F)WILEY

JPL DEEP SPACE COMMUNICATIONS AND NAVIGATION SERIES

SPACEBORNE ANTENNAS
FOR PLANETARY
EXPLORATION

Edited by WILLIAM A. IMBRIALE

JOSEPHH. YUEN, SERIES EDITCR



Table of Contents

FOF@WOPT ..ottt xiti

PPOfACE ..ottt s xv

ACKHOWIEAGIMERES ..o oo xvii

CORBFEBUIOFS oo ottt e xix

Chapter 1: Introduction ... 1
by William A. Imbriale, John Huang, and Mark S. Gatti

1.1 Technology Drivers ... 3

by William A. Imbriale
1.1.1  Frequency Bands Allocated to Deep-Space Communications .... 5

1.1.2  Frequency Bands Recommended for Proximity Links ............... 5
1.2 Analysis Techniques for Designing Reflector Antennas .......... 6
by William A. Imbriale
1.2.1  Radiation-Pattern Analysis.....co o 6
1.2.2  Feed-Horn Analysis ..o, 13
1.2.3  Spherical-Wave Analysis ..o 17
1.2.4  Dual-Reflector Shaping ... veeesenee e 18
1.2.5 Dichroic Reflector AR@I¥Sis.....coooooreeieiieneresccercee e 21
1.2.6  Mesh ANALYSIS...ccoiciieceiieieceerie e et e e e 27
1.3 WIire ABENNAS ... s 32
by William A. Imbriale
1.3.1  Theoretical FOrmulation ..........cccoceireeriiiciiininns e 33
1.3.2  Arbitrarily Shaped Wires and Wire Junctions ... 37
1.4 Microstrip Antenna: Analysis, Design, and Application......... 37
by John Huang
| S ' 11 o T {1 Lot () SO OO OO O TRRP 37
1.4.2  Technical Background.........ccooooiii 38
143  Analysis, Design, and CAD Tools ..o 44
1.4.4  Spacecraft Applications........cccoiii 63
1.4.5  Summary and Conclusion ..o e 66
1.5 Antenna Measurements ... 66
by Mark S. Gatti
1.5.1  Far-Field Measurements ...o.coo vt enne e 69
1.5.2  Near-Field Measuremients .........cociveerienineiininiesins s ssnssssssresaes 74



vi

153 ConclUSions i seesn sttt et 81
ReferenCes ... 82
Chapter 2: The Early Years ... 93

by William A. Imbriale :
2.1 EBXPIOTEr Lo e 94
2.2 Pioneers3and 4. ... 96
2.3 Project RANQer.... ... 98
2.3.1 High-Gain Antenna System.........ccccceveiineeiisiiesiiniie e, 101
2.3.2  Omni ANTENNEAS ..oooeeeiiiieiiiieieieeeeeeeeee e 108
2.8 SUPVEYOT (.o et ser s 113
2.4.1  Surveyor Radio Switching and Antenna System............. 114
2.4.2  The High-Gain Planar Antenna Array...........c.cccoveveennn, 115
REfEIENCES ...t bt 121
Chapter 3: The Planetary Flybys..................ccoviviic e 123
by William A. Imbriale
3.1 The Mariner Series ... e 124

3L Mariners 1 and 2 .ot 124

31,2 Mariner 5. bttt eneaneas 126

313 Mariner LO oottt 131
3.2 Voyager Mission to the Quter Planets ............................ 132

3.2.1 Voyager §-/X-Band Antenna Subsystem ...........cccccooeeeenn. 137

322 ReqQUITEIMENTS oot et e b st e 138

3.23  Voyager High-Gain Antenna ..o 140

3.2.4 Voyager S-Band Feed and Low-Gain Antenna Design ........... 145

3.2.5  Voyager Frequency Selective Surface (FSS) Subreflector...... 151
RefErenCes ... 153
Chapter 4: The Mars MisSSiONs ..., 157

by Joseph Vacchione
4.1 Overview of MissionstoMars................ccococoveoiecnincice, 157
4.2 NASA Mars Orbiters/iLanders.................cccocooeevrveeeiicneiereennenn.. 159

421 Mariners 3 and 4 ..o 159

422 Mariners 6 and 7 .o s 161

423 Mariners 8 and 9 ..o 163

424 VIKINZ oot s 164



vii

4,25 Mars ODSEIVET ...ovieeieeeeserervee et asr e s e e e 168
4.2.6  Mars Global Surveyor ... 169
427  Mars Climate Orbiter. ..o 171
4.2.8  Mars Polar Lander .......oovvvee o 172
4,29 Mars OdySSeY e e s 173
4.3 MATS ROVETS oot et sttt 175
431  Mars Pathfinder ... 175
4.3.2 Mars Exploration ROVeTS.....ocoveieriiiiineniin e 185
4.4 Continued Mars Exploration..............c.ccooiinvnninninncnn. 201
REFETENCES ..o eeve et e ettt e a e e e e se e 208
Chapter 5: The Orbiters..........coovioii 213
by William A. Imbriale, Mark S. Gatti, and Roberto Mizzoni
51 Magellan to VenUS. ... e 213
by William A. Imbriale
5.1.1 The Magellan Spacecraft.......cococrieiineciiccc e 216
5.1.2 The High-Gain Antenna Subsystem ......ccocviniiniiniiniinnnn, 217
5.1.3  The Medium-Gain ANENNA ..o et 218
5.1.4  The Magellan Altimeter ANTENNA ..., 219
5.2 The Galileo Antenna System ... 223
by Mark 8. Gatti
5.2.1  Mission Description. ... s 226
522  REQUITEMEIS oottt et e e e 228
5.2.3 High-Gain Antenna Trade-off Studies ..., 231
524 Post-Challenger Modifications ...........cocovrierieieicncincnieene 233
5.2.5 High-Gain Antenna Design Selected.........ccoovniiiininiinn 237
5.2.6  Radio Frequency System—High-Gain Antenna........cccccoeeenee. 241
5277  Low-Gain Amenna SYSIEM ...ococcivvrvecrcnreren o ieeesesianens 246
5.2.8  CONCIUSIONS 1 oeeeeesieeee et e e 254
5.3 The Cassini High-Gain Antenna Subsystem......................... 257
by Roberto Mizzoni, Alenia Spazio S.p.A, Rome, Italy
5.3.1  High-Gain Antenna Requirements and Constraints ................ 258
532 Configuration Selection.. ... 261
53.3 Antenna Modeling and Subsystems Design.......cccovevicnninnnens 266
5.3.4 Antenna Performance at S-Band ... 284
5.3.5 Antenna Performance at X-Band ... 286
5.3.6 Antenna Performance at Ku-Band......cccccoinricniiiiinnnen 287
5.3.7 Antenna Performance at Ka-Band ... v e 205

5.3.8  CONCIUSIOMS cveteeeeeeeeeeee e et et ee et e e tee et e e seatae s vestasssans s snrenaasebeean 295



viii

RefEreNCES ... et
Chapter 6: Spaceborne SAR Antennas for Earth Science .......
by Yunjin Kim and Rolando L. Jordan
6.1 INtroduction ...
6.2 Characteristics of Spaceborne Earth Science SAR
ANTENNAS ... et
6.3 Seasat, SIR-A, and SIR-B Spaceborne Antennas................
6.4 SIR-C and SRTM Antennas............cc.ccooooooreeoeieevcececeeeeeene,
6.5 Future Antenna Technologies and Concluding Remarks
6.5.1  Antenna Structure Technology ......cccccooviverieeieeecicie
6.5.2  Electromagnetic Radiator Technology .....ccccoeveervececvieencnnne.
6.53 Antenna Electronics Technology.....ccccovveiecieiccici,
RefErences ...ttt
Chapter 7: Instrument Packages...........c.coocooevvvvrecreecee e,

by Richard E. Cofield, William A. Imbriale, and
Richard E. Hodges

TA RAGIOMELEIS ... e e te et eee et s esesees s s batessesnessatens

by Richard E. Cofield

7.1.1  Microwave (Atmospheric) Sounder Unit........ccceveeneninnnn.

7.1.2  Scanning Multichannel Microwave Radiometer on Seasat

and NIMbBUS 7 ..o

7.1.3  TOPEX/Poseidon Water Vapor Radiometer.......cc.cccoeo......

7.1.4  Jason Microwave Radiometer......cccoevieeieiiceciccc e,

7.1.5  Microwave Instrument for the Rosetta Orbiter.........c........

7.2 Microwave Limb Sounders (MLS).............cccocooenennn. R
by Richard E. Cofield

721 UARSMLS ottt ettt

7.3 Earth Observing System (EOS)MLS ...................ccovvrvrinn.
by Richard E. Cofield

7.3.1  Antenna ReqQUITEMENTS ......o.ovvvivii st

732 Trade-off Studies ...t

7.3.3  Selected DESIZN oot

7.3.4  Future Radiometer MiSSions .....cc.ocoevvvveriecvicieces s

7.4 Scatterometers.............ccoiiieieceees e, et

by Richard E. Cofield

7.4.1 Fan-Beam Instruments: Seasat-A Scatterometer.................



7.4.2  Fan-Beam Instruments: NASA Scatterometer (NSCAT) ........ 381
7.4.3 Pencil-Beam Scatterometers: QuikSCAT and SeaWinds ........ 387
7.44 Future Scatterometer MisSions ........ccccovrvniniincceciceee 350
75 CloudSat. ... et er s 390
by William A. Imbriale
7.5.1  Cloud Profiling Radar (CPR).....cccccvorvrvrnirre i 392
7.5.2  Antenna Requirements ............cccoooveieeiiiiinie it 393
7.5.3  Quasi-Optical Transmission Ling ......ccoooeveiiiininiiicienine. 393
7.5.4  Collimating ADENNA......c..coveirir et e ernens 308
7.5.5 Measured Performance.......cooooiiicicn i e 404
7.6 Wide Swath Ocean Altimeter.................... . 406
by Richard E. Hodges
7.6.1  Antenna ReqUITEMENS ...coooveererininercccre st 407
7.62  Panel Desigh.. .o nac s 409
7.6.3  Feed DesiZN. . e e e 410
7.6.4 Breadboard Test Results.......cccoovvicrvinircccenc e 412
7.6.5  CONCIUSTONS vttt crt e et en e 415
T.T SUMIMAIY oottt ettt en e et eat st st et eneeateee e e 417
by Richard E. Cofield
=) (=1 Y T = TSP 418
Chapter 8: Mechanical Development of Antenna Systems......... 425
by Gregory L. Davis and Rebekah L. Tanimoto
8.1 Historically Significant Antenna Systems ... 425
8.1.1  Echo Balloons .....coccoiiieiieiiieicieiieci e 426
8.1.2  Orbital Construction Demonstration Article ... 427
8.1.3  Electrostatically Figured Membrane Reflector........................ 428
8.1.4 Lockheed Wrap-Rib Antenna ........cccooeecveiciiiiciieeececcen, 428
8.1.5  AstroMesh Reflector oo 430
8.1.6  Inflatable Antenna EXperiment ......ccocoeeoeviiiiiesn e 432
8.1.7 Large Radar Antenna Program ...........cccooiiiineniecene. 433
8.2 Current State-of-Practice ... 435
8.2.1 Mechanical Configurations ........ccccoviererierirenneevenes e eesvens 435
822  Other Mechanical Design Considerations.........c.c.cccoee e 441
8.3 Antenna Technology Development.............c.covvncenennen. 443
8.3.1  Mission Technology Drivers.......cccocvevieeiecieiciieceesee e 443
8.3.2 Critical Technologies and Requirements ......cccvcvvrvvvevrevienreenns 443
8.3.3  Assessing the State-of-the-Art ... 445

8.3.4  Technology Development Approach..........cccoiiiiininicnenne 446



8.4 Future Antenna Systems Developments ... 448
8.4.1  Radar AIIMELErS ocooeoeoiiieeiieie et ettt e eee e 449
8.4.2  Synthetic Aperture Radars ..........cccveiniicnnicc e, 449
8.43  Atmospheric Radar ..., 449
8.4.4  SCAtErOMETErS ..ociiveiiiiierieeiee et eeet et teee ettt eees e 450
8.5 Concluding Remarks..............ocooovooiieiceeeeeeee e, 450
REFEIENCES ..ottt 452
Chapter 9: Miscellaneous Other Antennas.....................ccooeene. 455
by William A. Imbriale and Daniel J. Hoppe
9.1 Solar Probe Antenna..........cccoooreeeieercnrcr e, 455
by William A. Imbriate
9.1.1  Solar Probe Mission Description .......ocoeeeeeie e 455
9.1.2  Antenna ReqUITemMENts ....cooervrereieereerirsres e ereasessresresasserssnsens 457
9.1.3  The Solar Probe Heat Shield/Parabolic Antenna...................... 457
9.1.4  Frequency and Feed Specifications ........... ettt et nenes 439
915 Feed DeSIZN et e e 459
9.2 Deep Impact S-Band Patch Array Antenna ................c........... 464
by Daniel J. Hoppe
9.2.1 Deep Impact Mission Description .........covveviimenecnniininnn, 464
0.2.2  Antenna RequirémMents ........c.ocooveeererevintins i ressses emssenens 466
923 Antenna DESIZIl...coeciiriireie et e 467
9.2.4  Measured Performance ..o ivoerieeececrrrreieaee s s 474
925  Environmental TeStNE ...coviiiiiviiiieiieeeeeeee e 478
02,6 CUrrent SAIUS.....ooeiii ettt en e 482
REfErenCes ... e 482

Chapter 10: Spacecraft Antenna Research and Development

Activities Aimed at Future Missions ................c....... 485

by John Huang
10.1 Inflatable Array Antenna.................ccooiiiiiincccnne e 486
10.1.1 Inflatable L-Band SAR AITAYS ..o 487
10.1.2 Ka-Band 3-m Reflectarray .......ccceoeenninneneneseceseicen 489
10.1.3 Technical Challenges for Inflatable Array Antennas .............. 498
10.2 Foldable Frame-Supported Thin-Membrane Array.................. 503
10.2.1  Antenna Description ... et e 503

10.2.2 Antenna Performance Results oo, 505



xi

10.3 Thin-Membrane Array Antenna for Beam Scanning

Application e 506
10.3.1 Antenna Description ... e 509
10.3.2 Antenna Performance Results.........coooeeeeieiiciin e 510

10.4 Printed Reflectarray Antenna...........cocoovveronin v 512
10.4.1 Advantanges/Disadvantages of Printed Reflectarrays.............. 513
10.4.2 Review of Development History ... 517
10.4.3  Analysis and Design Procedures...omercn e nniencsnissennn, 520
10.4.4 Bandwidth ISSUSS oo e 524

10.6 Applications and Recent Developments ... 526

0.6 SUMMATY ..ot st sr et sssb s s s ee i 529

REFEIEINCES ...ttt et s bt 532

Acronyms and Abbreviations ... 537



