad  23T17193ES (uy)
Tauusy)
SYJewdy Jadeq xo0 Je autj S9291( xad Aep JBWIO{ UOTINTOSAY 0SUS
(4) uwurr4 uorlUdIAY 183101 x3d £313uend 1e13edg S

9ATYday o3ew] YSSIA T F14VlL

31 Jan 1978

w
'
[72]
k|
1@
mR
o]
o
g’
]
[ o]
[o]
[ 2]
bl
[
gl -
wio
gN
El>
gE
i x
E
—
1 -
o L4
G .
w )
slw
[«
3
4
w
w
~
w
o
4
P4
o
-
Q
w
(7]

——
[ 4



RSDH s

DATA SHEET - .
: SHEET_. OF -
N —— —
CONTINUATION SHEET:
This page intentionally left blank.

SECTIONNO.: 5.7

T 20

REV. DATE: 31 Jan 1978 |



[

RSDH -
DATA SHEET » -
- sHeeT 1 oF S

(1) SENSOR NAME, ACRONYM:  Very High Resolution Radiometer (VHRR)

(2) DISCIPLINE: Earth Observations {3) SUBDISCIPLINE: Atmospheric Monitoring

(4) APPLICATION AND OBJECTIVE:

The VHRR provides day and night high resolution images in the visible and infrared
spectrum. It is designed for use mainly with local .stations for real-time read-out

of the images. Applications are related to cloud images and sea surface temperature
studies. : :

{5} HERITAGE/KEY PERSONNEL:
Instrument Rep.: A, Martin Eiband (GSFC) (301) 982-5981

{6) SENSOR DEPLOYMENT:

Near Polar Orbit, sun synchronous at altitude of 1464 km, the sensor is de51gned
for 3-axis earth stabilized orbit (i.e., the spacecraft rotates about pitch axis .
once/orbit so that the instrument is always pointed toward earth). Pitch attitude
is maintained within $1/2°. The VHRR is currently deployed aboard the ITOS/NOAA
series of satellites. '

N A o SENSOR CHARACTERISTICS

- 1. The sensor scans’ CToss . track. .at.;400 .scans. per minute. .The IFOV for both the IR and
“f.visible channels is .87 km dte subp01nt ‘and 133 km at 'the:scan-limits: Scannlng ‘of

§.69.8131 IFQV's per millisecond while observing the earth,

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER

the full earth is provided except at the equator where 320 km gaps occur between suc--
cessive orbits. The scanning mirror revolves 360° so that the earth is in view about
1/3 of the time. The VHRR S/N degrades when both visible and IR channels are active,
so the current NOAA series uses two instruments viewing the earth alternately: one

measuring in the IR channel and the other in the visible channel. The system gathers

{7B) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

N/A

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS: Two detectors are used: a mercury-cadinum-
tellerude detector in the IR channel (10.5-12.5 microns) and a Silicon Photo Diode in
the visible channel (.6-.7 microns). The Noise Equivalent Differential Temperature
(NEAT) for the HgCdTe is .5 (at 300°K) to 2.0° (at 185°K) with only one channel active,
and degrades to 4°-25° with both channels active on a single instrument. The operating
temperature of the HgCdTe detector is 105°K. The detector size of both detectors is
.6.milliradians. On each scan, the zero output level is set while the instrument is
viewing space. The output of the VHRR is the difference between the radiating target
and space. Once per orbit an on-board target is illuminated for calibration purposes.

SECTION NO.:. 5.7 _. RENSOR CATEGORY: Imaging Spectroradiometers
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- (8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM.

VHRR .
RECORDER
FROM 2nd
\IISIBLE l VHRA
16985 MMz \.J SBAND , | . VHR R .
860 KBPS >"  TRANSMITTER [©—=1 ' _pRocessor ‘_—_—Hsum_s
' . ENHANCEMENT
X b
IR
DETECTOR
e § | = FIELD STO?
‘ =l pvEn
[ELLIPTICAL
SCAMN MIRROR e v
DAKL i
| KIRKHAM — . - i
’ OPTICAL
. : : - — | | > o - VISIBLE
o), o] SYSTERL )t I' o -DETECTOR
o - o - A B " DICHROIC - FILTER | FIELD
| R £ : BEAM ‘ETOP
;‘ _ [ SPLITTER
N %waeut .22 1b

AVE POWER: ~245 V, 265 mA '
DIMENSIONS: 468 CM X 326 CM X 274 CM -

(8) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:

The scan mirror rotates at 400 rpm. In current configurations, two instruments are
used to maximize S/N ratio. One is 180° out of phase with the other. The first
instrument views earth with its IR sensor active, and while it is viewing space.

the second instrument views earth in the visible spectrum. Ground Commands allow
either channel (or both) to be active in either instrument. Normally, output is
transmitted directly to ground. Under control -of ground supplied commands up to

‘8 minutes of data may be recorded. The recorder is played back at the record speed.

The VHRR can be programmed by ground commands to provide image data for a full
orbit or for selected segments (8 per orbit) of a full orbit.

_ Data collection rate is approximately 70,000 samples (IFOV's) per second per channel
during the time the earth is in view. This gives a data rate equivalent to 1.1 Mbps
of information. (The information remains in analog form until it is converted at
the receiving station.) The information is buffered and the necessary buffering
and merges the data streams from IR and visible channels of the two instruments.

'5‘.'_“.‘ _ I REV.NO.: 2 REV. DATE: 31 Jan 1978
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- {10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:
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(11) RECEIVING AND PROCESSING — NARRATIVE:

NESS San Francisco Field Service Station.
CDA's
cannot receive data. (HRPT stations can
horizon.

digital values.
in (10) above.

Approximately 66 ms of data is generated
at 1.1 Mbps.

High Resolution Picture Transmission (HRPT) Receiving Stations have been implement-
ed by NOAA at each CDA (Gilmore Creck, Alaska and Wallops Island, Va.) and at the

The recorded data is played back at the

While the playback transmission is in progress, the signal strength is
degraded so that stations with smaller antenna and less sophisticated systems

be built by any user that so desires.)

The receiving stations are capable of continuous autotrack down to 5° of the
The input signal is processed to maximize S/N and converted to 8-bit
All values at the NOAA sites are saved on digital tape as shown

R

each scan (for both IR and visible data)

The data is received in the input buffers at 7,040 bytes per scan.
Four I/0 buffers are used, giving a total of nearly 30,000 bytes of buffers.

The
(continued on next page)
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-(11) continued

data is packed, telemetry information is added and the results (5,340 byte per
scan for both IR and visible data) is written to tape. The number of samples per
line is adjusted by averaging so that when the image is displayed, the horizontal
scaling will equal the vertical scaling (250 IFOV's per inch). The two digital
tapes (1600 bpi) can hold up to 17.5 minutes of data which is sufficient to record
one full pass of maximm duration.

: Follow1ng the sate111te pass, the tapes are played back simultaneously for display
and transmission to the central site. The Murhead M112 displays provide 2500 lines
in the vertical dimension and the horizontal spacing is scaled equal to the vertical.
The image, plus up to 100 lines of tabular display data, is fed through a D/A
interface to ‘the display and the C-5 line transmitter. The tabular data includes

~ orbit and time identification, and HRPT label.

About six-minutes of data is displayed in each image. Each image is centered at the
satellite subpoint and displays an area about 2,580 km on a side. 30 minutes of
processing is required for each 6 minutes of received data. The 8-bits of magnitude
provide for 256 shades-of-grey to be displayed.

- 'The’ Wallops ‘VA ‘and’the SFO' SFSSstatlons receive five passes per day and the
" Gilmore Creek Alaska station receives eight. The central NOAA facility at Suitland
provides the HRPT stations with satellite orbit characterlstlcs, satellite command
schedules and overlay map guides.

The HRPT stations are de51gned to allow growth to more advanced sensors and more
elaborate processing in the future.
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(12) DISTRIBUTION-OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

ITOS e CDA - GILMORE CREEK, ALASKA
STATION
PLAYBACK
VHRR o SF§S—-
. RECEIVING SAN FRANCISCO
LOCAL |g 4 KNz SATCOM- STATION
USERS C-5 | CHANNEL
LAND- A ANALOG 4K
TAP . z
LINES . E LOCAL c-5
USERS [ LAND
Y v LINES
MAIL
w‘
< SUITLAND MD.

NESS.

(13) DATA DISTRIBUTION — NARRATIVE: The images are transmitted from the CDA's to the NESS
Central Data Distribution Facility and to local users. The VHRR is used only for
research and no general distribution of the data is normally made. Transmission to
the CDDF is:
a - via an analog tape transmitted through the mail (raw data) and injested
on the Image Information, Inc. High Resolution Image Processing at CDDF,

b - over channel A of the SATCOM lines at 8:1 slowdown (normally not used
because of the load it places on the lines),

¢ - recorded at Wallops Island and piayhack through the ATS digitizer at a
4:1 slowdown through 48 kHz digital lines to the ATS digital picture
terminals, and

d - via 4 kHz C-5 land-lines.

At the CDDF, the images can be viewed on several available display terminals and
film transparencies can be produced on the Digital Murhead Display (DMD). The data
is used for research purposes and is not further distributed.

F
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(1) SENSOR NAME, ACRONYM:  Heat Capacity Mapping Radiometer (HCMR) -

(2) DISCIPLINE: Earth Observations {3) SUBDISCIPLINE: Land Monitoring

{4) APPLICATION AND OBJECTIVE

The purpose of the HCMR is to conduct a thermal mapping experiment with high
spatial resolution in an orbit optimized for Earth resources sensing rather than
meteorological sensing. Measurements of surface temperature will be made during
successive day and night passes for determination of surface temperature variation.

i3

(5)HERITAGE/kEY’PERSONNEL: Similar to the High Resolution Surface Composition Mapping
Radiometer (HRSCMR) which has already been developed for NIMBUS-E.

Project Scientist - Dr. W. A. Hovis

{6) SENSOR DEPLOYMENT:

The Heat Capacity Mapping Mission (HCMM) will place the HCMR into a 600 km circular
sun synchronous orbit with a nominal 2:00 p.m. ascending node. A six-month minimum
operational lifetime is planned. ' The launch vehicle will be a Scout-F launched
from the Western Test Range(WTR) The  HCMM launch is planned for the second
quarter of 1978. : . :

(TN SENSOR CHARACTERISTICS

{(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER: ~ ©

The HCMR will have a small instantaneous geometric field of view, less than 1 x.1 -
- milliradians, high radiometric accuracy and -a wide enough swath coverage -on-the -
~-'ground- so that selected areas are covered within the’ twelve-hour period correspond-
ing to the maximum and minimum of temperature observed. The sensor will operate

The visible channel is matched to the LANDSAT MSS Band 4.

in two ‘channels, 10.5 to 12.5 micrometers (IR) and 0.8 to 1.1 micrometers (visible)

(78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

Not Applicable

{(7C) DETECTOR MEASUREMENTS CHARACTERISTICS: |

The visible channel optics consist of a long wavelength-pass (>0.8um) interference
filter, a parabolic focusing mirror and an uncooled silicon photo diode. The two
10.5 and 12.5 IR channels are provided by inserting a second beam splitter in the
reflected beam of the first. The two beams are focused onto the HaCdTe detectors
using germanium lenses. Final focusing and spectral trimming is accomplished by
germanium band pass filter and germanium aplanats located at the detectors.
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- (8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK Dl’AGﬁAM;

™) IR DETECTORS SUMMING
S POINT

| CALIBRATION ' '
LogGIc ' y : —

SUMMING .
POINT . S0KHz
SCAN . L TWO
PICKUP CHA;N?L
MOTOR POWER
DRIVE SYNC CKTS SUPPLY
qu. ] summinG '
. DETECTOR °© _ POINT

HCMR Block Dlagram

9 MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:

- The HCMR is comprised of four major subassemblies mounted in a common housing.
These subassemblies are:

« Scan Mirror and Drive

+ Optics Ly Ly T
- Electronics ' ' -

+ Radiant Cooler

The scan mirror drive assembly provides cross-course scanning of the instantaneous
field of view with reference to the subsatellite ground track. The optical sub-
assembly provides increased ground resolution and spectral definition of the three
channels. The electronics subassembly contains the data amplifiers and housekeep-
ing telemetry and formats the analog sensors data such that it is compatible with
the HCMR data system. The radiant cooler subassembly provides detector operating
temperatures of approximately 115°K.

Scan Drive Subassembly _
. The scanner design uses an e111pt1ca11y shaped plane mirror set at 45° to the axis

The scan mlrror 1s fabrlcated from berythlum and is Kanogen coated. The mirror-
{continued on next p

SECTION NO.: 5,_7 o I_SENSQR CATEGORY:  Imaging Spectroradiometers

- REV. NO.: 2 REV. DATE: 31 Jan 1978

5.7-70



RSDH
DATA SHEET

SHEET__ 3 ofF_8

CONTINUATION SHEET:

(9)

continued

is driven by an 80-pole Schaeffer motor which is synchronized to the space-
craft two-phase clock. Angular momentum compensation of the scan mirror is
provided by a separate motor driving a compensation mass. Scan mirror position
is monitored once each revolution by a magnetic pick-up.

Optics Subassembly

The optical subassembly (see Figure 1) is catadioptric collecting with an afocal
reflecting telescope. The telescope is a modified Dall-Kirkham configuration
which reduces the optical beam from an eight inch to a one inch diameter.
Spectral separation is provided by a dichroic beam splitter positioned in the
collimated beam from the secondary mirror which acts as a folding mirror for

the 10.5 to 12.5 micrometer band and transmits energy at shorter wavelengths.
The electronic and radiant cooler subassemblies are discussed in information
cell #11.

hap—

- 21.6”
SCAN MIRROR —

1 ¢

- ELECTRONICS

@]

L 1um DETECTOR

AN TELESCOPE
. : \ij 1 PRIMARY 17.0" §
N . | o 1\ =

: i ¢ 11t E
' ST T :
- 8.25" > w e, i
' ' H ' 3

: Y 4 i \ &
: IR DETECTOR -—/ COOLER ;

FIGURE 1 HCMR Optics Subassembly
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. (10} SENSOR DATA RECEPTION AND PROCESSING ~ BLOCK DIAGRAM:

See information cell #8.

{11} RECEIVING AND PROCESS!NG - NARRATIVE:

Electronic Processing
The detectors produce a small AC electrical signal which is proportional to the
difference in radiant energy between the scene and space. The electrical sig-
nals from the detectors are amplified in each video amplifier to a level required
for processing. Each video amplifier contains a low noise preamplifier, video
filter and postamplifier. A space clamping technique is also used which estab-
lishes the DC zero level once every rotation of the scanner by clamping the out-
put to zero when viewing cold space and holding this level for the duration of the
scan. The overall video amplifier gain will be such that the highest energy scene
will produce a 6-volt output signal, Calibration signals consisting of a 6-step
staircase waveform will be inserted at the amplifier input as well as at the amp-
lifier output on every scan line to provide constant calibration and complete
assessment of the amplifier performance. At the amplifier output, synchronizing
pulses are also gated in along with the output calibration to make up the composite
(continued on next page).
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(11) continued

video. Output buffer amplifiers with unit gain and low output impedance.
are used for the output interface to the data system.

The calibration circuitry consists of an accurate, stable digital-to-analog
converter which will generate a staircase of six one-volt steps for insertion
at the amplifier input and output. .

Radiant Cooler '

The radiant cooler is designed to cool the patch to 110°K. The patch will be
controlled in temperature to 115°K by a temperature control circuit which
monitors temperature with a thermistor and supplies heat to the patch.

5.7-13
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(12) DISTRIBUTION QF,'DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

HCMR ANALOG ANALOG TAPES
TAPES RECORDED '|==t=| ARRIVED AT
| ATGRND STATIONS| | GSFC

ANALOG TAPES
ARRIVED AT HCMM
CONTROL CENTER

1 HCMM/HCMR Analog Data Flow

HCMR SURVEY - : e RN
PICTURES o
PRODUCED

!

'PRELIMINARY SELECTED TAPES
ANALYSIS OF  f=e$= PROCESSED ON
HCMRDATA - | | ELS

3

ANALOG TAPES | ~ MASTER DATA
TOIPD WITH : TAPES TO
2| INSTRUCTION " SIOUX FALLS

R

" IPD DIGITIZING
LINE MAKES -
DIGITAL TAPES

DIGITAL TAPE
PROCESSING

(13) DATA DISTRIBUTION — NARRATIVE:

Data will be ‘collected in real time only, when the spacecraft is within the range
of one of the stations equipped to receive HCMM data. Stations presently equipped
are Rosman, N.C., Mojave, California, Gilmore Creek, Alaska, Honeysuckle, Australia
and Madrid, Spain. Data will be collected in analog form only. Data tapes will

be mailed to GSFC in all cases and some direct recording at GSFC can be accomp-
lished using the wide band link from Rosman to GSFC.

Data will be collected at each station for every pass where the station is oper-

ating and where cloud cover is not so exten51ve as to cover 70% to 80% of the area
that ‘would be seen.

Pictures from each data'pass will be produced directly from the analog tapes to
determine if the data quality is sufficiently good to merit digitization and
further processing. The analog pictures will be made on the EIS machine where a

(cont1nued on next page)
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(13) continued

. grid the data. Based on past Nimbus experience, it is estimated that 20 to

black and white positive and negative are made simultaneously at a rate of
three minutes per frame. In no case will a station pass result in more than
three frames.

The black and white positives W111 be scanned to determine if the data is of
good quality and the cloud cover sufficiently small to merit further processing
The negatives from this uncalibrated picture will be washed and stored for
possible further use.

The positive survey pictures will be utilized to prepare instructions for the
digitization line in the Information Processing Division (IPD). Instructions
normally contain the tape register number, the number of the tracks containing
the data of interest and the start and stop time from he spacecraft time code
recorder on the tape. The tdpes and the instructions for processing will be
transported to the digitization facility in the event that the survey picture
facility and the digitization line are not co-located.

Digitization of the analog data will be carried out with the digitization line
established for the Nimbus S Surface Composition Mapping Radiometer (SCMR).
The data will be digitized in the format utilized for the SCMR so that the
software developed for the SCMR can be utilized.

The digitized data will be processed first into thermal maps utilizing the
instrument internal calibration for thermal calibration-and ;the:spacecraft
altitude and attitude information to correct the data to a uniform scale and

25 usable frames of data will be acquired each day. The processed data will
be converted into calibrated imagery in the facilities of the Information
Processing Division.

Duplicates of the processed tapes will also be produced in the facilities of
the Information Processing Division. With the exception of scale correction,
this may be necessary because of the non-circular orbit possible with a Scout
launch, software for all operations up to this point already exists.

Processing for thermal inertia mapping will require registration of data from
overlapping orbits from a day and night overpass of the same area. The scale
correction and location gridding already applied will be utilized as the first
step in registration. Since the day and night orbits will cross at an angle
of approximately 30° one of the two scenes will be rotated to coincide with
the other. Software for this operation will be developed in cooperation with
the Information Processing Division. The registered frames will be processed.
with an algorithm to extract thermal intertia from the temperature measure-
ments and the daytime albedo measurements. From the 20 to 25 frames of useful
data per day an estimated 2 pairs will be sufficiently cloud free and occur in
an area where thermal inertia measurements will be of use.

o g

(continued on next page) 4
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(13) continued

The processed thermal inertia data will be produced to provide imagery and
magnetic tapes. The imagery will be produced in black and white with gray
scale annotation. Annotation will also include gridding and the times at which
the frames were taken. Data tapes will be duplicated for the primary users

in the IPD facilities. Further duplication will be carried out at a data
depository.

Data Dissemination

Processed data in the form of pictures or magnetic tapes will be sent to the
EROS Data Center, Sioux Falls, S.D. Distribution of the data to investigators
other than at GSFC or the USGS will take place through the Data Center.
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(1) SENSOR NAME, ACRONYM: Coastal ‘Zone Color Scanner (CZCS)

{2) DISCIPLINE: Earth Observations ‘(3) SUBDISCIPLINE: Ocean Monitoring

{4) APPLICATION AND OBJECTIVE:

The CZCS is a passive imaging, scanning, visible/infrared, spectroradlometer
Its' purpose is to gather radiometric data to map chlorophyll concentration,
sediment distribution, gelbstoffe (yellow substance) concentration as a salinity
indicator, and temperature of coastal waters and the open ocean.

(5) HERITAGE/KEY PERSONNEL: Similar to Nimbus-S Surface Composition Mapping Radiometer
(SCMR) .

CZCs Applications Scientist--Dr. Warren A. Hovis-- (301} 982-6465

{6) SENSOR DEPLOYMENT:

The CZCS is one of nine (9) sensors aboard Nimbus-G, scheduled for launch in
October 1978. Nimbus-G will operate in a sun-syncronous, circular orbit at an
altitude of 955km and 100° inclination. Mission lifetime is scheduled for oéne
year and CZCS duty cycle is 30%.

N - SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

The CZCS has six (6) spectral bands, five(S) sen51ng reflected solar energy and one
~ sensing thermal emission. Four of the five reflectance solar bands have the1r
“dynamic range set for water ‘targets-'and: will: saturate. over .most-ldnd scenes. ~.The.-
fifth band (700-800nm) has the same spectral location as band 6 of the Landsat MSS
and its dynamic range is set for land targets. Band 6, centered at 11.5um, will
measure the temperature of coastal waters and ocean currents over the range of
270-305°K, and with the same spatial resolution as the reflectance bands.

(78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

Not Applicable

(continued on next pggg).

i

]

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

The detectors for bands 1-5 are silicon photodiodes. The thermal emission
detector (band 6) is a Mercury Codmium Teluride (HgCdTe) photoconductor. Inter-
ference filters provide the spectral selectivity shown in Table 1. Reflected
solar energy and thermal radiation are collected and focused on the detector
assembly with Cossegrain objective system with a clear aperture of 17.8cm and a

focal length of 7lcm Calibration measurements:
' (continued on next page)
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~7(A) continued -

_Swath width for all bands is + 800km about the nadir. The distance between
sub-orbital tracks is 490km at the equator and the orbit repeats at six day
intervals so that-a particular scene might be viewed in passes on three
.successive days. At higher latitudes successive day coverage is greater
than at the equator. The scan parameters and view axis geometry are
illustrated in Figure 1 (Sheet 3).

7(C) continued

Tabie 1
SPECTRAL CHARACTERISTICS

‘Band No. 1 | 3 4 5 6
_|andwidth . 4a3:10. fs20:10  |ss0:10 - [670:10 . [750s50. . |1150:1
- .|Accuracy i".4. 4 1.4 .4
Sensitivity -~ ]| 11.46 7.64 6.21 2.86
[/ (cm? svym) ] | .
R N ~ _ _ ‘ o (<) _
NEP (1) 2.1x107 }1.7x107't j1.sx107't |1.2x107 1.5x10710 [1.3x10712
Spectral Chlorophyll|Chlorophyll |Gelbstoffe|Chlorophyll {Surface |Surface
Parameters Absorption -{Correlation Absorption |Vegetation|Tempera-
] Observed ‘ , ture

(1). NEP - Noise-Equivalent Power (dimensionless quantity)

(2) Band 6 shall have a noisé equivalent temperature difference (NETD) of
0.25°K or better at 270°K. .
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NOTE: FLIGHT DIRECTION COMING ]
OUT OF PAGE.
NADIR
FLIGHT DIRECTION
X * > X
‘ i
NADIR
()
FIGURE 1 CZCS Scan and View Axis Geometry
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{8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:

FREQUENCY COMMAND I/F. |-
DISTRIBUTION «@=x COMMAND CLOCK '—‘Qﬂ'# UNIT & CROSS |
. , STRIP - Sy
ERB [y
COMMANDS 4 KXB/S :
5B - vip TP
DI DUAL
SAMS  f==ip{ 25 KB/S ~==s—BAND
‘ : XPOMNDER
el VIP 800
GSTR |800 | XB/S
SAM 1 1 N1 [KBIS e
S— (45 x
Lot
108) .
SBUV/ _,J N
TOMS PM,;ED oo s
INPUT KB/s |BanD
~ T WP
= .| cross =+ GSTR |800 |[FILTERS S_BARD
THIR NO.2 [KB/S |AND h
D el DATA | STRAP || (45, [——"|cross _
o |25 108) STRAP
SMMR , -
— : ‘ 8CO - |WIDE
GSTR
o l DATA e NO.3 [500 |- lﬁ.ﬂ(ﬁ» BAND
LIMS 800 @5x (KBS, | S—-BAND
KB/S > 10%) 1B
2w >R OR
CZCS  frmemnmonps ¥ A~
REAL TIME CZCS 800 KB/S

- NIMBUS-G Spacecraft Data Handling System
{8) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE: '

The high data rate ocean color sensor data (800kbs) are processed and stored for
a portion of the orbit (approximately 10 minutes). Input and output cross-strap-
ping provides alternate signal routing in the event of failure of a tape recorder
or transmitter. The routing of CZCS data through the NIMBUS- G onboard system is
illustrated in the block diagram above.

The ZIP is part of the data processor subsystem (DAPS), which is the primary
communication system for observatory data. The ZIP is a special purpose processor
for handling CZCS sensor data. In general, the ZIP multiplexes the six channels
of CZCS digital radiometric data, removes nonsensible data, gates-in calibration
and synchronization data, and compresses the resulting output to a rate compatible
with the spacecraft tape recorders and S-band transmission system.

Separate ground data handling equipment will be used to process or display VIP,
and CZCS data for evaluation purposes.
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{10) SENSOR DATA RECEPTION .AND PROCESSING — BLOCK DIAGRAM:
REALTIME :
GROUND STATIONS il
‘ LOCAL READOUT
DAY/NIGHT
CLOUDCOVER :
PICTURES ;
DATA
COMMAND = jrmeemmmeeds-]  NIMBUS TECHNICAL
AND - CONTROL CENTER
DATA ACQUISITION | commANDS GODDARD SPACE
NIMBUS DATA v y ; -
. HANDLING : : ‘ V - I T t
STATION . g i
, . | GODDARD sPACE SPACECRAFT WORLD SENSOR
o " FLIGHT CENTER ... |- | ENGINEERING | MAPS: . DATA L
el e e e O DATA T L TR e b e e
NIMBUS DATA :
UNIQUE SYSTEM SCIENTIFIC AND TECHNICAL USERS N
‘ K
" NIMBUS PROGRAM DATA FLOW f
. ]
(11) RECEIVING AND PROCESSING — NARRATIVE: g
| . | | . ]
The data from CZCS will be rcceived via the NIMBUS Program Data Flow, illustrated J
above, and will be processed with algorithms developed from field experiment :
data to produce maps of chlorophyll absorption. f’
]
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(12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

. | pHOTOIMAGES IMAGES
MDHS : > NADUC
e AM _ )
‘ PHOTO ARCHIVES
o NSSDC
IMA : (GSFC)
w —~—
RAW DATA

GISS. . . USERS

(13) DATA DISTRIBUTION — NARRATIVE:

NIMBUS Program Data is distributed by the NADUC at GSFC.

The following functions
are generally performed for NIMBUS data users: :

« Accounts for and distributes experiment data processed by the MDHS

- Processes all photographic data through to archival products

" Reproduces and distributes photographic data to NASA-approved users

* Provides spenal technical services to the expenmenters and data users

- Maintains a complete photographic data reference file

-
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(1} SENSOR NAME, ACRONYM: Advanced Very High Resolution Radiometer (AVHRR)

(2) DISCIPLINE: Earth Observations (3) SUBDISCIPLINE: Atmospheric Monitoring

{4) APPLICATION AND OBJECTIVE:

The AVHRR is a four channel scanning radiometer which will have night and -day'
capability of obtaining high resolution radiometry for determmmg sea surface
temperature and ice, snow, and cloud information.

{5) HERITAGE/KEY PERSONNEL:
The AVHRR is an extension of the VHRR flown on ITOS missions.

Principal Investigator: Dr. A. Arking, TIROS Office, GSFC

(6) SENSOR DEPLOYMENT:

The AVHRR is to be deployed on the TIROS-N which is planned for launch during the
first quarter of 1978. The AVHRR will be deployed at an altitude of 830 km in a
sun-synchronous, 98.77° retrograde orbit with a period of 100 minutes.

N SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOﬁ TO ACQUIRE THE M.EAAS.UR“E'D: PARAMETER:

The AVHRR utilizes a' continuously rotating scan mirror in front of a common tele-
scope. The various channels are separated with dichroncis and defined with filters.
The two IR channel detectors utilize HgCdTe and InSb with coolmg The visible
channels use silicon detectors.

{78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

Not Applicable.

{7C) DETECTOR MEASUREMENTS CHARACTERISTICS: —
The AVHRR has four channels as follows: (1) 0.55 - 0.7um, (2) 0.72 - 1.0um,
(3) 3.55 - 3.93um, (4) 10.5 - 11.5um. The AVHRR will have an Instantaneous Field
of View (IFOV) of 1.3mrad? and a scan rate of 360 RPM. Duty cycle will be con-
tinuous with a design life expantancy of two years.

SECTION NO.: 5.7 SENSOR CATEGORY: Imaging Spectroradiometers
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{8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM ~ BLOCK DIAGRAM:

-+ PITCH

SPACE LOOK \

DIRECTION

COOLER

31" OVERALL SCAN

DEPLOYABLE ¢ MIRROR
EARTH SHIELD AR

YAW

(9) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:

IR channels look at on-board calibration target built into instrument., No on-
board visible calibration targets are provided. High and low resolution down-
links are provided. Data averaging done on spacecraft for low resolution
information.
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(1) SENSOR NAME, ACRONYM:  Large Earth Survey Telescope (LEST).

(2) DISCIPLINE:  Earth Observations (3) SUBDISCIPLINE: Land/At mospheric Monitoring

{4) APPLICATION AND OBJECTIVE:

LEST is a conceptual future system for providing multispectral imagery, atmospheric
sounding and data collection for earth resources and meteorological applications.
Since from its synchronous orbit position, the LEST maintains a constant position
with respect to earth, sites of interest may be viewed on command, continuously-

or repeatively. NOTE: All information refers to the "Full Up" configuration.

{5) HERITAGE/KEY PERSONNEL: This is a conceptual design and bears little resemblence to
anything in existance. Elements of the design are found in the Space Telescope and
the Thematic Mapper. Detailed planning is incomplete. Diagrams shown here are
representative only. Milt Ritter, GSFC 301/982-4382.

(6) SENSOR DEPLOYMENT: j
Deployed into geostationary orbit (35.9 x 10° km) over the eguator at 105° West
longitude. LEST is the primary sensor on the Synchronous Earth Observation
Satellite (SEOS), planned for a mid-1980's launch by either Titan IIIe or Shuttle/ !
Tug Combination.

{7) SENSOR CHARACTERISTICS -

{(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER: -

The telescope used with the detec*or system is a 1.4 meter diameter £/1.5 Cassegraln
having a primary constructed of. ultra low. expan51on (ULE) materlal. using egocrate
techniques. Telescope pointing and E-W scan is prOV1ded by spiacécraft motion "
produced by control moment gyro (CMG). N-S scanning is accomplished by pushbroom
arrays in three different focal planes: £/5 for visible f/2 for two of the near-IR
bands and £/1.3 for the far IR and one of the near-IR bands. In all, 22 bands are
provided with simultaneous operation in up to ten bands. Switchable filters are

{7B) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):: N/A - 7(A).Continued:

provided to allow operation in alternate modes; e.g., Earth Resources and Meterolo-
gical, Ground resolution element size for visible-bands is 100 meters and 1000
meters for thermal bands. A non-imaging 23-channel atmospheric sounder is also
incorporated. ‘

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

Four different detector materials are utilized in linear arrays composed of discrete
detectors, sequentially interrogated by integrated CCD switches or by hybrid devices.
The material used for the visible band is Silicon (Si). Lead Sulfide (PbS) and
Indium Antimonide (InSb) are used for the near-IR bands and Mercury Cadmium, Tellur-
ide (HgCdTe) is used for the thermal IR bands. Onc of the InSb arrays and the HgCdTe
arrays are cooled to 110°K by passive radiative cooler. Optical bandpass is limited
by filters mounted in arrays and can be selected on command. , ]

5. 7-%77
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{8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:

. UL e [ ) [70) ) s 4 ARRAYS
- . G 4600 ELEMENTS EACH

OO0 fer

- e8) 18- 12 )
-l 83~ 20
(ET7 113 - 120y
@R 103~ N3 - 191 ELEMENTS/ARRAY

100 X 100 um ELEMENT

S ARRAYS

. . €33 ELEKENTS/ARRAY
e ° 20 X 20 pm ELEMERTS AVIOOK
cam ~g e 4
I B s TAGE W . cooiem
T rER N L v
- ':'*(“)OR YL ) FILTER
= T . stLacY
- -y . MECHANISA
ALTER EARTH RESOURCES
BELECT. o Nees
COMBAANDS MET MODE
10 MBPS + SOURDER
-STATION - - : _
SENSORS -

(8) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:
The LEST combines 22 channels of imaging optics in the visible and infrared and an
atmospheric sounder. For imaging, three different images are formed in different
focal planes: Five different kinds of pushbroom arrays, constructed of four
different detector materials, scan the images. Narrow band filters are called up
by ground command as appropriate to these modes of operation: (a) earth resources,
(b) meterological search, including 13-band IR sounder, (c) meterological monitor
and(d) 23-band IR sounder. Not all bands dre downlinked simultaneously. A max-
jmum of 23 channéls are sampled by the A-D converter. Available choices of
combinations of channels along with the slew rates are summarized in Table 1.

5.77.85%
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(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:

MODE AND
POINTING COMMANDS
DEDICATED IMAGE
_ RECEIVING SITE  gee—>| DATA _—
3 s | . PREPROCESSING | NEAR
36.8 x 16° km v : REAL
RECEIVER b=~ TIME
ATMOSPHERIC | DATA
. bl DATA —
PREPROCESSING
505OWL : BANDWIDTH
EARCH EARTH RES. — 170 Mbps

METEOROLOGICAL — 10 Mbps
(NOT INCLUDING HOUSEKEEPING)

(11) RECEIVING AND PROCESSING — NARRATIVE:

The pointability of the sensor, in geostationary orbit, combined with the TIR
capability, produce a high volume data generator capable of imaging phenomena

in real-time in the Western Hemisphere on a continuous basis both day and night.
Ground facilities capable of handling these data strecams will be dedicated facili-
ties. Pointing accuracy is +1 km at the subpoint. Scanning is accomplished by
alternate E-W, W-E scans as shown in Figure 1 (see continuation sheet 5/6).
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FIGURE 1 Pointing/Scanning Pattern of LEST
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(12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

This space intentionally left.blénk.

(13) DATA DISTRIBUTION ~ NARRATIVE:
Planhing of ground statiéns, image preprocéssing and data product distribution is
incomplete and unavailable at this time. For representative examples of the type

of facilities which will be required, see the Thematic Mapper and VISSR/VAS data
sheets,

5.9
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'_by satellltes, the potent1al of study1ng the world W1de oceans of . a1r currents

"~ Section 5.8 _
INTRODUCTION TO ATMOSPHERIC SOUNDERS

In 1959, Lewis D. Kaplan of the Massachusetts Institute of Technology wrote

a paper which appeared in the Journal of the Optical Society of America in which

the first suggestion was made that the temperature structure of the atmosphere
could be inferred from radiation measurements. Soon after that, the literature
reflected an abundant interest of some segments of the technical and scientific
community in using tadiation measurements made from ; satellite to infer the
distribution of temperature along a Vertical line starting at the earth's surface
and going up to 30-45 km. There issturrent interest in the region of the atmos-
phere up to 100 km. The obvious motivation for the majority of this interest is

the study of weather phenomena on a world-w1de baS1s. With rapld.global.coverage

.‘f,-,’,

that determ1ne our weather is enormous, In th1s country aﬁd 1n'other selected
locations, measurements of the atmosphere can be made by radlosonde. It is apparent
that these free-flying balloons routinely make direct, multi-parameter measurements
of atmospheric properties to the 10 millibar level (> 30 km). However, on'the two
thirds of the globe which is covered by water and in sore foreign tountries, the
network of sites from which radiosonde launthings are made is too course to produce
the fine scale temperature reconstructions upon which numerical weather information
is based. Geostrophic wind shear fields cannot be evaluated in these remote areas
without the thermal gradient information. At this writing, instrument design has
progressed to the point that intercomparisons of data derived from satellite and
from radiosondé soundings are basically favorable. Horn et al [1] indicate -that

the use of these satellite data has the potential for producing significant improve-

ment in numerical weather predictions, if the general characteristics and accuracy

- REV. DATE:-31 Jan 1978
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of the data are properly assessed. Imprudent mixing of satellite data with con-

vveﬁtiOnal data, it is claimed, can be cquﬁtér-productive, offsetting any advantage
.'provided by the additional data.

V Many comparisons havé been made [2] between satellite measurements and

“fmanua; soundings. In 6ne study, 150 pairs of radiosondes were released simulta-

neously within a distance of 100 km. RMS differences between pairs ranged from

1.3°C to 2.3°C in various layers between 1000 and 100 mb (SL-15000') [3]. The
.vdifferéhceé could be cauééd‘by several factors including small-scale atmospheric
~i;ariability-a1§ng-the-path of the rising balloons and minor differences in the
-.ins;ruments."Little significance, then, should be attached to.differences betwéen

- sate11ite Soundings and radiosondes which are smaller than 2°C. On the other hand,

: iﬁ?ﬁéfé;ﬁbmiiéféfdéfa cmeéiiSons‘thafttakéﬁiﬁtoia¢COUnt vertical resolution and the
impéct'of*the data on models can be complicatéd andvdifficult to understand [i] [4].
it should be emphésized here that the method utilizing radiative properties does
‘not measure specific temperatures at specific altitudes. Rather, a vertical temp-
erature struéture is inferred.

‘.Remote soundings'from satellites depend for the most part upon reradiation of
solar energy by gasses which are uniformly distributed in the atmosphere. Catrbon
dioxide is known to be present in the atmosphere up to 30 km and unifprmly mixed
to within 1 or 2 percent. Its -emission spectrum when viewed from above will depend
only on the vertical distributibn'of atmospheric temperature [4]. In literatuée
written primarily by Clark, Hilleary, Hanel, Conrath and Houghton, it has been
iilusfrated that by 1970, the mean temperature of a 200 mb thick layer could be

| meésured to within 2°K

The speétrum of solar radiation as it arrives at the surface of the earth is

shown in Figure 5.8-1. Of the radiation which arrives at the earth's surface,

a0
*, I
e
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FIGURE 5.8-1 Solar Spectrum

approximately 45% is reflected back into space and 55% is absorbed by the earth to
maintain its temperature. The earth acts essentially as a blackbody, and all of
its emitted rﬁdiation is in the infrared and much of it in spectral regions where
the atmosphere absorbs strongly. Much of it is thus absorbed by the atmpsphere-ahd
is in turn re-radiated by the atmospheré in amounts depending upon the concentration
z,nthe

and the temperature of the absorber. The absorber of interest here is CD
transmission characteristics of which are shown in Figure 5.8-2. As can be séén

co,

TRANSMISSION

) | i L 1 L i _~
1 3 5 : 7 9 1 13 s 17
WAVELENGTH, MICRONS

FIGURE 5.8-2 % Transmission'-‘CO2

from the figure, the atmosphere is essentially opaque in a narrow band centered

at about 15um. As viewed by a satellite, the Earth's radiation is represented

by Figure 5.8-3.

Lo s e
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FIGURE 5.8-3 Earth's Radiation as Viewed by a Satellite
The prinbiﬁle upon which the inference is based can be understood by consider-
ing an'atﬁoéphefe of uniformly distributed absorptive gas (in this case (COZ) which

is horizontally stratified and in thermal equilibrium as shown in Figure 5.8-4.

SATELLITE (POINT OF MEASUREMENT)
O <“— |, = TOTAL INTENSITY
RE-EMITTED RADIATION FROM CO,

LIMITS OF INTEGRAL

n,
e B\V/ A
(EARTH) ... \\; RADIATION DIFFUSING SURFACE

FIGURE 5.8-4 Earth Radiation and Atmospheric Absorption
Viewed by a Satellite

At the Spectrﬁl frequency v where the absorption coefficient is K, Kirchoff's
Law states t»haf the emitted intensity from the slice shown in Figure 4 in the ver-
tical direction will be
Ky duBy (T)
whefe By = Planck function at frequency v and temperature T. Of this radiation,

a portion Ty will reach the top of the atmosphere.

| Rev.DATE: 31 Jan 1978
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Ty = exp (-fKydu)
The limits of the integral in this expression are from thé_sl_ice to the top of
the atmosphere. |
If we integrate over all such slices to determine the total radiation (1)
at frequency v reaching the top of the atmosphere, we have:

I, =/BV(T) Ky du exp(-fKydu)

1

=f B, (T)dTy

Ty = 0
It is convenient to use an altitude dependent variable y =-In p where p is

the pressure in atmospheres. In this case:
Ty = [B,m S d
A A By , dyy

| =f3v('” K &y

In other words, Iy is the welghted averageofthe blackbody 1nten51ty, thewelgh%-
ing function K(y) being% . It can be dcmonstrated that the radiation of a given
wavelength reaching the top of the atmosphere is distributed in elevation according

to a curve similar to that shown in Figure 5.8-5. In the example shown, it can be

10—

1wolflilr'Tll
WEIGHTING FUNCTION

FIGURE 5.8-5 Weighting Function
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_;een that the majority -of the radiation of the particular wavelength reaching the
-tpp- of the atmosphere originated at the 100 mb level or about 16 km. Had another
- waveiéngthz beéen chosen, the majority of the radiation reaching the top of the
Aatmos'phere would have originated at some other altitude. To fﬁrther illustrate

this, refer to Figure 5.8-6. Here are illustrated the vertical distributions of

radiation at six different wavelengths as viewed from the top of the atmosphere.

0.01,
4 " 1-14981u
] 2 - 147621
w 1 3-14.39
& | u
g
@ 4- 14119
£ i
_ o 5137864
1 : 6 - 13384
1000 | N
0.04

0.01 0.
WEIGHTING FUNCTION
FIGURE 5.8-6 Weighting Functions at Several Wavelengths
The flux F (W Cm‘25r~1) incident on a radiometer sensitive to a narrow
spectral interval A v centercd at frequency v can be related to an equivalent

radiometric temperature T by the relation
F=Bv (T)AvV

where Bv(T) is the Planck function appropriate to frequency v and temperature T.
In order that T be derived with a maximum error of 1°K, if we are dealing with
»C02 in the 1_5 ym band, F must be measured with a maximum error of about 1%. . If
‘éfro.rs ai-e greater tha_n these (particularly the relative errors between different

épect_ral channels) serious degradation of the information content of the measure-

ments will result (4].
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For.measurements in upper atmosphere, the weighting functions must be well
deflned This can be enhanced by selecting observed spectral reglons where the
absorption coefficient of the gas whose emission is being observed is as nearly
uniform as possible.

The device for limiting the spectral input to the various detectors (filters,
grating, etc.) must be reasonably narrow spectral bandwidth (of the order of 2000
angstroms). An argument can be made [S] [6] that measurements of five or six channels
are required to.adequately describe the atmospheric temperature profile up to 50
under cloud-free conditions, and that additional channels add little except when used
to assess cloud cover, or to describe the water vapor level. 1In addition,. the
measurements made in the several channels mﬁst be acquired from the same field of'
view.

Objects whose tempefature is above absolute zero radiate microwave energy in-
addition tp the radiated infrared. Ae a fegult,Athe retiepeie eevelopee'abeVe
can be applied to microwave frequency as well as to optical frequencies and a set of
weighting functiqn curves similar to Figure 5.8-6 can be developed in the microwave
frequencies. One band which is in use in the 60 GHz (5 mm wavelength) 0 absorptlo
band. The advantage of using microwave is that coverage can be obtained under all
weather conditions and frequency discrimination is simplified. Current remote
sensors for temperature profile.work are combining microwave channels and epticalA
channels help in solving the anomolies caused by cloud cover. |

An illustrative sample of a simple VTPR designed for use on eaply ITOS vehicles
is shown diagramatically in Figure 5.8-7. It viewed earth in the nadir direction
from the stabilized vehicle in eight optical channels. Six are in the 15 um
CO., band, as described above, ene channel is in the rotation band of water vapor at

2
5.7 microns for cloud detection and one is in the atmospheric window at 11.12
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FIGURE 5.8-7 ITOS VTPR - Optical Layout

microns for detection of the surface temperature. The wavelength intervals and
widths are determined by the characteristics of interference filters mounted on
the rim of a wheel rotating at 60 RPM. The advantage of using the single detector
and changing filters is that relative measurement accuracy between channels is a

. constant and ﬁetector calibration considerations are minimized. 1In operation, a
column of the atmosphere is viewed by an £/3 folded telescope of 2.6 inch diameter
sequentially through the eight filters on the wheel. A chopper wheel mounted
directly in front of the detector chops the radiation at a rate which is high

compared to the filter rate. The pulsating voltage thus 'generated at the output

~ of the detector is transmitted to earth using digital telemetry. The field stop

-
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which limits the radiation arriving at the detector is sized to provide a 2.2°
field of riew which is scanned beneath the satellite by an oblique mirror.
Measurements are averaged over eight cyoles which, together with satellite motion,
gives the instrument an equivalent of 4° FOV in the along-track direction. The
power consumption of this ten pound instrument is.two watts. The accuracy of
speotral radiance measurements is 0.5%.

Sounders can be implemented on both geosynchronous and polar orbiting satel-
lites. Polar orbiting sounders scan.cross—track to collect measurements along a
line about +700 km from nadir. The forwardvmotion of the spacecraft provides the

along-track progression of the scan. Each orbit a 1400 Km wide swath around the

earth is sounded, providing total earth coverage each 12 hours. (Depending on_the;.

cross-track scan W1dth there may be small gaps in. the coverage at the equator )

Current polar orb1t1ng sensors are in v1ew of each ground statlon for about 20

'mlnuteS‘of each 2 hour orb1t. Future polar satellltes w111 usé" geosynchronous

communication satellites to lengthen communication time with ground statioms.

Data rates from polar orbiting sounders are less than 1000 bits per second.

-Geosynchronous satellites are limited by the resolution they can achieve at

their high altitudes (35,000 km). However, the fact that_they'are stationary
relative to a point on the earth allows them longer integration periods, improving
the signal to. noise ratio and compensating for the altitude.l The determining of
accurate geographic}position of geosynchronous soundihge requires a highly stable

spacecraft with precise atitude control. Geosynchronous systems now being planned

will use earth landmarks to achieve geographical locating accuracy of less than lkm.

The geosynchronous sensors have more flexible scanning capability than polar orbit-

ers. Commands from ground allow the user to immediately look at a selected geographf:

ic area on the earth at a selected repetition frequency. (Coverage is limited to the

PRt i

T Lt ey
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i highest resolution required by the users) the data rates and processing requirements
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earth disk in the vievgéf;fhe‘satellite.) The-resolufion of the satellite
T_decreases'rapidlf‘aé‘the'éehsor-is scanned off the subpoint. (Maximum coverage
..is about 40° lat.) In general, the scanning and temporal flexibilities of the
' geosynchronous sensors give»them an advantage when monitoring current weather
déyelopment for storm warning and mesoscale forecasting, while global coverage
pio§idéd'by'fhe pelar qrbiting satellites is valuable for synoptic weather
monitoring anq‘predictiOn. |

Data rates produced'by the sounding sensors are low compared to imaging
. devices. The existing polar orbiters produce about 12,500 measﬁrementsvper.orbit
and require ébout'i 1/2 hours of 360/195 computer time to producevaboutlsooo

.:soundings each déy. With improved resolution to 25 km (which appears to be the

. would increase by a factor of four, still well under today's data rates for imaging
radiometers. Geosynchronous satellites which have the potential for resolution
finer than 25 km are probable candidates for monitoring severe storms. But as reso-

lution is increased, integration time can be expected to increase and the data rates

would decrease. The integrated signals are transmitted to the ground for process-
ing into atmospheric soundings. Ground processing procedures for both geosynchfonous
and polar orbiting sounding data satellites are similar.

Figure 5.8-8 is a block diagram of the ground processing-reqﬁired;to generate

atmospheric soundings. An ingest program réceives, error-checks and formats the
data transmitted from the sensor. The raw data is normally recorded as it is
reCéifed and the ingest sx;teh_has the capability to play back the recorded data

into the normal data procéééing paths. Most of the sounders perform calibration

Irhe assumption is made that integration of the signal over time is performed

én board the spacecraft.
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FIGURE 5.8-8 OQutline data flow for analysis of sounding data. In the
case of data from a polar orbiting spacecraft, orbit and attitude data
will be made available from external sources.
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measuremgnts at regular intervals, normally once per scan. In most cases, space

is viewed to get a cold temperature measurement and an interior object is viewed
to get a known warm temperéture.' These measurements are multiplexed into the data
stream. These calibration data along with other calibration data determined before
launch, are used to adjust the voltage readings for variances between detectors
(detector_bias) or spectral channel variations. The adjusted raw voltages more
consistantly and accurately represent the actual radiation sensed by the detector
senéor in each spectral band. These voltages can be converted to radiances by the
application of a matrix of coefficients.

The measurements are geographically located to the earths surface using
.altitude and orbit parameters of the spacecraft. Normally time information is
'tranSmifted with the sounding data to allow the ground system to determine the
position of the?spacecraf; for each measurement. For geosynchronous satellites,
image data landmarks will be correlated with soundings and used to iocate the
satellite IFOV on the earth.

The ground processing system uses a matrix of measurements (8 x 8) to generate
- each sounding. The matrix smooths the reading of the individual radiance profiles
and helps relieve the problem of cloud cover. Current sounders, operating in
the IR spectrum, cannot penetrate solid, opaque clouds. While they can penetrate
light clouds and broken clouds, the clouds will bias the radiance profile toward
the cold temperature associated with their altitude. The procedure. for adjusting
for partial cloud cover is based on two prinéiples:

(1) the radiance in a.column is a linear function of the cloud
amount in that column (within limits), and

(2) the magnitude of the effect of partial clouds is dependent
upon and unique to spectral band.

5.8\
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A graph is plotted of the values of intensity (I) for a window channel vs. the
intensity receivéd in a second spectral channel from the same IFQV's. Where the
the chénges in intensity are due only to cloud cover variations, the plotted points
will define a straight line (see Figure 5.8-9). Using a first guess temperature

profile and a surface temperature measurement, the theoretic clear-atmosphere

radiance is computed for the window channel. This window channel radiance
defines a point on the plotted line that gives the corresponding clear-atmosphere

radiance for the second spectral channel.

" CALCULATED CLEAR-AIR
o RADIANCE USING SURFACE
DATA

rmzzpI0 OZ-CZCO®
<H4-vzm-az-

|
I
L
T

INTENSITY
WINDOW CHANNEL

FIGURE 5.8-9 Technique for Calculating Clear Atmosphere Radiances

A second technique can be used to eliminate the need for the first guess

IR

profile values and the surface temperature. Two measurements are taken in each

of two window channels and the straight line is plotted as in the previous method.
For these window channels, a plot is generated of the intensities produced in each

channel by identical brightness temperatures of an opaque surface. (The Planck g

Function values of the waves.) The point of intersection of the straight line and

the Planck Function is the value corresponding to clear column measurement of the

S - J
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V surface‘(see Figure 5.8-10). Line plots of each sounding channel vs. the window .
: “channel can then be developed and the clear column values determined for the Qindow'
- channel can-be-used1to determine the clear column values on the sounding channels

-as. in the first method..

t
so -m
40 ¢
J, 30 ¢
204
10" 4 ST e B
' PLANCK FUNCTION __ = =
_——

. l _ 10 20 30 40 50

()

FIGURE §.8-10 Determining Clear Column Radiance in a Window Channel

With the clear column radiances developed, the actual temperature profile can
be génerated. . There are two basic methods for generating tﬁe profile: Regression
Method aﬁd the Minimum Information Solution Method.

The Regression Method has been the most successful. Basically, a set of
regression coefficients are generated by processing a number of éo—located radio-
sonde and satellite measurements. The radiosonde measures atmospheric temperature
f?oﬁ which brighthess temperatures are developed for fifteen levels of the
: atmosphe?e. Coincident satellite measurements in all 8 -spectral channels are

regressed agéinst the>brightness temperatures to achieve a 15 x 8 matrix of

REV. NO.: | RE. DATE: 30 Jn 977
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coefficients relating satellite sensed radiance to brighthess temperature at 15
levels of fhe thgsphere.’ These céefficients are applied to independent satellite
meésurements to get the desired profile. |

The Minimum Information Solution guesses at a profile, then applies the
transmittance characteristics of the atmosphere against the guéss to determine if
the radiation generated by the guess profile is consistent with that sensed by the
sounder. If not, the guess is modified and the process repeated. The first guess .
may come from (a) existing foreéasts, (b) surface basgd measurements that are inter-
polated in time and space to the location of interest, and (c) a regression of
historical data. The first guess is used to modify the transmittance functions
because théy are slightly témperature dependent. The transmittance functions are
applied to the guess profile and integrated to the surface of the atmosphere to
obtain total radiance at the top of the atmosphere. The calculated ra&iance’is
compared to the measured r#diénce-and_if the values agree within some acceptable
delta, the guess profile is considered as the actual temperature profile. If the
values do not agree the guess is modified and the process repeated.

This section has thus far addressed only the meteorological applicationé of
sounders. Another major application of optical spectrographic-type instruments is
in the detection of chemical constituents in the atmosphere. Several methods are
preséntly being developed including active laser methods which will be discussed
under the LIDAR section. Metho&s which can be covered in this section include inter-
ferometric schemes and lasfr heterodyne methods.

From a detailed study of the spectrum of light from a gas mixture, one can
deduce: [16]

(a) Composition (what molecules are present, e.g.
02, Nz, HZO’ COZ, NHS’ CH4, etc.)

!
{
i
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(b) Abundance (how much of each molecule, including
"~ isotopes)

(c) Temperature
(d) Pressure

(e) Velocity -(how fast the gas mixture producing the spectrum
is moving toward or away from us)

-(f) Turbulence (how fast one part of the mixture is moving
- relative to another part)

(g) Field Strengths (magnetic or electric)

These spectra are of two basic types: (a) absorption (dark line) spectra where
light passing through the mixture is attenuated at waveleng;hs characteristic of the
gasses and (b) emission (bright line) spectra where the heated gas're-radiates light
eﬁergy,at wavelengths which are characteristic of the’gas,l Astronomers have for
'5yéar5'ﬁadeldetai1ed studies of the spectra of light from planets to deduce the
chemical composition of their atmo§pheres. Recently, new information and methods
have changed traditional thinking.abbut some of these measurements.

.A typical spectrometer as shown in Figure 518-11 consists of a radiation
collection means, a dispersion;element such as a prism, g{gting or similar
device for breaking up the incoming light according to wavelength and an analyzing
device<whiqh could be film texcept that for infrared energy will not register) or
a detector. A slit is used in front of the detector to limit the spectral width of
light entering the detector and thereby improves resolution. High spectral resolu-
tion is attained by narrow slits, which reduces the amount of light reaching the

detector. As slit widths are reduced to increase spectral resolution, the light

" reaching the detector decreases and eventually cannot be seperated from background

radiation.
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FIGURE 5.8-11 Schematic Representation of a
Photoelectric Dispersing Spectrometer

An alternative which provides relief from this impasse is the Fourier Spectrometer

which is shown schematically in Figure 5.8-12. It consists of an entrance aperture

FIXED PLANE MIRROR -

.o ] . : e ST -V .
CONDENSER  COLLIMATOR = i J :
F L - - — Y A PLANE MIRROR L
3 Sz |~ RS T j@* . AMOVINGWITH . -
‘ LIGHT SOURCE ENTRANCE 2 V. cmiiec
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Y [
EMITTING WAVELENGTHS
Aqem, Ay em, Azcm, ... ote. CONDENSER

DETECTOR
OUTPUT FREQUENCIES
fa=VNC/S
13-VMCI§
" FIGURE 5.8-12 Schematic Representation of a
Fourier Interference Spectrometer
and lens (or mirror) which can be large, a Michelson interferometer, a lens or

mirror for condensing the radiation a circular exit aperture and a photoelectric

detector.

e
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The‘MiCheisoﬁ interferometer Qas the invention of A. A. Michelson, the first
Aﬁerieah Nobei‘Leureate. It consists of a plate which reflects half and transmits
‘.Vhalf of the incident radiation (called a beam splitter) and two flat mirrors which
~ intercept these two beams and reflect them back to the beam splitter (see Figure

5.8-12); As a censequence of the phenomenon known as interference, the fraction of
'the radiation which is again reflected from, or transmitted by, the beam splitter is
Aeontroiied_by the difference in the distances of the two flat mirrors from the beam

split;ef‘(ealled'the path difference). As the path difference changes, so does the
,»3relative pioportioh of the two Beams transmitted or refleeted. The transmitted
?_ffaction passes to the detector. If light of only one wavelength is incident on the
'system, and if one' of the flat mirrors moves at a constant velocity with respect to
:. the other, the output of the detector W111 vary in a per1od1c fashlon at a rate which

.‘depends only on the wavelength and the mirror veIOC1ty. ansequently, if now two

‘lior more individual wavelengths are 1nc1dent on the same»system, the detectoriwill

“produce periodic signals that are related to the relative wavelengths. Therefore,v
if we know either (a) one of fhe incident wavelengths, or (b) the mirror velocity,
we can find the unknown wavelengths and their relative intensities. A spectrum is
precisely this: a plot of wavelength against relative intensity. If the incident
radietion'iebcontinuous~(that is, comes from a hot body such as a tungsten filament

lamp), the outgoing frequenc1es will also form a continuous set. By means of a

'Fourler Transformation (whence comes the name Fourier Spectroscopy) and a d1g1ta1

' computer, onevcan produce the required spectrum. A typical output, called an inter-
ferogram, is shown in Figure 5.8-13. To overcome some of the physical_difficulties

)fof-buildieg the classic Michelson interferometer, a variation known as the 'cat's
eye ineerferometer"'was developed. In the cat's eye, the flat mirrors are reﬁlaced

by retroreflectors. which are more tolerant to misalignment. Early models of this
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FIGURE 5.8-13 A typical output from a ?Qurier Spectrometer.

The plot is called an interferogram and, ip this case, was

generated by observing a hot tungsten f11ament in the nelgh-

borhood of 2-2.5 u wavelength (1 u = 10~* cm)
were built in the late sixties at'JPL. ‘A later verSion,'sﬁdwﬁ'SChematféélly’in'&1‘
Figure 5.8-14 is not unlike the unit to be flown as the ATMOS instrument aboard
Shuttle.

The laser which is shown in the diagram is a monochromatic source which is
directed through the interferometer along with the radiation being analyzed. The
effect on the laser's radiation is measured and is used to null the servo which
drives the movable retroreflector.

Satellite experiments planned for the near term on Nimbus-G (1978) and AEM-B
(1979) will concentrate upon measurements in the stratosphere [18]. These will
include vertical profiling of stratospheric HZO’ 03, oxides of nitrogen, HNOS,.CO2
and aerosols using atmospheric horizon viewing (1imb) instruments: the Stratospheric

and Mesospheric Sounder (SAMS) and the Limb Infrared Monitoring of the Stratosphere

(LIMS), and the Stratospheric Aerosol Measurement Radioﬁeter (SAM 1I). Also, further

L_rstratospheric 0§ measurements are planned for Nimbus-G: Solar Backscatter Ultra- _
: l REV.NO.: 1 REV. DATE: 30 Sept 1977
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violet (SBUV) and Total Ozone Mapping Radiometer Spectrometer (TOMS).

At this stage the NASA program plan includes a mid-term (1984) multisensor
environmental monitoring satellite which will include both stratospheric and |

' tropospherie pollution profiling measurements. The experiment definition for this

major spaceborne pollution mission will be based upon the results of tﬁe nearvterm
experiments planned for Nimbus-G, AEM-B and shuttie spacecrafts, as well‘as upon
aircraft flight programs.and ground based measurements. |

High resolution interferometer'measurements of stratospheric trace constituents

(03, CH4, HNOS, co, Co NOX) have been conducted from aircraft and are planned for

2.
the 1980 Shuttle-I experiment: Atmospheric Trace Molecules Observed by Spectroscopy
(ATMOS) which will include, in addition, the measurement of HCl1 and chlorefluoro-.
methanes (CFM). Another technlque, correlation spectrosc0py, reduces the effects of

vblnterferlng gases by plac1ng a sample cell contaln1ng the gas of 1ntere5t (CO :Hél

'-NZO SO ) in: a portlon of the opt1ca1 path of the 1nstrument (Gas F11ter Correlatlonl.A
Radlometer, Correlation Interferometer). A spacefllght test of this technique as a
troposphericvpollution experiment is planned for the Shuttle OFT-2: Measurements of
Ait Pollution from Satellites (MAPS). This will be the first_trepospheric experi-
meﬁt from space. Another version of the gas correlatlon technlque us1ng two sample

gas cells at different pressures (dlfferentlal correlatlon rad1ometer (DCR)) is under

development for operation in the sun viewing or reflected solar radlatlon modes.

oy

The DCR has the potential to profile twelve pollutants with much greater sensitivity

opd

to pollution concentrations close to the ecarth's surface. Other pollution profiling
techniques being developed are limb scanning radiometers that observe in the infrared
and microwave regions and a high spectral resolution technique using laser heterodyne

detection in the infrared. Another future stratospheric experiment for measufing

§
HC1, HF, CFM and others is thc Halogen Occultation Experiment (HALOE) which observes ;
5
solar radiation through the atmospheric limb. :
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‘Near end ﬁjdeterm}deveLOpment efforts have concentrafed.upon passive sensors
i.e., sensors ihat‘pessiveiy'observe signals originating in the atmosphere or from
'__thevsum;'.Passive teChniques suffer a severe fundamental limitation in vertical
1profiie resolution and consequently vertical profile accuracy. Long term efforts
;wiil stressAteehniquesfwith the potential for much higher vertical resolution and
-accureeygrnamely: active experiments which use a laser as the radiation ‘source or
probe. Such.laser ekperimentS'haVe the capability of making direct Qertical profile
_ measurements when operated in a pulsed radar mode, a technique known as Light
vbetectioniahd Raﬁgiﬁg-(LIDAR), and using a combination of atmospheric absorption and
ecattering of the laser rediatioﬁ called Differential Absorpiion and Lidar'(DIAL).

Microane seneorsbwhich wiil be ﬁsed in the near-term and mid-term for

;(prlmar11y) meteorolog1cal purposes are 1n an advanced state of development. Their

use is ‘xpected to expand in the 1990'5 for measurlng water vapor and 11qu1d water.
Areas of ;ncreased 1nterestuder1ng thls time w111 1nc1ude the boundry layer of the
atmosphere consisting of the first three hundred meters.

One can project that éceuracies of soundings can reach the .5°C level before
the 1990's and that vertical resolutions capable of being reached are described in
terms of one.bf two meters. Opinion in the scientific community is divided on
the timing ef advances in on-boa:dAproeessing of temperature data. The tﬁought is
widely held that an on-boerd‘pr0cessor is a prerequisite to soumders‘which are sig-
nificantly advanced over present configurations. If the assumption is made that the
solution of the on-board proceSSing problém in the next decade will allow direct
transmission of profiles, an estimate of dagé rates using current satellite coverage

.can be made.,
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SHEeT 1 oF S

(1) SENSOR NAME, ACRONYM:  Temperature/Humidity Infrared Radiometer (THIR)

(2) DISCIPLINE: Earth Observations | (3) SUBDISCIPLINE:  Atmospheric MorIitoriné
(4) APPLICATION AND OBJECTIVE: ’ |

The THIR provides images of cloud cover, measures temperature of cloud tops,
land and ocean surfaces and provides information on the moisture content of the

upper troposphere and stratosphere for the location of jet streams and frontal
systems. '

(5) HERITAGE/KEY PERSONNEL:
NIMBUS 5, 6, G
Instrument Rep.: M. Freidman (GSFC) (301) 982-4211

{6) SENSOR DEPLOYMENT: :
This sensor is normally deployed in a sun-synchronous orbit of 1100 km altitude
with an orbital period of 107.25 min. (NIMBUS-G). Pitch and roll axis are
maintained within .5 degrees and yaw axis within 1 degree.

(7} _ SENSOR CHARACTERISTICS

_(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR -TO ACQUIRE THE MEASURED PARAMETER

‘of the scan limit the usable sc¢an- angle ‘to +37.5°% from the satelllte -subpoint.’;
Figure 1 (see next page) shows degradatlon of resolution as a function of scan
angle. 48 scans are completed each minute (approximately 21% of the scan time'is
used for data collection over the arca #37.5°). Both spectral bands are sampled.
simultaneously. ‘ , .

~The THIR scans cross track using a .7 mrad IFOV for the 11.5u channel The s¢an
is continuous from horizon.to horizon, but. degradatzon in resolutlon at the 11m1ts,"

(78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORSI

P

N/A

{7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

Two Geranium-Immersed thermistor bolometer detectors are used, one for each band.
The detectors are uncooled, operating at 290°K. The field of view is defined by

Calibration measurements are taken each scan by viewing the sensor hou51ng and
space.

5.8-33 Precedmg page blank

the field stop: .7 mrad for the 11 um channel and 20.5 mrad for the 6.7 um channel.

9

SECTION NO.: 5.8 SENSOR CATEGORY: Atmospheric Sounders
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FIGURE 1 Relationship Between Nadir Angle and Ground Resolution
- for the THIR 11.5 um Channel at 1100 km
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{8) _SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:.

RSDH
DATA SHEET

SHEET 5 oOF °

ROTATION

" 88 - 7.0. A CHANNEL

FOV = 20.5-“

O m*smuonuus

RELAY LENS

4

1

FILTER

DICHROIC MIRROR

SOURCE RADIATION

" 105 -~ 1254 M CHANNEL

—

RELAY LENS

HMERSION LENS;

FOQV = 7.85aw

' .
FILTER-DETECTOR
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{9) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:

The ellipical scan mirror rotates at 48 rpm to scan 360° in a plane perpendicular
The scan alternately views the sensor housing, space and
Calibration sequences are executed each scan during the periods that the |
A DC restorer circuit provides a zero signal reference during
the portion of the scan where the optics are viewing space.. The output of the
detectors is amplified and corrected to provide the required frequency response.
The output voltage is routed to on-board recorder(s) or can be relayed through
the geosynchronous satellite to ground stations in real time.

to satellite motion.
earth.
earth is not in view.
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(10) SENSOR DATA RECEPTION AND PROCESSING ~ BLOCK DIAGRAM:
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3 ' ' NON-REAL-TIME | REAL-TIME
S MICROWAVE LINK - | : _ - WIDEBAND
- " MDMS
GSFC, MD.
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(11) RECEIVING AND PROCESSING — - NARRATIVE: The 1nformat1on is read back from the TDRSS at
32 x the record rate. (Real-time data may be relayed via ATS to ground). The data is

shown. - At the Alaska station, the data is recorded (analog) and then transmitted to
GSFC. The Roseman station transmits directly to the Meteorological Data Handling
System at GSFC. The MDHS integrates the data with geographic grid marks a CDC 924
computer calculates the location of grid marks and superimposes them onto the THIR data
in analog form. (No registration or correction for spacecraft attitude is performed.)
The grid and THIR image are output to 70 mm filmstrips line-by-line. The THIR analog
data is converted to digital and a digital tape is prepared by the CDC 924 Computer.
The digital tape is processed by an IBM-360 computer which produces a NIMBUS Meteorolo-
gical Radiation Tape (NMRT-THIR). This tape contains spacecraft attitude and orbital

| information, scamning angles, scan time, longitude and latitude, THIR data values and
calibration data. (The digital data are only processed on special orders because of
‘the- expenses. Grid print maps may be produced from the digital data, showing the
approx1mate geographlc locatlon of‘THIR measurements for s1ng1e or mu1t1p1e orblts

received at the Spaceflight Tracking and Data Network (STDN) at one of two stations as 1 -

e
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(12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

MDHS
(GSFC)

Giss

N.Y., NY

NADUC

NSSDC

it o s e

{13) DATA DISTRIBUTION — NARRATIVE:

The MDHS distributes the THIR data to the Goddard Institute for Space Studies for
use in Numerical Forecast Modeling and GARP support. The main distribution of
THIR data is performed by the Nimbus/ATS Data Utilization Center (NADUC). The
NADUC performs the necessary reproduction and technical services required to
prepare final products from the MDHS outputs. The data products are delivered to
the National Space Science Data Center (NSSDC) for archiving and delivery to

selected users.
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(1) SENSOR NAME, ACRONYM: Advanced Atmospheric Sounding and Imaging Radiometer (AASIR)

(2) DISCIPLINE: Earth Observatioms (3) SUBDISCIPLINE:  Atmospheric Monitoring

(4) APPLICATION AND OBJECTIVE:

Provide visible and infrared imagery and temperature and humidity soundings from
geosynchronous orbit altitudes with a temporal resolution consistant with small
scale weather events, (i.e., severe storms) for real-time observation and short-
term storm forecasts. .

(5) HERITAGE/KEY PERSONNEL: The AASIR evolved from the Visible Infrared Spin Scan
Radiometer (VISSR) of GOES-A and the VISSR Advanced Sounder of GOES-D

Instrument Rep.: Jack Over (GSFC) (301) 982-2372

(6) SENSOR DEPLOYMENT: Planned for launch in 1982 on STORMSAT Satellite, geosynchronous i
3-axis stabilized (using Multimission Modular Space Craft). Short term (8 sec) plat-
form stability is 4.2 urad in pitch and roll and 25 urad in yaw; Long term (20 min)

stability is 11 urad in pitch and roll and 87 urad in yaw. Real-time attitude must be '
determined to within 525 prad in pitch and roll and 315 urad in yaw. Ground location |
error will be reduced to less than 10 km (1 km) by using ground control points. ]

N SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO. ACQUIRE THE MEASURED PARAMETER:

The AASIR simultaneously gathers visible and IR image data and IR temperature soundings
The scanning mirror scans in-the S-N and N-S directions.. The IFQV for visible data is §
15.6 rad; for sounding data, 347 rad; and for IR image -125 rad. ‘Table'l‘(see Sheet §
3 of 11) converts this angular value to spacial coverage at various latitudes and long-
itudes relative to the satellite subpoint. Scan limits and location of scan is
selected by ground command by identifying the N-S scan length, number of E-W steps,

(continued on next page)

(78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS): :
T _- RPN ,..._... e oo R 2 : !

———— i e e B

N/A

{7C) DETECTOR MEASUREMENTS CHARACTERISTICS: Table 3 (see Sheet 5 of 11) gives the spectraiy
bands and Noise Equivalent Radiance for the AASIR. An array of 24 silion photodiodes :
detect visible image data. The detectors are arranged in a single linear array. The é
detector array subtends a field of view of 375 urad. An array of three detectors pro-:
vide IR image data. Each detector has a 125 urad field of view (giving 375 urad
coverage for the array). An array of 18 detectors provide sounding data (12 HgCdTe and
6 InSb). Each detector provides a 375 urad field of view. The sounding detectors are-
arranged in 3 rows of 6 detectors each, with each detector separated from the next by
one IFOV. Detectors are located to an accuracy of *0.13 cm.
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(7R) continued

. and ‘the pointing -angle of the center of the frame. Table 2 (see Sheet 4 of 1)

- gives the identified scan option, time per frame and IFOV's (pixels) collected
per frame for five examples. The time to complete a N-S scan is constant (1.29
seC)‘regardless of the length of the scan. Sample time is shortened as the scan
length increases, reducing S-N (accuracy). The E-W or W-E scan is stepped in

- 4.5 mrad units at the end of each 12 N-S scans (see information cell 9).

Each N-S scan collects the following data:

6 lines of sounder data (3 spectral bands sampled on each sc¢an) .
3 lines of IR image data
24 lines of visible image data

' Data Rate is a maximm for the full earth scan and decreases proportional to ‘the
~ frame size selected. (The scanning logic is described in more detail in informa-
tion cell 9.)
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TABLE 3 Spectral Bands and Detector
Noise Equivelant Radiance for the AASIR
NUMBER SPECTRAL 1 masm
FUNCTION OF CENTER CALCULATED
CHANNELS NEN*
um
VISIBLE IMAGING 15 1.0
IR IMAGING 3 11.1 .067
coz SOUNDING 1 14.95 2.51
CO, SOUNDING 1 14.70 0.45
CO,, SQUNDING 1 14.49 0.255
CO,, SOUNDING 1 ' 14.22 ©0.214
€O, SOUNDING 1 13.96 0.152 ~
€O, SOUNDING S O 13,64 | 0 QI184 e e e
CO, SOUNDING 1 13.35 0.152 |
co‘2 'SOUNDING 1 12.66 0.138
€O, SOUNDING 1 4.23 0.0033
€O, SOUNDING 1 4.39 0.0047
co2 SOUNDING . 1 4.46 - = 0.0073
CO, SOUNDING 1 4.52 0.0073
€O, SOUNDING 1 4.56 0.0073
H,0 ABSORPTION 1 7.75 0.065
H,0 ABSORPTION 1 6.71 0.022
WINDOW 1 3.79 0.0004.

X . . . 2
*Noise Equivelant Radiance in Units of ergs/sec - c¢cm” - st - cm
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(8) SENSOR DATA PAEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:
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o cEs e o ol )
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, zgug:;:gAve CONTAIN1 WINDOW
g BANDS CHANNEL +5

SOUNDING CHANNELS

{9) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:

_ The AASIR uses ‘a 40.6 cm diameter Ritchey-Chretian telescope. Because of heat

. problems associated with a 3-axis stabilized spacecraft, active focus control is
provided in the IR and visible channels. The sounding spectral bands pass through
a filter wheel consisting of 3 rings of filters with six filters per ring. . The
sounding detectors are arranged so that the outer two rings filter the signal
incident on the two-rows of HgCdTe sounding detectors (the top two rows in B in
the block diagram) and the inner ring filters the signal on the InSb detectors.
The detectors in each row are separated from the adjacent line by one line-width
(375 prad). At the end of each N-S scan, the filter wheel is advanced to the next
filter. When all filters have been used (six N-S scans), the entire AASIR is step-
ped in the E-W direction one step (i.e., one N-S line) and six N-S scans are made
observing the areas between the previous six lines. When these lines have been

. scanned for all filters, the AASIR is stepped in the E-W direction by eleven steps

~ and the process, is répeated for the next twelve lines.

: Twehty-four. lir;és of visib-lé’image data and three lines. of IR image data are -
collected for each N-S sounder scan. Following each N-S scan, a separate stepping

_ o (continued on next page) .
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(9) continued

mirror steps the IR and visible image data two E-W steps (750 urad). Thus, in the
12 scans necessary to sample 12 continuous sounder lines, 36 lines of IR data are
sampled and 288 lines of visible data are sampled,

Each IFOV is measured twice to provide the data necessary to adjust for blur due
to satellite motion. Each measurement is converted to digital form (eight bits
for visible measurement, 10 bits for all others) multlplexed and transmitted to
the ground station. Measurements are segmented into minor frames (estimated to be
4.5 x 4.5 rad segments) and proper synchronization, error and labeling bits are
inserted at the start of each minor frame. :

Calibration measurements are taken at 2 different blockbody temperatures over
each scan and merged into the data stream. Maximum data rate of the sensor to
ground transmission is about 7 megabits/second and is achieved for the full earth
disk scan. (The maximum rate for cloud scale scan is about 1/36 the full disk.)
The data rate is proportional to the rate of the N-S scan. The maximum data rate
is achieved at the center of the scan and slow at scan limits to about 70% of the
maximum. Filler data may be added to maintain a constant scan rate.

Ground initiated commands are provided to select the scan limits and pointing
directions. ~

5.342
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" § (10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:
GROUND
: _ CONTROL
| SUBSYSTEM
7.5 MBPS (PEAK) / | %
{3.3 AVG) 4 B
DATA RECEIVING E
&ND ERROR _ —
CHECKING AND [
FORMATTING - ﬂ
7.0 MBPS (PEAK)
(3.3 AVG) AUXILIARY DATA
‘ DATA BUFFERING
®| AND PREPROCESSING
1.7 BPS
' PARAMETER
g:;:ngtsmuw EXTRACTION
o e e = INFORMATION FLOW TO MODELING,
USED TO CONTROL ANALYSIS AND
INSTRUMENT OPERATION - FORECASTING
SUBSYSTEMS
{11) RECEIVING AND PROCESSING — NARRATIVE:
All data are transmitted in real time to Goddard Space Flight Center (GSFC). The

receiving station for AASIR data must support a data input rate of at least 7 Mbps
from the AASIR. The RF signal is down-converted to IF and demodulated into an
encoded digital signal. Error checking bits incorporated into the input stream
are monitored and removed from the signal and indications of data quality are out-
put by the receiver. The receiver monitors the signal locating the start of a
minor frame. Following frame synchronization, the data is demultiplexed and sorted
by spectral band. Visible data (8-bits/Pixel) is packed 2-pixels/byte and IR and
Sounder data (10 bits) is placed into a 16-bit word by zeroing leading bits.

The
data, ''sorted" by spectral band, and some associated bits describing error Tates,
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(11) continued

The received data must be further formatted to be usable for meteorological
processing. This pre-processing must not delay data thruput. Current estimates
are that all pre-processing must be completed within five minutes of the end of
the scan frame. Pre-processing includes:

(l)~recording of raw data to high density analog tapes for short
term storage (until the quality of processed data is known),

(2) consolidating and formatting of a header record of ancillary
data for each frame (giving attitude, location, time, etc.),

(3) calculating of calibration coefficients from the received
calibration measurements and applying those coefficients
to the raw data,

(4) using the dual measurements of each IFOV to eliminate (reduce)
blur (this filtering will reduce the data rate by 50%),

(5) converting the input sequence to be compatable with GOES,
(6) transfering of data to the meteorolog1cal process1ng
system. :

Of the functions, the convertlng of the input sequence (5 above) is the most

"stress1ng -GOES. instruments.scan from west to east ‘beginning with the: northern i

most latitude and stepping south. To be compat1b1e, ‘the AASIR output, every other
scan (i.e., the S-N scan) must be reversed, and the entire frame must be transposed
for a N-S scan with E-W stepping (or W-E) to a E-W scan sequence with N-S stepping.
This process requires large storage areas for full frames of data.

The planned hardware for the pre-processing system is based on the scan averaged
bit rate of about 3.3 Mbps (vs. the peak rate per scan of 7.1 bps) for the full
disk scan. The processing system must be able to process the data as received and
will require a minicomputer in the class of PDP11-70 or Interdata 8/32 (.6 - .8
Million Operations per Second). gpecial processors will be used for filtering

and I/0 functions. About .5 x 10  bytes are required to hold a full earth scan
(i.e., one N-S scan) of measurements. Current-estimates allow multiple buffers for
input, buffers for processing and additional buffers for output of processed data
to disk. When the reduction in data volume due to filtering is included, the
resulting buffer requirements are between 3 and 4 Mbytes. (8 bits/byte).

A separate processor will provide transposition of the data elements to the VISSR
format. Nearly 200,000 bytes of memory buffers are required. A small minicomputer
would provide the necessary processing capability, but very fast I/O capability will
be required to perform the transposition of data. (Disk I/0 rates of 370 K bytes
per second to store a full frame of AASIR data.) About 5 Mbyte of disk storage is
required for each frame. To maintain this rate, a 1.2 Mbyte/sec disk is required
(due to losses in head positioning, etc.) and a m1n1computer {such as Interdata 8/32

LEL 32/55) that have sufficient I/O bandwidth.
, (continued on next page)
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,1‘(11) céntinued

'Definition of ground system requirements is still in progress at this time and
the above figures are subject to change.

The parameter extraction processing consist of determining wind velocity and
temperature profiles. The wind velocity is extracted by tracking the movement of
clouds.  An interactive mode is used ‘in which the process is automatic, but may
be controlled by the operator. Soundings are generated using the AASIR and MASR
data to achieve maximum accuracy for all cloud extents. All image data may be
displayed for visual analysis by the meteorologist. Special aid to enhance the
image, provide selected altitude slices, etc., will be provided. ‘All output data
-is buffered and used for model inputs to generate short range forecasts.

The meteorological processing hardware will include two displays and a minicomputer
"~ (PDP 11/70 class) for wind extraction and cloud analysis. A similar configuration
for analysis of individual spectral images and control of sounding data processing.
These computers are connected to the disk data base through redundant data base
.management computers.

.kuThe 1nteract1ve analy51s and. forecasting subsystem adds two more display subsystem
(i.el5.2 panof displays and 2 minicomputers). From these displays, the forecaster
may watch more crops. or View any data on the memor1es of the other display sub-
"+ ‘systems. - One of these dlsplay subsystems will be connected into the NOAA weather
" communication return.
L ]
Betweeh 15 and SO minutes of CPU time is necessary (estimate) for wind extraction
on a PDP 11/70 scale computer. Sounding are expected to require about 20 minutes
of CPU time for each mesoscale (1000 x 1250 km) frame. (15,000 profiles per hour at
4000 operations per profile). The sounding CPU also supports image spectral anal-
ysis.. The estimates for this proce551ng is dependent on the c1a551f1cat10n
techniques used.

The data base computers will require moderate minicomputer processing capabilities,
but must support high I/0 bandwidths (1.2 Mbytes/sec). The estimated on-line disk
storage is

On-line image data for analysis 425 Mbytes

Meteorological Parameter Supporting
Forecast Models - . 200 Mbytes
Sounding Data 225 Mbytes
Contents, coefficients, etc. 100 Mbytes
Total : 1,000 Mbytes

The estimated CPU and on-line storage would provide full analysis and forecasting
capabilities to GSFC.

"The Ground Control Subsystem will allow meteorologists to implement pointer commands
© within =1 min of the request, and will transfer tables and coefficients required for
attitude and location stabalizing by the on-board computer.
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(12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DlAGﬁAM:

v

GSCF
GROUND . ;
PROCESSING
SITE.

‘\\¥7 :

\/

REAL—TIME
COMMUNICATION

i

MAGES LINES TO NOAA—NWS,
AFGWC, NFWC

o TEMPERATURE SOUNDINGS

@ WIND VELOCITIES - : ' _ - -
@ VISIBLE AND IR IMAGES . . ’

e WATER VAPOR SOUNDINGS
o PRECIPITATION L
e ETC. ,

{13) DATA DISTRIBUTION ~ NARRATIVE:

Data output consists of visible and IR images, and IR sounder radiances, They i
are provided in CCT format and as hard copy photographs. The final products of
wind, temperature, water vapor, pressure and precipitation are available. The
users and data distribution lines are defined at this time, Existing lines will
probably be used (AFOS) for NWS and DOD distribution. :

The system is designated for real-time operation (1 hour) and much of the data
will be used at the data reception site. High density digital tapes will be
generated.

AL,
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. hn SENSOR NAME, ACRONYM: Vertical 'Temperature Profile Radiometer (VTPR) 4
(2) DISCIPLINE:  Earth Observations (3) SUBDISCIPLINE: Atmospheric Monitoring

(4) APPLICATION AND OBJECTIVE:

~

The ITOS-VTPR is used to obtain temperature and water vapor measurements at 15
altitude levels of the atmosphere (up to 30 km).

{5) HERITAGE/KEY PERSONNEL: - NOAA-3 11-06-73 (ITOS-F) NOAA-4 11-15-74 (ITOS-G) :
NOAA-2 10-15-72 (ITOS-D) NOAA-5 11- -76 (ITOS-H) NIMBUS-S5 (NEMS) E
Inst. Rep.: Gary Cunningham (GSFC) (301) 982-6778 NIMBUS-6 (Adv. Atmos.
Ground Systems: A. Weberwetzki (NOAA) (301) 763-5433 Sounder) -

{6} SENSOR DEPLOYMENT:

The ITOS satellites are launched into sun synchronous orbit at an inclination of
101.7 degrees, at an altitudi of 1463 km. The satellites are 3-axis stabilized

(< + 1°) and complete 12.5 orbits per day. Global coverage is provided by each
satellite in 12 hours. '

(7) . . SENSOR CHARACTERISTICS -

{7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ‘ACQUIRE THE MEASURED PARAMETER:

One complete measurement (8 bands) is completed each 1/2 second. The scanner is
_ stepped after each measurement by 2.235 degrees, using 23 steps to cover the.: ... |
- complete cross-track scan of 62.9 degrees. Edch scan requires 11.5 sec. plus one {
sec. for return. Ground resolution is 59 km at the satellite subpoint. Ground

coverage for each scan is approximately 1400 km. Only measurements taken over the
ocean can be used.

{78} ACTIVE SOURCE CHARACTERISTICS {FOR ACTIVE SENSORS):

Fider: =g

N/A

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS: The VTPR measures spectral radiation in 8
bands: 12 pym, 13.8 ym, 13.4 ym, 14.1 um, 14.8 um, 14.4 pm, 14.97 ym, 18.7 pm.
62.5 ms are required for each band measurement, allowing one set of 8 measurements
each 1/2 second. (Following the 8th band measurement, the scanner steps to the next
scan cell.) The single pyroelectric detector (triglysene sulphate) has a Noise
Equivalent Power of less than 1.5 X 10-10 W{HZ)‘% and operates at a temperature of
290°K (uncooled). Its effective area is 1.5 mm. The detector is modulated at 16 Hz

- Space (40°K) and internal black (258°K) body calibration is performed each 15 sec. &
. ‘ !
' 5.8-al :
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(8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM: -

REFLECTIVE
SECONDARY PYRAMID
PAIRROR
CHOPPER
. SCANKING = s \
MIRROR 7ﬂ
’ INTEGRATOR - BUFFER
OPTIMIZE ARPLIFIER _
— _ s/
. PRIMARY /
" MIRROR FILTER _ )
' : DETECTOR %
*1
SFM & SPACECRAFT BEACON AlD _
ETATUS DATA TRANSMITTER 10 BITS/SAMPLE
) 137.18 MKz (180 bps)
S R 5
. WHF 5 bps .
(wo bps OF ma mm)

sR ,
RECORDER

Yo .
GROUND

{9) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:The VTPR uses a Cassegram Telescope

(6.6cm) with a wheel of eight filters and a single pyroelectric detector. The
wheel rotates at 120 rpm, putting one filter into the field of view each 62.5
milliseconds (allowing one full measurement of 8 bands each 5 sec.). Compensation
for orbital motion is achieved by using a spiral mask in the filter wheel which
indexes the system field stop so as to track a spot on the earth's surface for a
filter wheel sequence. The chopper is viewed for 31.25 milliseconds. - The chopper
and filter wheel are synchronized so that the transition between filters occurs
during the chopper viewing time. Chopper frequency is 16 Hz. The filter and
chopper are mounted on thermoly insulated hubs and surrounded with a black housing
to control the temperature (308°K).

The detector is located at the truncated opening of a reflective pyramid. The
detector output is shaped and equalized by an analog signal processor. The signal
" is maximized for S-N and converted to 10 bits digital for each measurement. The
digital signal is recorded on the scanning radiometer recorder and is transmltted

' _,:m real time over the VHF link.
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(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:

(X-1386}

LAND-LINES
(rTY)

S-BAND
10.867 KBPS
(800 BPS OF VTPR DATA!
VHF
BEACON 612 878 -
(160 VTPR BPS) RECORDED
| VTPR
o coa DATA
GILMORE WALLOPS
CREEK ISL.
AL. v
2 C—B DUPLEX LINES TO
SUITLAND )
70 ‘ (2400 CPS)
REMOTE OPFUT ‘
GROUND AFB
STATION: cxrcom
WIDEBAND 48 KHz CHANNELIZED
LINK

A = VHRR, VYPR, SR, SPM(10.687 B8PS)
8 = REAL-TIME BEACON (512 BPS)

C=Faw

'D = STATION EVENTS

NESS )
{SUITLAND)
DATA SATELLITE
ANALYSIS AND OPERATIONS
PROCESSING CONTROL
FACILITY CENTER -
(DAPAF)

{11) RECEIVING AND PROCESSING — NARRATIVE:

on command from the CDA. The Direct Ground Station

data to the ground site via TTY.

processing of VTPR data consists of three steps:

users only and no further distribution of its output occurs.
Data Distribution Facility provides satellite status, location and orbit location

Direct ground stations receive the raw voltage measurement values.

The VIPR data is recorded on the scanning Radiometer Recorder as it is sensed and |
is also transmitted in real time over the VHF beacon link to direct ground stations j

is designed to serve local
The NESS Central

The user

(a) conversion of raw voltage counts to radiances,

(b) correction (or elimination) of radiances for cloud effects,

(continued on next page)
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(11) continued

.(c) conversion of the resulting clear radiances to temperature and
moisture profiles,

NESS provides sets of calibration coefficients for (a) above. To correct the
measurements for cloud cover (b above), NESS recommends the user select a spacial
array of 8 x 8 complete measurements. The user then compares the radiance of the
11 um window band to the Plank function value, B, at that spectral band and asso-
ciated surface temperature to determine where the area is not entirely overcast.
The radiance values closest to B can be considered as clear-column radiances.

The regression coefficient matrix is multiplied by the  clear radiance vector to
get a single temperature profile vector for each array of radiance values. Normally
4 or 5 17-minute data periods can be received by a user each day. The area covered
by -each pass is about 1400. km wide and 5000 km long.

Two command and data acquisition (CDA) stations acquire the VTPR (and all other

- satellite outputs) for the central processing facilities of NOAA. (During Blind
orbits, a station in France acquires and transmits VTPR data.) The CDA's operate

, inlone of three modes as directed by the Satellite Operations Control Center (SOCC):

a) acqu1re real-time direct broadcast only (APT HRPT, Beacon-VTPR/SPM
spacecraft telemetry),

- b) acquire real-time direct broadcast and playback single orbit of VTPR
data (and SR, VHRR), or

c) acquire real-time direct broadcast and multiple orbits of VIPR data
(and SR, VHRR).

The selection of mode is dependant on the orbital path of the satellite. On some
orbits the VTPR does not pass over either CDA so that on the following orbit, mode
C is necessary. -During other orbits, the satellite passes over both stations,
allowing mode A to be commanded for one of the stations.

The real-time VTPR data is multiplexed with beacon data for transmission to ground.
The real-time beacon data is recorded on magnetic tape as it is received. The
beacon data is demodulated, recorded on paper chart recorders, and transmitted via
channel B of the SATCOM Longlines to the NESS facility at Suitland.

Up to 201 minutes of VTPR data can be recorded on the on-board recorders as
controlled by ground commands transmitted via CDA's and stored om-board for
_execution at the specified times. The recorded data is played back, on command,
at 20 x the record rate (10.667 kbps). Both SR and VTPR data are received and
recorded at the CDA on a separate magnetic tape recorder (at 60 ips). Both CDA
stations compensate for speed flunctuation of the NOAA recorders. The CDA amplifies
and demodulates the input signals before recording. Following the satellite data
acquisition, the recorded SR/VTPR data is played back and transmitted to the NESS
Suitland Facility and to Global Weather Central at Offutt AFB.

_ {continued on next page)
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(il) continued

The data enters the NOAA facility at the Digital Data Handling System (DDHS) of E
the Data Processing and Analysis Facility. The DDHS separates and formats the
VTPR data for processing by a central large-scale computing facility. The DDHS
is a completely redundant system. Each of the systems can operate simultaneously
to process both NOAA satellites when both are over a CDA station. As the data is
‘received, it is recorded to an analog recorder, converted to digital form and :
formatted for input to an EMR-6130 computer. (UNIVAC 6000 series). The EMR-6130 is;
a mid-scale computer, 16-bits/word with expanded I/0 capabilities. The VTPR data is
output to disk along with satellite time information.

There is no buffering of data before the 6130 processing. The occurance of input
from the SATCOM lines interrupts the 6130 and initiates immediate processing of the
data. Approximately 12,700 VTPR measurements are received each orbit, corresponding:
to 127,000 bits of VTPR data + the time words for each scan. This data requires a
reel of 800 bpi tape for one orb1t of data and two reels when a blind orbit has been
encountered.

The stored values are later output to the NOAA 360-195 complex over a d1rect
 communications: channel. There; the VTPR:datais: geographlcally registered to 7™
locate the position of the soundings. to be- developed and- locate known sea:surface

temperatures for associated” ‘soundings. Callbrat1on data ‘taken by the sensor is used
©. to-verify. the status of the instrument- and: to. compute.’ rad1ance values “"The ‘window..
channel, surface temperature and first guess.values* of temperature and humidity
profiles are used to calculate the clear radiance of the other channels for an
" 8 x 8 array (approximately 600 km x 600 km). A single temperature sounding is
generated for each array. The temperature profile is used to determine the moisture
profile of the array. Soundings are generated for 15 levels of the atmosphere:
1000 mb, 850 mb, 700 mb, 500 mb, 400 mb, 300 mb, 250 mb, 200 mb, 150 mb, 100 mb,
70 mb, 50 mb, 30 mb, 20 mb, 10 mb.

A e B

The Central Computing Facility (360/195) requires about 1 1/2 hours per day to
process the 152,400 daily measurements into 2,600 temperature soundlngs. (The
exact number varies dependlng on claud cover, etc.)

* ]st Guess values for the northern hemisphere as taken from NMC forecasts. i
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(12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

NOAA/NESS
PROCESSING

GODDARD : NATIONAL
NATIONAL . ‘INSTITUTE . CLiMATIC
‘;-g.aaenonomemu, ) ., FORSPACE = ] | .- CENFTER
ACENTER S L ) sTupiEs ABHLAND MC.,
,..crm OF rea.mrs Co 7»es,cms'lsf oF - " TAPE CoNsISTE é&:
vusmce» _ © - SOUNDINGS (TAPE 1 (A) RAW RADIANCE
: . 18 06001800 GMT AND (8) CLEAR RADIANCES
TAPE 2 1800-0600 GMY) (C) PROFILES

(13) DATA DISTRIBUTION NARRATIVE:

The major product is a Satellite Infrared Sounding (SIRS) that contains location,
heights, temperature, and dewpoint temperature depression at levels up to 40 mb,
and then contain heights and temperatures up to 10 mb, (Only data on the oceans
are included.) The data are prepared at the SOCC by the National Environmental
Satellite Service in various formats required by users. The NWS tape is prepared
'in as a teletype message. The other tapes are prepared as shown. The NWS, NMC,
and GISS tapes are transmitted .as each orbit of processing is completed. The tape
to the NCC is transmitted weekly.

Data products developed by users that have access to direct receiving stations
are not controlled or distributed by a central organization.

: ~ Soundings are transmitted twice daily via GTS of the WWW by the NMC.
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(1) SENSOR NAME, ACRONYM: Stratospheric and Mesospheric Sounder (SAMS)

(2) DISCIPLINE: Earth Observations

(3) SUBDISCIPLINE: Atmospheric Monitoring

' (4) APPLICATION AND OBJECTIVE:

The SAMS is used to determine temperature profile and composition of the atmosphere
between the 10 km and 120 km altitude levels (i.e., the vertical concentrations of
H.,O0, Nzo, CH,, CO and NO). The sensor will attempt to measure doppler shift of
efiissi6n lines to determine the zonal wind shift in the 50-100 km rvegion.

(5) HERITAGE/KEY PERSONNEL:

Instrument Rep.: Richard White (301) 982-4520

{(6) SENSOR DEPLOYMENT:

SAMS is designed for 3-axis earth stabilized platforms in a near polar sun-
synchronous orbit at an altitude of 900-1200 km. First deployment will be on
NIMBUS-G (3rd quarter of 1978). .

{7) SENSOR CHARACTERISTICS

{7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:
The. SAMS scans in a vertical plane at right angles. to- the direction of spacecraft
motion. The sensor will normally scan an angle of 2.6° in 32 equalsteps. as shown in
Figure 1, but will have the ability to 'scan an angle of 6° to insure that the nominal
scan volume can be scanned given attitude and orbit errors. Each scan position defines
three 28 mrad x 2.8 mrad (100 km x 10 km) simultaneously (see Figure 2). A second
integration time is required for each measurement. Scan speed, nominal scan volume andj

(continued on next page)

{78) ACTIVE SCURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

N/A

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

Six detectors measure the input signal in the following spectral bands: 4.3um (COZ)’
5.3um (NO), 2.7um (H,0), 25-100um (H,0), 5.8um (N,0), and 7.6-7.8um (CH,). The '
detectors consist of“4-Triglysene Su%phate (uncoo%ed) 1-Lead Sulphide (éooled to 273°K)}
and 1-InSb (cooled to 160°K). Two separate signals are output by the detectors, one
at 250 Hz (chopper frequency) and one at the Pressure Modulated Cell (PMC) frequency.
Calibration measurements are taken by viewing space and an internal black body.

SECTION NO.: 5.8 SENSOR CATEGORY: Atmospheric Sounders
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(7A) continued

scan step size are set by ground commands. Minimum step size is 1/2 IFOV.
An azimuth scan is used to measure doppler shift in the emission spectrum.
The scan can begin at a minimum angle of 75° to the direction of spacecraft
‘motion and can scan horizontally to a maximum angle of 105°. The scan is
continuous with the rate of scan compensating for the velocity of the space-
craft.  Scan time for the full horizontal scan is 240 seconds. The scan is
under control: of ground command.

5.8-88
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DIRECTION OF FLIGHT
18 INTO PAGE
HORIZONTAL AT SATELLITE
— SCAN RANGE 78 STEPS, 8° :
~
EARTH ~ .
~ NOMINAL
\\ ~ SCAN VOLUME
v N }J 22 SCAN STEPS, 2.58°
(SEE FIG. 2) '
]
" FIGURE 1 Scan Gébnietry L
+' A. 100 KM X 10 KM 1
LOCAL T KM

VERTICAL = T

* B. 100 KM'X 10 KM ¥
1KM :
C. 100 KM X 10 KM T ]
FIGURE 2 Orientation of IFQV's Viewed Simultaneously i
on Plane V (see Figure 1) as one scan position 4
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(8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM ~ BLOCK DIAGRAM:
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(8) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:

The incoming radiation is incident upon a scan mirror 202 by 185 mm. The IR input
is modulated. at two points to obtain two outputs from each detector. The chopper
modulates 5% of the incoming signal at 250 Hz. The signal is split into 3 fields
of view. These three outputs are passed through a series of Pressure Modulated
Cells (PMC) and beam splitters to filter the signal so that the desired spectral
band is directed to its associated detector. The PMC's are modulated at 30 Hz
The cutput of the detectors is passed through a Hi/Lo bandpass filter and demod-
ulated into two signals. The 250 Hz modulation gives a signal in which zll spectrai
bands were modulated, the PCM modulation affects only the spectral range associated
with the PCM. These two outputs enable emissions from interfering gases within a
spectral interval to be eliminated.

Commands allow the PMC's to be selected and modulated as desired, and control the
scan logic at the SAMS. 27 commands are defined.
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{10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM: ' .
SAMS ;'
RECORDED
DATA
RAW DATA

S-BAND

ENGLAND
FACILITY

STDN
FAIRBANKS, AL. | pecEiviING

GSFC
CENTRAL
PROCESSING

(11) RECEIVING AND PRQCESSING — NARRATIVE:

The SAMS data are transmitted to GSFC and then immediately transmitted to the
England facility. There it is formatted and pre-processed and then returned

to GSFC for processing. (The data is also processed in England.) (See THIR,
Section 8 for more information.) The two separate signals output by each detector
are compared to eliminate emission generated by interferring within a given
spectral interval.

Zonal wind measurement is accomplished by analyzing the doppler shift introduced
between the emission lines of the atmosphere (as sensed by an azimuth scan) and
the absorption lines in the PMC's,

3.3 Gl
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{12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

See THIR (no additional data available at this time)

(13) DATA DISTRIBUTION — NARRATIVE:

See THIR (no additional data available at this time)
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(1) SENSOR NAME, ACRONYM:Visible Infrared Spin-Scan Radiometer Atmospheric Sounder (VAS)

(2) DISCIPLINE: Earth Observations (3) SUBDISCIPLINE: Atmospheric Monii:oring

(4) APPLICATION AND OBJECTIVE:

The VAS operates at Geosynchronous Altitudes to provide atmospheric soundings,
sea surface temperature measurements, cloud top temperatures, and High Resolution
Earth Images for meteological use.

(5) HERITAGE/KEY PERSONNEL: The VAS is a modification of the Visible Infrared Spin-Scan
Radiometer (VISSR) flown on SMS-2 and GOES-1. The visible imaging is identical on
both, sounding capability was added to the VISSR to obtain the VAS.

Instrument Rep.: Larry Rouzer (GSFC) (301) 982-6114

{6) SENSOR DEPLOYMENT:

- The VAS is designed for geosynchronous orbit (altltude of 35,000 km) on a spin
'stabilized spacecraft. Attitude is to be maintained to within .1° with a
stability of .5 arc sec. maximum. First deployment will be on GOES-D, planned
for 1980. :

(7) ' : SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

The VAS depends on spin (100 rpm) of the satellite for its E-W scan and steps in

the N-S direction. - IR imaging has.a resolution of .192 milliradians (8 km at the

subpoint), visible images have a Tesolution of .021 x .025-'milliradians (.9 km).:

The sounding channels (4) have a resolution of 16 km. For soundings, multiple

scans are required to integrate signals sufficiently to obtain the required S-N

ratio. Multiple sets of scans are required to obtain data in all sounding channels

(4 scan integrations per measurcments). (For more detail on the imaging capability,
(continued on next page)

(78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

N/A

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

The Visible and IR imaging detectors are identical to those of the VISSR (see

VISSR data sheets). Four detectors are added for sounding: two HgCdTe and two
InSb detectors. The detectors have a field of view of .384 urad. These detectors
measure radiance in the 14.7 um through 3.9 um spectral bands. Multiple samples are
integrated to achieve required S-N. An onboard black body of known temperature

is viewed once per scan for signal calibration.
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(7A) continued

see paragraph 7A of the VISSR.) Ground commands control the mode as imaging or
sounding. A complete sounding requires about 150 spacecraft spans for each GLW

line.
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(8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM: _

TO

SBAND ’ ' > OPTICS
RECEIVER [~ COMMAND . SUBSYSTEM
prnrm————4 TRANSPONDER MODE
S-BAND
ANTENNA
SYSTEM 2 KBS ' :
R td VISSR
S-BAND < 28 MBPS (1 KM) : DIGITAL
TRANSMIT- T4 MBPS 12 KM ) MULTIPLEXER
TER .
HeCa TS 'Y ) %AAA 4434
—loemics [ __ _:E; :
FILTERS pr
oPTICS
———
5-20 * 2-4-6-8
: PMT'S .
Power: . _ @ .
40 Watts
Size . ’ SOUNDER : : : : -D_—— SIGNAL
Scanner 1.5x.65 m srscrnm._ == _E INTERGRATIO
! _ - ‘BANDS - _ i — ] AND .
"Electronics : S ; - — | AVERAGING
30. 5x18. 8x28.0 cm ' ' . 12-POSITION - ‘ (DATA.
' : ‘ . FILTER WHEEL RATE UNKNOWN
‘Welght : C _ L AR ' AT THIS TIME)

Scanner” 69.0 Kg ‘
Electronics 9.5 Kg

(9) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:

The VAS can be commanded to any one of three modes. In the "Normal VISSR" mode the
measurement and processing of image data for the VAS is identical to that of the
VISSR and the reader should refer to the VISSR data sheets for a description of that:
processing. This mode is considered a fall-back mode of operation for the satellite
solar-cell-end-of- 11fe period when power requirements must be minimized.

The "Mult:.spectral Imaging'" mode uses two of the four add1t10na1 IR channels to gain
additional image data. The angular pair of IR detectors (.192 mrad) produce two ’
lines per satellite E-W scan and therefore need be active for onlvy 1/2 the scans. |
Either the pair of .384 urad InSh detectors may be activated during the unused scans}
The data from each pair of detectors is used for imaging.

In the "Dwell-Sounding”" mode, the filter wheel is positioned to a selected spectral
band for each E-W scan. The choice of filters and the number of scans each filter
is to remain in the IFOV is programmed by ground commands. Table 1 lists the
spectral bonds covered by the 12 filters. Eight of these bonds can be viewed with ]
any pair of the six IR detectors, while the other four (1, 2, 11, 12) can be viewed :
only with the larger IR detector. Multiple E-W line scans are required to obtain

- (continued on next page)-
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(9) continued 3

the necessary signal to visual ratios for some spectral bands., The sensor
can be programmed to scan the E-W line from 0 to 255 times. The data is
spacially averaged to obtain 30 km resolution cells. About 120 satellite:
spans are required ‘to obtain the necessary number of samples for all filter
positions for each scan line. The 30 km swath requires about 2.5/ minutes..
The scan limits, filters, scans/filters, etc., result in 59 commands that can
be passed to the sensor. The commands are programmed into VAS memory using

a dedicated command line. A bit stream of 171 bits set the VAS :to the desired
program. Approximately 11 seconds are required for program loading.

TABLE 1  VAS Infrared Spectral Bands

Ao lemmand o ] a2 | om | SINGLE SawPLE s/N AT "&

s | oty | am) (om~1) |- 320°K_SCENE TEMPERATURE REMARKS |

: - " |0.192 mrad 16Fov 0. 384 mrad 1GFOV |

o ~ (dB) (@B) i

1 680 | 14.71 10 | NA 28.4 .0, |

2 692 14.45 16 NA 36.3 co,

3 703 14.22 16 31.0 37.0 co,
4 715 13.99 20 | 33.3 39.3 . co,
5 752. | 13.%1 20 32.3 38.3 co,

6 2214 4.52 20 - 32.4 384 | o, \

7 790 12.66 20 32,6 3.6 | | HO |

8 895 11.17 140 52.9* 56.6 ° WINDOW |

9 1380 .| 7.25 .| 40 24.7 . 30.7 HO

10 1490 6.71 150 34.3 40.3 HO |

11 2255 4.44 50 N.AL 38.5 | CO,“InSb

' | DETECTOR

12 - | 2540 '3.94 440 N.A. 47.0 | WINDOW- |

) ‘ InSb !

| N 1 DETECTOR

*FOR 340°K SCENE TEMPERATURE' | o
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(10) SENSQR DATA RECEPTION AND PROCESSING — BLOCK. DIAGRAM:

Image Processing is identical to VISSR. No addition of sounding data reception
and processing is available at this time. '

(11) RECEIVING AND P'ROCESSIN'G - NARRATIVE:

Same as (10)

5.8-¢7
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(12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

at this time.)

' -_Ima-ge 'PrO'CessinIg is identical to VISSR. (No additional information is available

(13} DATA DISTRIBUTION — NARRATIVE:

-Soundings with a horizontal resolution of 30 km will be ‘produced by averaging
the 8 or 16 measurements. Accuracy is to within 13° of actual atmospheric temper-
ature. (Further information will be provided as it becomes available.)
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(1) SENSOR NAME, ACRONYM: Microwave Atmospheric Sounding Radiocmeter (MASKR)

(2) DISCIPLINE:  Earth Observations (3) SUBDISCIPLINE: Atmospheric Monitoring

{4) APPLICATION AND OBJECTIVE

The MASR senses microwave emittences in the oxygen and water .vapor bands for
calculation of atmospheric temperature and humidity profiles in clear thru overcast |
conditions. The instrument is normally used with data from the AASIR to achieve :
necessary accuracy and resolutions for severe storm warning and forecasting.

{5) HERITAGE/KEY PERSONNEL:
Based on the NEMS and SCAMS in the NIMBUS Program

Instrument Rep.: Dr. James Shiue, GSFC (301) 982-6716

(6) SENSOR DEPLOYMENT:

Planned for launch on STORMSAT in 1982. Geosynchronous earth orbit. (see AASIR
data sheet for additional description)

(7 - SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:
The- IFOV resolution is .7 milliradians (25 Km at the satellite suppoint). The

" .MASR scans North-South and back-at. 290 urad/sec, collecting data (on. the fly) in .
each direction. Following each scan, the instrument steps in the E/W or W/E '
direction by about .7 mrad. The scan/step logic describes an image frame. The
location and size of the frame is commanded by ground signals that specify the
direction of the center of the frame and the scan length .and number of steps per
frame. Table 1 (next page) shows time required to scan the defined frame sizes.

' (continued on next page) :

{78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

N/A.

{7C) DETECTOR MEASUREMENTS CHARACTERISTICS:
The MASR uses detectors at 16 frequencies:

- 8 channels for temperature soundings at 113 to 123 GHz
- 8 channels for humidity soundings at 173 to 193 GHz

5.%8-61
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(7A) continued

The MASR samples about 7 pixels/sec (700 uradians each) for each spectral bond.
The pointing accuracy is 1.7 milliradians (giving a possible 60 km mis-registra-
tion with AASIR:data). '

TABLE 1 Scan Frame Sizes and Speeds

Number :
Angular of Time for Full
: EIEEE _ . Coverage (millirad) Pixels Frame Scan
Minimum o ~ 4.5 x 4.5 780 2 min
Cloud _ 13.5 x 9.0 4,600 11 min
Mesoscale ’ 36.6 x 22.5 27,000 68 min
Regional 67.5 x 40.5 89,000 3.7 hours
Fulllﬁarth 324 x 324 N/A N/A
5.%-76
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(8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:

{9) MEASUREMENT_ AND TRANSMIS§ION SYSTEM — NARRATIVE:

with the AASIR data before transmission.

The MASR converts the sensor measurements to digital values of 10 bits per measure-
ment and transmits in real-time to the ground station. The values are multiplexed

SECTION NO.: 5.8 SENSOR CATEGORY: Atmospheric Sounders
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{10): SENSOR DATA RECEPTION AND PROCESSING

= BLOCK DIAGRAM:

B DR , ' ‘GROUND
€4 e I ] CONTROL
' g ' SUBSYSTEM

- .GROUND
S ... | - PROCESSING | . . . -5
' (SEE AASIR)

(11) RECEIVING AND PROCESSING — NARRATIVE:

'-"Thé5MASR§data'is'processed as described for AASIR sounder data (see AASIR
processing). - '
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(12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

See AASIR Diagram

{13) DATA DISTRIBUTION — NARRATIVE:

The MASR data is used with AASIR data to generate the high resolution data
products. See the AASIR data sheets for a description of these products and
their distribution. In overcast skies, where AASIR data isn't available, the
MASR provides a 2 to 3 degrees Celcius temperature accuracy, with 4 - 5 km
vertical resolution and 28 km horizontal resolution at the satellite subpoint;
a 10-15% relative humidity accuracy with 3-4 Km vertical resolution and 18 km
horizontal resolution.
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(1) SENSOR NAME, ACRONYM: High Resolution Infrared Radiation Sounder (HIRS)

(2) DISCIPLINE: Earth Observations

(3) SUBDISCIPLINE:  Atmospheric Monitoring

(4) APPLICATION AND OBJECTlVE

The HIRS providés temperature and hum1d1ty soundlngs, surface temperature measure-

ments, and cloud detection and measurement. The HIRS provides vertical temperature
profile from the surface to 40 km, water vapor profile from surface to 10 km, liquid
‘water content of clouds, pressure altitudes and amount of clouds, albedo.

"(5) HERITAGE/KEY PERSONNEL: NIMBUS V ITPR
NIMBUS VI HIRS

Instrument Rep.: E. Mundy (301) 982-2267

(6) SENSOR DEPLOYMENT:

This sensor is designed for near-polar orbit of 833 *+ 90 km, Sun-Synchronous
orbit. (TIROS-N) s

{7) SENSOR CHARACTERISTICS

(7A).CAPAB|L1'nEs AND CONSTRAINTS :OF-THE SENSOR TO ACQUIRE THE MéAéO’ﬁEB‘PAR'AMEfé'R: REACEE

‘The instrument: scans perpend1cular to the ‘subpoint track.
elements on each side of the subpoint track.
(25 km at the subpoint, 31.3 km at scan end).
with a step time of 35 ms between observations.

-There. are. 21 scan.
Each scan element (IFOV) is 1. 24°
Each element is observed for 71 ms,

(78) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

-

N/A

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

20 channels are sampled. Calibration occurs every 90 seconds.
cooled to 120°K for IR channels.
channel.

Two detectors are
There is one uncooled SI detector for visible

Precedmg page hiank
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(8) MEASUREMENT AND TRANSMISSION SYSTEM -~ NARRATIVE:

Cassegrain Telescope

12 bit output voltége signal

“Two amplifier chains - one for long wavelength IR and one for short wave-
length and visible channels

Output signal is integrated over a number of chopper waveform cycles

Y SECTIONNO: 5.8 SENSOR CATEGORY: Atmospheric Sounders
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(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:
See THIR
{11) RECEIVING AND PROCESSING — NARRATIVE:
See THIR -
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(13) DATA DISTRIBUTION ~ NARRATIVE:
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.{1) SENSOR NAME, ACRONYM: Microwave Sounding Unit Msu)
(2) DISCIPLINE: Earth Observations : (3) SUBDISCIPLINE:  Atmospheric Monitoring

(4) APPLICATION AND OBJECTIVE:

Measure atmospherlc temperature (0-20 km) profile through cloud cover wlth an
absolute error of <2.0°K rms.

- (5) HERITAGE/KEY PERSONNEL: NIMBUS 5 Microwave Spectrometer

NIMBUS 6 Scanning Microwave Spectrometer (SCAMS)
Instrument Rep.: R. Ratliff, GSFC (301) 982-2419

{6) SENSOR DEPLOYMENT:

TIROS-N Altitude is 833 + 90 km, sun-synchronous, near-polar orbit with a period
of 101 min. ‘ ‘ '

(7) SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

Scans $47.35° cross track, 25.6 sec/scan in 11: 'steps. The step angle is: 9. 47°
with 1.84 ‘sec per step samplmg time. - Angular resolutmn is! 7. S° '(190: km_at,
Nadir to 323 km x 177 km at scan extremes), swath width is 2320 km. The MSU
scans 360P, taking data during the period it is viewing the earth, at a space
calibration point, and at a microwave blackbody calibration point.

A (7.8) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

N/A

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

Speétral Bands: 5.96, 5.58, 5.46, 5.18 mm (check against 50.3, 53.74, 54.96,
and 57.95 GHz) '

4 Dicke radiometer. Noise Temperature .3°K.
"gallium arsenide diode" The sensor takes two calibration measurements per scan.

SECTION NO.: 5.8 | SENSOR CATEGORY: Atmospheric Sounders
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(8) SENBOR, DATA MEASUREMENT AND TRANSMISSION SYSTEM ~ BLOCK DIAGRAM:
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1(9) MEASUREMENT AND TRANSMISSION SYSTEM NARRATIVE:The MSU takes measurements s1mu1ta-

'} neously at each frequency Data rate is 100 bps. 12 bits per sample. The radiances
.and control data are output on two separate streams. Each of the 4 channels can be
operated independent of the other channels. The channels are identical except for
operating frequency. The DICKE switch modulates the input and reference: signals at

11 kHz. The DICKE output is fed through an isolater to a mixer pre-amp. The IF output
is square law detected and the detected signal is amplified and synchronously detected.
The output of the synchronous detector is the difference between the ref. load and the
1nput (antenna) signal. This signal is integrated for 1.82 sec. and then digitized by
a 12-bit A/D converter, 4 bits of identification are added giving a 16-bit per word
output. The output .of each signal channel is formatted into a data word and multiplex-
ed with the instrument voltage and temperature data (4 words) to form 8-16 bit words
of output per measurement. The output is generated in a 40 ms period between scan pos
itions and shifted into a 128-bit shift register. The TIP reads the shift register at
a 20 word/sec rate (.4 sec to read 128 bits). The output for each scan consists of
14-8 word grcwps: 11 groups for the data measurements, 2 calibration measurements and
one system zero test. The 14x8 words for a given scan is shown in Table 1. The -
average data rate generated by the MSU is 70 bps (8x14x16/25.6 sec/scan) In addition
to the digital data, 10 analog outputs are prov1ded each measuremer.. Tnese are in-
.cluded in -the spacecraft data stream as shown in Table 2

&,
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TABLE 1 MSU Digital Telemetry

ol e By, Rl [ RTOM A,
SER NO. CAL CAL cH 1 CH 2 CH 3 CH 4 POS. B
INDEX Lo %) DATA DATA DATA DATA SCAN COUNT

—8] E T T2 2’ SCAN

CAL CAL CAL POS. 1

16

__]E ORTH ORTH 31} .

CAL ! 2
o TEMP TEMP
CH 1-2 CH 3-4
24
XTAL L.0. L.0. 39
CH 1+ CH 1 CH 2
TEMP TEMP
132
2 L.0. L.0. 47
é;"i‘_ CH 3 CH 4 &
TEMP TEMP .
40 DICKE DICKE 55
TJ’C(;A;‘, LOAD LOAD =l
CH 1 CH 2
TEMP TEMP
ﬂxm. DICKE _DICKE 63
CH 3o LOAD LOAD
CH 3 CH 4
TEMP TEMP
56] et TARGET TARGET 71
H 3e 1A - 1B
TEMP TEMP
CH 1-2 CH 1-2
64 . 79
YTAL ';QRGET ;;;RGET 794
o 3- TEMP TEMP
CH 3-4 CH 3-4
72 XNT T 79
—Jm‘" SEARING gm\nmc &
CH 4+ TEMP TEMP
CH 1-2 CH 3-4
w - 87
XTAL MOTOR ENCODER
CH 4- TEMP TEMP
53] R.F. T, 53]
- CHASS1S CHASS1S
+5 Volts TEMP TEMP
-z -Y -2 +Y J
P_f:_l PROG PROG [L93] scan
E ZERO TEMP TEMP PoS. 12
+7 <X -Z -X ] SCAN COUNT
l104 | 205 | 106 | {107] 108 | 109 110 111]
+5 Volts PROG PROG CTH 1 CH 2 CH 3 CH 4 SCAN
TEMP TEMP ZERO ZERO ZERO ZERO POS. X
-7 Y -z X SCAN COUNT
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Table 2
Analog Outputs

SHEET. 4 o ©

Temp 1 Calibration Target 1 Temp -30° to +75°C
Temp 2 Calibration Target 2 Temp -30° to +75°C
Temp 3 Dicke Reference Load 1 Temp -10° to ;75°Q
Temp 4 Dicke Reference Load 3 Temp -10° to +75°C
Scan Position Antenna Position 0 - 360°
Ch 1 Data 50.30 GHz Data 0 - 350°K
- Ch .2 Data 53.74 GHz Data 0 - 350°K
Ch 3 Data 54.96 GHz Data 0 - 350°K
Ch 4 Data §7.95 GHz Data 0 - 350°K
Analog Referénce 0-6V
Note: Status of the power command relays and certain functions

in the scan system are monitored by spacecraft digital
"B" telemetry.

5.3 8>/
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(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:

See SSU

{11} RECEIVING AND PROCESSING — NARRATIVE:

See SSU
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(12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

See SSU-

(13) DATA DISTRIBUTION — NARRATIVE:

Sée SSu

Atmospheric Sounders
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(1) SENSOR NAME, ACRONYM:

Stratospheric Sounding Unit (SSU) -
(2) DISCIPLINE: Earth Observations

(3) SUBDISCIPLINE: Atmosphéric Monitoring

(4) APPLICATION AND OBJECTIVE:

This instrument'provides temperature soundings in the 25 km and 50 km altitude
range.

(5) HERITAGE/KEY PERSONNEL: Selective Chopper Radiometer (NIMBUS V), Pressure Modulatior:
Radiometer (NIMBUS VI)

Sensor Rep.: F. Cunningham (GSFC) (301) 982-6778

{6) SENSOR DEPLOYMENT:

‘The SSU will operate aboard TIROS-N at an altitude of 833 km in a near-polar,
sun-synchronous, circular orbit.

Launch is planned for January 1978. Stability =
£.2° of local vertical. . :

(7) SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

The SSU scans. +40° to either side of nadir in 10° steps. (total scan = 1474 km),
Each step has a four second:sampling time with 32 seconds required for the full

scan. The IFOV at NADIR is 147 km (diameter); at scan end, the IFOV is 244 km x
186 km,

IFOV's are separated in the along-track direction by 210 km.

(7B) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

N/A

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

The three pyroelectric detectors are uncooled at 290°K. Three channels radiances

(14.9 um for all) are directed onto each of the detectors through PMC cells modu-
lated to three pressures: 100 mb, 36 mb, 10 mb.

SECTION NO.: 5.3 SENSOR CATEGORY: Atmospheric Sounders
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{8) SENSOR DATA MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:

SCANNING . ./

AIRROR -/
, /7 PCA CELLS, FILTERS,
e [ el a8 | oPTICS OPTICS AND
G- r8p) L) oETECTORS
, : (DETAIL A)
' LENS WINDOW
! \‘*‘ LIGHT PIPE
BAFFLE — o T TIIIIT . pETECTOR
/7 1L 0.005 CM GAP '
PiSTOR 7\ SPRING

P DRIVE COIL

» SPRING

Fd—CELL WALL

DETAIL A:
s PCM CELLS, DETECTORS AND
-ASSOCIATED OPTICS

(8) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE:

Data is gathered simultaneously in three channels. A mirror step-scans across
the orbit track. The image from a single cassegrain telescope is directed to
three separate channels, each containing a PCM cell that is pressure modulated
over the selected absorption band. . The voltage output of the detector is digi-
tized into 12 bit values (16 bits are used for each value with the four leading
bits- zero) at 480 bits per second. The data is multiplexed with information
from the high resolution radiometer (AVHRR) and recorded. The data is also

. transmitted in the VHF Beacon. in real-time and recorded for playback to a CDA.

_ SECTION-NQ.:
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(10) SENSOR DATA RECEPTION AND PROCESSING ~'BLOCK DIAGRAM:

2.16Mbps

8.3Kbps

BEACON
COMMAND ’ COMMAND
DATA DATA .
ACQUISITION .. ACQUISITION
{GILMORE CREEK) (WALLOPS, 1S.)

COMMUNI-
o\ SATELLITE/

. CONTROL '
CENTER :. - | .- -
(DAC) - ——

UITLAND,MD.) | 1:33Mbps

l CiE T COMMUNICATION. oo ir

DATA PROCESSING
SERVICE
SYSTEM

(11) RECEIVING AND PROCESSING — NARRATIVE:

The Data Acquisition and Control Subsystem (DACS) consists of ground stations at

"Gilmore Creek and Wallops Island recover all the sounder sensor data from the

satellite at 2.4 kbps. The data is recorded in analog recorders. Two Data General
Eclipse 200 computers are used at each site. Image data is sectorized and all data
is transmitted to the central control center. The central control facility at 10
Suitland contains three Data General computers. An AMPEX teribit memory (18x10
bits) is used for rapid access on-line storage. The computers and equipment at the
data acquisition stations and the control center provide space-craft and sensor
control and data handling capabilities only. The central center computer format
the data and transmit it to the DPSS for processing. A direct communications link
connects the central center and the DPSS. The DPSS contains a PDP 11/45, SEL 32,
and a IBM-360 for reduction and analyzing of ITOS data all output products are
prepared at the DPSS.

SECTION NO.: 5.8 SENSOR CATEGORY: Atmospheric Sounders
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(12) DISTRIBUTION OF DATA FROM GROUND STATIONS — BLOCK DIAGRAM:

-

DPSS
, NCAA
OTHER ENVIRONMENTAL
USERS ARCHIVES

(13} DATA DISTRIBUTION — NARRATIVE:

All data products are distributed to the Environmental Data Archives (NOAA)
and to selected other users as required.

Atmospherlc Sounders
§ REV.NO.: 2 TPEVDATE 31 Jan1978 |
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(1) SENSOR NAME, ACRONYM: Scanning Multichannel Microwave Radiometer (SMMR)

(2) DISCIPLINE: Earth and Ocean Physics (3) SUBDISCIPLINE:  QOcean Dynamics '

(4) APPLICATION AND OBJECTIVE: The SMMR experiment on SEASAT-A will evaluate passive micro
wave techniques for providing operationally useful ocean surface wind speed and temper-
ature data, polar ice canopy characteristics and maps of atmospheric water vapor and

liquid water over oceanic regions. The SMMR measurements will be interpreted in terms
of various geophys1cal parameters, such as the ocean wind speed and temperature above.

Microwave emission from the respective parameter has distinguishing spectral and polar-_
ization characteristics which allow the individual parameters to be measured.

(5) HERITAGE/KEY PERSONNEL: The SMMR (SEASAT-A) is an outgrowth of the Electronically
Scanned Microwave Radiometers (ESMR), the NIMBUS-E Microwave Spectrometer  (NEMS)
and the Scanning Microwave Spectrometer (SCAMS) on NIMBUS E § F, and the SMMR
planned for NIMBUS-G.

(6) SENSOR DEPLOYMENT:

The SEASAT-A satellite bearing the SMMR is to be launched to obtain a mean circular
orbit with a 108° inclination, a mean altitude of 790 km and approximate ground

speed of 6.6 km/sec. An orbital period of 104 minutes results in 14 orbits per day.
Seven orbits are required for complete (mission) ocean coverage.

7 ' SENSOR CHARACTERISTICS

4 (7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER'

The SMMR 51mu1taneously measures microwave thermal emission from the Earths' atmos-
phere and surface with five(S) radiometer channels. 'Each channel measures radiation
in two orthogonal linear polarizations. The radiation is collected by an offset
parabolic reflector antenna with an 80cm diameter aperture which is projected normal
to the direction of observation and is scanned 25 degrees to either side of the
direction of satellite motion.. The antenna focuses the radiation into a multi-
frequency feed system which is connected to the radiometer inputs.

(7B) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

Not Applicable

{7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

The five channels range in wavelengths from 0.8cm to 4.5cm. The frequencies,
wavelengths and other characteristics are presented in Table 1 (see information
cell #9) for all 5 SMMR channcls. The radiometers detect, amplify and convert the
received signals to digital data which is multiplexed with instrument engineering
and calibration data and fed to the satellite data system. i

$aiaYs
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{9) MEASUREMENT AND TRANSMISSION SYSTEM — NARRATIVE: "
‘The SMMR simultaneously measures microwave thermal emission from the earth's atmos-
phere and. surface with five channels havmg the center frequencies and wavelengths

.as given in Table 1.

TABLE' 1 Center Frequencies and Wavelengths
-Channel Frequency Wavelength

' (GHZ) (cm)
1 6.60 4.5
2 10.69 2.8
3 18.00 1.7
4 21.00 1.4
5 '37.0 0.8

(continued o= next page)
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(9) continued

_instrument engineering and calibration data and fed to the satellite data

. The SMMR measurements will be: 1nterpreted 1n terms of various: geophy51cal

Each channel measures radiation in two orthogonal linear polarizations.
Channels 1-4 will-switch between polarizations on alternate scans of the
antenna beam, and channel 5 will simultaneously measure both polarizations.

The microwave thermal emission from the earth and atmosphere is collected by
an offset parabolic reflector antenna which focuses this radiation into a
multifrequency feed system.” The feed system is connected to the radiometer
inputs through orthomode transducers for separating the polarization and then
through polarization, calibration and Dicke switches. The radiometers detect,
amplify and convert the signals-to-digital data which is multiplexed with

system for telemetry to ground.

The offset parabolic antenna has an 80 cm diameter aperture measured normal

to the direction of observation and is scanned 25° to either side of the
direction of satellite motion. The angle of the beam with respect to nadir is
maintained at 42° in order to provide a constant earth-incident angle of 50°.
The beamwidth for channel 5 is 0.7° and gives a surface resolution.element :
of 17 x 26 km. .Resolutions for other channels are largcr in proportlon to thelr
respectlve wavelengths. n : : A k3

parameters, such as ocean surface wind spéed and- temperature, sea-ice- boundar1es
and characteristics, soil moisture content, and atmospheric water content and
characteristics. Microwave emission from the respective parameters has dis-
tinguishing spectral and polarization characteristics which allow the individual
parameters to be measured.
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{10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:

840 Kbps
TELOPS : IPD

LOW RATE [r——mecipe e
‘YELEMETRY - |PROJECT OPERATIONS

RECEIVER [22.KbP:__ ! CONTROL CENTER -
. NASCONM - {GSEC)
WIDEBAND

LINES

" PROJECT DATA SMMR

PROCESSING e EXPERIMENT
SUBSYSTERM (JPL) ) : TEAM

- USER DATA _ } o
. DISTRIBUTION = [resmcscemcy> OPERU:;EROSNAL
~SUBSYSTEM (NOAA) | ‘

(11) RECEIVING AND PROCESSING — NARRATIVE:

The STDN sites receive Low-Rate playback TLM data at 640 at 800 kbps during
contact periods. Received TIM data is retransmitted to IPD'at GSFC via TELOPS.
IPD will preprocess the TLM data to produce time-smoothed and quality-checked
telemetry. A master data file is constructed on a daily basis and sent to JPL .
via surface delivery. v ' I
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(12) DISTRIBUTION OF DATA FROM GROUND STATIONS - BLOCK DIA(.-ER'AM:

SURFACE
TRUTH DATA
LOW RATE |__BASE
TLM FROM i , :
poCC ‘ :
e[ A 2 s [ T
10 EXPERIMENTAL
DAYS FACILITY (JPL) A TEAM
SURFACE
DELIVERY 7 DAYS ‘
NOAA
LIBRARY 7-10 7-10
HOURS
SCIENCE. TLM, v ) DAYS
. | ORBIT, AND NATIONAL ENVIRONMENTAL
SEA TRUTH : WEATHER DATA
DATA SERVICE VICE |
ACCUMULATED .
MISSION DATA - SH AU —
BASE FILES OPERATIONAL - OPERATIONAL
~ | user USER
L COMMUNITY 1

COMMUNITY

{13) DATA DISTRIBUTION — NARRATIVE:

JPL receives edited, time-smoothed TLM data from GSFC. The four primary functions
performed by JPL are:

(a) produce an Experiment Data Record for each team,

(b) produce supplementry data for each experiment (I.E., sensor
earth located footprint, engincering data),

(¢c) produce a single processed data record in geophysical units for
each experiment, i.e., wind speed/direction, surface temperature,
etc., and

(d) produce validated algorithms to independent raw data users.
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Section 5.10
INTRODUCTION TO FIELD MEASURING SENSORS

This seétion contains introductions to various field measuring sensors.
Each introduction to a specific sensor type is addressed independently. The
intent of this section is to provide a review of the principles of primary
field sensors (gravity, magnetic and electric), although.é'more general - g
class_of sensors associated with monitoring the space envirénment ébove the

ionosphere may be included.

-

5.10.1 .MAGNETOMETERS

The Earth's magnetic field, when accurately known, is an important reference
for nav1gat10n Also, a global map of the Earth's magnetlc fleld when correlated
with geologlcal and geophy51cal models of the Earth's crust, can 1nd1cate magnetch
.anomalles;[potent;al targets for'natu:aluresource‘exp}orat;qn)r,.;_'iggx
There are two classes of magnetometers, vector and scalar. Each performs

a valuable function and will be described independently following a brief review

AT

of the characteristics of the earth's magnetic field.

A theoretical concept that has gained increasing acceptance, especially in

o P A PR Ul RIS

understanding the Earth's magnetosphere, is field-line merging. At the interface

between two different plasmas, reg1ons occur in which there are basically opp051te1y

g s s

directed fields (e.g., a northward directed field adjacent to a southward directed

ST

field) and whgre the fieid strength is weak. It is thought that plasma can flow
into this neutral region from the two sides and then flow out of the region parallel}
to the boundary (see Figure 5.10-1). In the neutral region, the field lines can be
thought of as being broken and reconnected. This mechanism can lead to a direct

connection between interplanetary and planetary magnetic fields. As a consequence,
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reconnected field lines leaving the Earth in the vicinity of the magnetic pole
do not return to ‘the opposite pole but are attached to field lines leading off

into interplanetary space (see Figure 5.10-2).

FIGURE 5.10-1 Field line merging at a neutral point. This figure is
one of .the earliest representations of the merging region. The thin
lines represent lines of force of the magnetic field and the thick lines
are the stream lines of the plasma flow. Plasma enters the region from
the left and right and leaves by flowing upward and downward. The mag-
netic fields adjacent to the region are oppositely directed as shown by
“the arrows. The field lines are forced together by the inflowing plasma
and the fields originating on opposite sides of the region become con-
“‘nected. :

Studies -of 'the Earth's magnetic field have continued at a vigorous pace, in
part because the extraterrestrial field is so accessible to spacecrafi and in part

because of the long record of observations, which cover entire sular cycles, and

the wealth of detail available. In uddition, the magnetic fiel! is a fundamental
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pérameter'of great significance to many other scientific investigations such as

’ studies of trapped and précipitatihg particles and their intgraction with various
speciés of waves that can propagate.in a plasma. There is a close correspondence
between the magnetic field and large-scale electric fields which have been found
to play an important role in the coupling which takes place bétween-the inter-
planetary medium and the region in and above the Earth's ionosphere. As a final

. example, the Earth's field and its complement of trapred ambient particles represent
a lafge number of different regimes available for study as.exampies of naturally
occurring collisionless plasmas. One of the basic parameters used to characterize
plasmas is the ratio of the thermal particle energy to the magnetic-field energy,
a parameter which varies significantly from one region of the Earth's field to

_ another.,'A_ -

Before the flrst measurements 1n.space, the geomagnetzc fleld had been mapped

in terms of spherical.harmonlcs had been derived. Currents above the Earth's sur-
face were known to contribute fields as large as one percent of the internal field.
- From surface measurements, much information had been gccumulatéd about transient
irregular variations kﬂown as magnetic siorms. The stormé were known to be
correlated Wlth solar activity and to conta1n potentlal 1nformat10n about the
outermost extremities of the Earth's field. It has proved dlfflcult however,

to infer the location and nature of the currents that werelcausing the observed

> omnmy

field changes, especially as their distance above the Earth increased.

The outstanding successes from the previous era were the characterization of
at least the horizontal component of the currents in the high-latitude ionosphere
and infereﬁces regarding the confinement of the Earth's field by solar plasma and

the existence of a ring current circling the Earth at several planetary radii.

LTt A TETIE 52
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Many magnet1c storms were observed to begin with an abrupt increase in the geo-
: magnet1c f1e1d and thls was correctly attributed to the compression of the Earth's
f1e1d by,a cloud of neutral ionized gas emitted by the Sun. During the subsequent
magnetié siorq,ié slowly varying.componentAwas identified corresponding to.an
éssentially_unifofm field over the Earth's surface. The source of this field was
thoﬁght'to'bé a current loop that was somehow established at large geocentric
distances during~%he storm and which then slowly decayed away as the storm ended.

| Limited information was also available'regar&ing the existence of relatively
dense iow~energy piasma at high altitudes. Lightning discharges have been shown to

give rise to whistling radio signals that propagated along the lines of force of the

Eéffh*ﬁ'fieid‘between conjugate points in opposite hemispheres. The dispersion

”'-infﬁéf%éhérﬁéterizéd these "whistlerS"_implied a density of 10% electrons cin > near

‘the magnet1c equator at-a. d1stance of about SrE It was thought, however, that‘
these electrons were part of a'static interplanetary medium, a view which is now
known to be incorrect. However, the observat1ons correctly 1mp11ed that the
Earth's field wa$~sti11 essentiglly dipolelike at that distance.

One of the major achievements of space research has been the rather complefe
characterization of the Earth's magnetic field in space.  The presence of plasma
in the space surrounding Earth has a profound effect on the geomagnetic field and
leads to a field configuration that is very unlike a magnetic dipole in a vacuuﬁ.
The concept of frozen-in fields implies that the geomagnetic field and its trapped
particlés will be excluded from the space occupied by fhe magnetized interplanetary
medium. This reé;ization'has led to the concept of the "magnetosphere,'" i.e., a
cavity or bubble in the interplanetary medium into which the geomagnetic field

is compressed. In its simplest form, che field topology would be -losed with the

i
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boundary, called the "magnetopause," a simple surface of revolution with the Earth's
field on one side and‘the-inferplanetary medium on the other.

The acfual situation is much more complicated owing to the continual outward
streaming of the solar plasma at supersonic speeds to form the solar wind. Thus
the proper characterization involves, not a steady‘state, but a quasi-stationary
flow pattern. A reésonable, low-order approximation is provided by the flow of
a supersoﬁic gas past a cylinder or sphere (representing the magnetosphere). In
this gas-dynamic example, a detached bow shock occurs which converts the streaming
energy of the_oncoming gas into internal energy and allows the gas to be deflected
around the sides of the cylinder. The other essential features of the interaction
are a boundary layer adjacent to the cylinder and a long wake extending downstream.
The. . flow could be revealed by means of a snapshqt shqwingﬂthe flow lines,-although-
it musé be recognized the ﬁedium is actually_;ontihupuslyiin motiqn. The counter-
parté of all three of these features, including:£helbbﬁ'ghock, ﬁave beé£ 6bserVéd£:”
to be a part of the solar-wind interaction with the Earth's magnetic field.

Even the aforementioned gas-dynamic analogy is actﬁally far simpler than the
interaction of the Earth with the solar Qind because, to continue the analogy, the
solar wind contains a magnetic field and the cylinder is permeable. Particles,
momentum, and energy can be transferred across the boundary and into the cylinder,
apparently as a consequence of a direct connection between the interplanetary and
planetary magnetic fields. The Earth's magnetic field apparently extends through
the boundary and connects the magnetospheric plasma inside with the solar-wind
plasma outside.

A further complication is the existence of processes within the magnetosphere
which effectively represents sinks for the particles' momentum, and energy imparted

by the solar wind. Thus some of the particles are precipitated into the atmosphere,

~
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in part to cause the aurorae. The momentum transfer leads to an internal circula-
tion {convection) of the magnetic field and plasma in the outermost regions of the
magnetosphere. This convection is the counterpart of the external solar-wind flow
around the Earth. Energy from the solar wind results in the acceleration of
trapped particles to high energies as well as the production of intense currents

in the ionosphere which act as dissipative loadg. Thus many features of the inter-
action depend on the nature of the competition between'externai sources and internal
sinks.

As a final complicating factor, the solar-wind flow is not steady but consists
of strong.gusts which occur several times a month in the forﬁ of fast streams. To
characterize the interaction properly requires, not a snapshof, but a motion picture.
' The enhanced solar-wind fléw associated with a stream siénificanily ;ncreases the
tranéfer of particles, momentum, and energy into the magnetosphere and gives rise
to méjor'tfansient variations known‘ag magnetic storms. Since the processes acting
as sinks have their own, relatively long characteristic times, it.is possible
temporarily to store magnetic energy as well as particles inside the magnetosphere
even after the solar-wind stream has passed the Earth and traveled onward into
intérplanetary-space. The main reservoir is thought to be the long magnetotail.
Evehtually, however, the Earth tends to relax back to the quiet configuration during
the so-called "recovery phase'" of the storm.

An important aspect of the direct connection between field lines inside and
outside the magnetosphere, and a phenomenon which provides evidence for the merging
process, is the observation of "substorms." These are episodes of only a few hours
duration involving basically the same phenomena as magnetic storms (i.e . particle
lenergization and precipitation, the development of intense.currenf sheers and

electrojets as high latitudes, increas»d convention inside the maymetosphere, etc.),

REV. DATE: 30 7
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but on a smaller magnitude. The close correspondence suggests that magnetic storms

are actually several substorms occurring sequentially. ‘Observations in space have .

shown that substorms can be triggered simply by a randoﬁ change in the direction
of the interplanetary magnetic field such as to increase the prospects for field-
line merging.

With the aforementioned material as a general background, it now becomes
possible to describe the main features of the Earth's field in the quasi-stationary

state during quiet intervals, as diagramed in Figure 5.10-2. It is convenient to

SOLAR gt
wWIND - | 1 R

FIGURE 5.10-2 Interaction of the solar wind with the Earth's magnetosphere.
The solar wind arrives from the left, crosses the detached bow shock,
and proceeds into the ''magnetosheath,' a transition region shown here as
dotted. The thin lines represent magnetic fields in a meridian plane and
the heavy lines show the direction of plasma flow. Two neutral regions
are shown, one on the front side of the magnetosphere and the other in
the magnetic tail. The dotted region near the Earth represents the
corotating magnetic field and relatively dense plasma derived from the
ionosphere. An '"open'" field line is shown which originates in the Earth's
polar region and becomes an interplanetary field line in the magnetosheath.
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déSQribo the topology as a function of latitude, although it should be recognized
ohaf:a oorrespondence exists betweeo latitude and the distance at which the (closed)
field lioeo cross the equatorial plane. Thus; at low and moderate latitudes (up
to 60°), the field is dipolelike and corotates with the Earth, carrying with it the
low-enorgy high-density plasma that represents the upward extension of the ionos-
pﬁere. ‘Af latitudes between 60° and 70°, corresponding roughly to the auroral ovals
ﬁip the northern and southern hemispheres, convection becomes dominant and, although’
the figid lines are closed, their motions are no longer simply the result of the’
Earth's rotation. At these latitudes, the field lines are returning to the magnet-
osphere, after being reconnected in the tail, and are being convected sunward. At
A the highest latitudes, corresponding to the polar cap, ;he field lines are predom-
. :,Lipan;ly‘openfand are being carried downstream to form the Earth's magnetic tail.
Although there afe,many.details obout vhich scientific opinion is still
d1v1ded some of the current phy51cal explanations for this topology are the follow-
ingf_ The 1nterna1 convective motions are a consequence of a direct connectlong
between the two fields in restricted areas of the magnetopause, called neutral
regions, where the fields tend fo‘be oppositely directed. The field lines passing
near the maggetopausé through such regions map back to the Earth at high latitudes.
Once geomagnetic field lines become. tied to interplanetary fields, they are swept
downsffeam to fofm the.Earth's tail, because the interpiénetary field is frozen
into the soiar wind and the parts of the field still in interplanetary space travel
anti-sunward at high velocities. The feet of these field lines aré transported
across the polar cap, a motion made possible by the presence of the electrically
| insulafing neutral atmosphere below the ionosphere. Thus the field lines are .

conceived of as being severed at the base of the ionosphere.
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Field lines cannot be removed from the magnetosphere indefinitely, especially
since the formation of the tail leads to a configuration consisting of oppositely
directed fields, which is the countefpart of the configuration on the daysidé that
originally led to field-line merging. It is thougﬁt that merging again takes place
with the ends of the geomagnetic field and the interplanetary field once again
being reconnected geomagnetic field lineé takes place at slightly lower latitudes
in the vicinity of the auroral zone. The observeé'dayside cusp is presumably the
demarcation between open field lines convecting tailward and closed field lines
within the ionosphere giving rise to intense clectrojet currents which flow east-
west and to current sheets in which field-aligned currents either enter or leave .
the ionosphere.

All spacecraft haye stray magneticAfieIQS due to magneti;ed permeable material
and to electric current flowinglin the power mains and electronic subsystems.
Currents flowing in solar panels can also contribute stray fields.. If the.straf.
fields were truly steady, a preflight.calibration-would suffice to determine the
error introduced for all time. Unfortunately, spacecraft fields are typically
unstable and change with time. Some of these changes are due to the magnetization
of permeable material during the launch phase Qhen the presence of the Earth's
field is important together with the vibration spectrum of tﬁe launch vehicle.
Changes are also probably introduced by aging and temperature variations of the
permeable materials in space. Current changes due to command switching qf circuits:
and the aging of electronic components may also contribute to changing fields.
Finally, if the distance from the.-Sun to the spacecraft changes, the power output
from solar panels will vary.

Control and reduction of stray fields impose stringent requiremeﬁts on the

spacecraft design. The use of permeable materials must be kept to a minimum. It

REV. NO.: 2 REV. DATE: 31 Jan 1978

5.10-9



RASDH’

~is common practice to use a long boom to place the sensors as far as practical:
from the spacecraft body. The design of a suitable boom is a nontrivial problem
since long booms  can affect the spacecraft dynamics in complicated ways. On
attitude-stabilized spacecraft, boom vibrations can couple into the servosystem,
while the dynamits of spinning spacecraft are significantly modified by booms.
NeQertheless. instruments other than magnétdmeters also require booms, and consider
able effort in the past decade has gone into understanding how to design an
efficient boom.

From the standpoint of currents, their treatment depends upon the type of
measurement t6 be made and on whether the spacecraft is attitude-stabilized or:
spinning. The effect of steady currents upon measurements on an attitude-stable
spacecraft is identical to thaf»caused by magnetized material, although the time$
dependence is probably far different.. On spinning spacecraft, the fields due to .
currents rotate with the spacecraft and again appear as a qqasi-steady field with-
the following exceptions. Currents associated with solar panels show a time
dependence because of the rotation and non-constant illumination by sunlight.
Consequently, in the rotating fréme of the magnetometer, a ripple may appear. The
harmonic spectrum of the ripple is compiex and depends upon the time dependence of
the illumination function. Fortunately, solar panels can be back-wired so as to
reduce this effect. The use of twisted-wire pairs throughout the spacecraft is
-an important aid in reducing current-derived fields. The pitch of the twist is
a.cfitical parameter in the optimum reduction of stray fields. [1]

The fluxagate~magnetometér, first built in 1941, has been used in the majority
of space.flights where particle and fields research is carried out. The principle

-of operation of the flux-gate is baced -upon a high-permeability core ariven into

saturation by an oscillator feeding current through a primary viuding at a fre-
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~ quency of 5-10 kHz (Figure 5.10-3). It can be shown that in the absence of an
external field ﬁinput field), the output of a secondary coil wound on the saturable
core consists of a series of odd harmonics. When an external field is appliéd,
it biases the core and the output will contain even harmonics whose amplitudes are
proportional to the strength of the input field.  The second harmonic is syncron-.
ously detected by comparing its phase with the second harmonic of the drive signal.;
Feedback is achieved by driving the saturable core with a current proportional to
the detector outpuf thereby maintaining a null condition. A triaxial sensor is

" assembled by placing onc such element on each of three orthogonal axes. [2]‘
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FIGURE 5.10-3 Block Diagram of a Single Axis Flux-Gate Magnetometer

Recent spaceflight magnetometers ha&evused optical pumping of a gas in order
to detect and exploit the Zeeman effect in relati?qu weak magnetic fields. Basic-
ally, two types of magnetometers have been flown. The rubidium-vapor magnetometer,
which has been used as a scalar insfrument to provide a measure of the field mag-
‘nitude, and the vector helium magnetometer, thch measures all three components of
the field. The rubidium magnetometer has comménly been used withvlow-altitdde
earth-orbiting satellites to obtain global maps of the geomagnetic field above
the ionosphere. The vector-helium magnetometer has been flown oh planetary-

interplanetary missions to Mars, Venus and Jupiter.
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. The block diagram of a representative rubidium magnetometer is shown in

.fFigure:$.10-4. Inieﬁse radiation is obtained by a sustained radio-frequency
_“discharge in a lamp containing rubidium. The resonance radiation (at 794.7 nm)

‘passes through a circular polarizer and interference filter to an absorption cell

containing rubidium vapor at low pressure and is then focused on a photodetector.
The iﬁcidént radiation opticélly pumps the rubidium, preferentially populating one
of the ground-state magnetic levels. The induced magnetic moments cause the pumped
Atoms to precess about the ambient magnetic field at the Larmor frequency.

In a common configuration used on satellites, a coil is wound around the
ébsorption‘cell_and'used to produce an oscillating field parallel to the light
beam (optic axis). When the frequency of the oscillating field is equal to the
Larmor frequency, a coherency is introduced that causes a variation in the

transparency of the cell and hence a periodic.modulation of the light intensity

LAMP
EXCITATION
OSCILLATOR
CIRCULAR Joomc CIRCULAR
POLARIZER _ POLARIZER
rmoro
s n /]

)

N L 74
(pap— L j f RUBIDIUM LAMP
3 INTERFERENCE FILTER
ASSORTION CELL

—— d— — i —— e . —d—— — — —— — —

MAIN BODY

—iq AMPLIFIER | .

& OUTPUT SIGNAL

FIGURE 5.10-4 Block Diégram of a Rubidium-Vapor Magnetometer

at the detector. This effect makes it possible to feed the detector output back:
to the coils to form a self-oscillating magnetometer. The output is then a voltage
oscillating at the Larmor frequency which is directly proportional to .he scalar

magnitude of the field. Dual cells are used to eliminate the ne.essi;y of switch-

| | REV.DATE: 30 June 1977 *
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ing the phase of the feedback signal when the sense of the field changes. The
signal strength'is aspect dependent and the magnetometer is.insensitive to ambient
fields either parallel or perpendicular to the optic axis. Two independent rubi-
dium magnetometers in a crossed configuration have been commonly used to reduce
substantially the solid angle subtended by the null directions, and hence to
reduce the likelihood that the magnetometer will be unable to measure the field

'because of an unfavorable orientation.

SWEEP :

DRIVE e o
CIRCULAR SWEEP OSCILLATOR
FIELD CURRENT ) *

HELIUM , IR _
LAMP POLARIZER ~ DETECTOR
HELIUM PHASE
E...,.._D-...- - HELL - l . | COHERENT
-~ J/ B ,.|-DETECTOR | . ..~

 £ €;?i"'

. STEADY .
 NULL FIELD CURRENT

“BC
AMPLIFIER

OouUTPUT

FIGURE 5.10-5 Block diagram of a vector-helium magnetdmetef. The circle
enclosing the absorption cell is symbolic of the Helmholz coils which
are driven by both an ac sweep-field and a dc feedback-field.

The vector-helium magnetometer (Figure 5.10-5) has many of the same general
elements as the rubidium magnetometer. Intense radiation obtained from a helium-
discharge lamp passes through a circular polarizer, a helium-filled absorption
cell, and is focused onto an infrared detector (the resonant pumping line has a
wavelength of 1.08 um). Mestable helium atoms are generated in the absorption

cell by a sustained RF discharge. The triplet "ground" state of mestable helium

is optically pumped by the incident resonant radiation.
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The absorption cell is located inside a set of Helmholz coiis which are used‘
to generate a magnetic field at a frequency of a few hundred hertz rotating in the
plane containing the optic axis. Since the optical-pumping efficiency depends on
the angle between the magnetic field and the optic axis, the changing orientation
‘6f this sweep field causes a periodic modulation of the cell transparency and,
hence, a sinusoidal‘variatioﬁ in the detector output. Phase coherent detection
is used to determine the phase shift betweén the detector output and the reference
sweep field which is iﬁtroduced when a steady ambient magnetic field is also -
present. Steady cﬁrrents are then fedback to the Helmholz coils to null the
ambient field by reducing this phase error to essentially zero. In this closed-
’loop mode of operation, the magnetometer output consists of two voltages propor-
tlonal to the feedback currents and hence to the components of the ambient
" magnetic f1e1d in the sweep plane. Triaxial measurements are obtalned by
i alternatingfthe'sweep field between fW§ orthogonal planes which intersect along
the optic axis. |

One of the more promising types of magnetometers, which may accelerate U.é.
efforts to globally map the Eaftﬁ's magnetic field, and aid in exploration of
natural re#ources,'is the double-resonance system developed by Anatole Abragam at
fhe Laboratoire d'Electronique et de Technologie de 1'Informatique (LETI) in
Grenoble, France, Abragam's theory exploits the knowledge that protons have a
magnetic momentum which is dlrectly related to the ambient magnetlc f1e1d The
concept suggests that f1e1d variations can be mon1tored by measuring the proton's
precession frequency--the movement of its spin axis when affected by a magnetic

field. Although this principle has been researched by others, Abragam was the

first to propose increasing the proton's magnetic momentum by transf rring to the

protons energy from liquids containing protoms and free electrcas. In some liquidsi
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the proton's magnetic momentum can be multiplied by a factor of 4000. The French
claim that their double-resonance magnetometer has a resolution of 0.01 gamma,

about 100 times more accurate than conventional magnetometers. [3]°

5.10.2° GRAVITY SENSORS
Gravimetry is the science of measuring quantities characterizing the terrestrial

gravitational field. Initially, gravimetry was a section of higher geodesy, deal-

applylng the results of these measurements to the determination of the compression
of the Earth's figure. [5] More recently, gravzmetry has become one of the most

effective methods of studying'the interior of the earth partlcularly 1n Iocatlng

den51ty varlatlons near the surface wh1ch mlght lead to natural resource depos;ts

surveylng.
For the determination of the gravitational force it is possible to use many

physical phenomena which are in some form dependent on it, such as the free

fall of bodies ih a vacuum, in air or in a liquid; the oscillations of a pendulum;

the elongation of a spring under the action of a load; the rise of a liquid in a

capillary; voltage developed as a result of force on a piezoeiectric element, and

others. The basic problem of gravimétry is the study of tﬁe gravitatipnal force

G, being the derivative of the gravitational potential V in the direction of the

normal to an equipotential surface, passing through a given point A (Figure 5.10-6){

So that one may write:

oV _ 1)
s = -G .
-
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* where .the sign of G depends on the choice of the direction of the normal N. The
.outward direction with respect to the equipotential surface corresponds to a

freduction.inﬁthe gravitational force. Note that the curvature of the equipotential

TR

FIGURE 5.10-6

oo s SO+ 1 A fein o S

'surfacey hence the §a1ue of the potential V at any point on the surface (earth)
.changes in’the'courge of'tiﬁet. The accelgration constant (g) on the te;restriél
surface varies approxinately 0.53% fron about 978'to 983 cn/sec?, increasing from the
.'equatpr'tokards the poles and decreasing with elevation above sea level at a rate
- of 300 um /-secz' per metér. [6]

_ 6ne objective'of-geodesy-;s to determine the variations of the Earth's

.gravitational potential, which can be expressed in terms of spherical harmonics;

@ n e
Ve220[1+73 (%9 I Pnm (sin ¢) [Cnm cos mA + Snm sin mA] (2)
=2 m=0 »

where R is the mean radius of the Earth, Pnm is the normalized Lengendre polynomial,
Cnm and Snm are the.coefficients of the harmonic terms, and (r, ¢, A) are the
coordinate positions of the instrument. [7]

The methods used for measurement of the gravitational force are historically
divided into two catagories; dynamic and static. Dynamical methods a2 used for
absolute and relative measurements. Absolute measurements are ir iended to

.determine the absolute value of the g-avitational force at a poi:t (or integrated
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m
over an area), whereas rel;tive measurements are carried out wheﬂ determining the
~difference Ag with respect to a giveh reference.

Static metﬁods are used for highly accurate determination of differences of
gravitational force and are limited, for the most part, to point measurements
on the Earth's surface.

When measuring the variation in the horizontai plane (gradients of the gravi-
tational force) as well as pogitions of the principal normal sections of the
equipotential surface and curvature differences, a gradiometer relates quite well
and has a predictable relationship to the second oraer derivativeg of the gravita-
tional potential.

The Gravity Gradiometer measures a combination of second spatial derivatives
of the gravitatibnal potential; i.e., the spatial change in acceleration. This
ié,éécbﬁhlished by utiiizing:pfogf:ﬁa§5eéitéfmeééuréffhéfsﬁgffZaifféréﬁééswiﬁﬁ“

~acceleration between pqinfs inAtheb§a;é1}iée{ [81 . |

The advanfage of gradiometer technique§ in obtaining the higher-drder
harmonics of the Earth's gravitational field is straightforward. Terms with
increasing N correspond to small scale features on or near the surface. Although
thé contribution of these harmonic components to the gravitational potential is
quite small, their contribution to the gravitational force gradient at point
above them is a substantial fraction of the gravitational gradient of the entire
earth. ) |

The Hughes Research Lab rotating gravity gradient sensor [7] is a device for
measuring the second-order gradient of the total gravity potential field. The

sensor consists of a resonant cruciform mass-spring system with a tortional

vibrational mode. In operation, the sensor is rotated about its tortionally

AT A
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resonant axis at an angular rate w which is one-half the tortional resonant

" frequency. Gradieﬁts in the gravitational field excite the structure at twice

the rotational frequency (see Figure 5.10-7). Only the differential torque AT
between the sensor arms is coupled to the central tortional flexture for conversion

to a measurable voltage. The tortional gravity gradiometer has two significant

(Jngz'

Ti-T2 . 3GMmi¢
2 "aR3

FIGURE”5.10-7 A Functional Diagram of ‘the

Hughes Research Lab Rotating Gradiometer
advantages over other gradient sensing instruments. There are no bearing noise
problems, which are the primary source of difficulty in earthbound operation, and,
most important, since the spacecraft is rotating along with the sensor, the gravity
field éf the épacecraft is stationary in the frame of reference of the sensor,
hence, oniy the gravity gradient field of the earth is sensed.

The effective resolution of a gradiometer.at an altitude of 220 " : is

-approximately 220 km, If a gradiometer were placed in a near po'ar orbit with

REV. DATE:
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suitably chosen orbital parameters, it would pass within 220 km of every point on
the earth in 80 orbits, thus completely mapping the earth in 5 days. (see Figure
5.10-8). The track spacing between the half arcs is approximately 250 km, so

there is a good match between track spacing and swath width.

FIGURE 5.10-8 Swath Pattern of Full Coverage Orbit

This, of course,- is not realizable since the orbital altitudes will decay because
of drag. A more feasable approach would include an orbital lifetime of from 30 to
50 days following a 330 km launch into a polar orbit. The time spent near 320 km

would be long enough to obtain good coverage of the earth at that resolution
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1(640 km’wamelength or degree 62). As ‘the altitude decreases,‘the,resolution

would 1mprove steadlly There would be a substantial amount of - coverage near

AR

220 km alt1tude w1th excellent resolut1on (440 km wavelength or degree 90), but

.

some coverage would be lost because the track spacing at the equator of 250 km

g T .__

is sl1ghtly larger than the sensor resolut1on.

‘}-. P

A similar type instrument may be constructed from accelerometers, A direct -

-analogy is obvious if one thinks of an accelerometer as a proof mass sliding on a

frictionless wire. Coﬁsider“the Bell Aerospace instrument operating.at a fixed
p01nt in a grav1tat1ona1 f1e1d wh1ch varies slowly w1th position (see Fig. 5.10-9).
"The proof mass is . centered electronlcally so that a 51gnal is produced which is pro-

‘portienal’ to the force requ1red to ma1nta1n the proof mass ‘at the center of the

uwzre.; Thus the 51gna1 is proport1ona1 to the accelerat1on relatlve to the acceler—

ometer hous1ng that the proof nmass would exper1ence 1f free to travel along the

sens1t1ve axls. The ent;re system rotates about the y 8X1$. 'The acceleration due

to thzs fotation is radial and the sensitive axes are tangent1al thus no signal

is*producedhby the satellite rotation.

. . & P L . ) . s
" The situation due to the gravitational field is different, and since the

field is slowly varying, one is justified in writing a Taylor's series expansion

for the gravitational potential. This must be carried to at least second order.

By differentiating the Taylor's series expansion with respect to each of the
coordinate axes one obtains the vector acceleration to the proof masses as a func-
tion of position (x,y,z). Substituting expressions for sinusoidal motion in the

x,Z-plane as a function of time, and dotting these expressions with a time variant

“unit vector in the direction of each accelerometer's sensitive axis (i.e.,- taking

~ the vector'component‘Of acceleration in the direction of the sensitive . xis), one

obtains the four equations shown in Fig} 5.10-9 for the signal of each accelero-
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SATELLITEWALL

SUPPORT STRUCTURE

SPIN

AXIS

o]
ACCELEROMETER 4 PLACES
Az
r
A#3
— Ax}
#2
ACCELERATION:
' : A
(Vo + Vi Bz +V, Ax)T+(V, +V,, Ax+V,, Az k
POSITION: ASENSITlVE AXIiS:
Ax Az i i
rcos wt ~rsinwt C#1 —ginwt ~cos Wt
~rsinwt ~-7coswt #2 —cos Wt sinwt
~recos Wt rsinwt #3 sinwt cos Wt
rsinwt rcoswt #4 coswt -sin Wt

FIGURE 5.10-9 The Bell Aerospace Gravity Gradiometer
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The inputs to a gravity gradiometer data reduction program would be as follows:
trajectory data, épa:etraft engineering data, science data and the gradiometer
data itself. The output of a gravity gradiometer data reduction program would be
coefficients of the spherical harmonic expansion of the Earth's gravitational field

Trajectory data will be available from the satellite tracking net observing the
satellite. It will include time of acquisition and angular position at acquisition
for ea¢h observation of the spacecraft by each tracking station. The trajectory
data may also include range and angular position at regularly spaced time intervals

_throughout the period of observation of the spacecraft by the tracking station.

The spacecraft engineering data will be transmitted by the spacecraft itself
and recorded at the tracking stations. It will include orientation information
relative to the horizon and the sun, spin rate and temperature data ﬁseful.for
estimating:the gradiometer scale factor. Spacecraft engineering data may also
igglude measurement of the in-plane (relative to the spin'axisj drag components
acting on the spacecraft. *

The science data includes all ‘the ground truth necessary for gravity gradio-
meter data reduction. This iﬁciﬁdes an initial estimate of the coefficients of the
spherical harmonic expansion of the earth's gravitational field, station locations
for the satellite tracking net and a variety of estimates of the amplitudes of
perturbatibns acting on the satellite trajectory. These last considerations -
include the effects of the sun and moon (which contribute negligibly small grad-
ients), estimates of the atmospheric drag acting on the spacecraft, the effects
of wobbles in the Earth's spin vector, relativistic effects, etc.

The gravity gradiometer data will consist of amplitude measurements at Treg-
ularly spaced time intervals from a low cifcular polar orbit with the satellite

spin vector maintained perpendicular to the plane of the orbit+ ana the orbital

altitude selected to give repeating ground tracks.

’ 5.00a0  LRELNO. 2
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F_-_— ——
These four types of data will be processed to obtain an improved estimate

of the coeffic@en_ts of the spherical harmonic expansion of the Earth's gravi_tation—

al field. This involves three principle steps. First, the trajectory of the

satellite needs to be estimated. Second, the gradiometer data needs to be adjustedj

for non-ideal effects. And third, the data needs to be integrated over a sphere

to obtain harmonic coefficients. Thus, the data reduction system will follow the

flow diagram shown in Figure 5.10-10.

W ENGR. DATA
OATA (SPIN RATE, TEMP.,  emami{
ORIENTATION, ETC.) ESTIMATE
GRADIENT,
REF. TO A NS
SPHERICAL
MODEL
GRADIOMETER DATA- ==mi]
" INTEGRAL
CURVEFIT .
PRECISION TRACKING
DATA
{STATION LOCATIONS,
PERTURBATIONS, ETC.) CALC
LOCATIONS ;
' .
{~ GROUND TRUTH DATA ——ip ]
AND INITIAL ESTIMATE '
| OF COEFFICIENTS :ﬂg‘g DATA
I _ .
UPDATE :
LIBRARY [®€ - ﬂ
Y
HARMONIC
COEFFICIENTS

FIGURE 5.10-10 Data Reduction System Flow Diagram

There are a number of other techniques that have been proposed for obtaining

gravitational data. Direct observation of long term satellite motions from the

-

L—_i
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earth_has Béen applied to calculate the gravitational field [9]. The data

reduction- technique used ‘involves expressing the orbital elements as Fourier

.séries'whoséfcoefficients are expressed as linear functions of the spherical
‘harmonic coefficients. This is known as fréquency decomposition. ’Tﬁe accuracy
of this technique is expected to improve dramatically in the next few years with -
the. development of laser position determination.

' Doppler radar or laser measurement of the range betweéh two(satellites ha$
becﬁ,proposed as a.possible experiment for determining the Eérth's‘graVitational
field [10]. The range rate between an earih syncronous satellite and a low test
satellite could be measured. Alternately, two low test safellites might be used,
onebcontinuopsly ianging the other. A recent proposal for data reduction involves
.parémeter:fittingAto an assumed mass distribution on the ground [11].

 A radar.altimeter th'been suggested for .determination of the earth's gravi-

. tational field. -Altimetry data contains considerable information about the.

[t

"gfaVitational field in the ocean regions where the mean surface height closely
follows the geoid. This information coupled with existing surface data could be

used to improve existing representations of the gravitational field [127.

Lrevivo:2 1978
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DATA SHEET ‘
SHEeT 1  of ¢

{1) SENSOR NAME, ACRONYM: (Triaxial) Fluxgate Magnetometer, FMAG

(2) DISCIPLINE: Earth and Ocean Physics (3) SUBDISCIPLINE: Global Surveying & Mapping
(4) APPLICATION AND OBJECTIVE: ' '

The vector satellite system employs 3 FMAG's which will measure the global vector
magnetic field in a near earth orbit to an accuracy of approximately * S gamma on a
temporal and spatial basis.

t

{5) HERITAGE/KEY PERSONNEL: IMP, 0GO, Explorer, ATS-6, Skylab

Cognizant Scientist: Dr. Joseph Siry, GSFC (301) 982-6662
Project Leader: Dr. Robert Langel, GSFC (301) 982-5600

(6) SENSOR DEPLOYMENT:

The FMAG's will be delivered via SHUTTLE and deployed as a system of 3 satellites
in 400 km circular orbits phased 4 hours apart in local time (120° separation)
and operating simultaneously for 12 months.

{7} SENSOR CHARACTER!STICS

. (7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER

The Tr1ax1al FMAG is boom mounted on' a satelllte that 1s stablhzed w1th respect
to a 3-axis-earth centered coordmate system and measures the local magnetlc e
fleld to an accuracy of .+5 .gamma-over -the range of: (15K - 60-°K) ‘gamma . v

(78} ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SENSORS):

N/A

(7C) DETECTOR MEASUREMENTS CHARACTERISTICS:

The magnetic flux induced in the core by the gating field is modified by the
external magnetic field which generates even harmonies on the output winding

as a function of the magnitude of the external field. The discriminated second
harmonic is calibrated to yield the magnitude of the field component parallel
to the sensor axis, while the phase indicates the direction.
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: sweer 2 of 4
. , . . 4
(8)"’SENSORDATA'MEASUREMENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM.
FEEDBACK § [ SEMSED OFFSET (-4 BITS) .
-FIELD . ; FIELD £
A . { voLvace
S i To g _}5:” > DATA
FEEDBACK - CURRENT CONV. out :
CURRENT ~ CONV. . 4 (EACH AXIS)
2F .nc
AMP e e SYNC. . -
Firen e
FLUX o MASTER
g:;fs _ | osciLLaToR
L _ _ . MAGNETOMETER N
' 1 ‘DATA
- [TCOMMAND AND : use
"~ | TRacxiNg conCT. TRANSPONDER

(9) MEASUREMENT AND TRANSMISSION SYSTEM ~ NARRATIVE:

- The gating field is driven by a 30-kHz osgillator and drive coil. The presence of
the ambient field induces asymmetry into the induction cycle when the core is
saturated to maximum magnetic induction. The asymmetry is a measure of the ambient
field and is detected as a second harmonic of the fundamental gating frequency.
The sampling rate is 8 to 25 samples per second and provides for an approximate
.600 bps data rate to the TDRS. Four bits representing an offset bias plus the 12
bit resolution from the A/D converter provide a 16 bit measurement of each axis
for each sample. :

Field Measuring Sensors
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SHEET 3 ofF 4

(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:

TDRS

D — USER
SYSTEM NASCOM
we
LINES
TORSS (WHITE SANDS)
I GSFC
CALIBRATION
TABLES
Y
REFORMAT
AND_SKEW
L ] v REMOVAL
DATA EDITING
DECOMMUTATION
TIME CONVERSIONS COORDINATE
| sYstem < . EPHEMERIS DATA
TﬁANSFORMAﬂoms R RN RIS

SCIENTIFIC DATA

HOUSEKEEPING DATA

SCIENTIST

-

‘ .
ALGORITHM I DATA REDUCTION

PROCESS ALTERATIONS

{11) RECEIVING AND PROCESSING — NARRATIVE:

The TDRS downlink frequency is 13.525 GHz + 125 MHz. NASCOM wideband lines provide

a 56 kbps data transmission link from White Sands to GSFC. The cognizant scientist
analyzes the housekeeping data to determine the process that must be performed on -

the scientific data.

for each magnetometer.

The calibration tables are from preflight ground calibrations
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SHEET 4 ofF ¢

(12) DISTRIBUTION OF DATA FRROM GROUND STATIONS — BLOCK DIAGRAM:

NETWORK

31 CPERATIONS CONTROL

CENTER (NOCC)

- (WHITE SANDS)
LM,
/T COMMAND
AND TRACKING
y
NASCOM 1P0
TORSS WIDEBAND
RMUL TIPLE LINES >
ACCESS PDPF
RECEIVER
[r——— GSFC
(CONUS)
INITIAL
ALGORITHM
AND
PROCESS
ALTERATIONS B
' : : Sl SCIENTIST -

(F2 1

USs.
GEOQ. SURVEY

GAS & OIL CO.

(13) DATA DISTRIBUTION — NARRATIVE:

‘The TDRSS can provide global, real-time coverage for > 90% of each orbit. For

normal operation, a 24 hour lead time is required from NOOC for periodic real-
time mission requirements.
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DATA SHEET

sHeeT_1 oF_4
T (1) SENSOR NAME, ACRONYM: Rotatmg Gravu:y Gradiometer, Grad (OP-02-A)

(2) DISCIPLINE: Earth and Ocean Physms (3) SUBDISClPLlNE Sohd Earth Dynamics

" (4) ARPLICATION AND OBJECTIVE:

The fine structure of the Earth's gravity field will be determined by flying a
Gravity Gradiometer in a low earth orbit (300 km) satellite. .The gradiometer, which
is a rotating cruciform configured with tip masses and piezoelectric strain monitors
on the arms, measures the second-order gradient of the gravity potential field. The
satellite is precisely tracked and its position relates the gravity field variations

to_the geoid coordinates.

{6) HERITAGE/KEY PERSONNEL:

Cognizant Scientist - Dr. Joseph Siry, LaRC

(6) SENSOR DEPLOYMENT:

The Gravity Gradiometer satellite will be placed in a 300 km, near circular, polar
orbit during the 1980 equinox via shuttle craft. The satellite will be spin-

stabilized at 2 rps. Further attitude control and spin-speed control is accomplish-
ed with a cold gas reaction jet systenm.

. SENSOR CHARACTERISTICS

(7A) CAPABILITIES AND CONSTRAINTS OF THE SENSOR TO ACQUIRE THE MEASURED PARAMETER:

The rotating Grav1ty Gradiometer moves through the gradient field sensing the f1e1d
‘components in its plane of rotation. Samples, taken at 5 second intervals contain ' '
~ two signdls in quadrature (sine § cosime terms). One is a measurement of the
difference between two of the diagonal components, and the other measures the cross
product component of the gradient tensor in the coordinate frame of the -sensor.

Peak performance is in the range of the 35th to 75th spher1cal harmonic order and
term. .

{7B) ACTIVE SOURCE CHARACTERISTICS (FOR ACTIVE SElNSORS):

N/A

{7C) DETECTOR MEASUREMENTS CHARACTERISTICS: The Gradiometer is a resonant cruciform
mass-spring system with a torsional vibration mode. In operation the sensor is
rotated about its torsionally resonant axis at an angular rate of 2 revolutions
per second (1/2 the torsional resonant frequency). Gradients in the gravity field
excite the sensor structure at twice the rotational frequency. The differential
torque (AT) is coupled into the central torsional flexture. The strains in this
flexture are sensed with p1ezoe1ectr1c strain transducers which provide an electri- |
cal output. Measurement sensitivity is $0.01E.U. The gravitational field signa-

ture is expected to be 1dent1f1ab1e to crustal variations (mass concentratlons) of
the geoid
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N i (8) SENSOR PATA MEASURERENT AND TRANSMISSION SYSTEM — BLOCK DIAGRAM:

T = 358EC

A/D CONV

1 o P

TIMING E
SYSTEM <G  AND ;

CONTROLLER GATING CKT
GROUND 47—
_ =3 ) : COMMAND
" eRoOF / » . e
2IAZS - e . :
@ . REC.
PYE2DELECTRIC _
STRAIN TRANSDUCERS RIT
(@) P .
- - ! - OMINS-
DIRECTIONAL
. Soummmam—
- DUAL ’ . AXMIT ANTENNA
CHANNEL . fumm SE— @
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(9) MEASU"!EM‘:NT AND TRAN‘-"VI'S”ION SYSTEM — NAR RATIVE:

- The gradlometer resolution is def1ned as (nom1na11y) equal to the satellite
altitude, 300 km., Position determination of 300 m along-track and cross-track,
and 50 m-in the radial direction are required to maintain a data bias below 0.01

. E.U., ' Orbital velocity is approximately 7.75 km/sec, therefore, one resolution
element is passed during one integration period. The A/D converter samples the
integrator .output at 5 second intervals with 212 bit resolution which will produce
a global gravity map at the 1 m gal level to degree and order 75 or better. The
primary command, tracking, and telemetry link is accomplished through the STDN.
Howevcr,,optlonal links with the TDRSS and/or the orbiter may be utilized. Trans-

mit power is 20 W. Command, tracking and telemetry data are pulse-code modulated.
The data rate is expected to be 1 kbps or less.
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(10) SENSOR DATA RECEPTION AND PROCESSING — BLOCK DIAGRAM:

SATELLITE
(PRIMARY LINK)
ORBITER :

(sscoqunvm z

STDN

' o B PROJECT
TDRSS . NASCOM 4 OPERATIONS
| WIDEBAND LINES _ CONTROL .
(SECONDARY LINK) ~ 156 Kbe) | :g::TcE:R‘

TJDRS o g -

{11) RECEIVING AND PROCESSING — NARRATIVE:

4P/B data or R/T data received by either ground station is transmitted'iﬁ near
real-time to the POCC at LaRC. Transmissions are pre-scheduled and activity is
expected to be at a 1 kbps data rate. Approximately 14 min. of P/B represent$ the

longest required recording of gradient data prior to the satellite entering the
FOV of an STDN station.

i
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+§ (12) DISTRIBUTION OF: DATA FROM GROUND STATIONS ~ BLOCK DIAGRAM:
g : : '
- | Poce/LaRC
N
epsmeris . .| CALC
pavA 1| CORRECT LOCAL
PRECISION | nata BLocks [~™ caLc
TRACKING o=t FOR : OF GRAVITY
FROM LIDAR GROITAL , GRADIO- FIELD
e ' | ..l oaes | weTem
TELEMETRY =t OF iy o |
: - 2 &
- SURFACE GRAVITY DATA
: GEOID MODEL
: 1
ALGORITHM . T BEST ESTIMATE
1 - | ORDER & DEGREE
COGNIZANT | 1 £
SCIENTIST : -
R
" ARCHIEVES,
N.GS.,
UNIVERSITIES,
OIL, GAS, COAL CO.'S

(13) DATA DISTRIBUTION — NARRATIVE:

Local blocks (localized areas) are calculated from the input parameters and
combined .to produce a representation of the global gravity field. Topoligical
features as well as oil, gas, and coal deposits are some of the more important
results expected from accurate data reduction of the gradiometer data.
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APPENDIX A
INFRARED DETECTORS

INTRODUCTION TO INFRARED DETECTORS

‘The domain of infrared energy in the electromagnetic spectrum extends from

about .75 um to approximately 1000 um as shown in.Figure 1.

ULTRAVIOLET VISIBLE .
GAMMA RAYS t X-RAYS . l A/ INFRARED lMICROWAVESl RADIOWAVES
1 1T Tfr v T fr T 1T T
-16-14-13-12-11-10 -9 -8 -7 6 -5 -4 -3 -2 -1 0 1 2 3 4 5 &8

WAVELENGTH (A), 10N ¢m

FIGURE 1  Electromagnetic Spectrum

Tﬁe.physiééi ﬁhenoﬁené-emﬁloyed-to méasufé ihffaféé radiéiion incident upon
a given area can be divided into two catagories; (1) fﬁefmal effects; or those
which result from the heating of the device‘due to absorption of radiation, and
(2) photon effects, which arise from direct interaction between the infrared radia-
tion photons and the energy condifion (or stéte) of the detector material [1].

For an ideal thermal detector, incident energy ié absorbed uniformly at all
wavelengths. The resulting increase in the temperature of the sensing element is
thus wavelenéth invariant, and the signal produced by this temperature change, be
it a change in resistance or voltage, is also waveiength invériant. In practice,
the spectral response of all thermal detectors is not identical, since absorption
by the sensing layer is wavelength dependent and since the energy usually passes

through a protective window which will have its own characteristic absorption.

g
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In the case of photon detectors, where incident photon flux interacts with

’

électronic energy states, one might expect constant signal with wavelength for a
fixed number of incident photons, followed by a rapid decrease in signal, when
incident photons no longer have sufficient energy to excite charge carriers. This
L cutoff point, determined by the enérgy gap_of the semiconductor material, may
depend on suéh factors as element temperature, sample purity, and, for the most
recent ternary compounds, on material composition. For actual detectors the shape
of the responce depends on a variety of conditions, such as, element'thickness and
preparation of its surface, but -once the detector has been constructed, the shape
of the spectral résponse at the operating temperature usually remains invariant,

except for small changes produced by the aging of the material. [2]

- Definition and Evaluation of Detector Characteristics

Tbe‘des;gn of detection systems is based on the performance of the detecting
-element. One needs, therefére, standards by which the capabilities of the basic
components can be measured, not just to compare detectors of one kind, but for the
selection of the type of sensing mechanism which best suits thg design requirements.

One sﬁch performance parameter which is ﬁseful for ihe art of measurement in
general is the noise equiﬁélent power (NEP). This is a figure of merit which
depends on operating conditions such detector area, wavelength, bandwidth, etc.,
-and so must be specified along with NEP. The manner in which the NEP depends on

these variables follows functional relationships which are the same for many (but

Definitions and standards have, therefore, been introduced which refer to con-

ditions of normalized variables and hence describe detector performance for at least
one operating point, although not nezessarily for the entire operating region.

Listed below are the more common expressions used to describe datuctor performance.

not all) types of detectors. ’ |

I revowo: 2 RE

A R R UV

v DATE: 31 Jan 1078 |

—




RSDH

Responsivity (R)--detector output per unit ﬁowar'of iaéidenf radiation. The unit
of measurement is volts/watt (or amperes/watt), or as thé'quantuﬁ efficiency,ai;é.,
the number of transition events per incident.qpantum. The significance of this
performaﬁce figure is the information it .yields as to the required amﬁlification

or magnification; wavelength dependent.

Noise Equivalent Power (NEP)--a measure of the minimum power which can be detected.
It indicates the power required to generate a signal-to-noise (S/N) ratio of 1,
when the detector noise is referred to a one-cycle bandwidth. The NEP is given by

the following expression:

" Ed-A-N v2
= , WA C
NEP S (A TTS/ (HZ) . S | o (1)
B where E
.+ Ed'= watts/cm of surface rad1at10n at. the detector
" 'surface ' - : .
A = area of detector sensitive surface in. cmz' .
S = signal voltage developed by the detector in the
radiation field
N = noise voltage developed by the detector
Af = noise bandwidth

* When interpretiné NEP values, careful attention must be given to ‘the conditions
under which the NEP is measured. Since most detectors are spectrally sensitive, it
'is necessary to specify the "type of radiation” employed in making the measurement.
In most cases, the NEP will be evaluated either in the radiation field from a 500°
Kelvin (K) blackbody source, or it will be referenced to a specific wavelength
(e.g., 5 um). In the former case, the given NEP will be an average seﬁsitivity
over all wavelengths emanating from the 500°K blackbody source, while in thg latter

instance the NEP represents an absolute sensitivity. The infrared radiation used

in determining detector NEP values is normally modulated by means of a mechanical

1

O e i b g
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échopper to pérmit_low-noise amplification of the resulting signal. For most det-
 ector§; both_dgtector signal And noise will be frequency dependent,-and it becomes
ﬁecessary to‘specif& the frequency at which the measurement was made. As a final
ﬁfequirement, all NEP values are (normally) specified for an equivalent noise band-
width of 1 Hz. Symbolically, noise equivalent power is written as NEP (°K, Hz, 1),
denoting.the blackbody temperature, the chopping frequency, and the noise bandwidth,

respectively.

Detectivity (D*)--a term originally introduced to remove the dependence of NEP on
‘the detector's. sensitive area, and is related to NEP by the expression:

(Detector Sensitive Area)¥?

NEP cm- (sz V2 /yatt (2)

D* (D-star) =

The use of D* as a figure of merit has gained wide acceptance by the detector
“industry, and is dsually the reference paraméter in discussions of detector

"L_ sengitiyity;;:As,wi;h_NEP,'tQSt conditions must;be'spe;ified}in‘compléte'detail, [3]

SRR

THERMAL DETECTORS
.Thermal detectors are energy detectors, and their spectral response is
dependent primérily upon the absorption propefties of the detector. Associated
with thermal detectors is..a thermal mass which changes temperature as a function
of the incident radiation. Three fypes of thermal detectors which are currently

in use, and which are applicable to this document, are described below.

Thermistor Bolometer

Bolometer operation is based on changes in the electrical resistance of the
detector as a function of temperature. Modern bolometer technology takes advantage

of semicor.juctor materials which have a high temperature coefficient (c) of resis-

tivity (p), typically 3.5%/°C. These semiconductor bolometers are ki...m as
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common use are known as No. 1 and No. 2 thermistor material and are composed of

,.'/’\. -

thermistor bolometers, i.e., thermally sensitive resistors. The two materials in

sintered oxides of manganese (Mn), cobalt (Co) and nickel (Ni) formed into flakes,
typically 10 um thick. Two types of mounting structures common for infrared

detection are solid-backed, and immersion as shown in Figure 2a and 2b respectively.

GERMANIUM IMMERSION LENS
ACTIVE FLAKE

WINDOW ACTIVE FLAKE

SHIELDED SHIELDED
COMPENSATOR § A COMPENSATOR!
FLAKE ' - FLAKE
SOUD-BACKED DETECTOR ~ = - . ' " IMMERSED DETECTOR- =
(a) S (b)

© " FIGURE 2- %ybical Mbuﬁfiné Strﬁétures~fér'
Thermistor Bolometers

The solid-backed thermistors are in the form of small flakes cemented to sapphire
backing blocks. These assecmblies are mounted, in turn, in a metal capsule and
hermetically sealed. This construction provides an accurately'controlled impedance
between the flakes, as well as a good control of the detector time constant. The
'"active" flake is located in the center of the capsule and is exposed to the rad-
jation to be detected (Figure 2a). The compensating flake is located off-center
and is shielded from this outside radiation. Béth flakes ﬁre connected in a bridge
circuit (Figure 3) providing the active flake with compensation for resistance
changes caused by ambient temperature variations. The immerséd detector (Figure 2b)
has its active flake optically attached to an infrared transmitting lens with a

high index of refraction. A germanium (Ge) hemispheric lens is typically used for
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this purpose and the flake is located at the center of the hemisphere's plano

surface. The compensating flake is usually mounted in the detector base.

ACTIVE FLAKE

+
Vl PRE-
- AMPLIFIER
s
v + T'RBULKC
D

SHIELDED
Vp = APPLIED BIAS VOLTAGE PER FLAKE COMPENSATOR FLAKE

FIGURE 3 Conventional Bridge Circuit for Biasing
Thermistor Bolometer Detectors
Compared to a solid backed flake of the same size, detectivity .(D*) for the
{_’;",h‘emi,spherical"ly'immersed detector is improved by a factor of four. Also, for a
- given détect‘ivity the required area is reduced by a factor of sixteen. Typical

responsivity for both types is given in Figure 4.
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TYPE NO. 1 THERMISTORS (2.6 M2 AT 25°C) TYPE NO. 2 THERMISTORS (250 KQ AT 2°°C)
- . FIGURE 4 Typical Responsivity vs. Flake Area

for Solid-backed and Immersed Thermistor Bolometers




detector are blackened to efficiently absorb radiation while the "cold" or re-

" ference junctions are maintained at the ambient temperature of the detector.. The

- materials used which is commonly characterized by the Seebeck coefficient defined

RSDH

Radiation Thermopile _

The radiation thermopile can be defined #s'a collection of thermocouples of

two dissimilar metals connected in series. The "hot" or active junctions of the

absorption of radiation by the blackened area causes a rise in the temperature of
the hot junctions as compared to the cold junctions. The difference in temperature
between the "hot" and "cold" junctions causes the detector to genefate a voltage.

The magnitude of this voltage is determined by the thermoelectric power of the

below.

lim AV av e Lo i e
TarvobTT AT (V/C3 | IR € ) RV

‘In general radlatlon thermoplles can be c1ass1f1ed into three type5'~

1. Bulk Type--These are made with wires for the active elements,
typically silver and bismuth, manganese and constantan, or
copper and constantan. In general, these devices are used
for high radiation flux measurements. They are characterized
by long response times, large physical d1mens1ons, low impedance
and good spatial uniformity..

2. Schwartz Type--Consists of two junctions using materials of high
. thermo-electric power and a thin gold leaf receiver. Characterized
by high D*, low impedance (usually requiring transformer coupling),
medium speed but considered fragile, thus, limiting their applica-
tion for the most part to laboratory use.

3. Thin Film Devices--The thin film thermopile allows for a high
packing density of junctions within the detector area. The
methods of construction used by the various manufacturers
differ to some extcent. However, they all use vacuum deposition
techniques and evaporation masks to apply the thermoelectric
materials--usually bismuth and antimony, which have a reasonable
thermoelectric power and evaporate easily without changing state.
Typically a manufacturcr will utilize a high purity aluminum heat
sink and support with an integral aluminum oxide less than .5 um
thick as the substrate. The hot junctions are evaporated over the
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‘free standing film and the cold junctions are evaporated over
the combined film-aluminum area. The '"hot" junctions are

covered by a black to increase the efficiency of collection
- of the radiation.

The following table summarizes the performance characteristics of some typical

~-thin film devices.

TABLE 1 - Typical Performance Characteristics

TYPE _ L-22 5-15 S-60
GEOMETRY (mm) ~ 0.2 x 0.2 1.5 x 1.5 6.0 x 6.0
(ACTIVE AREA (cn?) 4 x 1073 2.25 x 102 [3.6 x 107!

NUMBER OF JUNCTIONS - |20 28 , 120

D* (500°K, DC) (cm(Hz)élwatt) 1.6-3.0x10° |> 1.0 x 10® {0.3 - 1 x 10°

 NOISE EQUIVALENT POWER (w/Hz%)|2 - 4 x 10°'°1 - 2x10°%0.9-2.2x10°

|“TIME CONSTANT “(milliseconds) [20- 30 |20 - 40 =[50 - 70

| RESISTANCE (ohms) |2x - 4k |8k - 14k 20k - 30k

RESPONSIVITY (500°K, DC)

" (volts/watt) 20 - 28 8 - 12 1-3

The thin film thermopile compares favorably to other types of infrared
detectors in many applications for a number of reasons, these include:

1. Compact physical size offers minimal obscuratlon in tight
' optical systems.

2. Rugged construction makes them su1tab1e for commercial
and space applications.

3. All types of thermopiles act as voltage generators and
do not require bias voltage.

4. The higher impedance levels of the thin film devices
(typically 2k-30k, dependirg on the number of junctions)
are e€asy to'match to -discrete low.noise bi-polar ampli-iers
or low noise operational amplifiers.
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S. The noise spectrum of alluéhermopiles is entirely determined
by Johnson noise (4kTRAf)¥* making them ideal choices for low
frequency or DC applications.

6. Thermopile detectors operate at ambient temperature and do
not require cooling.

7. Thermopile detectors have a broad spectral response making them
suitable for a variety of applications.

-Pyroelectric Detectors

In its simplest form, the pyroelectric detector consists of a slab of pyro-
electric material having two opposite face areas coated with conducting layers

(Figure 5). A change in temperature (AT) generates a voltage change (AV) equal to

4rd dPs

W= == 7 )AT . 10'2 _ | ' (4)
~ where
d = thickness of detector (cm)
€ = dielectric conrstant
dPs/dT = change in spontaneous polarization as a function of

temperature change (pyroelectric coefficient in °c/(cm? - °X).

The expression for signal current is:

i @ @ 5

. FIGURE § Simplified Detector Configuration.
The Incident Radiation Generates a Tempera-
ture Change that in turn Gencrates a Voltage Change.
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To optimize the signal, a material should possess a low heat capacity, low
dielectric constant, and a large pyroelectric coefficient. Further, since the
signal current is proportional to ‘the rate of change of the temperature, this

detector is more attractive than other types of uncooled thermal detectors for

thigher frequency applications.

Most of the recent efforts on pyroelectric detectors has concentrated on

.triglycine sulphate (TGS). Since TGS is a ferroelectric crystal, it exhibits a

spontaneous polarization (electric charge concentration) that is temperature
dependent. Thus, as infrared radiation impinges upon detector surface, a voltage
is generated which is proportional to the changes in radiant energy.

~ Table 2 gi&es a comparison of the more prominent pyroelectric materials.

TABLE 2 Typical Characteristics of
Pyroelectric Detectors

PVF2 LiTaO3 TGS
Spectral Response (um) 2-30 2-14 .1-300
Rg;ponsivity (MA/W-100 Hz) 1-2 1-2 >2
D* (500, 15, 1) (cm-uz‘/z/W) 1x10°® 1x10% | 3.5x10°
Power Handling Capaéity (W/cm?) .2 10 1
Curie Point (°C) 55 80 49

The magnitude of the pyroelectric effect increases with temperature until what is
known as the Curie point is reached. Beyond this, the polarization of the ferro-
electric crystals disappear:

The detcctor equivalent circuit (Figure 6a) consists of a current generator in

parallel with the capacitance of the detector. Tradeoffs between vol._.ze respon-
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sivity and speed of response can be made by selecting different high impedance

or low impedance terminations for the detector.

(a) {b)

FIGURE 6 Equivaient Circuit (a), and T}pical
Circuit Configuration (b)
PHOTON DETECTORS

In-all quantuﬁ'detectqrs‘the ;éiéése §r transfer of cﬁarge éérfiérs;(e;g.;f;l{
electrons).can be directly associated with the absorption of quanta of radiation.
The use of the photoconductive effect for infrared detection utilizes the change
in resistance caused by hole-electron generatioﬁ. There aré two different class-
ifications of photoconductive detectors depending upon whether the excitation of
current carriers is intrinsic or extrinsic. In intrinsic excitation,.hole—
electron pairsvare gencrated by exciting an electron from the valence to the
conduction band. In extrinsic excitation, current carriers are produced by
exciting electrons either from or to impurity doping levels which lie within<§he

forbidden band of the semiconductor.

Review of Simple Band Theory--when two atoms approach one another, as in bonding,
the levels must split so that there will be energy levels to accomodate all of

the electrons of the system. When thc system consists of a large number of atoms

\
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i.bduhd together, as in the case in a crystalline'material, the, higher energy levels
tend to merge and blénd into two separate bands of allowed energies, which are
“often separated by an energy gap between the two allowed energy bands. This gap
is often referred to as the forbidden band or forbidden gap. The lower band,
called the valence bénd, is that band of energies occupied by the electrons that
‘are bound between pairs of atoms, as part of a chemical bond between those afoms.
The uppér band is referred to as the conduction band. Electrons that occupy
energy levels in the conduction band are free and, consequently, may take part
in the conduction of electronic currents. The width of the energy gap is a
.sqnsiiive measure of the energy needed by an election fo~bréak ; chemical bond,
Aand‘is very élosely related to the relative conductivity of various materials.
The widef~the gap, the lower the conductivity. As is shown in Figurg 7a, crystal-
line quaftz with a band gap of 6(¢V), an insulatof, éhows a bulk resistivity.on

;‘hg;q;Qgt}Qf 2}&110?9.Qxcm;g70hlthe other hand;. in a metallic conductor like

silver (Figure 7b),. the valence and conduction bands actually overlap, indicating
that it is possible for electrons in the chemicalibonds to conduct current. Thus,
silver shows a bulkAresistivitf of épproximateiy 1 x10° % Qecm. It is interesting
fo note that this resistivity spread of 26 orders of magnitudé is éne of the widest
variations of any physical quéntity ordinarily encountered.

In the region between these extremes is that class of materials known as
"semiconductbrs."' Unlike the conductors, these materials have a finite gap betweenf
the valence and conduction bands, but the gap is much narrower than that of the
insulators. For example, pure silicon, Figure 7c, with a band gap of 1.1 eV, has

a resistivity of about 2 x 10° Q cm. [15]
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FIGURE 7 Element Characteristics

From the point of view of quantum mechanics, the energy of a quantum of radiation
of frequency v is: | |
€ = hv, ,“jfr ' ' . o (6)
- where h =v6.624 x iof27 erg sec is the Plank constant.
The wévelength aﬁébéiﬁted ﬁith a‘quantmﬁ of eneréy € is accbrdingly:

. he
r e | (7)

[ Since the energy of the radiation quantum is inversely proportional to the
associated wavelength, it follows that a decrease in photoelectric activity at
some long wavelength is due to the fact that the energy of the quanta is in-

sufficient to set the electrons free.

Photoconductive Detectors

In photoconductive solids the electron becomes "free" for the conduction
process only when the energy it gained from the absorbed quantum‘exceeds a certain
‘level, i.e., the energy gap (Eg). Hence, the photoeffect can occur only in

energies greater or wavelengths shorter than a limit Ac given by,

Ac = EE-. . - (8)
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Solid sféte physicists measure Eg in electron volts rather than ergs. One
 electron volt is,tﬁe energy which a particle Earrying one unit of electrical
charge (4.80.x 10-’6 electrostatic units, or 1.62 x 10 *® coulombs) acquires
over a potential difference of one volt. In these terms one electron -volt is
equivalent to 1.60 x 10 !% erg, and the Planck constant has a value h = 4.135

x 10 'SeV-sec. (8) may then be written as:

Ac. =

_1.24 x 10 *evem

According to this formula, energy of one electron volt corresponds to that
radiation of 1.24 um wavelength. Energy gaps of some materials that are of
significance in photoconductive detectors and their corresponding wavelength

limipﬁ are listed in Table 3.

. Material

Si
Ge
Te
PbS
PbTe
PbSe
InSb

All of the materials in Table 3 are so-called intrinsic semiconductors, that is,
those in which the gap eneréy is determined by the nature of the materiél itself
rather than by added impurities. Sometimes small amounts of impurities are f
present in the~semi;onducting material either naturally or by intentional addition
(doping); These then are the so-called impurity semiconductors. Im"u;ity atoms

which may. give off an electron wher incorporated into the host crystal (e.g., as

TABLE 3 . Energy Gaps and Long-Wavelength
Limits of Selected Materials

(9)

Eg(at 300°K), eV Ao, micron

1.1 1.13
0.68 1.82
0.34 3.65
0.40 3.10
0.31 4.00
0.25 4.95
0.18

6.90
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in Si) produce a material with a slight excess of (negative) electrons (n-type
'sémiconductors). Other atoms tend to accept electrons from the hoét material and
thus produce an excess of positive "holes" tp-type semiconductors). Intermediate
energy levels associated with ;mpurities allow electron excitation tojtake Place
at smaller quantum energies than those required with the intrinsic semiconductors.
Thus, by suitable doping thellong-wavelength limit can be pushea quite far into
the infrared; qu instance, germanium doped with gallium‘is a p-type semiconductor
with an impurity energy level of 0.65 eV, which makes it ﬁéeful as a photoconductor
detector to about 19 um wavelength.

When a semiconducfor is illuminated with»radiation of quantum energy'(hc/k)
greater than Eg, some electrons are excited to the conduction band, and correspbnd-
ing numbers of holes are left behind and made mobile in the valence band. _ Thus. .
.fhe number of charge carriers is iﬁcreased, and the conductivity of fhé matefiaic
beéémes temporarily greater;:.Thé resﬁonsi?ify'ofva phétoéoﬁdudtive detector is
then proportional to the excess of charge carrier concentration An._ Tﬁe steady
state concentration is reached when the rate of generation of electrons by
absorbed photons is equal to the rate at which they are removed from thé conduction
process by recombination with holes and by other mechanisms (frappiﬂg). If Q is
the numbef of photons arriving per unit area per sec, a the optical absorption
coefficient, and n the probability of electron excitation resulfing from absorptiony
of a photon (quantum cfficiency), then the rate at which electrons are generated
per unit volume is anQ, the recombination rate is directly proportional to the ;
excess concentration An and inversely proportional to the average electron life-

.time t in the conduction band. Thus in steady state An/t = anQ, and the (DC)

responsivity is proportional to An/Q,

Ro = (An/Q) = ant. (10)

l REV.DATS: 31 Jan 1978 )



RSDH

‘In“intfinsic sémiconductors the absorption coefficient on the'short-
A'QaVeleﬁgth'side qf the energy gap is very high, typically of the order of

10" %cm: The radiation intensity or photon density decreases exponentially with
the distance iﬁto fhe material. Consequently, there is no use making the semi-
-1

conducting photodetector much. thicker than o °, that is, about one micron. [4]

‘HgCdTe Detectérs-éthe,first successful intrinsic long-wavelength infrared detector
was mercury cadmium tellﬁride (Hg(l_x)CdiTe). This is an alloy cqnsisting of a
mixture of the compounds HgTe and CdTe CdTe has a relatively wide bandgap

(E =1.6eV)" and HgTe is a semimetal having a negative energy bandgap of approx-
vimatelyro 3eV. Alloy crystals made by mixing these two compounds will have an
energy- bandgap which is a function of X intermediate between these two end-point
:values. .

- For>a value of X=0.2, detectors have a 13 ¥m cutoff wavelength and require
cobling tgbabout 77° .H A typzcal plot of detect1v1ty as a funct1on of frequency

V for a good HngTe photoconductor, sensitive in the 8 to 13 um region is shown in

Figure 8.

z N
= A = 14um
T i T=77°K
g 10
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a 3 —
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5
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- 10 10% 103 10 10° 108
FREQUENCY (M)
FIGURE 8 Plot of Detectivity as a Function of Frecuency

for a good HgCdTe Photoconductor
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The device detectivity is degraded at low frequencies as a result of 1/f noise.

At intermediate fiequencies the detectivity is limited'by generation-recombination
noise induced by flunctuations of the incident background level. At high frequen-
cies these background flunctuations roll 6ff,'like the signal, in a manner deter-
mined by the photoconductive gain. [5]

With normal incident backgrounds, and at operating temperatures in the
vicinity of 77°K, photoconductors made from HgCdTe have two mobile carriers. The
mobility ratio is such that the maximum photoconduéfivity gain is -about 500. The
devices are low impedance, about 50 9 for a typical detectbr, and hence.will
operate effectively into'any amplifier with an input impedance exceeding a few
hundred ohms.‘ But even with gain, the device output voltages across the. low |
internal impedance are so small that ﬁ premium is placed on low-noise preamplifi-
cation. Amplifiers with bipolar input stages and equivalent input noise voltages

of about 10 °V/HzY2 are commonly used.

PbS and PbSe--are polycrystalline thin-film photoconductors sensitive in the 1 to3

um and 1 to 6 um spectral regions, respectively. Both have high bulk resistance,

generally exceeding 10° ohms per square at 200°K, which increase as the temperatured

is decreased. These high resistances are present because the granular nature of
the films, and the oxide-rich layers connecting the grainé, greatly reduce the
effective majority carrier mobility. The detector is a thin film photoconductor
chemically deposited onto a substrate. - Photolithographic techniques are used to
define the active area. Gold electrodes provide noise-free contact between the
lead-out wires and the film. The photoelectric process involves absorption of

photons from the incident radiant energy to generate free carriers in the Pb-S/Se

crystals. A main-band transition occurs whereby an electron is raised from the

£
I
3

3
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full band to the_crystal's conduction band. This leaves a hole in the full band.
Thus, c¢onduction properties of the film are changed. As a ciréuit component, the
.sensér‘behéves like a variable resistor when connected to a bias supﬁly. Photons
induce chaﬁges in conductivity, which modulate the current flowing through the
detector. Table 4 pfovides a comparison of the performance ranges of typical

PbS and PbSe detectors.

TABLE 4  Typical PbS and PbSe Performance

Lead Sulfide

Element Spectral D* (A k,750,1) Resistance Time
Temp. Response P ooy Per Sq. Area Constant
(€°) © (um) (x10%%m Hz V2W™ 1) (megohms) (us)
+25 1-3 . 1-15 0.1-10 30-1000
20 3-3.2 2.5-20 0.15-25 60-2500
-30 1-3.4 3-30 0.2-35 75-3000
<78 1-4.0 10-10 0.4-100 100-10,000
-196 1-4.5 - 5225 1-1000 500-50,000

Lead Selenide

Element Spectral | D*(A k,1500,1) Resistance Time
Temp. Response P y 1 Per Sq. Area Constant
(c°) (um) (x10%m HzY2W™ 1) (megohms) (us)
+25 1-4.8 5-80 0.05-20 0.5-10
~20 - 1-5 12-200 0.2-90 3-50
~30 ' 1-5.2 15-250 0.25-120 5-60
-78 1-5.6 80-700 0.4-150 10-100
-196 1-7 80-600 0.5-200 15-150

(2m steradians field of view, 25°C background temperature)

The film can be deposited directly on high index optical materials to obtain
the higher collection efficiency that results from optical immersion Direct

immersion on high gain optics has become a standard production procedure.

= e R RX TR
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The lead sulfide or lead selenide film is deposited directly §n_the plano-surface
of a hemispheriéal lens as shown in Figure 9. There are limits to the extent of
optical gain thgt‘can actually be achieved, but the marriage of Pbs or PbSe to
strontium titanate has provided excellent results. This optical material has
high transmission, provides a good thermél match«with the sensitivé film, and has
a reasonably high in4ex of ;efraction (n = 2.268 at 2 um). Referring to Figure 9,
the image on the plane face is reduced by a factor of ﬁ in the linear dimensions
{(x and y) from thét of thg object. Strontium titanate allows the PbS film area
to be reduced by approximately a factor of five. Since the signai—to—noise ratio

is inversely proportional to the square root of the detector's active area, a gain

of 2.2 results.

HIGH INDEX OF
REFRACTION (n)
MATERIAL

IMMERSED IMAGE

) 4 Y

. —BY —

OBJECT . » n
Xsyy

FIGURE 9 Detector Active Area Size Reduction
Afforded by Optical Immersion
As may be seen in Table 4, D* improves significantly as the detector is
cooled. An example of state-of-the-art packaging which provides for a cooled

sensor without the inconvenience (and cost) of bulk or liquid cooling is shown
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in Figure 10.

- DETECTOR

~ COOLER

FIGURE i0~ Defectér Package--Window, Optical Filter,
Detector, Thermistor and One-Stage ‘
. Thermeolectric Cooler

,Substantiallyubefter‘optical performance for wide anglé systems can often
be cﬁtained with a spherical image surface rather than with a flat detector and
associated- field flatteners. Many years ago, researchers found that PbS and PbSe
films_could be deposited on very small diameter glass rods without éxhibi£ing any
abnormal behavior. Now, the detector industry provides both single-element
detectofs #nd multi-element arrays deposited on convex or concave configured
substrates to system manufacturers routinely.

One-dimensional and two-dimensional detector arrays provide many advantageé
to the systeﬁ‘désigner and are very often the least expensive means of obtaihing’
greater svstem performance. System sensitivity is proportional to the square
root of the number bf array elements (N). This results in search sy~ :em range

increases that are proportional to the fourth root of N. The time required to
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scan a given field in space with a single detector elemert is determined by the
time constant of the detector. This time is reduced by a factor of N for linear
arrays and N? for matrix arrangements. A multiplicity of elements enhances
séatial resolution, which is particularly important in thermal imaging instrumen-
. tation. l

A sixty-four element linéar-single row array is typical of what is offered
by the industry. Element active areas are typically 0.08 mm x 0.08 mm with element
separation of 0.02 mm. Arrays may be optically filtered for a discrete wavelength
or many. filters of different wavelength can be employed to produce a simultaneous
multi-wavelength observation. The multi-wavelength approach results in superior
target identification. )

The grahular nature of the films, in addition to providing lérge detector
resistances, also implies a‘large surface-tp—volume fatio, and Hence a large
excess noise component, which constitutes the principal disadvantage of
these detectors. Generally, the excess noise in PbS and PbSe detectors is at
least an order of magnitude larger than that 'in HgCdTe detectors designed for the
same spectral regions. The principal noise components observed in PbS and PbSe
detectors are the excess (1/f) noise and, a; higher temperatures, thermél gener-
ation-recombination noise. Background-limited operation at normal or reduced

backgrounds is generally not attainable. (5] :

Ge and Si Extrinsic Detectors--are impurity doped photoconductors. Both Ge:xx and
Si:xx, where xx denotes the impurity symbol, exhibit both gain and a large internall}
resistance at normal background levels, and are thus excellant photoconductors
{61, [7]. In use the devices are cooled until few of the hydrogenic impurities

are thermally ionized. Photoconductivity is then observed when one of these
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impurities is optically ionized, and persists until the freed charge carrier is

Prawm om e = s oo d pae

recaptured by the ionized impurity center.

The principal problems with these.-devices are their low operating temp- -

eratures and the low impurity absorption coefficients available. The

IERLIRL Y

detector noise of thermal origin in these devices results from flunctuations in

the majority carrier population. The impurity absorption coefficient is limited

- o6

by the low solubilities of the impurities of interest in Ge. In Si, the solubili-
ties dre greater, but if too large an impurity concentration is used, the impurity

energy levels begin to overlap. ''Hopping" conductivity in the impurity band

limits the applied field, hence the gain, and also contributes excess noise.
Table 5 lists the most fully developed Ge:xx and Si:xx photoconductors

and their respéctive cutoff wavelengths. The range of cutoff wavelengths extends

TABLE Cutoff Wavelengths and Approximate Maximum
Operating Temperatures (300°K Background,
27 Field of View) for Various Extrinsic
Ge:xx and Si:xx Photoconductors

Photoconducto; Xc TMAX(300 K
Ge:Au , 9 60°K
Ge:Hg 14 35
Ge:Cd 22 24
Ge:Cu 31 14

. Ge:Zn 40 10
Ge:Ga : 125 4
Si:As : 24 ‘ . 20
Si:Sb 17 25

from about 10 um to well over 100 pm for the various impurities. The ~“pproximate

maximum temperatures of operation for room temperature (300°K) background radiation
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with a 180° field-of-view falling on the detector are also given. (Note that as
the cutoff wavelength increases, the maximum operafing temperature decreases.)
With'these incident backgrounds, the resistance of a Ge:Hg detector_would be of
the ordér of 10° ohms, and the maximum gain might be as great as 200. Ge:Hg is
bone of the best developed and most useful of thé extrinsic detectors. The basié
material purity is good, the recombination time can be adjusted from about 1077
" to 107! sec by compensation, and bias fields in excess of 560 V/cm can be used.
The upperllimit on the gain is set in practice by the usable bi#s;field, which
will eventually cause field or impact jonization of the impurity centers. The
gain theoretically saturates at the onset of space charge-limited current flow,
but the ionization limit is generally reached first. .

fhe Hg solubility limit of somewhat less than 10)® cm 3 .in Ge (using. con-
ventional growth techniques) implies. that these detectors must be‘sevéra1 mi11i-
meters thick to provide‘completé absorption. Small detectors are:thereéére very
like tiny matchsticks in form. Nevertheless, staggered linear arrays of one to
two hundred detectors as small as 0.1 mm by 0.1 mm are assembled, and operate very
well.

Extrinsic silicon detectors, tﬁough reporéed first, have received leés
attentionvthan Ge:xx until recently, and are still undergoing de?eldpment. The
primary reason for the renewed intérgsf in Si:xx is the higher solubility of most
of the impurities of interest (e.g., >10'®cm ) and the larger optical absorption .
cross section associated with them. The typical detector thickness required for :
total absorption in Si:xx detectors is on the order of 100 um. These detectors

are thus more amenable to large linear array and mosaic fabrication than Ge:xx

detectors. The photoconductive gain in Si:xx detectors tends to be lower than

that in Ge:xx due to lower carrier mobility, shorter recombination time, and




(aﬁ present) lower maximum bias fields. On the other hand, the resistance of a
Si extrinsic detector will be somewhat larger than that of a comparable Ge

extrinsic detector [5].

Photovoltaic Detectors

,Photovolfaic detectors possess no current gain mechanism. The detector
capacitance is the diode junction capacitance, which is substantially larger than
that of a photoconductor. The internal resistance of a photovoltaic detector
(photodiodg), if not determined by junction leakage, is a derived‘quantity related

to the current-voltage characteristic of the junction by

L&, | (11)
Thus,’ tb determine ‘the internal resistance of those detectors, it is necessaryAto
‘specify the bié;.voltage‘to be applied to the junction. To determine the optimim
:,ﬁamSBigggigéveféiffacfbrsﬂmﬁét'be cbnéidered.' | |
:Since junction char#cteristics tend to saturate, or very nearly.saturate, at

. reverse bias, it might seem desirable to operate the devices at reverse bias so as

possible output signal voltage. In practice, leakage currents paralleling the:
_thermally generated junction currents are difficult to avoid at any other than
zero bias. Surface passivation techniques designed to eliminate this problem in
infrared detector materials are somewhat primitive and not entirely successful.
Eveﬁ when these leakage currents are smaller than the fhermal junction éurrehts,
so that the junction resistance is not shunted, they often contribute large
amounts of 1/f noise.

With no light incident, the thermal junction current‘inAé pho odiode origin-

ates in part from hole-electron pairs which are thermally generated near the

to obtain the largest possible internal detector resistance, and hence the largest |
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junction, diffuse to the junction and are separated by the junction field.

Pairs generated within the junction are separated immediately by the junction
field and also contribute to the thermal junction current. When the diffusion
mechanism dominates, the rms noise generated by the thermal junction current is,
in theory, only half as great a; large reverse biase§ as it is at zero bias;

a reason often cited in support of reverse bias operation. However, photodiodes
are most sensitive in the lower portions of their effective temperature ranges.
where their thermal junction currents are often dominated by pair- generation in
the junction region (called the generation-recombination regime, although re-
combination contributes éurrent only at forward biases); In such cases more noise
is generated by the device at reverse bias than at zero bias. |

Finally, reverse bias opération is sometimes recommended to reduce the
junction.caﬁacitance of the photodiode, extending its frequency response. The
reduced detectivity which results from the increased di&de noise at reverse
biases unusually negates this improvemént. Use of the photodiode as a high-
speed detector is aﬁ exception. In such applications, the photddiode noise is
often less than that of the preamplifier, and advantage may be taken of the im-
proved reverse-bias frequency response without notice of the increased photodiode
noise.

Thus, for maximum sensitivity at low to moderate frequencies it is preferable
to operate photodiodes as near zero bias as possible. [2] When limited by
flunctuations in the incident background radiation, the photodiode has one impor-
tant advantage over the photoconductor. Background-inducéd noise in a photocon-
ductor arises from fluctuations in carrier genération‘and recombination. In a

photodiode, the carriers are swept across the junction before recombination can

occur. Other things being equal, the rms noise from the photodiode is therefore

0.. 2
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a -factor of ¥Z less than that from the photoconductor, and the detectivity is

2 larger.

PbSnTe Detectors--are'available only in the photovoltaic mode. Successful

: preparation has been accomplished by numeroﬁs methods including evaporation,
spuitering, vapor epitaxy, liquid epitaxy, vapor bulk, solid state recrystaliza-
tion, and others. Detectors produced thus far have D*Ap in the 10 cmHzY2W™!
range and time constants which are R-C limited in the 10-100 nS range. By using
cooled filters, D* values have been reported [13] which exceed the 180° FOV and
300°K background'limited D* values. (The cooled filter was an anti-reflection
éoating of ZnSe deposited directly onto the detector surface.) D* values of

10" cmHz¥2W™! were reported for 10.6 um radiation at a detector temperature of
77°K. [2] Figure 11 indicates the range of spectral detectivity currently

. available. .

5011 —— : .

. |
10 2 4 6 8 10 12 14

WAVELENGTH (MICROMETERS)

FIGURE 11 Range of Spectral Detectivity for
PbSnTe (PV) Detectors at 77°K, 60°FOV
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Silicon (IR Enhanced) Detectors--are often an economic choice for detection in the

near infrared, i.e., .75to1l.1 um. Detection is made difficult by the long
opticai absorption path length in silicon in the near IR range. In order to
absorb all incident radiation the silicon thickness must be much greater than
is necessary for shorter wavelength detection. Silicon is pérticularly reflective
at about 1 um, therefore, an anti-reflection coating must be applie&. Typically, a
thick detector base with a 1/4A anti-refle;fion coating will provide approximately
38% quantum efficiency at 1 um.
| Figure 12 shows the construction of two types of Si photodiodes. The
Schottky barrier (Figure 12a) is formed by evaporating a tranSpareﬁ; and conducting
gold layer on one side of‘the silicon wafer and a thick aluminum layer on the
’ opposité side. When a negative voltage is‘applied to the gold layer, itibéhévésf
like a step junétion and a region depleted of charge is formed in the silicqn
over which an electric field exists. 'When a photon is absorbed, the'minority
carrier is swept to‘the junction, and‘thg majority carrier to the ohmic contact,
producing a current in the external circuit. The gold film thickness is critical
in that it must exhibit maximum transmission of the illumination at the same time
as maximum conductivity of the'electrical current. The gold layer is typically.

150°A thick and the silicon thickness ranges from 5 mils to 40 mils in different

GoLd ACTIVE AREA ACTIVE AREA
FILM DIAMETER o 5,0, DIAMETER

‘*_—__—_—*ﬂ,
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ALUMINUM METALLIZATION ALUMINUM METALLIZATION

(A) SCHOTTKY BARRIER (8) PLANAR DIFFUSED

FIGURE 12 Construction of Si Photodiodes




mm

- detector types. The rqlationship between electric field penetration or depletion
depth and applied voltage is d(microns) = 1/2/pV, where V = applied voltage and
p = resistivity of silicon. For example, if 100 volts is applied to a junction
made on i0,000'bhm-cm~silicon, the depletion depth is 500 microns or 20 mils.
This méans-thé detector would be fully depleted at this voltage if the thickneSs
was 20 mils (.020") or less. | |

The construction of a planar diffused Si photodiode is shown in Figure 12b.
Heré’an?oxide is grown:on the silicon wafer, a hole etched in the oxide, and an
impurity diffused into the silicon thru the oxide that forms a junction. The
back side of the slice is then diffused with an ohmic plus contact. The depletion
aepth effect for the diffused‘device obeys the same equation as does the Schottky
barrier. These two different construction techniques produce differences in

spectral response, capacity, noise, high temperature and high light level operation,

-:lLC‘ %E Re EE Ry TCL
tg = SIGNAL CURRENT
Cq = DEPLETION LAYER CAPACITANCE
Ry = DEPLETION LAYER CONDUCTANCE
R, = SERIES RESISTANCE IN SILICON AND LEADS
R, = LOADRESISTANCE
€. * LOADCAPACITANCE

FOR MAXIMUM SIGNAL ACROSS R

R, <<R{ R, (TYPICAL) = 50500 Q
Rg>> R R4 (TYPICAL) > 10 MEG

FIGURE 13 Equivalent Circuit for Si Photodiode

Figufe 13 shows the equivalent circuit for both the Séhottky ‘barrier and
planar diffused devices. There is a junction depletion layer capacitn-ce (C d)’

a junction‘parallel conductance (R d), which is the effective resistance of the

§ REV.NO.: 2 | REV.DATE: 31 Jan 1978
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depletion region itself, and a series resistance (Rs), whicﬁ is the resistance
of the undepletéd silicpn and any lead resistance. A'constant light flux‘incident
on the cell will generate a constant current. |

The generation of current by light in é silicon cell is a quahtum effect;
i.e., one inéident photon produces one elecfron hole pair. The incoming light
beam thus represents a stream or current of photon particles that is converted
to a stream of electrons or electrical current. The photon current flow has units
of watts, since each photon is represented by a unit of energy expressed in joules,
and a watt is the flow per second of a joule of energy. Thus the responsivity is
a measure of the effectiveness of the light current to electrical current trans-
duction process in a silicon cell. The responsivity will vary with changes in
wavelength of the incident light and will also vary slightly with changes in
applied voltage and changes in temperature. The reason for thé fespénsivity
chané; with wavelength is that the light reflection and absorpfion’coéfficients
of silicon change with wavelength. The applied voltage affects the collection
process of the photogenerated electron-hole pairs within the silicon and thus
varies the responsivity. Temperature changes affect both the optical constants

of the silicon cell and the collection process, thus varying the responsivity.

Figure 14 shows the characteristic I-V curves for both the Schottky barrier
and planar diffused devices. A load line for the reverse bias mode or photo-
conductive mode is shown on the section of the graph to the right of the zero
voltage line, and a load line for photovoltaic operation (i.e., no bias voltage)
is shown to the left of the zero voltage line.

Several design considerations can be derived from close scrutiny of this

curve. For the forward bias mode the device is acting as a photovoltaic (self

generating) device. If the device is working into a short circuit, corresponding

Ermaldiaorne sy
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Figure 14 Shottky Barrier and
Planar Difused Characteristic I-V Curves

o tqﬁa.yé:;iCal load line, the currenf.outputfis-linear with increases in incident
illumination. AS'RL increases, operation becomes non-linear until the open
circuit (load line horizontal) condition is obtained. At this point the open
circuited voltage output is proportional to the log of the incident radiation.

In this photovoltaic model of operation there is no dark current, making this

jdeal for. low level measurements where changing dark currents are a significant

portibn of the final cufrent output. This problem is especially significant
where éhanging ambients can change the dark current by as much as 10% per 1°C.

In the reverse bias mode linear operation is maintained so long as thé saturation
power is not exceeded, about 10 mw/cm? and the bias level remains higher than the

prdduct of the maximum signal current and the load resistance.

H Indium Antiomonide § Indium Arsenide Detectors--are sensitive in the 1 .0 5.5 um

and 1 to 3.5 um wavelength region respectively. Both are intrinsic detectors.
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InSb detectors have been made for operation in the photoconductive and photo-
voltaic mode, but only the latter is commercially available. Typical D*xf
values for InSb range from 0.55 x 10! to 1.0 x 10'cm Hz12W™1,
InAs have not‘progressed to the degree of perfection enjoyed by InSb. The

material itself is more difficult to grow, and of;en contains a high concentration
-of low angle grain boundries. [S5] The equivalent circuit of either type.detectdt;
is the same as that for silicon detectors, discusséd previously. Typical circuit .
operation provodes for a current mode preamplifier. The InSb and InAs detectors

require cooling to liquid-nitrogen temperatures.'

RECENT DEVELOPMENTS IN IR DETECTORS
Heterod&ning--is a process by which light waves differing in frequency by Af
produce 2 photdemissive current modulated at Af. The application of the scheme
in the infrared region provides for a local (tunable) laser beam which is mixed -
in the pﬁotodetector with the incident radiation.‘ The differential frequencies'
can then be analyzed by means of'conventional microwave or rf circuitry.

The main requirements for a good heterodyne detector are a high quantum
efficiéncy and a short response time: For video detection with ﬁhotoconductors
the responsivity is proportionallto the lifetime and the most sensi?ive detectors
are comparatively slow. For example Ge:Cu grown from extrémely pure starting
material (~10'2 impurities cm 3) has a lifetime of between 10 ® and 1077 s.

Such a photoconductor is an excellent video detector but has a limited bandwidth
for.heterodyne detection. By adding donor impufities such as antimony the life-
time can be reduced to less than 10f9 s and the material is then suitable for
hetérodyne systems, but poor as a video detector. By suitable addition of

compensating impurities all the doped germanium detecfors can be made high speed.
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Except at‘lq ﬁm_where'carbon dioxide lasers are available as local oscillators
results with heterodyne détecti&n have fallen far short 6f their theoretical
performance. The chief problems appear'to be lack of local oscillator power at
wavelengths ofher than 10 ym, and the low quantum efficiency of the longer wave-

" length extrinsic detectors. Apart from Ge:Cu excellent results [8] have been
achieved usihg'HngTe.and PbSnTe photovoltaic detectors at 10 um and GaAs at 337:um

At wéveleﬂgths beyond 125 um the detectors normally considered for hetero-
dyning are: (1) Josephson junctions, (2) Metal-oxide-metal and metal-semiconductor
point-contaétAdiodes, (3) Schottky diodes. Although good results have been
achieved with'all'these devices the theoretical limit is a long way distant.

Figuré 15'shows the approximate state-of-the-art of heterodyne detection. The
* high NEP achieved by InSb electronic bolometer detectors is worth noting. They
appear to have a good quantum efficiency, and reasonable power local oscillators
: ’_;gia,xféff;iiifailibi‘ei-ﬁifﬁ.lit'l"le"im"i'lblimé'tef Tegion. The great disadvantage is the very limited]

bandwidth of less than 10 MHz. [9]

1620  ©mSb26mm (15K) .
_ o InSb 1000 um (1.5 K) © Gs Cu 10 um 6 K).
..:‘ 10~} © HgCdTe 10 um (77 K)
2 » )
g 10°18 - § © JOSEPHSON 337 um (4 K)
& ol ' © SCHOTTKY 1200 um (300 K)
% 90~V
€ 100
§ 0~} © MO M DIODE 337 um (300 K)
, : © GaAs 337 um (4K)
“ -
10 .
DY NIV BT L 1 1.
a 10 30 100 300 1000 3000

BANDWIDTH (MHz)

FIGURE 15 The Prescnt State-of-the-Art of
Infrared Heterodyne Detection
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In Figure 15 one point is labled "Si: P D." This type of impurity photo-
conductor may offer an alternative to Josephson detectors and diodes in the sub- .
millimeter regidn for heterodyne detection. For a quantitative description of

this detector, see [9].

Photon Drag--is a detection mechanism which reliés on momenfum transfer from
photoné to the free carriers in a semiconductor. p-Type germanium is widely used
as a detector material for CO2 lasers at io um. Results obtained using an HCN
laser at 337 ym and an H,0 laser at 119 um show that such detectors will be Qseful
for measuring the output of CW and pulsed far infrared lasers. [10] The respon-
sivity of a photon drag detector is proportional to the absorption coefficient of
the free carriers in the sémiconductor, and the absorption of germanium is some °
ten times greater in the 100-1000 pm region than at 10 um. Figure 16 ;hows the
expected performance of both n- and p-type germaﬁium photon drag detectors of |
2x2 mm area in the submillimeter region. The limited number of experimental points
are in good agreement with theory. Table 6 gives details of a p-type detector
under investigation at the present time. It has the advantage that with far
infrared lasers pumped by CO2 lasers it can measure the power of both lasers.
Photon drag detectors are very in;énsitive devices, but they have advantages
as power measuring devices. They can be used.from DC to about 10° Hz and their
performance does not change with time. They are cheap and rugged, and operate at
room temperature. More confirmation of their performance in the submillimeter
region is required but potentiaily they appear 0 bLe useful Comparison devices for

the more sophisticated and much more sensitive detectors required in this region [9]

Charge-Coupled-Devices (CCD's)--with applicafion in readout and signal processing

techniques for infrared detector arrays, have been under investigation since about
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FIGURE 16 Performance of n- and p-Type Germanium
Photon Drag Detectors in the Far Infrared

’ -

TABLE 6 p-Type Germanium Photon Drag Detector

Active area’ 4 mm?
_Length 10 mm
Resistance 400 ohms
10.6 um Responsivity 3 x 10 Svw?

' 500 um Responsivity 2 x 107 5yw?
10.6 um. NEP 2.2 x 10 *WHz V2
500 um.NEP 1.5 x 10 “WHz 2

1972, The charge-coupling principle basic to CCDs is very simple. Carriers are
stored in the inversion regions (or potential wells) under depletion-biased
electrodes and moved from under oné electrode to under the next by appropriate
pulsing of the electrode potentials. The neighboring electrodes must be close

enough to allow the potential wells under them to couple and the chavges to move

smoothly from one well to the next.

p o Segon PO o0
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In imaging, charges are introduced into the device when light from a scene
is focused on;o_the device's surface. As in all semiconductors, the absorption
of light quanta creates hole-electron pairs which under the influence of the
potential beneath each storage electrode, are collected as a charge packet. The
quantity of charge stored is proportional to the intensity of the image.

In this manner, a spatial charge representation of the scene is stored in the
device. It is tranéferred off the device when clock voltégeé are gpplied to the
electrodes, moving each charge packet serially from storage site to site until-
all charges reach the output diode.

In signal-processing and memory devices, the signal is not light-induced but
is simply introdpced into the deviée by a standard MOS element and then passed
along by pulsing the appropr1ate electrodes sequentially. ' o

| Both hybr1d and monollthlc arrays of indium antlmonlde (InSb) and Si (CCD :
reagdout) have been fabricated, and reported [11] as significant»improvements~over
current state-of-the-art. In the monolithic approach, the InSb infrared detectors
and the CCD readout are integrated on the same InSb chip.' The hybrid approach
integrateé InSb detectors and silicon CCD's in a modular assembly using advanced
., interconnection technology. Both techniques provi@e the means for incorporating
self—scanned solid staté detector afrays (so called-"pushbroom mode") in earth
oriented and planetary exploration remote sensing missions.

Table 7 compares conventional and InSb/CCD arrays. For further (quantita-

ion the readar is refarred ¢o f111 and 121
n thg reagcer L Lesy anc 1220
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- TABLE Comparison of Conventional and InSb/CCD Arrays
Spectral:Band (um) 1.85 to 1.75 3.6 to 4.1
Type- InSb (PV) InSb/CCD InSb (PV) InSb/CCD
_ Responsivity (A/W) R 1.0 1.0 2.3 2.3
Number of Detectors N 1 16 1 16
~Scan Efficiency 0.8 0.4 0.8 0.4
" IFOV Dwell Time (usec) 9.0 4.5 9.0 4.5
Bandwidth (KHz) 55 110 55 110
Detectivity (cwHzY2/W) | 3.0x10% 1.3x10%2 6x10'!  |. 2.7x10%2
D*y - i

DETECTOR COOLING DEVICES AND TECHNIQUES
In general, the long waveiength cutqff and detectivity, as weil as other

'+ "detector parameters, are determined by the operating temperature. Photodetectors

%Q;deératihgginfthé?s'tp;lS'um_atmospheric window require lower Qperating temperatures

than those:operatiﬂg in the 3 to 5 ym region. Intrinsic detectors, . such as the
ftérﬁary~alloys, mercury cadmiumAtgiluride and lead tin telluride, can operate at
highér témperatures'than the extrinsic detectdrs, such as doped germahiﬁm. Fér
-féﬁoie'sensing applicatiops, future imagers and scanners particulafly those operat-
ing.in fhef8 to.13 um region will utilize intrinsic photodetectors cooled to 100 K
" or below to achieve background-limited performance. [12]

Several devices have been produced fof the purposé of providing continuous
cooling of detector elements to temperatures.extending from 233° to 50°K. Each

method has its own advantageé and disadvantages.

Thermoelectric

: ThermoelectriC‘COOIing,'utilizing the Peltier effect with dissimi .ar metallic

 pondu¢tors (and' variously calléd thermoelectric refrigeration, Peltier-effect
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cooling, or electronic cooling); have found only modest acceptance as a detectér
cooling device because they are limited to requirements greater than 150°K. When
designed in conjunction with an infrared detector package, a single-stage thermo-
electric cooler will produce a temperature reduction of almost 50°K, with the hot
junction{at 293°K. A larger unit, incorporatiné two stages of thermoelectric
junctions in cascade, will provide 79°K cooling from a hot-junction temperature of{
298°K. [11 The electric power requirements of the thermoelectric coolers are in
the nature of high, closely regulated DC current (5 to 20 amp), with low voltage.
For development of various output capacities, the number of basic elements is
proportionally increased; they all act in parallel, and their outputs add togetherf
Semiconductor materials, such as bismuth-telluride - selenide and bismuth-antimony- !
telluride alloys, are the most common elements employed.

With an input to the dévice of loﬁ;voltage direct current and with heat
‘continuously abstracted at one junction at ambient.temperature, the other junction
will cool. Essentially each of the two junctions become an "activity cell'” in
which at the lower refrigeration temperature level, heat is converted into electri-
cal effect, and at the higher atmospheric temperature, the electrical effect is
converte& into heat. This establishes the basis of 'heat pump" operation: the
lower-temperature heat requirement must be supplied, essentially as in the

evaporator of a vapor-compression system, by heat withdrawl via heat transfer,

from all connected surroundings.

Joule-Thompson

A Joule-Thompson (J-T) cooler (also called a demand flow cryostat) is a self-
regulating device designed to reduce the temperature of a high-pressure gas by
sudden adiabatic expansion. A thermostatic control element in the device senses

the liquid level in the detector dewar (fused glass) and opefates a self-contained
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valve inrrespdnse to changes in heat load and ambient temperature. The J-T
device is passive:  no electrical connections are required.

Figure 17 illustrates the functional componenis of an open-loop J-T system.
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CR SAPPHIRE 'I FOV \‘

FIGURE 17 Functional Components
of an Open-Loop J-T System

A major design problémwifh open-cycle liquid systems is to achieve the requisite
thermal isolation in a sufficientliy rugged dewar package. Extreme care with
insulation systems and ingenuity in the design of mechanical supports are required'
to achieve the required thermal isolation. A fufther problem area with liquid
systems is to determine the location of the vapor phase in the near zero-g
environment, since it is neceésary to vent only vapor in order to conserve Te-
frigeratio:. Several schemes have been proposed fof circumventing the vapor

liquid separation problem, but none have been demonstrated, in a zerc _ environ-

m_ent .

REV. DAE: 3‘1an 197

A-38




In a solid-cryogen cooler, the detector.is usually moﬁnted on a pédestal
which is thermally connected to a vacuum-insulated dewar containing a solidified
cryogen. The ullage space above the stored solid is evacuated to maintain the
cryogen in its solid state. Heat entering from the detector and the surroundings
causes the cryogen to sublime, and the resulting vapor is vented. A solid-cryogen
dewar comprises an inner vessel containing the cryogen, an insulation system, and
a vacuum shell. A fill and vent tube permits initial filling of the cryogen
vessel and venting of a vapor during operation. Auxiliary cooling lines, through
which a liquid cryogen is circulated, are used during the filling operation and
during prelaunch storage. |

Depending on the application, a solid-cryogen cooler can offer several advan-
tages over alternative systems.. It offers a lower weight -system- compared with™ = "
thbse using stored-liquid cryogens, since fhe latent Heat of sublimation is
greater than the latent heat of vaporization. Additionally, solid systems-avoid
the problem of locating the vapor phase under conditions of near;zero gravity.

'

" There are several disadvantages to a solid-cryogen cooler in that it imposes
restrictions on the detector mounting and, additionally, methane and hydrogen,
both of which have excellent properties as solid coolants, are hazardous materials
and require special handling.

The fact that the use of lower temperature cryogens results in a significantly
higher weight, plus the fact that the weight of tﬁe cryogen is critically depend-
ent upon the temperature of the external sﬁell of the dewar, has led to the use
of dual cryogen systems for applications where low detector temperatures are re-
quired. Such a system results in lower cooler weight at the cost of increased
complexity. In such a system, a higher temperature cryogen, such as ammonia,'is

used to cool a thermal shield which completely surrounds a lower temperature
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cf?ogen'SUch-és'methane. ‘A multilayer insulation system is placed between the

shield and‘the outer shcll of the cooler.

Passive Radiators

o Coﬁcep£ﬁa11yf the simpiest way of developing cryogenic temperatures in space
is to :adiateApower to the lbw-temperature heat sink of space by use of a suitably
_ sized emitting surface. This éoﬁcept is particularly attractive sincg such a
v'systemtis completely passive, requires no continuous electrical power, and is .
vpotentiélly—capable of high ?eliability for extended periods. Considerable effort
has been devoted toward‘thé de;ign of passive radiators to maintain the temperaturq
of detectors in electro-optical systems at tempefatures in the 70 to 120 K region,
and-several.such systems have flown.
The -effective temperature of the star—spéckled sky is less than 10 K. A

.- suitably sized cold.plate of high emittance to which one or more detectors are

. ;mbunted éaﬁ be made to radiate to this sink. It is, of course, necessary to

f | ‘shield tﬁe-cold-plate against hcat inputs from the sun, the earth, and the space-
| craft; "These éonsiderations usually result in a radiator design wﬁicﬁ is tailored
TP ‘to a partiduiar spacecraft system. The orbit plane, orbit altitude, and the
.'10cation<of’thé>radiator“on.the spacecraft all significantly influence the design
of the rédiator.

A typical passive radiator design is shown schematically in Figure 18.

The aséembly consists of a conical outer stage mounted to the optical instrument

.with -low-conductance supports. The outer stage supports a disc-shaped, inner,
1ow-température stage, also mounted with low-conductance supports. The cooled

: detectOrs;areAmounted on the low-temperature stage.
As shown in Figure 18 » the inner stage has a clear-field->f-view to deep

., --sSpace. 'Toyachieve low’ inner--stage temperature, the clear-field-of-view is made

REV_DATE: 31 Jan 1973

A-40



RSOH"

as large as possible--usually limited only by geometrical considerations pre-

scribed by the-orbit and the fbcation of external appendages on the spacecraft.[12]

CLEAR FIELD OF
\ \/ VIEW TO DEEP SPACE \

EXTERNAL SURFACE RADIATOR

OUTER STAGE ‘
SPECULAR |
SURFACE

INNER STAGE
-LOW TEMP
RADIATOR

MOUNTING
‘RING

LOW CONDUCTIVITY
SUPPORT SYSTEMS

2 il 9 7
S e TR
W/)’//’///"/ﬂ//'ﬂ//?/"/f 7

:

FIGURE 18 Schematic Diagram of a Passive Radiator

Although passive radiators are simple in principle, there are several impor-
tant design problems associated with the development of flight hardware. The
design of the support system is critical since it must support the low temperature
stage with an extremely low thermal conductance and must maintain the detector

Another fundamental design problem is that of preventing contamination of
low-temperature optical surfaces, such as detector capsule windows, by outgassing
from either the spacecraft or the radiator itself. Contaminants on the low-
temperature surfaces can effect the optical signal throughput to detectors, and

can also influence the detector operating temperatures by altering the emittance,
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solar absorptance, or specularity of critical thermal control surfaces. Current
des1gn practlces are based on using protective covers and heaters to prevent con-

] ’tamxnationmdurlng.prelaunch, launch and initial orbital operation.

Closed-Cycle .

AJciOSEd-cycIe refrigeration system pumps the heat from the load temperature
‘up to the temperature of thé space radiator. The heat load, which includes all
energy'entering'tﬁe'system, is radiated to space by the heat rejection system.
This system consists of a heat rejection radiator plus a means of transferring
"the heat.generatéd in the refrigerator to the radiator. The transfer media may
“be conductive paths, heat pipes, or an active coolant loop in which a heat trans-:
fer fluid:is circulated by a coolant pump.

Cryogenic%refrigerators may be classified by two genefﬁl types; intermittent
flow and- contznuous flow. Intermittent flow'refrigérators use regenerative heat
e exchangers and ‘are d1st1ngu1shed by the thermodynamic cycle on which they operate.
‘The Stirling, Glfford-McMahon, ‘and Vuilleumier (VM) cycle refrigerators have been
-used for grOUndabased, airborne, and space missions. VM cycle refrigerators are
‘-heat¥dtiven derivatives-of the Stirling cycie refrigerators. The cycle is attrac-

-tive for space use because of the ability for using solar or isotope thermal

‘enefgy_to drive the thermal comptessor directly, thereby minimizing the electrical

power input.
Continuous-flow refrigerators use counterflow heat exchangers. The units

opetate on the reversed Brayton thermodynamic cycle or derivatives of it. [12]
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TABLE 8 Common Elements and Compounds
used for Infrared Detectors

THERMAL . PHOTON
DETECTORS . DETECTORS
SYMBOL NAME SYMBOL ONAME
MN _Manganese ' HgCdTe Mercury Cadmium
Co Cobalt Telluride
Ni Nickel PbS Lead Su1p§1d§;.r :
“Au Gold - ~: PbSe: . -~ '| Lead Selenide -
Ge Germanium Ge (doped) : A Germanium
Sb Antimony Zn
Te Tellurium Cd _ Cadmium
Bi Bismuth Cu Copper
PvF2 Polyvinylidene 'Hg Mercurx
. Fluoride Au Gold |
Li’I‘aO3 . Lithium Si(doped): Silicon
Tantalate s
As Arsenic ;
TGS Triglycine Sb Antimony ]
Sulfate InAs Indium Arsenide g
InSb Indium Antimonide ?
PbSnTe Lead Tin ;

Lt AR DS Y L
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FIGURE 19 Spectral Response of
Various Infrared Detectors
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TABLE9  Typical Infrared Detector Characteristics

OPERATING D*)p
TYPE TEMP. (°K) Ap (um) (101°cmHz”éw-1) T
PbS 295 2.4 F 8.0 - 15.0 0.1 - 0.5 ms
193 2.8 2 -5ms
77 3.0 2 -5ms
InAs 77 3.0 60.0 - 80.0 5 us
193 3.2 60.0 - 80.0 5 us
PbSe 295 3.8 0.1 - 0.5 1-3us
1 193 4.8 1.5 - 3.0 10 - 40 ps
77 5.0 1.5 - 3.0 15 - 50 ps
InSb A 5.0 8.0 - 20.0 | 20 - 200 ns
Ge:Au 77 5.0 0.3 - 0.7 10 - 100 ns
. Ge:Hg 4 10.4 - 1.0 - 2.0 | 10 = 100 ns'|
PbSnTe 77 10,0 | 1.5 - 3.0 1-2us
HgCdTe 77 13.5 | 5-2.0 "] 0.2-0.58us
Ge:Cd 4 19.0 2.0 - 3.0 10 - 100 ns
Ge:Cu 4 21.0 1.3 - 2.0 10 - 100 ns
Ge:zn 4 37.0 1.0 - 2.0 10 - 100 ns
Thermistor 295 FLAT 0.6 - 0.8 0.2 - 1.0 ms
Bolometer
Carbon 2 FLAT 4.3 10 - 100 ms
Bolometer
Thermocouple 295 FLAT .02 10 - 50 ms
SbBi 295 > 40 >.01 20 - 40 ms
BiTe 295 > 50 0.009 - .022 | 50 - 70 ms
PVF, . 295 >30.0 .01 0.1 - 0.8 us
LiTad, 295 14.0 .01 .15 - 1.0 us
20.0 .04 . 0.1 - 1.0 us
- i
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TABLE 10 Infrared Detector Types and
Associated Sensor-Program*

THERMAL ' PHOTON
DETECTORS DETECTORS
Theérmistor Bolometer Photoconductivé
+ ERB = NIMBUS - IRIS - NIMBUS
+ SR - ITOS * CZCS - NIMBUS
+ THIR - NIMBUS * HIRS - ITOS
* VHRR - ITOS
- VISSR - GOES
Radiation Thermopile _ * HCMR - AEM
- IRIS - NIMBUS ~ o T EANOSAT
* IRIS - MARINER .
"+ NFR - PIONEER
Photovoltaic
Pyroelectric - MAWD - VIKING
* VORTEX - PIONEER - LIR - PIONEER
- HIRS - ITOS
* PMR - NIMBUS . AS OES
- VTPR - ITOS + VAS - GOES S
" BSU - TIROS - ASSIR - STORMSAT

- SSU - TIROS

* e.g., Uhder the column titled THERMAL DETECTORS, see Pyroelectric. The
Vertical Temperature Profile Radiometer (VTPR) incorporating a triglycine
sulfate (TGS) detector was flown on an ITOS satellite.
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