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1. The International Radio Consultative Committee (CCIR) is the
permanent organ of the International Telecommunication Union responsible
under the International Telecommunication Convention “’... to study technical
and operating questions relating specifically to radiocommunications without
limit of frequency range, and to issue recommendations on them..!’ (Inter-
national Telecommunication Convention, Nairobi 1982, First Part, Chapter |,
Art. 11, No. 83).

2. The objectives of the CCIR are in particular:

a) to provide the technical bases for use by administrative radio conferences
and radiocommunication services for efficient utilization of the radio-frequency
spectrum and the geostatlonary -satellite orbit, bearing in mind the needs of the
various radio services;

b) to recommend performance standards for radio systems and technical
arrangements which assure their effective and compatible interworking in inter-
national telecommunications;

c) to collect, exchange, analyze and disseminate technical information
resulting from studies by the CCIR, and other information available, for the
development, planning and operation of radio systems, including any necessary
special measures required to facilitate the use of such information in developing
countries.
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I

DISTRIBUTION OF TEXTS OF THE XVITH PLENARY ASSEMBLY .
OF THE CCIR IN VOLUMES I TO XIV

Volumes I to XIV, XVIth Plenary Assembly, contain all the valid texts of the CCIR and succeed those of
the XVth Plenary Assembly, Geneva, 1982.

1. Recommendations, Reports, leutidns, Opinions, Decisions

1.1 Numbering of these texts

Recommendations, Reports, Resolutions and Opinions are numbered according to the system in force
since the Xth Plenary Assembly. '

In conformity with the decisions of the XIth Plenary Assembly, when one of these texts is modified, it
retains its number to which is added a dash and a figure indicating how many revisions have been made. For
example, Recommendation 253 indicates the original text is still current; Recommendation 253-1 indicates that the
current text has been once modified from the original. Recommendation 253-2 indicates that there have been two
successive modifications of the original text, and so on. Within the text of Recommendations, Reports,
Resolutions, Opinions and Decisions, however, reference is made only to the basic number (for example
Recommendation 253). Such a reference should be interpreted as a reference to the latest version of the text,
unless otherwise indicated.

The tables which follow show only the original numbering of the current texts, without any indication of
successive modifications that may have occurred. For further information about this numbering scheme, please
refer to Volume XIV-1.:

1.2 Recommendations

Number Volume Number Volume Number Volume
48 X-1 367 11 478 VIII-1
80 X-1 368-370 A\ 479 i
106 1 371-373 VI 480 I
139 T XA 374-376 VII 481-484 1V-1
162 : 11 377, 378 I 485, 486 vl
182 i I 380-393 IX-1 ' 487-493 VIII-2
205 X-t 395-405 IX-1 494 © VIII-1

215, 216 X-1 : ) 406 IV/IX-2 496 VIII-3

218, 219 VIII-2 407, 408 X/XI1-3 497 - IXA1
239 I 410-412 X-1 498 X-1
240 I 414, 415 X-1 500 XI-1
246 111 417 XI-1 501 X/XI-3
257 VIII-2 419 XI-1 502, 503 L X

© 265 X/XI1-3 428 VIII-2 505 XII
266 XI-1 430, 431 XIII 508 1
268 IX-1 © 433 I 509, 510 . 11
270 IX-1 434, 435 Vi 513-517 11

275, 276 : IX-1 436 11 518-520 111
283 IX-1 439 VIII-2 521-524 ) Iv-1
290 IX-1 441 VIII-3 525-530 \"
302 1X-1 443 I 531-534 VI

305, 306 IX-1 444 IX-1 535-538 ) VII

310, 311 v 446 Iv-1 539 VIII-1
313 . VI 450 X-1 540-542 VIII-2
314 11 452, 453 vV . 546-550 VIII-3
326 I 454-456 III 552, 553 - VIII-3

328, 329 I 457, 458 VII 555-557 IX-1

331, 332 , I . 460 VII 558 1V/1X-2

335, 336 III 461 XIII '559-562 X-1
337 I 463 IX-1 564 X/X1-3

338, 339 111 T 464-466 Iv-1 565 XI-1
341 \Y% 467, 468 X-1 566 X/X1-2

342-349 I 469 X/XI1-3 : 567-572 XII

352-354 - IvAa 470-472 - XI-1 573, 574 XII1

355-359 IV/1X-2 473, 474 XII 575 I

362-364 ' II 475, 476 VIII-2 576-578 11




v

1.2 Recommendations (cont.)
Number Volume Number Volume Number Volume
579-580 I1v-1 60\7_, 608 — XII 642 X-1 + XII
581 \" 609-611 II 643-644 X-1
582, 583 VII 612, 613 11 645 X-1 + XII
584 VIII-1 614 Iv-1 646-647 X-1
589 VIII-2 615 IV/1X-2 648, 649 X/X1-3
591 VIII-3 616-620 \" 650-652 X/X1-2
592-596 IX-1 621 VI 653-656 XI-1
597-599 X-1 622-624 VIII-1 657 X/XI1-3
600 X/XI1-2 625-631 VIII-2 658-661 XI1
601 X1-1 632-633 - VIII-3 662-666 XIII -
602 X/XI1-3 634-637 IX
603-606 XII 638-641 X-1
1.3 Reports -
Number Volume Number Volume Number Volume
19 111 319 VIII-1 491 X1
32 X-1 322 vi{) 493 XII
109 I 324 1 496, 497 XII
111 111 327 I 499 VIII-1
122 XI-1 336 \' 500-501 VIII-2
137 1X-1 338 \' 509 VIII-3
176, 177 HI 340 VI() 516 X-1
181 1 342 VI 518 C VI
183 -1 345 1 519-522 1
184 I 347 111 524-526 I
195 III 349 111 528 I
197 111 354-357 111 530 1
200 I 358 VIII-1 533, 534 1
203 HI 363, 364 vil 535, 536 It
204, 205 Iv-1 3N, 3727 I 536-541 I1
208 1v-1 374-376 I1X-1 542 VIII-t
209 IV/1X-2 - 378-380 IX-1 543 I
212 1v-1 382 IV/1X-2 546 11
214 1v-1 383-385 Iv-1 548 I
215 X7XI1-2 386-388 IV/1X-2 549-551 . 1
222 )t 390, 391 1v-1 552-561 IV-1
224 11 393 IV/1X-2 562-565 \Y%
226 H 395, 396 1 567 \'
227-229 \' 401 X-1 569 \'
236 \'/ 404, 405 XI-1 ST VI
238, 239 \' 409 XI-1 574, 575 VI
249-251 Vi 411, 412 X1 576-580 vil
252 vi() 420 I 584, 585 VIII-2
253-255 V1 430-432 - VI 588 VIII-2
258-260 VI 434-437 1 607 IX-1
262, 263 VI 439 VI 610 IX-1
265, 266 \%! 443-445 IX-1 612-615 IX-1
267 VII 448, 449 IV/1X-2 616, 617 X-1
. 270, 2N Vi 451 V-1 619 X-1
272, 273 1 453-455 IvV-1 622 X/XI1-3
- 275277 1 456 11 624-626 XI-1
279 I 458 X-1 628, 629 XI-1
284, 285 . 1X-1 461 X-1 630 ’ X/X1-3
287-289 IX-1 463-465 X-1 631-634 X7X1-2
292 X-1 468, 469 X7X1-3 635-637 X1
294 X/XI1-3 472 X-1 639 XNl
.. 300 X-1 473 X7X1-2 642, 643 X1
302-304 X-1 476-478 XI-1 646-648° XII
© 311313 XI-1 481-485 XI-1 651 I
314 X1l 488 XII 653-657 I

(') Published separately.




13 Reports (cont.) .

Number " Volume " Number Volume Number Volume
659-668 1 795 X-1 943-947 X-1
670, 671 I 797-799 X-1 950 X/XI-3
672-685 11 800 X/XI-3 951-955 X/X1-2
687 . II 801, 802 XI-1 956 XI-1
692-697 II 803 X/XI-3 958, 959 XI-1
699, 700 I1 804, 805 XI-1 961, 962 XI-1
701-704 111 807-812 X/XI-2 963, 964 X/XI-3
706, 707 V-1 ) 814 X/XI-2 965-970 XII
710-713 - _Iv4 815-823 XII 972-979 I
714-724 V- 826-842 I 980-988 II
725-729 VI 843-854 I1 989-996 III
730-732 VII 857 E 11 997-1004 V-1
735, 736 VII 859-865 I 1005-1006 IV/IX-2
738 VIl 867-875 Iv-1 1007-1010 \'
739-742 VIII-1 . 876, 877 IV/1X-2 1011-1015 VI
743, 744 - - VIII-2 ~ 879-880 \' 1016, 1017 VII
747-749 VIII-2 882-885 \' 1018-1025 . VIII
751 VIII-3 886-895 i VI 1026-1044 VIII-2
760-766 VIII-3 . 896-898 VII 1045-1051 VIII-3
768 VIII-3 899-906 VIII-1 1052-1057 IX-1
770-773 VHI-3 908-915 VIII-2 . 1058-1072 X-1
774, 775 VIII-2 917-923 VIII-3 1073-1076 X/X1-2
778 VIII-1 925-929 VIII-3 1077-1089 XI-1
779-789 ) IX-1 930-934 I1X-1 1090-1096 XII
790-793 IV/1X-2 936-942 IX-1

1.3.1  Note concerning Reports

The-individual footnote “Adopted unanimously” has been dropped from each Report. Reports in
this Volume have been adopted unanimously except in cases where reservations have been made which
will appear as individual footnotes.

14 Resolutions
Number Volume Number Volume Number Volume
4 VI 61 XIV-1 76 X-1
14 VII 62 I 78 . XIII
15 1 63 VI 79-83 ) XIV-1
20 VII-1 ) 64 : X-1 86, 87 XIV-1
23 XIII 66 XIII 88 I
24 XIV-1 N I 89 XIII
26, 27 | . XTIV 72,73 A% 90-95 XIV-1
33 “XIV-1 74 A% 96 XI-1
39 XIV-1 )
1.5 Opinions
Number Volume Number Volume Number Volume
2 | . 43 VIII-2 70-72 vl
1 I 45, 46 Y | 73 . VIII-1
14 IX-1 49 VIII-1 74 X-1
15 —~_X-1 50 IX-1 75 XI-1
16 X/XI-3 - - 51 X-1 4 77 XIV-1
22,23 VI 56 N Iv-1 79-81 XIV-1
26-28 VII : 59 - X-1 82 VI
32 1 63 XIV-1 83 XI-1
35 R I 64 1 84 XIV-1
38 T OXI 65 XIV-1 85 VI
40 XI-1 66 111 86 X111
42 VIII-1 67-69 VI




Vi

1.6 Decisions
Number Volume Number Volume Number Volume
2 V-1 45 1l 61 1
35 v 50 2 63 101
6 A% 51 X/XI-2 64 IV-1
.9-11 VI 52 . X-1 65 vil
18 . XH 53, 54 I 66 XI-1
19 XIII 56 I : 67, 68 XII
27 57 V1 69 VIII-1
32 VIII 3 58 XI-1 70 Iv-1
42 - XI-1 59 X/X1-3 n VIII-3 + X-1
43 X/XI1-2 60 X1I-1 72 X-1 + XI-1

1.6.1  Note concerning Decisions

Since Decisions were adopted by Study Groups, use was made of the expression “Study Group...,
Considering” and the expression “Unanimously decides”, replaced by “Decides”.

2 Questions and Study Programmes
2.1 Text numbering

2.1.1 Questith

Questions are numbered in a different series for each Study Group: where applicable a dash and a
figure added after the number of the Question indicate successive modifications. The number of a Question
is completed by an Arabic figure indicating the relevant Study Group. For example:

— Question 1/10 would indicate a Question of Study Group 10 with its text in the original state;

— Question 1-1/10 would indicate a Question of Study Group 10, whose text has been once modified
from the original; Question 1 -2/ 10 would be a Question of Study Group 10, whose text has had two
successive modifications.

2.1.2  Study Programmes ‘

Study Programmes are numbered to indicate the Question from which they are derived, if any, the
number being completed by a capital letter which is used to distinguish several Study Programmes which
derive from the same Question. The part of ‘the Study Programme number which indicates the Question
from which it is derived makes no. mention of any possible revision of that Question, but refers to the
current text of the Question as printed in this Volume. Examples:

— Study Programme 1A/10, which would indicate that the current text is the orlgmal version of the text
of the first Study Programme deriving from Question 1/10;

— Study Programme 1C/10, which would indicate that the current text is the original version of the text
of the third Study Programme deriving from Question 1/10;

— Study Programme 1A-1/10, would indicate that the current text has been once modified from the
original, and that it is the first Study Programme of those deriving from Question 1/10.

It should be noted that a Study Programme may be adopted without it having been derived from a
Question; in such a case it is simply given a sequential number analogous to those of other Study

~ Programmes of the Study Group, except that on reference to the list of relevant Questions it will be found
that no Question exists corresponding to that number.

References to Questions and Study Programmes within the text are made to the basic number as
well as for other CCIR texts.

2.2 Arrangement of Questions and Study Programmes

The plan shown on page II indicates the Volume in which the texts of each Study Group are to be found,

and so reference to this information will enable the text of any desired Question or Study Programme to be
located.
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SPACE RESEARCH AND RADIOASTRONOMY

STUDY GROUP 2

Terms of reference:

To study questfons relating to:

1. systems for the space research service, the Earth exploration-satellite service, including the meteorological-
satellite service and their associated technologies, as well as general principles of systems for the operation of
spacecraft:

2. systems for the radioastronomy service and for radar astronomy, with particular reference to associated
interference problems. .

1982-1986-1990 Chairman: F. HORNER (United Kingdom)
Vice-Chairman: H. G KIMBALL (United States of America)

INTRODUCTION BY THE CHAIRMAN, STUDY GROUP 2

1. Ob jectives

As services considered by the Study Group continue to develop, the Reports on their characteristics need
to be up-dated, and the main changes in each section of the Report are outlined below. However, much of the
revision which is being carried out is concerned with protection and frequency-sharing problems, with improve-
ment in the clarity of presentation, and with the elimination of material which is no longer essential. The logic of
the presentation continues to be to separate the various aspects of the treatment of each service into the following
topics:

(a) characteristics and telecommunication requirements,
(b) preferred frequencies,

(c) protection criteria, and

(d) frequency sharing.

Topic (a) provides a general insight into the service, (b) is of special significance at conferences competeﬁt to
change frequency allocations; and (c) and (d), while relevant to conferences, also provide information needed for
engineering studies, especially when sharing problems arise.

As a guide to the available texts in these categories, the Tables of Annex I have been compiled. Table 1
* identifies the relevant Reports and Recommendations in so far as it is possible at present to classify them
according to the above guidelines. Complete conformity is not yet practicable because some Reports still cover
several aspects of a service, and others relate to more than one service. Nevertheless-the Table is useful in
1dent1fymg texts of interest and in the planning of future Study Group activities. Table I1 is a further breakdown
of the texts on frequency sharing with other services.

One important facet of the Study Group work which is not covered by the tables is that of interaction
between services through spurious emissions, since this is not ‘strictly a sharing pfbblem. Information is presented
in Section 2B, but there are also important and relevant texts relating to each of the services and contained in
other sections. It is for consideration whether Reports on such problems should be presented in a more cohesive
manner, depending on the degree of commonality between the problems of the different services.

The changes introduced at the XVIth Plenary Assembly will result in a substantial reduction in the size of
Volume 11, despite the introduction of Reports on new topics. The general lay-out follows the sequence of Table I
of Annex 1. Where material has been deleted, in the interest of brevity, references have been given to earlier
versions of the Reports containing more details which are still considered to be relevant.
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2. Propagation data used by Study Group 2

Study Group 2 needs data on propagation through the troposphere, largely available from Reports of
Study Group 5. Even if derived from other sources there should be consistency with Study Group 5 Reports unless
there are good reasons for differences, provided that comparable data are contained in these Reports. Annex II
outlines the Study Group 5 Reports which form the basis of the required data and indicates where such data are
applied in Study Group 2 texts. A summary of this sort can be expected to lead to a better understanding of the
sources of information, to clarify the relationships between the Reports of the two Study Groups, to highlight any
inconsistencies, to help in up-dating Reports when necessary, and to indicate to Study Group 5 what further
information is needed.

Although it is impracticable to ensure that Study Group 2 takes into account all the most recent changes in
Study Group 5 data, because the output of a Study Group S meeting is not available if Study Group 2 meets at
about the same time, a clear statement of the common ground between the two Study Groups will help to keep
texts as up-to-date as possible.

Dependence of Study Group 2 texts on data from Study Group 6 is on a much smaller scale, but should
be examined in future in a similar way.

3. Main changes to Volume II

3.1 Section 2A — Research in space technology

Much long-standing text has been deleted, as having served its purpose but some new advances have been
recorded. In particular the use of lasers in the control of satellite location and attitude is discussed in additions to
Report 546. Report 543 has been shortened by elimination of some technical details of a particular system. A need
in future work is for Reports on antenna patterns to be reviewed and, where necessary, correlated with similar
work by other Study Groups. ‘

32 Section 2B — Topics of general interest

A subject which is becoming of considerable interest is that of spurious emissions from space stations, and
this is examined under Study Programme 19-1/2 and in collaboration with Study Group 1, a new Report 980 has
been prepared. A note to Study Group 1 comments on the work of that Group (see Annex III to this
Introduction).

The Report on radio propagation through plasmas (Report 222) has been reduced to the essential
background and conclusions, reference being made to earlier versions if detailed analysis is needed. The
phenomena are taken into account in current operational techniques and it.is for consideration whether
Recommendation 367 still serves a purpose. h

Report 679, on transmission of power from satellites, has been condensed because work on such systems is
not being pursued on an important scale.

A new Report 981 on sharing is included in this general section because it concerns several of the services
covered individually in later sections. It discusses the power limits which may be necessary for satellite emissions
to avoid interference to radio-relay systems in shared bands near 2 GHz.

33 Section 2C — Space operations
Report 845 has been updated with a discussion of the relevant merits of providing space operation
functions in mission and in space operation bands, and by improving the presentation of data on typical systems.

Minor changes to Recommendation 363 have been made.

34 Section 2D — Data relay satellites

A new Annex has been added to Report 848 to describe new systems currently at the planning stage.

Report 847 has been extended to include more material on sharing with feeder links for the broadcasting-
satellite service. With reference to sharing with the radiolocation service near 14 GHz, initial calculations indicate
that use of more recent propagation data would lead to amendment of the coordination distances in the Report,
and this needs further examination.
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Recommendation 510 on sharing between data relay satellites and other services is maintained without
change, but it is noted that the Recommendation does not include guidelines for sharing with feeder links to
broadcasting satellites, a topic which is discussed in Report 847.

Report 690 has been suppressed, as no longer relevant and the associated Recommendation 511 has also
been suppressed.

A new Report 983 provides information on frequency sharing between data relay satellites. Another new
Report 982 consists of the material formerly in Annex I to Report 692-1 of Section F. It is appropriate that this
should be in the data relay section, but further work is needed to clarify the similarities and differences between
the data relay requirements for space research and Earth exploration satellites.

35 Section 2E — Space research

The rationalization of texts on deep-space research was largely accomplished at the XVth Plenary
Assembly and a similar exercise is being carried out for near-Earth space research. Report 548 has been separated
into different topics, the new version with this number dealing only with telecommunication requirements for
near-Earth missions, while new Reports 984 and 985 deal specifically with preferred frequencies and protection
criteria respectively. Correspondingly, Recommendation 364 has been restricted to preferred frequencies, while a
new Recommendation 609 deals with protection criteria.

In the deep-space field, Report 536 has been updated, and Report 685, on protection criteria and sharing,
has been re-written to provide more information and improve clarity, with a new Annex on interference
susceptibility. A new Report 986 explains the reasoning behind a new Recommendation 610 for a re-classification
of deep-space distances.

Report 456 and Recommendation 513, on beacon transmitters have been modified to take account of the
new and more thorough treatment of geodesy and geodynamics in Section 2F.

Report 688 has been suppressed because it relates to a sharing situation which is no longer relevant.
Reports 544 and 545 have also been suppressed, with the essential elements having been included in other Reports.

Report 684 has been curtailed, with the essential features of the Annex being incorporated in other
Reports. ‘

3.6 Section 2F — Earth exploration satellites

An important addition to this section is a new Report 988 on geodesy and geodynamics. Techniques for
studying orbits of satellites and their relationships to specific locations on the Earth’s surface have many
applications, but it is now considered that only those measurements of the highest accuracy currently attainable
are useful in advancing our knowledge of geodesy. The new Report deals with such matters, absorbing relevant
material from other Reports, but not those aspects of satellite tracking and space research (for example
observations of the ionosphere) for which measurements of lower accuracy are useful. Report 535 has been revised
to exclude geodesy and geodynamics applications and to update other aspects, and Report 538 has been revised to
place less emphasis on precise location techniques and more on the data-coliection requirement.

As mentioned under Section 2D, an Annex to Report 692, on data relay satellites has been transferred to
that section.

Report 850, on sharing between passive sensors and other services has been extended following further
studies of compatibility with radio-relay systems and the effects of terrain shielding.

A new Report 987 discusses potential interference to passive sensors by unwanted emissions from services
in other frequency bands.

Report 395, on meteorological satellites, has been reduced in length by concentrating more on essential
frequency requirements, which are common to many satellite systems, and less on the descriptions of individual
satellites and on historical surveys.

3.7 Section 2G — Radioastronomy and radar astronomy

Reports on radioastronomy have undergone thorough revisions in recent years and have required little
up-dating for the XVIth Plenary Assembly, except in one important respect. The new texts reflect both the
continuing need for currently-allocated bands and increasing interest in the use of higher frequencies. The latter
trend has resulted in revision of Report 852 and Recommendation 314.
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Concern about potential interference from transmitters which are operating nominally in other bands has
led to several new and modified texts, mainly to emphasize the special risk of interference from large numbers of
geostationary satellites. Additions to Reports 224 and 697 highlight this problem, and a new Recommendation 611
has been agreed concerning such spurious emissions.

Report 853 on interference from power satellites, has been shortened to reflect the diminished interest in
such systems for the time being. Some corrections have been made to data on microwave oven emissions in
Report 854, and a need for further review of Table II of that Report is noted.

Report 696 is maintained without change, but is recognized as a candidate for shortening in the near

future.
3.8 Questions and Study Programmes
Apart from editorial and other minor changes, the following proposals for modifications have been agreed.
Question 1-1/2: Study Programme 10/2 has been modified and extended to specify more cdmpletely the
’ factors to be taken into account in studies of sharing. .
Question 7-2/2: § 1.3 has been deleted together with Study Programme 7A/2 as no longer needed.
Question 10-1/2: has been modified to exclude items relating to geodesy and geodynamics (see Ques-
tion 12-2/2).
Question 12-2/2:a new Study Programme 12E/2 has been added to promote studies of geodesy and
geodynamics.
Question 23/2: has been deleted as its relevance to Study Group 2 was not clear and it seemed unlikely
to give rise to any contributions.
4. Terminology

The Study Group discussed an input document from its representative on the CMV and approved a paper
which would serve as a brief for him at the CMV Final Meeting. Comments on the main issues of interest were as
follows.

The Study Group re-affirmed its desire to re-define “deep-space” with a lower distance limit of
2 x 10°% km, as indicated in Report 986 and Recommendation 610. It also agreed that for the time being the term
“near-Earth” will continue to be used with an upper limit approximately at the distance of the Moon. The
existence of an undefined volume between “near-Earth space” and “deep space” is not considered to pose an
immediate problem but needs further study.

The Study Group does not regard either the existing definition of “feeder link” or various proposed
modifications (e.g. as suggested in a note from the Chairman of the CMYV) as entirely satisfactory, but as it makes
little use of the term, other Study Groups seemed more appropriate for discussion of any changes.

The term “spreading loss” has been used with various meanings and an effort has been made to achieve a
logical and uniform definition within the Study Group. However, the term is used more widely and the views of
the Study Group have been conveyed to the CMV.

Another term which is not used consistently is “global”, and its use is being avoided in favour of
“world-wide” when this is intended.

Previous views on a definition of “remote-sensing satellite” have been modified, as it is considered
undesirable to limit its meaning to satellites with sensors which operate only at radio frequencies.

Comments on the definition of a data relay satellite have been conveyed to the CMV, but further
consideration of terms of this kind is necessary before an agreed opinion can emerge.

The response to the CMV included all the significant comments which the Study Group wished to make
on the request from the Chairman of the CMV regarding Recommendations 573, 662 and Report 666.

5. Preparations for radio conferences

Preparations for the Conference Preparatory Meeting (CPM) for the WARC ORB-85 and participation in
both the CPM and the conference were noted. IWP 2/2 had been set up for this work, by Decision 61 of the
Interim Meeting. This lapsed automatically on completion of the work.
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The Study Group has given due consideration to a paper from the Director, CCIR, on inter-sessional
studies for the Second Session of the WARC-ORB conference. It has been decided that no Interim Working Party
on this matter should be initiated by the Study Group, at least for the present, and that the extent of participation
in the proposed Joint Interim Working Party should be decided in the light of the programme and objectives of
that Working Party when these are more clearly stated. In view of the fact that the WARC-ORB conference would
mainly relate to other services, some concern has been expressed that undue effort on the conference agenda
might detract from necessary work by the Study Group in its normal programme. It has been agreed that
decisions on participation will be made by the Chairman and Vice-Chairman, taking into account the views which
have been expressed.

The planned Radio Conference for the Mobile Services (Resolution 933 of the Administrative Council) has
been discussed and the possibility of marginal, though perhaps important, effects on other services was noted.
Particular concern has been expressed that there might be changes to use of the bands 1610-1626.5 MHz and
1646-1660 MHz which could have a serious effect on observations of the OH radical by radioastronomers in the
bands 1610.6-1613.8 MHz and 1660-1670 MHz. It is considered essential that the Study Group should be fully
cognizant of any proposed changes and be able to assess the technical implications for the radioastronomy service.

ANNEX 1

TABLE 1 — Classification of some Reports and Recommendations of Study Group 2
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ANNEX I1

STUDY GROUP 5 REPORTS USED BY STUDY GROQUP 2

1. Of the many relevant Reports of Study Group 5, the following have been found the most useful in the
solution of Study Group 2 problems. The versions of the Reports cited are those approved by the XVth Plenary
Assembly (Geneva, 1982) but many existing references in Study Group 2 Reports are to earlier versions. The short
notes indicate the topics but are not the formal Report titles.

1.1 General information
Report 238-4  Propagation for trans-horizon radio-relay systems
Repbrt 563-2  Basic radiometeorological data
Report 564-2  Physical factors in tropospheric propagation
Report 569-2  Interference between stations on the Earth’s surface

Note. — A corresponding Report 885 deals with interference between space and surface stations, but this
has not yet been applied to Study Group 2 problems.

Report 718-1 Effects of large-scale tropospheric irregularities

Report 881 Effects of smali-scale tropospheric irregularities
(Geneva, 1982)

Report 336-2  Propagation on the Moon

1.2 Absorption
Report 719-1  Absorption in gases
Report 721-1  Absorption by hydrometeors

Report 883 ~ Attenuation at frequencies in the visible and infra-red ranges

1.3 Noise emissions

Report 720-1 Emissions from natural sources

2. Study Group 2 requirements

The Study Group needs data on the expected transmission loss on Earth-space links, on variations in this
loss which affect the reliability of the links, on the natural background noise with which the signal must compete,
on variations in propagation delay and on the various factors which may lead to interference between services.
Most data are presented for zenithal paths and this is so in the following notes except where otherwise stated.

21 Absorption

Identical curves of absorption through the atmosphere are presented in Reports 700-1 (SETI) and 683-2
(deep space) for the frequency range 1-20 GHz, for clear weather and for rain conditions (32 mm/h). The data are
said to be based on information in cited Reports of Study Group 5. For example, Study Group 5 Reports which
provide data are 719-1 (clear air) and 721-1 (precipitation).

Corresponding curves for the range 10-150 GHz are given in Report 849 (deep space). In this case a rather
higher rain intensity (55 mm/h) is assumed. The reference given is Report 719 for clear air. Report 456-3 mentions
absorption in atmospheric gases in this frequency range, without reference to Study Group 5 Reports.

Data are also given in Report 852 (radioastronomy) for the frequency range 1-350 GHz based on new
studies. They relate to a water vapour concentration of 7.5 g/m?® at the surface. New curves for frequencies up to
1000 GHz are also presented, for both dry and humid atmospheres, but relating to high-altitude locations. This
information goes beyond what is recorded in Study Group 5 Reports but several of those Reports are cited. A new
Report 984 contains data on attenuation along paths of 5° and 20° elevation from 1 to 350 GHz.

Report 693-2 (Earth exploration satellites) also presents curves for 10-350 GHz, with 7.5 g/m?® of water
vapour at the surface. No reference to Study Group 5 Reports is given. An additional set of curves for 1-150 GHz
shows the zenith attenuation from sites at various heights above the surface (up to 16 km) to space. Clear-air and
water vapour concentration 7.5 g/m? at the surface are assumed. Reference is made to Report 719.
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For the infra-red and visible ranges, curves are given in Fig. 1 of Report 681-2, which is reproduced from
Report 883. The wavelength range is 1-20 pm (15-300 THz). The curves are for clear air and for stations at sea
level and at 4 km altitude. Data are also given for transmission through a hazy atmosphere (A = 0.4-4.0 pum).

2.2 Sky noise

As in the case of absorption, Reports 700-1 (SETI) and 683-2 (deep space) present identical curves of
sky-noise temperature in the range 1-20.GHz, in clear weather and with 32 mm/h of rain. References are made to
Reports 720 and 564.

Noise temperatures in the range 10-120 GHz are given in Report 849-1 (deep space) for a 30° angle of
elevation from an. earth station. Temperatures are given for clear-air conditions and for 55 mm/h of rain.
Reference is made to Report 720.

A new Report 984 provides data on sky-noise temperature at 5° elevation angle and frequencies from
0.1 to 350 GHz. Rain conditions are included. :

23 Fading and scintillation

Scintillation is mentioned in the two main Reports on deep space (Reports 683-2 and 849-1) but no data
are presented. References are made in Report 683-2 to Reports 564, 718 and 881, but none are given in
Report 849. A new Report 584 refers to Repon 564-2 as a source of information on scmtlllatlon Wthh is said to
be negligible at frequencies above 10 GHz in clear air and at angles above 10°.

2.4 Phase delays in ranging systems

Phase delays leading to ranging errors are mentioned in Reports 683-2 and 849-1, but only those caused by
ionization along the path. An appropriate reference for delays in the troposphere is Report 564-2 (§ 9) but there is
also mention in Reports 718-1 and 721-1.

2.5 Site shielding

In interference studies described in Report 396-5 (Annex VI) use is made of site-shielding information,
attributed to Report 724, but Report 569-3 contains a fuller treatment.

2.6 Interference and sharing studies

In Report 696-1, Report 238-4 is used as a basis for comments on sharing with trans-horizon radio-relay
systems; Report 539, on protection of radioastronomical observations on the Moon, makes reference to
Report 336.

Study Group 5 has produced Report 724-1, dealing specifically with the role of propagation factors in
coordination. It is not listed in § 1.1 of this Annex because, in principle the information therein stems from other
Reports and, with the exception of § 2.5 above, it is not referenced in Study Group 2 Reports. However, the Study
Group has an important interest in the Report, both as a user and as a contributor to its findings regarding the
Study Group 2 services.

ANNEX III

NOTE TO THE CHAIRMAN OF STUDY GROUP 1
SPURIOUS EMISSION LIMITS

Study Group 2, at its 1985 Final Meeting, has taken note of the urgent need for CCIR studies of limits of
spurious emissions from space stations, as prescribed in Recommendation No. 66 of the WARC-79 and amplified
in CCIR Administrative Circular 252. The current relevant Study Group 2 findings are given in Reports 697, 844,
980 and 987 and Recommendation 611. Study Group 2 interference criteria are given in Recommendations 363,
364, 578, 514, 314 and 611 as well as Reports 694 and 224. Having further noted the specific proposals in
Doc. 1/88(Rev 1), Study Group 2 provides the following comments with regard to the establishment of limits for
spurious emissions.

1. The general emission limits pro ed in Document 1/1024 are suitable, with minor modifications, for
initial establishment of guidelines. It-is noted that there are no Reports deriving these limits and that Report 697
indicates that they may provide insufficient protection in some cases. Modifications to the proposed limits are
suggested in § 2 below. General suggestions with regard to the further development of criteria on limits are made
in § 3 to 6 below.



XXIX

2, The following specific comments are made with regard to the draft revision of Note 13 of Recommenda-
tion 329-4 as proposed in Document 1/1024.

2.1 The required spurious emission suppression is vaguely expressed. The specified 50 dB of harmonic
suppression, relative to the power of the fundamental, should have an associated reference bandwidth. Such a
reference bandwidth could be as small as 1 Hz for the protection of phase locked loop receivers or as large as
1 MHz or more for the protection of wideband video and digital receivers. The proper choice is dependent on the
frequency band under consideration. As it stands, the 50 dB relative suppression might be associated with the total
power of all spurious emission components or with each particular component, excluding intermodulation
components. It is suggested that the initial Recommendation should specify the necessary bandwidth as the
reference bandwidth for both the “fundamental” and spurious emission.

2.2 Space station thermal noise emissions in adjacent bands should be excluded from the stated 50 dB relative
limit. The input S/N of a spacecraft transponder might be of the order of 20 dB to 40 dB in many cases.
Consequently, where only frequency translation and retransmission are involved, the noise is re-broadcast at .about
the same relative in-band levels. The associated spurious emissions may be subject to intentional or inherent
filtering in the transponder, but must be considered separately in much the same manner as close-in intermodula-
tion components. It appears to be reasonable to include thermal noise under the 30 dB suppression limit for
intermodulation.

2.3 The 50 dB relative suppression for all spurious emissions except intermodulation may not adequately
prevent harmful interference in all cases. However, it is noted that this level of suppression has been applied for
many years by at least one administration using hundreds of earth and space stations without any reports of
significant interference. The attribution of interference problems to spurious emissions is exceedingly difficult for a
variety of reasons, including the fact that the interference is often intermittent and of too low a level to facilitate
diagnosis.

24 The postulated specification of 30 dB suppresion for intermodulation emissions falling outside the
allocated band, with a 4 kHz reference bandwidth, is acceptable for the present time but this matter requires
further study.

3. In the long term, the specification of limits for spurious emissions from space services under Note 13. of
Recommendation 329-4 may be inappropriate. Many additional necessary provisions could be identified in the
future work, such as those described below. A more prominent specification may be desirable, perhaps in the form
of a separate Recommendation delineating the considerations that are unique to the space services.

4. The protection required by potentially-affected services in adjacent and harmonically-related bands will
differ significantly. A single set of limits applying to the whole of one of the ranges, 960 MHz to 17.7 GHz,
specified in Article 8 of the Radio Regulations, may be too general to protect effectively the various potential
victims and, at the same time, minimize the constraints placed on the space services. Also, a limit that is
practicable at one end of this broad frequency range (e.g. 960 MHz) may be unreasonable at the other end
(e.g. 17.7 GHz) because of the variation in filter capabilities. Consideration should be given to the long-term
establishment of limits for particular smaller frequency bands and the extension of the limits beyond 17.7 GHz.

5. The specification of separate categories of limits is appropriate for:
— intermodulation and thermal noise types of spurious emissions; and
— all other types.

From the perspective of required protection, limits of the first category are most strongly affected by
adjacent band and in-band allocated services, whereas the other category is dependent upon allocated services in
harmonically-related bands. From the perspective of constraints on the space services in meeting these limits, the
means for conformance with each category of spurious emission limits are different (e.g., harmonic filters and
bandpass filters/frequency assignment plans).

6. A single set of emission limits applying to both earth stations and space stations may not be appropriate.
The sensitivities of a particular victim service to earth and space station spurious emissions are likely to differ
significantly. This is primarily due to the differences in the interference paths and antenna couplings that are
generally encountered with space stations and earth stations.
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SECTION 2A: RESEARCH IN SPACE TECHNOLOGY

Recommendations and Reports

REPORT 672 ‘

A FORECAST OF SPACE TECHNOLOGY

(Question 15/2)
(1978)

1. Introduction

During 1975 the United States National Aeronautics and Space Administration conducted a. planning
study entitled “Outlook for Space”. An important aspect of this study was a forecast of advances in space
technology which could be expected to occur between 1980 and 2000 [NASA, 1976].

2. The forecasts

Between now and the year 2000 a great number of  advances are expected to occur in technology
applicable to space activities. These advances will bring about the feasibility of complex missions and systems of
benefit to mankind. The more important areas where advances are expected, and should be encouraged, are listed
below, and the expected advances are summarized in the remainder of this Report.

These advances will not occur spontaneously, but will be achieved by deliberate emphasis on research and
development in particular areas where advances will have the greatest impact on space capabilities. Therefore, the
summary in this Report covers both needs and anticipated advances.

— Instruments and sensors

— Data interpretation

— Precision navigation

— End-to-end information management

— ~ Communication elements

— Space energy converters

— Very-long-life components and systems

— Large-scale, reliable microcomponent utilization
— Large, controllable lightweight structures ‘

— Low-cost Earth-to-orbit transportation

— Nuclear space power and propulsion

— Advanced propulsion

— Autonomous spacecraft and vehicles

— Lunar resource recovery, processing and space manufacturing
— Planetary environmental engineering

— Closed ecological life-support systems

— Long-flight physio-psycho-socio implications

21 Instruments and sensors

The requirement for increasing the effectiveness and capacity of remote sensing systems stems both from
the global nature of the measurements, and from the extraordinary difficulty of achieving some of the required
measurement parameters.

Particle, optical and microwave sensing systems, both active and passive, will continue to be developed
with particular emphasis on frequency selection and low-cost designs. Instrument capabilities may be greatly
enhanced by technological advancement in space cryogenics, large lightweight optical systems, and large
space-erectible antennae.

Lightweight optical systems, employing continuously adaptable optical surfaces formed of multiple
elements, will permit extraordinary growth in the light-gathering capacity for both astronomical and remote
sensing applications.
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Due to increased sensor system capability, data handling needs will grow substantially. For example, by
the year 2000, imaging devices on Earth application satellites will be capable of returning a thousand times more
data than in 1975, that is, an increase from about 10'° bits/day to about 103 bits/day.

2.2 Data interpretation

The level and sophistication of theoretical models for the design and interpretation of remote sensing
techniques needs to be upgraded. As an example, the capabilities of radar and microwave radiometry to measure
desired quantities are only understood with any precision in a small number of areas and, even in those, there are
requirements for enhancement of modelling precision (e.g., temperature sounding).

Upgrading measurement conception, data interpretation, and modelling are necessary in order to permit
quantitative interpretation of remote sensing data in terms of quantities, and phenomena of interest to the user.

23 Precision navigation

High accuracy, in-orbit, position knowledge is intrinsic to many missions. Order of magnitude improve-
ments are required in gravity models, station location accuracies, and in atmospheric density effects, with
companion efforts in multilateration techniques for Earth orbit determination.

For interplanetary navigation, very-long-baseline-interferometry techniques will be utilized with extra-
galactic radio sources, eventually permitting angle measurements to spacecraft of 0.01 second of arc.

24 End-to-end information management

The steady and rapid growth in the amount of data collected in space and returned to the Earth will
necessitate radical improvements in the technology for acquiring, processing and disseminating this information at
low cost.

Many Earth-oriented activities, for example, those involving meteorological, agricultural, and marine
observations, will require major advances in information management systems to be put into operation on a
global scale. Future space information systems devoted to these applications will benefit significantly from the
miniaturization of processing and storing capabilities; from more sophisticated on-board software systems; from
more economical and efficient data distribution facilities; and from advanced methods for human-machine
interaction.

There will be a need for very advanced, reliable, economical, and high-capacity systems capable of
transferring information at gigabit/second rates, processing it as received, or as needed, preserving it in large
memories in flight or Earth-based systems, or making it available to users in a form that enables them to make
timely and effective use of it on a national scale.

2.5 Communication elements

Low-cost, large antenna apertures will be developed for use on Earth and in Earth orbit. These antenna
apertures will be required for a wide spectrum of space missions, ranging from radio instrument sensing at high
resolution, and spacecraft tracking throughout the solar system, to inter-stellar communication and the search for
extra-terrestrial intelligent life.

In addition to employment of classical large-dish reflector antenna techniques, development of low-cost
methods of arraying integrated dipole elements for achieving the required antenna aperture size will be pursued in
light of continued advances in LSI technology and microprocessors. In addition to the need for large-aperture
antennae, special antenna designs will be developed (in Bands 9 and 10) for radio sensing and satellite
communications. These designs will emphasize special coverage patterns, side lobe control and multiple frequency
and polarization operation. Lens antenna technology and small-element array technology will be used to a large
degree to provide these classes of antennae.

Large scale integrated circuit technology will be exploited to develop compact, integrated communication
systems composed of receiver amplifiers and transmitter power amplifier elements connected to their respective
antenna dipole array elements.
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Development of complex, high-data-volume, real-time digital processors is contemplated for a number of
information transfer applications such as radar imaging, random access satellite communications, and detection of
interstellar microwave signals in a search for extra-terrestrial intelligence (SETI). For SETI* applications, spectral
resolution to 0.1 Hz is necessary to detect weak, highly monochromatic signals.

2.6 Space energy converters

The attractiveness of collecting solar power in space and beaming it back to Earth depends on the
development of either low-cost photovoltaic solar arrays or solar energy concentrators with thermal converters
deployed on extremely lightweight structures. In the case of photovoltaic arrays, the high voltages and multi-
gigawatt power levels imply that the structural array must have extraordinary insulating properties. The complete
structure should be adaptable to space assembly and subsequent maintenance-free operation for many years.
Considerations of efficiency, radiation susceptibility, temperature, weight reduction and cost reduction; all present
challenges for new technology. In the case of the concentrators with thermal converters, the problems of
orientation, shape, thermal stability, and rigidity of large-scale structures are keys to the development of space
energy conversion.

2.7 Very-long life components and systems

Many candidate objectives warrant the utilization of space techniques only if the capitalization cost of the
missions or systems can be amortized over a long period of time, requiring little maintenance or resupply. For
example, a solar-power station in space might achieve a competitive position with alternative stations on Earth,
not only as a consequence of a reduction in the cost of the energy conversion system and the space transportation
costs to orbit, but also simply through the station’s operation over many maintenance-free years in space.

Systems properly designed for the environment of space often find space to be a benign environment.
Thus, the unique environment of space itself offers the opportunity for space application systems to compete with
Earth-based systems. Concomitantly, deep space missions, by the very nature of their long flights to their targets,
demand long-life systems lasting for decades.

2.8 Large-scale, reliable microcomponent utilization

The miniaturization of components will continue, altering the whole architecture of space and Earth
information systems leading, for example, to distributed systems with balanced use of standardized and
customized processor elements, arrayed in optimum fashion for their tasks.

Ultra-high-density microelectronics for information storage is an example of a necessary prerequisite to an
expanded and enhanced information management capability. Mass memory of 107 bits will be stored on a silicon
chip less than one square cm in area; present devices can hold less than 10* bits/chip.

The potential use of such large quantities of active devices places extraordinary demands on designing
reliable systems. These must be either component fault-free, heavily redundant, self-repairing, or a combination of
all of these attributes.

29 Controllable lightweight large-scale structures

A complete new technology is required for such structures so that they can be delivered into space,
unpacked, assembled, and maintained with the required precision in orientation, shape, thermal stability and
rigidity. Some of these structures will have dimensions of the order of kilometres and in many cases the shapes of
their surfaces will have to be controlled by servo-mechanisms to within centimetres or millimetres. Examples of
such structures include very large microwave reflectors, microwave antennae, solar-energy collectors, radiators,
solar sails, telescopes and enclosures for farms and habitats.

In additional to structural integrity and shape control, the dynamic interactions involved in the pointing
control of such structures are unprecedented.

2.10  Earth-to-orbit transportation-larger scale, lower cost

Space transportation technology advancement continues as a dominant need for certain missions to make
them cost-effective. The Shuttle transportation system can be expanded to full capability to give both improved
flexibility and lower cost for a variety of missions envisioned for the next 10 to 15 years. For more advanced
missions such as large orbital power plants, nuclear waste disposal, and assembly and processing operations in

*  See Report 700.
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space, and eventually bases or outposts in space, a new heavy lift vehicle can provide a factor of three or more
reduction in the cost of lifting massive quantities of material to low Earth-orbit. Other options include a number
of heavy lift vehicles which could prove feasible, such as a winged, single-stage-to-orbit vehicle or vertical takeoff
vertical landing vehicle. These designs could potentially lower launch costs to 50 dollars per kilogram.

2.11  Nuclear space power and propulsion

High levels of operational power must be supplied for long durations for missions where solar energy is
not available in sufficient quantities. One cost-effective solution is the employment of nuclear energy storage
converted to tens of kilowatts to megawatts of electric power in space. The shielding, safety and waste disposal
aspects of nuclear power in space are amenable to solution.

Radioisotopes provide a very efficient mechanism for storing energy. When used at power levels below
10 kW, *, in conjunction with thermoelectric or thermionic conversion, radioisotopes provide electrical energy on a
mass-per-unit energy basis three to four orders of magnitude more favourable than electrochemical batteries.
Projected improvements in thermoelectric or thermionic converters and in isotopic fuel will significantly reduce
costs from today’s levels.

For higher powers, 100 kW, to multi-megawatt, nuclear fission reactors will hold the same level of
mass-per-unit energy stored and reduce energy storage costs one to two orders of magnitude below that possible
with radio-isotropes. A fission nuclear power system of 100 to 500 kW, could be developed in the last decade of
the century. If nuclear propulsion is to be used for high-load transportation such as placement of solar power
stations in synchronous orbit, multi-megawatt systems must be developed.

2.12  Advanced propulsion

Storing and use of energy for propulsive purposes is a major cost factor in missions requiring high energy
provision (i.e., to the edge of the solar system and beyond, out of the ecliptic plane, to landings and returns from
extra-terrestrial bodies) and missions requiring transportation of very large amounts of matter (i.e., nuclear waste
disposal, solar or nuclear power stations in space and bases in orbit or on the Moon).

The high costs associated with heavy loads and long flight durations can be dramatically reduced by the
use of systems which accelerate the exhaust mass to very high velocity by electric or magnetic means, and which
employ energy stored in the nuclear states of matter or collected from the solar radiation in space. The
development of solar and nuclear-fission electric propulsion is expected in the next 20 years.

Even more advanced propulsion concepts, which would be brought into operation after the turn of the
century, offer the prospect of system mass per unit power levels two to three orders of magnitude less than solar
and nuclear electric propulsion. Systems utilizing gas core nuclear ﬁssmn fusion microexplosion and metastable
hydrogen rockets could provide such propulsion.

2.13  Autonomous spacecraft and vehicles

Already, we have seen the early steps in a technology to develop remote, adaptive human supervisory
control of space machines having some degree of autonomy. The use of semi-autonomous robots will require
on-board capabilities approximating those of present-day minicomputers, plus visual, manipulative and analytical
instrumentation, sufficient to permit a real-time (except for propagation delay) and high-level interaction between
humans and machines. These capabilities imply kHz to MHz channel rates, megabit on-board storage, microse-
cond operation times, and four- to ten-level hierarchical command structure. The high-density data storage and
end-to-end data management technologies mentioned earlier contribute to achieving these capabilities in semi-
autonomous spacecraft. To perform even the simplest tasks autonomously, machines must be given the ability to
acquire data from their environment, build models of them that incorporate prior knowledge, physical laws and
“common sense”, and use these models for task execution and problem solving.

* W, refers to electrical Watt.
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In deep épace, on missions requiring fast reaction time, round trip propagation times make Earth-based
navigation and control impractical. As such remote locations, machine autonomy is required to move safely from
one location to another, determine present location, implement control sequences and provide a desired set of
dynamic states independent of unexpected internal or external forces, equxpment failures or other unexpected
OCCUITENCes.

2.14  Lunar resource recovery, processing and space manufacturing

At some point in the future, it is estimated that it will become cost effective to process some minerals into
products on the Moon and transport them to facilities in Earth orbit or possibly on Earth. The obtaining of such
resources from space would ease the pressure on the demand for energy and minerals obtainable on the Earth.

Materials present on the Moon are: oxygen for life support and propulsion; metals (e.g., Al, Mg, Fe, Ti)
for structural materials and propulsion; ceramics and glasses for construction; silicon for photovoltaic devices and
thorium for nuclear breeder reactor fuels. The manufacturing and assembly of small components or modules into-
large structures in orbit could become a reality by using lunar materials. The special requirements of resource
recovery and processing in the lunar environment need to be examined now and developed over the next one or
two decades to prepare for potential opportunities near the turn of the century.

2.15  Planetary environmental engineering

Much of the monitoring of our environment’s subtle changes is available only through space activities.
Efforts to control future damage to the environment, and repair the damage already done, will be greatly
enhanced by the availability of global environmental information gathered from space. This enhancement may
well become crucial for the successful preservation of our environment.

Ultimately, once we have learned to preserve our own biosphere, the ability to shape nearby planet
biospheres as benign environments for human beings could become a reality.

[

216  Closed ecological life-support systems

At a certain crew size and duration ‘in space, the cost, mass and complexity associated with a closed
life-support system become less than that of resupplying expendables from Earth. A number of attractive space
objectives will ultimately reach this trade-off point and, since the development lead time is very long, it is
advocated that this general technology advancement begin with the last quarter of this century.

Even though it might not be possible to guarantee long-term fully closed operation, a vigorous pursuit of
this technology will permit substantial reductions in resupply.

Monitoring and control systems need to be developed for temperature, humidity and probably for CO,,
particulate and bacterial matter, and trace contaminants, even if major recycling is accomplished biologically.

2.17  Long-flight physio-psycho-socio implications

As human beings in greater numbers spend more time in space, the physiological implications must be
understood and dealt with.

Consideration has to be given also to the appropriate forms of social order for large space ventures.
Though the form that this order might take in a small and isolated community is now unknown, its components
include communications, aesthetics, education, law, entertainment, work products and other such elements that are
recognized as the hallmarks of successful human communities on Earth.

It will be necessary to translate our knowledge of social and political science to the space environment and
to understand the special problems and opportunities provided by this environment.
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3. Conclusion

The next 25 years will find mankind reaching further into space for not only purely scientific investiga-
tions, but also for Earth-oriented applications such as solar energy production, space processing and space
mining.

The growth and variety of future space operations is a precursor of the diversity of the frequency-use
needs of the space services.

REFERENCES

NASA [January, 1976] A forécast of space technology, 1980-2000. NASA-SP-387 (for sale by the Superintendent of Documents,
US Government Printing Office, Washington, DC 20402, Stock Number 3300-00641-1; Catalog Number NAS-1.21:387).

REPORT 546-3*

SPACE SYSTEMS TECHNOLOGY IN THE SPACE RESEARCH SERVICE:
ATTITUDE CONTROL TECHNOLOGY

(Question 15/2)
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1. Introduction

The determination and maintenance of proper spacecraft orientation is essential to the fulfilment of nearly
all space research and other missions. The accuracy and reliability of a spacecraft’s attitude control system (ACS)
affects many other satellite subsystems: above all, narrow beam antennas must be properly. aimed in order to
function effectively; solar panels will operate most efficiently when oriented normal to the sun line and sensors
must be precisely pointed to fulfil their proper functions. Earth-oriented satellites, with continuous orientation of
narrow beams toward specific locations on Earth require precise attitude stabilization,

This Report describes various technlques for attitude control and discusses some of the factors that affect
the accuracy of control systems. :

2. Background

The majority of satellites must be attitude oriented with respect to the Earth. Some experimental
communication satellites make use of high-gain narrow beam antennas which must be directed toward and
“locked” onto specific areas of the surface of the Earth. The Communication Technology Satellite (a joint United
States and Canadian project), for example, makes use of two steerable spot-beam antennas which can, on
command, be pointed independently anywhere within the field of view of the satellite. To point either of these
2.5° beams effectively, the attitude of the spacecraft must be determined and maintained to an accuracy of better
than 0.1°.

Earth exploration satellites and meteorological satellites using imaging sensors must function as extremely
stable platforms to prevent small satellite-motions from distorting or blurring the sensor images, while keeping the
Earth-viewing side of the spacecraft pointed at the nadir. Thus, the attitude control system on an Earth-oriented
spacecraft must rotate the Earth-pointing section of the spacecraft about its pitch axis (Fig. 1) preasely once each
orbit and simultaneously remove the effects of any perturbing torques in pltch roll or yaw.

Some spacecraft use the Earth as one of the principal reference bodies. The primary limitations of this
type of system arise from the Earth’s optically indistinct periphery which contributes to attitude-sensor error.
Another effect is the Earth’s oblateness or ellipticity which, if not allowed for, may induce errors in local vertical
determination. :

* This Report is brought to the attention of Study Groups 4, 7, 8, 10 and 11.
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FIGURE 1 - Attitude frame of reference

Other space research missions require that the spacecraft attitude control reference be obtained from
astronomical bodies other than the Earth. United States spacecraft, such as the Orbiting Astronomical Observatory
(OAO), Orbiting Solar Observatory and the MARINER and VIKING planetary missions, use the Sun or other
stars as references. Inertial reference systems such as that on the orbiting astronomical observatory, OAO-3, using
gyros, four gimballed star trackers (providing data to control momentum wheels), and a fine star-sensor which
operates through the experimental telescope, have reduced pointing errors with respect to the target bodies, to less
than 1 arcsecond.

The intrinsic accuracy of an attitude control system is limited by the physical alignment of the sensors, the
structural and thermal stability of the platforms and the resolvability of the reference point used. The haziness of
the edge of the Earth and, to a lesser extent, the haziness of the apparent disc of the Sun, limits the accuracy of
any attitude control system which uses either of these two bodies as a reference. The use of point sources, such as
stars, for attitude reference permits more accurate attitude sensing. This is true to an even greater extent for a
satellite for which the primary attitude reference system is an integral part of the experimental observation system
(e.g., a star telescope).

3. Perturbing torques

The existence of perturbing torques on a spacecraft as a result of its interaction with the space
environment, makes constant adjustment of the spacecraft attitude a necessity. Thus, detailed information
concerning the perturbing torques is a basic prerequisite for the design of an attitude control system. The relative
importance of the particular torque depends upon the configuration and orbit parameters of the specific.
spacecraft. The major sources of disturbance torques are the gravity gradient, the Earth’s magnetic field, solar
radiation pressure, aerodynamic pressure, meteoritic impacts, internal mass shifts and the flexibility of the
spacecraft. Each of these is discussed briefly in the following paragraphs.

3.1 Gravity gradient

A body of finite size in orbit in a gravitation field will experience a gravity gradient torque. In a passive
satellite this torque will cause the spacecraft to oscillate, which is usually undesirable, but through deliberate
design the gravity gradient can be used to provide coarse passive attitude control.

3.2 The Earth’s magnetic field

The torques due to the coupling of the magnetic field generated by a spacecraft, and the magnetic field
due to external sources (primarily, the Earth’s magnetic field) can also disturb spacecraft attitude. Proper shielding
on the spacecraft can reduce these effects considerably; or, in some cases, the effect may be used as a
counter-torque for the momentum wheel, or as a primary torque.
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33 Solar radiation pressure

The torque caused by solar radiation and the solar ionic “wind” pressure can also perturb the spacecraft
attitude. The magnitude of this torque, which is cyclic if the spacecraft is Earth oriented, will be a maximum for
complete reflective surfaces and smaller in the case of an absorbent body.

In the case of a geostationary satellite, the solar radiation torque is dominant. Its magnitude depends on
the shape and the surface material of the satellite and has seasonal variation due to the variations of Sun angle
and the received solar radiation intensity.

By using measured solar radiation torque data, attitude prediction and correction planning of a spin-
stabilized satellite are possible by calculation based on a simple model of the satellite attitude dynamics as shown
in Annex II. Other perturbing torques of this nature also exist, for example, torques caused by cosmic rays, but
the magnitude is usually small compared with that due to the Sun.

34 Aerodynamic pressure

Aerodynamic forces become significant or dominant for spacecraft in low-altitude circular orbits or in
eccentric orbits with low perigees. The effect of aerodynamic pressure can usually be minimized through careful
design of the configuration and shape of the spacecraft to minimize and equalize drag; and by the use of a higher
nominal spacecraft orbital altitude.

3.5 Impact by meteorites

The angular momentum imparted by the impact of meteorites upon the spacecraft can usually be estimated
statistically, that is to say, by determining the probability of meteorites of various masses striking a given satellite
and the resulting magnitude of momentum transfer. :

3.6 Internal mass shift and structural flexibility

The relative movement of antennas, cameras, solar panels, live occupants and fuel will result in torques on
the main body of the spacecraft, and these torques are difficult to analyse. Because these moving parts must first
be accelerated and then decelerated to obtain a new position, some of these torques are cyclic in nature. Structural
flexibility may cause false attitude error signals and could resonate at the frequency of the attitude control
system (ACS). Such problems are becoming more common with large solar array configurations. Qutgassing and
gas leaks can also cause disturbance torques.

4. Attitude sensing

The principles and devices which can be used to establish attitude reference systems (to sense the attitude
or angular velocity of a vehicle) are of prime importance in today’s high accuracy control systems. Since the
accuracies of attitude control systems are bounded by the ability to sense attitude errors, much effort has been
directed toward attitude sensing instrumentation. The following sections briefly describe some of the techniques
which are employed in this fundamental and essential aspect of satellite attitude control.

4.1 Sensing with reference to the Earth or the Sun

It is a natural advantage to use as a reference target the celestial body of experimental interest. This is the
case with most near-Earth satellites which use the Earth’s line of maximum atmospheric gradient (tropopause) as a
means of locating the centre of the Earth. The sensors may operate in response to the Earth’s far infra-red
radiation (> 8 um) with such devices as thermistor bolometers, pyroelectric detectors, or-thermopiles or the
sensors may use the scattering of reflected sunlight (Earth’s albedo) as an indicator (e.g. by means of silicon
photocells, or photo transistors). The most widely used spectral band for defining the Earth’s disc has been the
14.0 to 16.3 pm band which is associated with CO, absorption.

Basically, these sensor systems either bisect the angle between the opposite horizons or detect the
instrument off-axis angle to the horizon, to sense local vertical error. Horizon sensors may be used in wide-angle
systems which produce a conical scan of the reference body, in edge tracking systems which lock onto the
maximum gradient line of the body, or in radiometric balance -systems which compare the radiation received from
opposite horizons of the reference body. »
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The factors which contribute the largest error in this determination of the local vertical with earth sensors
are the resolution limit at the tropopause and the constantly changing oblateness effects of the Earth.

Infrared sensors detect the “centre” of the Earth’s infrared image; this “centre” is virtually the same as the
sub-satellite point, so that these sensors give no information on satellite movements around the yaw axis.

In the case of present satellites in the geostationary-satellite orbit which have sufficient kinetic moment,
yaw is detected indirectly every six hours by the exchanges between the roll and yaw axis.

The irreducible bias introduced by the infrared sensors is 0.02°: this is the minimum intrinsic contribution
of the infrared sensor to the total pointing error balance, which might be achieved in the 1980’s. At present, the
intrinsic infrared sensor error has a random component of between 0.01° and 0.05° at 3c.

Solar reference sensing is conceptually similar to earth sensing with reference to the Earth. Although
higher pointing accuracies with respect to the Sun may be achieved (a few seconds of arc); due to the Sun’s more
readily defined apparent disk, additional errors are introduced in co-ordinate transformation of this data to an
Earth-pointing mode.

42 Sensing with respect to celestial bodies

The use of point sightings on distant stars such as Canopus or Polaris has indicated that stellar reference
systems can offer more accurate attitude determination capabilities than earth sensors because of a star’s low and
predictable relative motion over long periods of time and its high angular resolvability.

If star sightings are used to establish an earth-centred local vertical, the computation of the reference
system co-ordinate transformation involves knowledge of the “true” geographical location of the spacecraft which
may be obtained only within the limits of present-day abilities in orbit determination.

Star sensors .may operate on a tracking or mapping principle. Star trackers usually sense in two axes to
enable versatile pointing. Either mechanical gimbals or electronic offset may be used. Servo-mechanisms mounted
on each axis drive the trackers to acquisition, and the offset angles provide measurement data in a code suitable
for use in the computer. ,

Sensors which operate on a star mapping principle have received attention recently because of their
mechanical simplicity. They do not involve servo loops, encoders, or a gimbal axis. A computerized star catalogue
and pattern recognition system identifies star fields and determines the relative position.

Considering the accuracies usually obtained with star mapping sensors, launch and orbit thermal stresses
are a major design consideration and necessitate periodic tracker misalignment corrections. For example, the
OAO-2A star tracker misalignment errors with respect to the spacecraft, were from two to five times larger than
the desired pointing accuracy and were the results of both thermal- distortions and misalignments arising from
vibration during the powered phase of the launching. This necessitated calibration and compensation of the
sensors after launching, to achieve the desired pointing accuracy.

OAO-3 uses gimballed star trackers to adjust momentum wheels for coarse stellar reference, to bring the
star telescope into its field-of-view of four minutes of arc, and also uses a body-fixed star sensing system which
operates through the experiment telescope. Since the sensor optical axis is that of the experiment, and is
body-fixed, the system has enabled the OAO-3 spacecraft to point to its experimental target to within about
0.01 arc seconds of jitter. The variations in pointing error are primarily due to thermal stresses (day-night
operation) and to orbital position.

4.3 Inertial sensors

Inertial systems use the gyroscope as the prime sensing device. The simplest, a set of three orthogonal
body-mounted rate integrating gyros, is capable of high accuracy error sensing. Another application of the
gyroscope is as a gyrocompass for the detection of yaw deviation out of the orbit plane, assuming that the
direction of the local vertical has been independently established. Inertial sensing may also take on the form of a
rate gyroscope which measures the velocity of the body and resolves it into body-fixed co-ordinates, and thus acts
as an indicator of the damping required. The main drawback with body-mounted rate-integrating gyro sensors is
that the motion of the reference frame, which is not a measure of attitude, must be taken into account. Gyro drift
must be continually accounted for.
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44 Radio-frequency sensing

An alternative to earth sensing is provided by radio-frequency (RF) sensing, where antennas and circuitry
aboard a satellite determine the orientation of an RF signal arriving from a ground based beacon. This class of
sensor seems a natural one for communications satellites since communications equipment will already be on
board and many perturbations affecting the attitude signal will also modify the communications transmission in a
like manner.

RF sensors include monopulse and interferometer types, both of which operate on the general principles of
monopulse radar tracking systems, processing phase or amplitude information from either single or multiple
antennas [Skolnik, 1970].

With RF sensors it is easier to determine the off-boresight angle of the signal, (i.e. azimuth and elevation,
or in spacecraft co-ordinates, roll and pitch) while rotation about the boresight (the yaw angle) is more difficult to
measure accurately. Yaw may be calculated by measuring rotation of a polarized signal from a single beacon, by
processing roll and pitch from each of two beacons separated by the maximum baseline possible, or by processing
additional information from Earth, Sun or star sensors. There are drawbacks to each of these yaw measuring
options. The polarization orientation is affected by Faraday rotation and orbital parameters, as well as by
differential rotation and phase shift caused by weather conditions. Yaw calculation from two earth stations suffers
from the relatively narrow angle subtended at the spacecraft by the Earth, while yaw estimation from Earth, Sun
or star sensor information entails the inclusion of an additional sensor aboard the spacecraft.

Despite these undesirable effects on yaw computation, RF attitude sensing is still a viable and promising
approach, especially since for synchronous communications satellites, the yaw angle error affects beam pointing
less than either roll or pitch errors. Indeed, RF attitude sensors have been flown and more are being selected for
projected missions, having accuracies of the order of + 0.05° for roll and pitch, and about + 0.5° for yaw. The
basic sensor is capable of considerably greater accuracy, but a disproportionate degree of compensation for the
various perturbations becomes necessary. [Mamen, 1973; CCIR, 1974-78.]

45 Attitude determination using a laser

Some new methods using lasers are available for the orientation of antennas or detectors on spacecraft
toward specific locations on the Earth. An Earth laser beacon sensor for Earth-oriented geosynchronous satellites
has been proposed [Sepp, 1975], and in [Aruga and Igarashi, 1977] a new attitude-determination method has been
proposed. The latter system consists of a transmitter of a linearly-polarized laser beam on the Earth, and receiving
equipment on a satellite. The distinctive feature of this method is its complete attitude determination (the three
elementary angles can be determined) using the laser and its polarization. The accuracies of determination are
estimated to be 10~* radian (0.006°) or better for the angles corresponding to roll and pitch, and about 10-2
radian (0.6°) for the angle corresponding to yaw. The ground-based laser beacon technique is applicable to
absolute location. calibration in earth observations from space as well as to spacecraft attitude determination and
antenna orientation. This technique is especially useful for geostationary satellites since the ground laser station
observed from the geostationary spacecraft stays fixed in the geocentric coordinates. The accuracy limitation of the
earth laser beacon as a reference point is finally decided by the effect of the terrestrial atmosphere. A recent
experiment [Aruga et al., 1985] shows that the limitation is smaller than 30 urad (=0.002°) for geostationary
satellites.

4.6 Other considerations (geostationary-satellite orbit)

In normal mode, the kinetic moment of the satellite is high enough to maintain a quasi-inertial pitch axis
and to provide adequate satellite rigidity in its movements around. the yaw axis.

In positional corrections on orbit, torque effects are applied by the working jets. Since the pitch axis can
no longer be considered as quasi-inertial, its movement has to be detected during these operations by measuring
the yaw angle.

Several types of sensor are used for this purpose: solar sensors, integrating gyrometers or possibly, stellar
Sensors.
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s. Attitude control elements

The achievement of the desired satellite attitude may be accomplished by the use of active or passive
devices. The following two sections briefly describe these two categories of attitude control elements.

5.1 Passive devices

Of the perturbing torques described in § 3, the gravity gradient, magnetic field and solar pressure may be
used constructively as primary or secondary attitude control elements. Although these may provide only coarse
attitude control and are useful only at altitudes where their effects are large compared to other orbital
perturbations, passive devices have the obvious advantage that they do not consume spacecraft resources.

5.2 Active devices

Active control devices, unlike passive devices, use spacecraft power for attitude control. The most common
types are angular momentum-exchange devices (flywheels, control moment gyros) and momentum-elimination
devices (reaction jets, magnetic coils).

Techniques which use fixed-axis variable-speed flywheels have long been considered more desirable than
passive devices because of the higher degree of pointing accuracy attainable with their use. Their operation is
based on the principle that an external torque applied to a spacecraft may be countered by an appropriate change
in the rate of angular momentum of the vehicle (torque being the first derivative, with respect to time, of angular
momentum). Essentially, perturbing torques on a spacecraft may be countered by varying the angular speed of the
flywheel about its axis or through gyroscopic precession.

Control moment gyros (CMG’s) operate on the same momentum exchange principle as the variable-speed
flywheel. A CMG is a constant-speed flywheel which is gimballed about one or two axes in such a way as to
allow the angular momentum axis to be skewed through an angle which may attain, theoretically, 90°.

In considering perturbation torques which are cyclic, for example, the oblateness effect of the Earth, or the
gravitational cycle of the Sun, flywheels and CMG’s may, in some cases, be designed to “absorb”, (for example
by limited control of their speed and/or orientation), these cyclic perturbations, the cumulative effects of which
are essentially zero over one complete cycle. Otherwise, for the case of secular torque, such as solar pressure,.these
devices must be desaturated periodically so that wheel speed or gimbal angle limits are not exceeded. For this
reason, flywheels and CMG’s are usually best suited to inertially oriented payloads, rather than earth pointing
satellites.

Mass expulsion control systems (reaction jets) differ from flywheel and CMG control in that momentum is
disposed of rather than stored. Of the various techniques of mass expulsion the most common are cold gas
systems, which employ the escaping stored gas to produce the restoring force, and monopropellant and hypergolic
systems, in which momentum is produced by chemical reaction. Since reaction jet systems use expendable
propellants, the momentum required to perform the various mission functions must be determined and provided
for beforehand. This contrasts with on-board closed-loop null-seeking systems, such as momentum wheels
and CMG’s. This is an obvious disadvantage of the use of reaction jets as the primary attitude control subsystem.
Another point of consideration is that regardless of the smallness of the impulse required to re-orient the
spacecraft, a precisely equal and opposite impulse needs be provided to arrest the resultant angular motion of the
spacecraft at the appropriate point.

6. Attitude control systems

6.1 Passive systems

When pointing accuracies are not stringent and when long satellite lifetimes are desired, passive attitude
control systems may be employed. Some of the perturbation torques can be used for satellite attitude control, for
example, gravity gradient, the Earth’s magnetic field or the solar radiation pressure. A typical method of passive
attitude control is the gravity gradient method. The Dodge satellite, for example, made use of a gravity-gradient
effect by means of extendable booms. ‘

The basic principle of attitude control by gravity gradient is that a satellite in a gravitational field, having
a moment of inertia about one axis which is less than those about the other two axes, will experience a torque
which will tend to align the axis of least inertia with the local gravity gradient vector. In this system, an
undamped oscillation about the control axis would result from the action of external torque disturbances. A
passive device is usually used to damp out these oscillations. The pointing accuracies which can be achieved by
this means are generally no better than a few degrees.
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6.2 Spin stabilization

Spin ‘stabilization is an accepted means of maintaining spacecraft attitude because a spinning body has an
inherent resistance to torques tending to disturb the spin axis. As a result of internal and external disturbances, the
spin stabilized satellite will generally exhibit wobble or coning of its spin axis. A damper performs the function of
dissipating the energy associated with this motion, eventually causing the spin axis to align itself in the desired
attitude within preset limits. Generally, the spin axis is the axis of greatest moment of inertia (nutationally stable
axis) and will become perpendicular to the orbit plane, because of the gravity gradient torques, which precesses
the momentum vector to the normal.

6.3 Dual-spin stabilization

Dual-spin stabilization uses the same basic principle to achieve attitude control system; a part of the
satellite rotates about its spin axis at a predetermined rate. The momentum caused by the spinning portion of the
spacecraft tends to lend gyroscopic stability to the attitude of the vehicle. The remainder of the spacecraft is freely
mounted about a shaft passing through the spin-axis of the spacecraft, and is rotated with a very low angular
velocity, in the opposite direction to the spinning body. The velocity, typically one revolution per spacecraft orbit,
is maintained by active control loops so that the de-spun platform points to the Earth or other reference within
the limits of preset errors.

The alignment of the de-spun platform shaft and the main spin axis is critical to the performance of the
dual-spin system. Any misalignment will tend to make the de-spun platform unstable and thus degrade the
accuracy of the system. The coning motion caused by the misalignment is termed “wobble”. Wobble can be
eliminated by adjusting the position of two or three masses on a satellite spinning body [Nakatani and
Izumisawa, 1977; Wright, 1974]. Also, as in passive-spin stabilization, damping of spacecraft nutation is necessary,
especially if the spin axis.is the axis of minimum moment of inertia.

An example of advances in the development of dual-spin technology is demonstrated by Intelsat-IV.
Developments in bearing and power transfer assemblies, which form an interface between the spun and de-spun
platforms, allow the realization of the advantages of mechanically de-spun antennas; as compared with
electronically de-spun antennas having an equivalent number of elements and in which the ferrite phasing
networks incur an insertion loss of 2 dB or more. The bearing and power transfer assembly incorporates a motor
with permanent magnet armature and a field coil to produce the torque to counterbalance friction effects on the
bearings and slip rings. A labyrinth seal, a polymer elastic reservoir, and an impregnated bearing retainer ensure a
lubricant lifetime of an order of magnitude greater than anticipated mission life of seven years.

An important feature of Intelsat-IV’s stabilization is the fact that rather than being spun about its axis of
greatest moment of inertia, in which case energy dissipation within the rotor would not tend to destabilize the
satellite, it was arranged to take as the spin axis, the axis about which the moment of inertia was the least (this
depending on spacecraft volume and mass distribution design considerations). To counteract the destabilizing
force associated with the choice of spin axis, an active nutation damper system was required on the non-spinning
platform for dissipation of the energy.

6.4 Three-axis stabilization

Generally, three-axis orientation for an earth orbit is such that the spacecraft pitch axis is parallel to the
normal to the orbit, the roll axis is parallel to the local horizontal, and the yaw axis is maintained parallel to the
local vertical. This set of orthogonal co-ordinates makes one revolution about the pitch axis in one orbit period
thus maintaining an Earth-pointing yaw axis. Three-axis stabilization may be desirable to point an experiment, or
may be necessary when spacecraft power considerations necessitate a constant, or nearly constant, orientation of
the solar panel to the Earth-Sun line; this cannot be achieved in a spin stabilized vehicle where effective solar
array area is limited to the geometrical projection of the spacecraft surface area.

Three-axis stabilization may be achieved by mass expulsion techniques or, in appropriate instances, by
passive environmental effects employed solely as the momentum-correction devices. Typically, however, these
techniques are used in conjunction with reaction or momentum wheels which provide primary control in attitude.
An external torque applied to the spacecraft may be countered by means of control loops which feed
attitude-error signals from sensors to the momentum wheels to produce a time rate of change in the wheel
momentum. Since momentum devices have limited momentum storage, this type of attitude control system must
be augmented with reaction jets or with a magnetic torquing system so that the increasing wheel momentum may
be reduced periodically.



Rep. 546-3 13

Techniques of using flywheels and CMG’s in conjunction with reaction jets or some passive means of
reducing wheel momentum vary widely and their design depends primarily on mission requirements.

The medium-scale broadcasting satellite for experimental purposes (BSE) of Japan uses the zero-
momentum three-axis method of stabilization as the attitude control system. The attitude errors are fed from the
three types of sensors: the Earth sensor, the radio-frequency sensor (both fixed to the body) and the Sun sensor on
the solar paddles. This system realized dynamic errors of the attitude control within + 0.03° for pitch and roll by
the use of an Earth sensor, and generally within + 0.3° for yaw by the use of a combination of a radio-frequency
sensor and an Earth sensor. It was noted that for short duration periods the errors exceeded these values due to
the zero-crossing of angular velocity of the wheel and the interference of the Sun to the Earth sensor
{Shimizu, 1980].

Through the multipurpose use of a single, speed-modulated, double-gimballed, control-moment gyroscope,
the Molnya-I communication satellite, has achieved three-axis stabilization which alternates between solar
orientation for solar panel efficiency and Earth orientation for communications. Speed modulation is needed to
counter the effects of the satellite’s highly eccentric orbit.

A dual-spin technique, known as “Stabilité”, employs a single reaction wheel as the only moving part of
the attitude control system to maintain pitch axis orientation. Roll and yaw control in this system is maintained
by the stored momentum and precessed by torque produced by the Earth’s magnetic field. If magnetic torque is
not applicable because the altitude is high and therefore the magnetic field is weak (and variable), reaction jets
may be necessary to supply roll and yaw control. Pointing accuracies of + 0.1° may be attained about all three
axes, and with more advanced attitude sensing instrumentation this accuracy may be improved.

The Communication Technology Satellite (also known as Hermes) used a system with a momentum wheel
and offset thrusters for three-axis stabilization of a geostationary satellite. The primary components of the system
were an Earth sensor, a momentum wheel with axis parallel to the pitch axis, offset thrusters having a torque
vector in the roll-yaw plane and control electronics. The Earth sensor provided pitch and roll error signals to the
control electronics. The gyroscopic properties of the wheel coupled the roll and yaw dynamics and eliminated the
need to sense yaw error directly. Pitch control was obtained by accelerating or decelerating the wheel about its
nominal speed in response to a control signal derived from the pitch error. Roll and yaw were stabilized by the
gyroscopic stiffness of the momentum wheel. Small roll and yaw errors were corrected by automatic firing of the
offset thrusters in response to a control signal derived from the roll errors. The performance and flight operations
experience are outlined in [Vigneron and Millar, 1978]. The system successfully stabilized Hermes for the four-year
duration of the mission. It performed as designed, except for occasional minor temporary malfunctions of an
Earth sensor, and a minor occasional transient associated with the bearings of the momentum wheel. The pointing
error of the communications antenna was deduced from flight measurements to be + 0.09° in pitch, + 0.1° in
roll, and # 0.5° in yaw during the normal operating mode. In the mode during which desaturation of the
momentum wheel was occurring the pointing errors were within + 0.6°, + 0.11°, and + 0.5° in pitch, roll and
yaw respectively. - :

Skylab had primary (solar and Earth), as well as secondary, (celestial) space targets necessitating the use of
three-axis stabilization provided by sensing rate gyroscopes, a Sun seeker, a star seeker and a control moment
gyro-system which consisted of three mutually perpendicular CMG’s for primary attitude control. Desaturation of
the control moment gyroscopes was provided by reaction thrusters.

Spacecraft designed to view celestial objects will in general require three-axis stabilization for multi-target
viewing. For example, the inertially-referenced OAQ-3 is equipped with gimballed star-trackers for coarse attitude
sensing and a fine error sensor operating integrally with the astronomical telescope. Error signals derived from
equal outputs of the starlight passing through a diffraction slit are processed to drive fine adjustment inertia
wheels on the appropriate axes. Continuous wheel desaturation is provided by magnetic torquing. This system has
provided stellar pointing to the order of milliseconds of arc.

6.5 Orbit position corrections

In addition to the sensing of and reduction or elimination of attitude errors, it is necessary from time to
time to correct the orbital position of a geostationary satellite. During these position corrections, the attitude
stability of the satellite may be temporarily degraded.
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In the case of a spin-stabilized satellite, pointing accuracy may be temporarily degraded due to the spin
axis nutation which is induced when an axial thruster is fired for the purpose of corrections of the attitude or the
orbital inclination.

In the case of a three-axis stabilized satellite, attitude control systems use servo devices with an error
detector in normal mode in the form of either an infrared sensor or an RF sensor. During orbital position
corrections, these sensors are backed up by a yaw sensor.

The actual orbital correction phase may last less than an hour with conventional high-thrust propellants
(hydrazine) or several hours with very low-thrust propellants (ionic drive). It is followed by a residual oscillation
phase, particularly on direct TV broadcasting satellites using large solar generators, which always have a degree of
mechanical flexibility.

With the conventional hydrazine systems in current use (high-thrust), corrections have to be made at
intervals of about two months; with low-thrust ionic propulsion, corrections will be carried out almost daily.

The time of day, or night, exactly twelve hours later, at which these manoeuvres have to be performed,
varies throughout the year, since it is linked to the orbital precession, so that the inclination may be corrected
either on the ascending or the descending node. N

With regard to pointing accuracy during orbital corrections, Table I sums up the main factors involved for
telecommunication satellites (solar generator power of less than 2.5 kW, satellite weight 700 kg).

7. Prospects and limitations

The importance of precise attitude control increases as the beamwidth of a satellite antenna decreases, with
a corresponding decrease in the service area of the satellite on the Earth. The relationship between attitude control
perturbations and displacement of the aiming point of a geostationary satellite antenna are discussed in Annex I,
for the attitude frame of reference given in Fig. 1.

TABLE 1 — Effect of thrust level on accuracy of attitude control loops during
orbital position correction

Current systems (hydrazine) Future systems
(ionic propulsion)
AOCS without degree AOCS one degree AOCfooneadegree
of freedom (1 of freedom (2) ol treedom

Correction time (hburs) 0.45 0.45 2
Thrust (mN) 1500 1500 20
Control Roll and pitch 0.08° 0.06° 0.05°
accuracy Yaw 0.35° 0.25¢ 0.12°
Correction time minimum Vminimum
margin 3) 30 minutes 30 minutes

AOCS: Attitude and Orbital Control System.

(1) The directiop of the kinetic moment is fixed in a trihedral system tied to the spacecraft.
(2) The direction of the kinetic moment is variable in a plane cohtaining the pitch axis of the spacecraft.

(3) The normal correction time varies with time. A time of day or night may be selected depending on whether correction is
made on the ascending or descending node of the orbit. \

Since the ultimate accuracy of any attitude control system is a function of attitude-error determination,
both the sensors and the sensed targets chosen as references are important. Systems design must be based upon
basic mission requirements, weight, cost and reliability.
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Earth-oriented systems employing the Earth as the prime attitude reference body are orientation-limited to
about 0.1°. Removal of atmospheric and oblateness effects by the use of an on-board computer will allow the
pointing accuracy to be improved to about 0.05° in the near future.

The likelihood of improving low Earth-oriented, Earth-sensing systems to better than 0.05° is small. If
higher Earth-pointing accuracies are required, the use of Sun or star sensors is indicated. In Earth-oriented stellar
tracking systems, transformation of stellar-reference co-ordinates is limited by the present-day abilities of orbit
determination with respect to the Earth. The first National Aeronautics and Space Administration attitude control
system of this type will be used on the Earth Observation Satellite (EOS). The EOS is expected to be capable of
providing a 0.001° pointing accuracy with respect to the Earth, by means of both a gimballed star-tracking system
and an on-board computer system, which will provide orbit determination errors of less than about five metres.

Inertially referenced spacecraft such as OAO have shown that extremely accurate pointing with respect to
astronomical bodies may be achieved (within milliseconds of arc). Such accuracies are possible through the use of
experiment sensors and attitude sensors operating in co-ordination.

With angular pointing requirements of a few seconds of arc, design control of structural and thermal
deformation of the spacecraft is extremely important. Very slight deformation in the spacecraft, especially if in the.
neighbourhood of an attitude sensor, may result in relatively large errors in the spacecraft’s attitude-keeping
capability. Also, when considering attitude control errors of the order of 0.001°, the overall ability of a satellite to
point to a particular location on the surface of the Earth is no longer primarily a function of the attitude control
system. Rather, an equivalent contribution of pointing error can be caused by uncertainties in ephemeris data. For
example a pointing uncertainty of 0.001° will produce a pointing error of about + 9 m from a 500 km orbit. This
is of the same magnitude as the orbit determination accuracy expected in the near future.
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ANNEX 1

IMPACT OF ATTITUDE CONTROL ERROR ON THE COVERAGE
AREA OF A GEOSTATIONARY SATELLITE ’ L

1. Introduction

The purpose of this Annex is to describe the impact of errors in a geostationary-satellite attitude control
system on the service area of the satellite. Although the importance of this effect is highly mission dependent, this
Annex presents a snnphﬁed description of the impact of rotational errors in geostationary-satellite pitch, roll and
yaw axes.

2. Attitude frame of reference

Figure 2 presents the orientation of the pitch, roll and yaw axes, déscribed in Cartesian co-ordinates, of a
typical geostationary-satellite. The figure also shows the desired boresight of the satellite antenna (point P) and the
sub-satellite point S. The displacéement of point P for small rotational errors about each of the three orthogonal
spacecraft axes are described in the following sections. ~

2.1 Pitch axis

Figure 3 presents the effect of rotation about the satellite pitch or Y axis. Such a rotation would cause the
satellite Z axis to be displaced east or west on the equator. . .

FIGURE 2 — Satellite coordinate system
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FIGURE 3 — Pointing error due to pitch axis error

The displacement of pbint P in km is a function of the pointing angles measured at the spacecraft. For
pointing locations near the equator (or satellite pointing azimuth of 90° measured from North) the boresight
displacement is approximately:

d, = R.[sin™! {ksin (@ + Ay)} — Ay — sin~! (ksin a)] % km ' ()]

where:
R, : equatorial radius of Earth (km) -
k= (R + h)/R,
h: geostationary altitude (km)
o: elevation angle from satellite to point P (measured from nadir in degrees), and
Ay: rotationél error about pitch or Y axis in degrees.

- Figure 4 presents the sensitivity of antenna boresight point displacement as a function of pitch error (Ay)
and elevation angle (&) for pointing locations on or near the equator.

For Earth pointing locations on or near the satellite meridian (satellite pointing azimuth of 0° measured
from: North), the elevation angle 0. does not significantly impact the displacement error, and the boresight
displacement is given by: .

d ~h-Ay — km ’ ¥))

Figure 5 presents the sensitivity of antenna boresight displacement error to pitch errors for Earth pointing
locations on or near the satellite meridian.

Figure 6 is presented as an example of the sensitivity of boresight displacement error to pitch or roll errors
at 45° pointing azimuth (in any quadrant).
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2.2 Roll axis

Figure 7 presents the effect of rotation about the satellite roll axis. The distance that the boresight of the
antenna would shift is derived similarly to that in § 2.1 of this Annex. The figures in § 2.1 presenting the results of
pitch error (Figs. 4, 5 and 6) apply also to roll errors in the following manner. Figure 4, which shows
displacement due to pitch errors for a pointing azimuth of 90°, also shows the displacement due to roll errors for a
pointing azimuth of 0°. Likewise Fig. 5, showing boresight displacement due to pitch errors for a pointing azimuth
of 0°, also shows the displacement due to roll errors for a satellite pointing azimuth of 90°.

FIGURE 7 — Pointing error due to roll axis error

23 . Yaw axis

Figure 8 presents the effect of rotational errors of the satellite about the yaw, or Z axis.- As can be seen,
point P would be displaced both in latitude and longitude. .

FIGURE 8 — Pointing error due to yaw axis error



20 Rep. 546-3

Errors in the satellite yaw axis produce corresponding one to one errors in the azimuth pointing direction
of the satellite. Therefore, in order to determine the location of point P’ as a function of yaw errors, it is
necessary to determine the changes in latitude and longitude of P as a function of changes in pointing azimuth.
The latitude of point P (®) is related to, the azimuth and elevation pointing angles of the satellite as follows:

® = sin~' [cos (4;) sin [sin~! (k sin (@) — o] 3)
where:
A, : pointing azimuth of the satellite (degrees measured from North)
The change longitude () of point P (from the sub-satellite point S) is given by:
¥ = tan~! [sin (4,) tan {sin~! (k sin (o)) — a}] (4
The sensitivities of ® and ¥ to small changes in azimuth are given by:
de _ —asin (4,) ©)
d4, V1—{acos(4,))2
where: '
a = sin [sin~! {k sin ()} — 0]
and, -
. d¥ . bcos (4,)
- e ®)
d4, 1 — {bsin (4,)}
where:

b = tan [sin~! {k sin’(a)} - o]

For a given elevation angle, a and b are constant.

Figure 9 presents the distance from P to P’ based on the above changes in latitude and longitude of the
antenna boresight. The distances are presented as a function of the error in yaw (Z axis) and parametrically for
various satellite antenna elevation angles (measured from nadir). As can be seen, at high elevation angles
(i.e., especially approaching the Earth’s limb at 8.5°), the maximum error induced by a 1° error in yaw control is
of the order of 90 km.

An approximation of the allowable error in yavs'/ rotation (A z), such that the displacement of point P does
not exceed that induced by errors of Ay or Ax in pitch or roll respectively, is derived below:

d, = ke Az {sin~! (ksin a) — a} Tgﬁ km NG
and,
dyor d, = R,[sin™! {ksin (@ + Ay)] - Ay — sin~! (k sin o] % km o ®
where:
d,: distance traversed by point P due to a rotation about the yaw axis of Ay

d, or.d,: distance traversed by point P due to a rotation about pitch or roll axis of Ax or Ay.
4

Equating d, and d, or d, and solving for Az yields:

sin™! {k sin (a + Ay)} —Ay —sin~! (k sin a)|
sin {sin”! (k sin a) —a} ®

Az =
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For small values of o and Ay, the expression can be simplified to:

_ Ayor Ax

Az (10)

sin o
where Ay, Ax, Az and o are expressed in degrees.

It should be noted that this expression is an approximation, valid only for small angles (o« = 2°, Ax or
Ay = 0.1° results in 3% error). For larger angles, the unsimplified relationship should be used.
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FIGURE 9 — Pointing error as a function of yaw rotational errors —
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2.4 Conclusions

To sum up, displacements due to a given pitch error are relatively insensitive to pointing direction on or
near the satellite’s meridian (see Fig. 5) and are proportional to offset on or near the equator (see Fig. 4).
Conversely, displacements due to a given roll error are relatively insensitive to pointing direction on or near the
equator, and are proportional to offset on or near the satellite’s meridian. For the worst case, small errors
(= 0.1°) in pitch or roll cause displacements equal to or greater than yaw errors of the order of 2°.
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ANNEX II

SPIN AXIS DRIFT DUE TO SOLAR RADIATION TORQUE

Many geostationary communication satellites have axis-symmetrical bodies and de-spun antennas. The spin
axis of such a satellite is drifted mainly by the solar radiation torque. The magnitude of the torque depends on the
shape and the surface material of the satellite and has seasonal variation .due to the variations of the sun angle
and the receiving intensity of the solar radiation. :

The drift rate of the spin axis is in proportion to the solar radiation torque. Figure 10 shows the actual
drift rate data of Japan’s experimental satellite CS (the medium-capacity communication satellite for experimental
purpose). .
The variation of attitude due to disturbing torques can be theoretically calculated, but the process is rather
complicated. On the other hand, by using actual data of the drift rate of spin axis it is possible to predict the
attitude by solving the equation:

T oDpE x7) (11)

where:
r~ :unit vector along the spin axis,

5~ : unit vector toward the Sun,

D : drift rate of the spin axis.

These vectors and the coordinate system are shown in Fig. 11. .

‘Using the drift rate data in Fig. 10, equation (11) is solved and the attitude predictions of the CS are
obtained. An example of the predictions is shown in Fig. 12. They are found to agree well with the actual attitude
calculated from the telemetry data. _

-In order to keep the attitude of a satellite within a -given allowable error, periodic corrections are
necessary. The period is in proportion to the magnitude of the allowable error and in inverse proportion to the

attitude drift rate. As regards a satellite which has the same drift rate as that shown in Fig. 10, the correction
periods are shown in Fig. 13 for three different allowable errors 0.2, 0.1 and 0.05°.
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REPORT 673-2

ELECTRICAL POWER SYSTEMS FOR SPACECRAFT

(Question 15/2) .
(1978-1982-1986)

1. "Introduction

The purpose of this Report is to provide information on past, current, and future (to 1990)'satpllite
electrical power systems. The Report is confined to those systems which have received extensive study and which
are considered feasible for application in space during the time frame to 1990.

2. Background

In general, the requirements for on-board electrical power have increased in the past -and are expected to
continue to increase in the future. :

Present requirements have reached 1 to 2 kW,.* for large capacity communication satellites and are
increasing to 6 to 10 kW, during non-eclipse period for direct television broadcasting satellites. Power at this level
is or will be delivered by photovoltaic conversion systems in combination with chemical storage battery systems .
which supply power when the satellites are eclipsed by the Earth. In the case of broadcasting satellites, a large
storage battery capacity will allow more freedom in selecting orbit positions instead of the current practlce of
placing them west of the service area.

Space flights to the outer parts of the solar system, where solar electrical conversion becomes impractical,
and certain other space missions, have necessitated the development and implementation of nuclear power systems
in the range of several hundred watts. The application and development of nuclear power systems will only be
possible in so far as safety problems have been thoroughly understood.

W, refers to electrical Watt and W, to thermal Watt; We~ equals W, times the conversion efficiency.
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3. Current technology

‘The following sections discuss the current technology of satellite prime power generation.

3.1 Solar array/chemical battery systems

Body mounted solar arrays on spin stabilized vehicles such as the Intelsats, early Applications Technology
Satellites and certain US and Canadian domestic satellites have been limited to an upper power level of about
1 kW,, due to limitations imposed by the dimensions of shrouds enclosing payloads on launch vehicles. The
shuttle as a launch vehicle will provide a considerably larger launch volume and will allow increases in the power
level of body mounted arrays to about 2 kW..

Arrays mounted on paddles deployed from the spacecraft after launch can increase the power level of
photovoltaic systems to multi-kilowatts. These arrays usually track the Sun continuously in order to optimize their
efficiency. Large, deployable rigid, Sun-oriented arrays having a power capability as high as 16 kW, have been
built and successfully used in space (Skylab). A major disadvantage of rigid solar panels is the relatively large
stowage volume needed in the shroud of the launch vehicle. Deployable flexible solar arrays (cells mounted on
flexible substrates) allow a higher packing density during launch when the flexible solar array blankets are folded
or rolled-up. An experimental roll-up solar array was flown in 1971 [Wolff and Wittman, 1972). A flexible fold-up
array of 1.2 kW, was incorporated in the Canadian communication technology satellite [Harrison et al., 1976).

Research in solar array power systems is aimed at increasing the power-to-mass ratio of solar arrays in
space and decreasing the stowage volume during launch. A major part of the research is still directed toward
further improvements of solar cells and cover glasses. Following the development of silicon solar cells with a
higher sensitivity in the blue and violet part of the spectrum and of cells with a reduced reflection loss in the
mid-seventies, further improvements have been achieved [Scott-Monck, 1978] by the development of cells with a
back surface field and back surface reflector. The back surface field cell has a built-in electrical field near the rear
contact which reduces the electrical losses at the rear contact. A combination of the back surface field technology
with néw etching methods for silicon has led to the development of experimental ultra-thin cells with a thickness
as low as 50 ym (compared to the presently-used thickness of 200-250 um) and a correspondingly low mass
without a significant reduction of the electrical performance after several years of operation in space. Back surface
reflector layers in silicon cells lead to a lower operating temperature in space and to a further improvement of the
effective conversion efficiency ‘since it increases with decreasing cell temperature. In total, the beginning of life
efficiency of space silicon solar cells has increased from 10% to about 14% during the last decade.

So far, all operational solar arrays on spacecraft have used silicon solar cells. Other solar cell materials
have been extensively studied but in the near future only gallium-aluminium-arsenide solar cells appear to be a
potential alternative for certain applications. Laboratory cells [Knechtli ez al., 1980] of this type have shown a very
high efficiency (18%) and lower sensitivity to space radiation. None of the other solar cell types presently
investigated, e.g. cadmium sulphide, amorphous silicon or multi-band-gap cells, have so far reached the efficiency
and reliability of present space silicon solar cells. It can be expected, however, that in the future, the results of the
current large effort in terrestrial photovoltaic power research will have a strong impact on the evolution of space
solar cells.

In conjunction with the continuing improvement in solar cell efficiency, much effort has also been directed
toward the development of new structural concepts in order to reduce the weight and increase the allowable size
of deployable solar arrays [Reinhartz, 1978; Mullin ez al., 1979). A 4 kW roll-up array specifically designed for
Shuttle operation is presently under construction. Flexible fold-up solar arrays for power levels up to 10 kW
specifically designed for high power television broadcasting satellites are already under development, as well as
flexible fold-up arrays for Shuttle operation with power levels up to 50 kW.

It is further expected that, around 1990, Shuttle-based orbital construction techniques might allow the
assembly of solar arrays with power levels of several hundred kilowatts, covering an area of several thousand
square metres.
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The technological advancements both in solar cells and in structures have led to significant improvements
of the power-to-weight ratio of solar arrays during the last decade (the following data refers to the initial
performance in space and the weight includes both the solar cells and the supporting structure). Body-mounted
solar arrays have provided up to 7-8 W./kg at a specific mass of 4 to 5 kg/m2 The performance of deployable
arrays with a power level of 0.5-2 kw has increased from 10 to 30 W./kg, with the specific mass decreasing from
7 to 3.6 kg/m? Solar arrays presently under development promise a further increase of the power-to-weight ratio
of 60-120 W ./kg at power levels of 25 kW.

The reliability and the total weight of a solar array/battery system are strongly affected by the
characteristics of the chemical storage batteries. Battery systems are of particular importance for high power
geostationary communication and broadcasting satellites if continuous operation is needed during the semi-annual
45-day periods of daily eclipse. At present, battery life time appears to be the most critical factor in the design of
long-life power systems. ‘

So far, nickel-cadmium batteries have been used in most space missions. Since the mass of nickel-cadmium
batteries in high power communication satellites may represent 10-20% of the satellite dry mass, metal-
hydrogen — .in particular, nickel-hydrogen and silver-hydrogen cells [Young, 1979] — are being developed as a
lighter alternative. Experimental nickel-hydrogen batteries have been successfully flown on the NTS-2 spacecraft
[Dunlop and Stokel, 1978] and will be used on several of the Intelsat-V type spacecraft. It is expected that the
change from nickel-cadmium to metal-hydrogen batteries will raise the usable specific energy from 15 Wh/kg to
25 Wh/kg or more. Nickel-hydrogen batteries in particular are also expected to have a considerably higher life
expectancy than nickel-cadmium batteries.

3.2 Solar collectors

Solar collectors or concentrators have been proposed as energy sources, with a variety of power conversion
methods, for electric power generation or cooling in space. Although the amount of study effort has been rather
extensive, in-flight hardware has not been produced. One of the inherent problems appears to be the very stringent
pointing requirements of these devices.

33 Nuclear systems ‘

The application of nuclear technology to the generation of electrical power in space has shown distinct
potential in terms of power levels, long lifetimes and high reliability. However, a great deal of effort [Stadter and
Weiss, 1975] has been required to assure safety in the implementation of these systems. The following sections
discuss some of the power source and energy conversion techniques which have been the subject of extensive
study to date. : '

3.3.1  Radioisotopes

The use of radioisotopes as energy sources for space electrical power has been recognized since the
early 1960s, and the systems derived therefrom have been described in many published references.

Nuclear electric power for space application was first achieved in 1961 when a 2.7 W pluto-
nium-238 fueled generator was orbited by the United States. More recent missions using radioisotope
thermoelectric generators (RTGs) in five Apollo Lunar Surface Experiment Packages (ALSEP) on the
lunar surface, and four RTGs aboard each of the Pioneer 10 and 11 interplanetary satellites (exploration
past Jupiter and Saturn), attest to their inherent reliability.

Radioisotope thermoelectric generator technology growth has reached the point where kilowatt
levels of electric power for spacecraft can be considered as practical. Through extensive research,
efficiencies can now be doubled by application of new selenide thermoelectric materials. Specific powers of
these systems are expected to increase to 9 to 11 W, per kilogram. These improvements, coupled with the
projections of a 50% reduction in the cost of long-lived plutonium-238, indicate that, for some specific
missions, RTG space power systems could be nearly competitive with solar technology in the 1 kW range,
at a price of approximately 4000 dollars per W, in the late 1970’s.
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Additional study has continued into means other than thermoelectric materials for conversion of
radioisotope thermal energy to electrical. Perhaps the most significant are the Brayton, Rankine, and
Stirling dynamic cycles. These conversion cycles are thermodynamic engines typically consisting of the
nuclear heat source which transfers energy to a working fluid which in turn drives a turbine, electrical
generator and compressor. Typically, these conversion systems deliver 2 to 3 times the energy conversion
efficiency of thermoelectric materials. However, present-day cost and weight factors are also higher.

3.3.2 Fission reactors

Several generic types of nuclear fission reactors have undergone study for space applications. An
operational system might be developed in the next ten years under the United States SP-100 research
programme [Truscello and Davis, 1984). Such a system will possibly employ uranium dioxide fuel clad in
molybdenum with heat removal by sodium heat pipes.

A number of power conversion options are under study including SiGe thermo-electric conversion,
yielding efficiencies of up to 9%, and Stirling, Rankine and Brayton dynamic cycles yielding efficiencies of
up to 30%.

4. Prospects and limitations

Table I presents estimated performance parameters of the three prime systems for electrical power
generation for spacecraft. Although many other power generation and conversion technologies exist and have been
studied, the three generic systems listed in Table I are considered the most likely to be realized in space qualified
hardware within the foreseeable future. ’

The immediate future space power generation systems will probably continue to be comprised of advanced
solar cell/chemical battery systems due to recent technological advancements and their proven space qualified
performance in the low multi-kilowatt range. Deep space and interplanetary missions at distances of several AUs
from the Sun will continue to require advanced RTG technology as well as possible advanced Brayton or Rankine
energy conversion systems. Very high power (5to 20 kW,) Earth-oriented communications or broadcasting-
satellites may realize the advantages of utilizing nuclear power systems (continuous power independent of
sunlight) once the inherent safety and weight/cost restrictions are overcome. The critical safety factors associated
with spaceborne nuclear power systems which must be studied are fairly numerous compared to those associated
with today’s terrestrial commercial reactor systems. In addition to special handling and disposal requirements of
long-lived nuclear reactor by-products, spaceborne nuclear power systems have associated critical accident
potentials such as launch booster failure and detonation, shrapnel dispersion, fire immersion, aerodynamic heating
during re-entry, high velocity terrestrial impact and potential post-impact burial and oxidation. Each of these
failure modes require extensive materials research and development to ensure that the radioactive heat source
(some of whose half-lives may be of the order of 100 years or more) does not contaminate the Earth’s atmosphere
or water resources.

5. Summary

The selection of a power system for space applications depends on a number of factors, in addition to the
amount of on-board electrical power that is required. The estimated performance and cost parameters for the most
likely systems are listed in Table L.

Solar array/battery subsystem characteristics are mission dependent, and the number of integrated
subsystem elements such as the arrays orientation mechanisms, sensors, storage units and power conditioning
circuitry must all be included in an overall power system evaluation.

Nuclear radioisotope and reactor system performance capabilities have not yet been fully explored in a
mission operations context, and safety and cost considerations require further evaluation.

The continuing evolution in the performance and in the achievable power level of solar array/battery
systems will probably ensure that this system will continue to remain the dominant power source for space
missions, at least in the 1980-1990 period. Nuclear systems may replace solar array/chemical battery systems in
some applications at a later stage, provided the potential safety problems can be solved.
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TABLE 1 — Estimated power system performance parameters of some US power units

Performance and
Year of cost parameters ()
System Technology status availability
kg/W, US dollar/W,
Photovoltaic cells
< 2 kW units (%) : In use — 3x 102 5x 102
2 to 100 kW units o
(lightweight) ' In use 19801985 2%10-2 2 x 102
> 100 kW units :
(low cost) Future development 1985-1990 5x 103 5x 103
Radioisotopes
Thermoelectric conversion : )
0.1 to 1kW, unit In use —_ 3x 10~} 1.5 x 104
Brayton conversion .
0.5 to 5 kW, units ‘ In development 1985 1.5x 10! 2 x 10*
Reactors
Thermoelectric
conversion
100 kW, units In development — 2.5 x10-! 1.5 x 102

(') Estimated berformanée parameter uncertainty, = 20 to 100%.
(?) In special applications such as Skylab this number has been exceeded.
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SPACECRAFT CHARGING

(Question 15/2)
(1978-1982)

1. Introduction

The electrostatic charging, to large negative potentials, of the external surfaces of spacecraft in
synchronous orbits was discovered in 1972. This phenomenon of charging and the subsequent discharge was
probably responsible for the destruction of the US Defense Satellite Communications System (DSCS) Flight 9431
spacecraft, and for numerous serious operational anomalies on other synchronous orbit spacecraft. In addition to
the operational anomalies the charging compromises measurements such as low energy particles’ flux and spectra,
electric fields, antenna impedances, and surface contamination on scientific spacecraft in the magnetosphere, and
outside the plasmapause.

The anomalies occurred predominantly in the 0000 to 0600 h (local spacecraft time) sector of the orbits,
and there appears to be a correlation between the anomalies and polar substorms. The ATS-5 and ATS-6 electron
and proton spectrometers have been used to determine the potential of the spacecraft “ground”. Potentials as large
as —15 kV have been observed in eclipse and as large as —200 V in sunlight. The ATS instruments have also
shown that large fluxes of electrons are being injected into the environment at the same time as the large
potentials are observed.

The problem is now widely recognized and it is of immediate and vital concern to all space agencies.
Many large aerospace companies and space agencies have programmes for the study of the causes and effects of
the charging and of methods for protection of spacecraft against these effects. The United States of America has
built the Spacecraft Charging At High Altitude (SCATHA) spacecraft for the sole purpose of investigating
spacecraft charging and its effects on spacecraft systems and materials. The SCATHA satellite was successfully
launched in January, 1979. At the Communications Research Center (CRC) Ottawa, a laboratory simulation
experiment has recertly been completed.

Investigations now underway can be grouped into five categories: environment, mathematical models,
laboratory simulation experiments, material research and SCATHA experiments. These efforts will lead to a set of
specifications and guidelines for the design, construction and testing of subsystems and the integrated spacecraft.
In this Report is presented an overview of the phenomenon, and of the work being carried out in the various
agencies. It is concluded with a set of recommendations for construction of spacecraft, based mainly on Canadian
experience with the Hermes spacecraft.

2. The charging mechanism and consequences

The equilibrium potential of a surface in the space environment is established when the net current to the
surface is zero. The sources of current are: charged particles from the environment, electrons and positive ions,
predominantly protons, secondary electrons and photoelectrons emitted from the surface, and in the case of a
dielectric surface the current through the surface material from the underlying substrate. The secondary ions and
photoelectrons balance the electron current; the bulk current will depend on the difference in potential between
the surface and the substrate and this current is not always negligible even for relatively good insulators. All these
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currents are complex functions of the surface potentials. For a spacecraft in near-Earth orbit, within the
plasmapause the potential of surfaces in shadow or sunlight is only a few volts negative or positive respectively,
because of the flux of low energy (a few eV) ions and electrons is far larger than the flux of higher energy
particles. However, in a near synchronous orbit, particularly in the 2100 to 0900 hours local time sector, the flux
of low energy ions is so low that the flux of electrons of a few keV to a few tens of keV, injected during a
substorm will be larger and the spacecraft will then tend to charge highly negatively. Surfaces can charge to the
order of —15 kV when shadowed, whereas in sunlight the photoelectron current balances the incident electrons
and surface potentials are limited to a few tens of volts.

Analysis of data gathered to date by the SCATHA satellite has verified and quantified the spacecraft
charging mechanism [Koons et al.,, 1980]. Charging levels and rates are a function of location on the spacecraft in
relation to the incident flow of charged particles. Parts of the spacecraft in shadow can charge to high levels even
though the vehicle is in sunlight.

So far only isolated surfaces have been considered. For a complete spacecraft, the potential of the
“ground” depends on not only those factors described above but also on the distribution of exposed metal, on
grounded surfaces in sunlight and in shadow, and on the currents through the external dielectric surfaces to the
grounded substrates. :

The danger to a spacecraft is not that the whole body is charged to several kilovolts in eclipse but that in
sunlight there will be large differences in potentials, between dielectric surfaces in shadow and ground, between
isolated metal surfaces in shadow and ground, etc. It has been demonstrated in several realistic laboratory
simulation experiments that high current discharges, similar in appearance to lightning strikes, occur along
charged dielectrics, the discharge current flowing to a nearby ground plane or through a plasma to the chamber
structure. These discharges are sufficiently powerful to destroy electronic components and to seriously damage the
reflective coating on thermal control mirrors and on thermal blankets. The discharge currents from isolated,
charged metal surfaces to ground are much larger and therefore potentially more dangerous. This situation may be
avoided by securely grounding exposed metal surfaces wherever possible.

The determination of potentials of exposed surfaces, the discharges off these surfaces, the effects on
measurements of the environment, and spacecraft responses are very complex and investigations must be pursued
by theoretical, experimental and engineering methods.

3. Work currently in progress

There are several groups working on various aspects of the problem. A brief description of the main
activities follows:

31 Environment

The most pertinent data on the environment have been obtained from ATS-5 and ATS-6. At the present
time there is not enough data on the environment to provide a unique model for the conditions that will or may
cause operational anomalies. It is expected that the SCATHA experimental data will help resolve this problem.

32 Mathematical models

It is fairly easy to calculate the potential of conducting bodies with simple shapes, or of more complex
bodies using idealized assumptions with regard to the functional form of the currents from the environment.
However, it is extremely difficult to calculate potentials for realistic spacecraft. The most sophisticated models
employ iterative solutions of the Poisson and Vlasov equations.

The sophisticated models are necessary but the simple model is useful for obtaining fast although
approximate results to guide further more detailed calculations and to make engineering decisions.

33 Laboratory experiments

The laboratory experiments are being carried out at several places. The original work done at Thompson
Ramo Wooldridge Inc. (TRW) on the failure of one particular satellite used a laboratory experiment to
demonstrate to the aerospace industry the danger in spacecraft charging. The group at NASA Lewis Research
Center have an experiment with good theoretical and hardware support, and they are able to test new ideas and
materials quickly. The European Space Technology Centre is testing large samples of flexible solar arrays. The
experiment at the Communications Research Centre (CRC) will be used to determine the energy in the discharges
off dielectric surfaces, and the energy and spectrum of the electromagnetic radiation.
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34 Materials

The effort on material research is concentrated mainly in finding a conductive dielectric that will meet the
requirements of a surface with the thermal characteristics of low absorptivity and high emissivity. An estimate has
been made at the US Air Force Materials Laboratory, Wright Patterson Air Force Base, that at least two years
would be required for significant progress on space qualified materials.

3.5 SCATHA

SCATHA is the acronym of a space measurements program entitled Spacecraft Charging At High
Altitudes which has been formulated to define the environment, to measure charging and discharging characteris-
tics of materials, to provide data for calibration of analytical models, to measure satellite contamination, and to
evaluate the utility of various corrective techniques which can minimize differential charging on board satellites.

The SCATHA satellite was launched in early 1979 into an elliptic, low inclined (approximately 8°) orbit.
The orbit, with an apogee of 7.7 Earth radii and perigee of 5.5 Earth radii, was chosen in order to investigate the
geostationary orbit “area”. The satellite drifts eastwards about 6° per day resulting in data sampling at
approximately all local times.

The SCATHA mission supports thirteen experimental payloads. They are:

SC1  — Satellite Surface Potential Monitors and Spacecraft Electrical Analyzers.
SC2 - Spacecraft Sheath Electric Fields and Energetic Proton-Detector.

SC3 — High Energy Particle Spectrometer.

SC4 — Particle Beam System.

SC5 — Rapid Scan Particle Detectors.

SC6 — Thermal Electron Monitors.

SC7 — Light Ion Mass Spectrometer.

SC8 — Energetic Ion Spectrometer.

SC9 — Charged Particle Detectors.

SC10 — Electric Fields Detector.
SC11 — Magnetic Field Monitor.
ML12 — Thermal Control/Contamination Monitors.
TPM — Transient Pulse Monitor.

At the time of this writing, detailed analyses of SCATHA data are not available. However, some data from
the SC5 (Rapid Scan Particle Detector) and the SC9 (Charged Particle Detector) have been statistically analyzed
and used to produce a preliminary description of the SCATHA plasma environment.

Measurements of electron density in these preliminary data show expected pronounced variation with local
(sub-satellite) time. Maximum density levels occur between 0000 h and 0600 h local time with values of
about 1.5 electrons/cm>. Corresponding electron current density maximum measurements are about 0.020 nA/cm?
and show approximately the same level of variance as does the electron density.

4. Conclusions and recommendations

The spacecraft charging problem is not completely understood. The correlation between the anomalies
experienced by some spacecraft and polar substorms appears well established, but not every substorm produces an
anomaly and some anomalies are not coincident with substorms. Some spacecraft appear to be immune to the
effects for long periods of time, such as Intelsat-IV, then experience several anomalous events. Other spacecraft
like ATS-5 and ATS-6 have experienced no anomalies attributable to spacecraft charging. '

The Hermes spacecraft is a very light weight design and, during its operational lifetime from January 1976
to November 1979, only two anomalies were seen that may have been related to charging. The following
recommendations are based on the experience with the Hermes spacecraft.

4.1 Use command and data line interface circuits which provide protection against short high level transients.
4.2 Bond all second surface mirrors (SSM) with conductive adhesive. h
43 Ground all metal parts.

44 Ground all layers of all thermal blankets.

45 Carry out spacecraft level electromagnetic interference (EMI) tests on the engineering model spacecraft
using a very fast spark source, to establish the electrical signature on the wiring lines. These data should be used
to specify electromagnetic interference (EMI) protection on flight model units.
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4.6 EMI specifications should include limits on emission and susceptibility on command and telemetry lines.

A further recommendation is that where possible synchronous orbit spacecraft should carry a small
package of instruments to monitor EMI sxgnatures the potential of some small isolated surfaces and if weight
restrictions permxt the particle environment.
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STATION-KEEPING TECHNIQUES FOR GEOSTATIONARY SATELLITES

(Question 15/2) .
(1982-1986)

1. Introduction and background

v

Report 556 -discusses the factors affecting station-keeping of geostﬁtionary satellites, and provides some
- information on both the magnitudes of these factors as well as on station-keeping accuracies of some spacecraft.
The purpose of this Report is to provide general information on current technologies available or projected for
use in geostationary-satellite station-keeping systems.

Current and future geostationary spacecraft with multiple narrow antenna beams directed at specific
locations on the surface of the Earth may require orbital determination and maintenance to within + 0.1°. This
level of station-keeping will allow the use of earth-station antennas with fixed pointing. Additionally, the
maintaining of close tolerance on spacecraft position will enhance geostationary orbit and spectrum utilization.
The station-keeping systems described in this Report are capable of providing accuracies of location within the
orbit of the order of + 0.1° for 7 to 10 year satellite lifetimes. :

The factors affecting the orbital elements of a geostationary satellite (see Report 556) are:

— the gravitational effect of the Sun and Moon: the primary effects of these bodies is to change the inclination
of the satellite orbital plane, causing the satellite to follow a ﬁgure -of-eight path relative to the surface of the
Earth;

— the non-uniformity of the Earth’s gravitational field: this non-uniformity causes an increase or decrease in a -
geostationary satellite velocity and, hence, orbital period. Consequently, the satellite tends to drift east or west
at a rate proportional to the magnitude of the local gravitational acceleration. Figure 1 illustrates spacecraft
drift directions as a result of the non-uniformity of the Earth’s gravitational field along various longitudes;

— solar radiation pressure: this secondary effect can change the eccentricity of the satellite orbit, and hence
cause a cyclic east or westward motion of a satellite.

This Report should be brought to the attention of Study Group 4.
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Early communication-satellite station-keeping systems, such as those of Intelsat-I and II and Syncom,
employed pulsed jet systems on spin-stabilized platforms. The primary choice of propulsion fluid was hydrogen
and its acceptable performance over limited

periods (= 1 year).
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FIGURE 1 — Easterly component of gravitational acceleration

Spacecraft drift direction -
under the influence of the
Earth’s gravitational field

A:  155° west longitude
1.64 x 10—3 degrees/day?
2.86 x 10—3 rad/day?

B: 105.5° west longitude
Stable equilibrium point
(gravity valley)

C: 56° west longitude
- 1.42 x 10—3 degrees/day?
- 2.47 x 10~5 rad/day?

D: 11.5° west longitude
Unstable equilibrium point
(gravity peak)

A performance measure of a rocket propellant, expressed in seconds, equal to the thrust F divided by the propellant mass

flow rate w: (I, = F/w).
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- 1.98 x 103 degrees/day?
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Unstable equilibrium point
(gravity peak)
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2. Current systems technologies

Current communications satellite systems require lifetimes of about 7 years, and future satellites will be
designed for lifetimes up to 10 years. Additionally, the mass of a communications satellite is continually
increasing. For instance, Intelsat-V weighs more than 900 kg. Consequently, greater station-keeping energy
requirements are being placed upon communications and other types of satellites in order to maintain a given
orbital position within the necessary limits. As a general rule, north-south station-keeping requires an average of
50 m/s per year velocity increment capability, while east-west station-keeping requires about 2 to 5 m/s per year.
(The exact value for E-W station-keeping depends on the longitude of the satellite.)

Much effort has been directed toward light weight, efficient* station-keeping control systems. Basically, all
of these systems involve the expulsion of mass at a desired velocity and direction relative to the satellite centre of
mass. Spin-stabilized, as well as three-axis stabilized satellites, employ axial (along the spin axis or north-south)
thrusters and radial (in the plane normal to north-south axis) thrusters. The axial thrusters control the orientation
of the north-south axis, as well as latitude excursions of the spacecraft. The radial thrusters control the east-west
satellite position. ‘

Ideally, station-keeping manoeuvres are accomplished by applying an impulse each time the spacecraft
crosses the line-of-nodes between the actual orbit and the geostationary orbit. Since “impulse” or zero time
interval thrusting is, in general not possible, thrusters must fire for a finite period of time in order to impart the
necessary velocity increment. In this connection, it is noted that the quantity of propellant required to maintain
the position of a satellite (of given mass) is essentially independent of the “duty cycle” employed, except in those
cases where the efficiency of the propellant varies with the duration of valving or pulsing, or when thrusting has
to be carried out for hours around the nodes.

The bulk of current and expected future technology for station-keeping systems is confined to chemical
and electric engines. Additionally, these systems are often used for initial orbit insertion, as well as to “dump”
momentum stored in attitude control devices such as momentum wheels. The following sections discuss the
chemical and electrical propulsion systems.

21 Chemical engines

A great deal of effort has been directed toward development of improved propulsion systems employing a
variety of propellants. Intelsat-III introduced the first United States-built production spacecraft for which
station-keeping was accomplished through the use of hydrazine thrusters [Meredith, 1972). The flight history
provided by five Intelsat-III spacecraft indicated the inherent high reliability and performance characteristics of
these systems. Since that time, nearly all geostationary satellites have employed thruster jets using hydrazine fuel.
Hydrazine typically has a specific impulse of 220 s and supplies thrust in the range of a newton.

Perhaps the greatest amount of experience in the use of mono-propellant** systems has been gained by
Intelsat [Owens, 1976]. Intelsat-1 through IV-A have all used a mono-propellant of either hydrogen peroxide (for
Intelsat-I and II) or hydrazine (for Intelsat-III, IV, and IV-A). Tables I and II list the technical and performance
specifications of the onboard propulsion systems of these five satellites. As can be seen from Table I, each
propulsion sub-system total weight equals approximately 1/5 of the total initial in-orbit satellite weight. The sum
(175 kg) of propellant weight and dry weight, for instance, of Intelsat-IV-A is the satellite’s heaviest sub-system
(9 kg heavier than the total communications sub-system). Table III lists the velocity requirements (A V) budget for
Intelsat IV-A.

TABLE 1 — Intelsat satellite on-board propulsion system hardware

Initial orbit
Satellite w]e)iglt Pr‘sgieglll;nt Number of Number of satgllite
1 tanks thrusters weight
ke) (M (ke)
(ke)

Intelsat-I 3.7 5.0 4 4 39.5
Intelsat-II 7.0 9.6 3 4 86.3
Intelsat-IIT 5.6 21.8 4 4 133.0
Intelsat-IV 16.8 136.4 4 6 732.0
Intelsat-IV-A 16.8 158.2 4 6 828.0

(!) Tanks, thrusters, valves and associated piping.

*

That is, high specific impulse.

**  Single propellant systems not requiring an oxidizer.
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TABLE II — Intelsat satellite on-board propulsion system performance

. Design life Thrust level
Satellite Propellant AV (m/s) (vears) ™)
Intelsat-1 Hydrogen peroxide 190 1.5 14-5.5
Intelsat-1I Hydrogen peroxide 200 3 14-5.5
Intelsat-IIT Hydrazine 320 5 16-7
Intelsat-IV Hydrazine 432 7 26-13
Intelsat-IV-A Hydrazine 432 7 26-9

TABLE III — AV budget for Intelsat-IV and IV-A

Manoeuvre ‘ AV (m/s)
Attitude correction : 0.305
Spin-up 0.61
Spin speed control 4.17
E-W and station repositioning 14.6 -
Initial orbit correction 54.9
N-S station-keeping 358.4

Due to the weight requirements associated with the use of hydrazine, efforts have been directed toward
other liquid propellants which may provide higher overall performance characteristics. These studies have included
different blends of hydrazine azide and hydrazine which resulted in an increase in the specific impulse. However,
due to a higher combustion temperature, problems have been encountered with thruster lifetimes.

Two other candidate systems are considered feasible for future communication satellite station-keeping
systems. These are bipropellants, and electrically-augmented hydrazine. Both of these systems offer advantages in
weight and specific impulse.

An advanced bipropellant system has been designed and successfully flown by Germany (Federal Republic
of) in the Symphonie programme [Pfeiffer and Viellard, 1970]. This bipropellant system used mono-methyl
hydrazine for the fuel and nitrogen tetroxide for the oxidizer. This type of system offers a substantial weight
saving to station-keeping systems.

The electrically-augmented hydrazine systems [Free, 1978)] add electrical energy to the hydrazine flow, thus
increasing the system gas temperature and specific impulse (up to 300 s). Pursuit of this technology has resulted in
selection of the augmented hydrazine thruster for north-south station-keeping on Intelsat-V. To perform
N-S station-keeping of a 1000 kg satellite for 10 years, two high performance hydrazine thrusters (HIPEHT) could
be fired simultaneously for about 0.5 h once each week. Hydrazine can be stored for years, if sealed properly and
kept in a cool, dark place. Table IV lists HIPEHT specifications for the Intelsat-V configurations.

22 Electric propulsion

In an electric propulsion system, an ionized or electrically charged propellant is acceleratd to a high
velocity by an electrostatic field or by the interaction of a discharge-current with a magnetic field. With two
exceptions, all devices require the propellant to be in a gaseous form, and therefore liquids are usually vapourized
and solids ablated via electric discharges prior to ionization and acceleration. The exceptions are colloid and field
emission thrusters; in the former, charged liquid droplets are accelerated, and in the latter, a film of propellant
covering a sharp point or edge emits ions under the influence of a strong electric field.
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TABLE 1V — High performance hydrazine thruster (HIPEHT) specifications, Intelsat- v configuration

Description, thruster assem_bly

Solenoid propellant valve - . Series redundant seats
Redundant coils
Redundant valve heaters

Thermal decomposition chamber Redundant heaters
Vortex heat exchanger with nozzle

Temperature sensors Valve thermistor
: Thermal barrier thermistors

Propellant _ Low-carbon hydrazine

Performance

Inlet pressure range 1725-830 kPa

Extended range 1860760 kPa

Thrust : 0.45-0.18 N

Total impulse (qualification) 240 000 Ns

Specific impulse ’ > 285-305 s

Cyclic life > 450 starts

Aggregate thrusting life - . . >214h .
Thermal Similar to 1.3-N catalytic

hydrazine thruster interfaces

" Environments ' i Typical of Atlas-Centaur and shuttle-launched
geosynchronous spacecraft

Weight (without mounting bracket) T 0.4 kg

Although thrust levels from these devices are usually low, being in the one to several hundred mN range,
exhaust velocities are very high, since they are limited only by the available electrical energy. Consequently, large
values of specific impulse are readily attainable, currently reaching to nearly 10 000 s, while 20 000 s should be
feasible in the near future. Thus the propellant masses required for a given mission can be reduced very
considerably by the use of electric propulsionsystems.

Over the past 25 years or so, many different electric propulsion systems have been developed. The
characteristics of some of the more significant of these are summarized in Table V [Fearn, 1982], in which the
values quoted are from typical experimental data. It will be noted that only the ion thrusters and pulsed plasma
rail gun have so far achieved flight status in the West. Very little has been published regarding the extensive Soviet
flight experience, so the table does not take that into account [Zhurin et al., 1983].

In Table V, the first three main columns refer to ion thrusters. In these, a propellant in gaseous form is
ionized in a discharge chamber. The positive ions are then extracted and accelerated by high electric fields
between sets of perforated grids at one end of the discharge chamber, thus forming an ion beam which produces
thrust. In the Kaufman thruster, also known as the electron bombardment thruster, a d.c. discharge is employed to
produce the required ionization. The magnetic field used to assist in this process has a modified form in the
magneto-electrostatic containment (MESC) thruster. A radio-frequency discharge is utilized in an RF thruster,
which has been developed in the Federal Republic of Germany.




TABLE V — Comparison of typical parameters of ion and plasma thrusters

1-€p8 -doy

Type’ Kaufman ion RF ion MESC Colloid Field emission . Ct?nta.ct Rail gun MDP arc
ionization
. . ES ES ES ES ES ES EM EM
Acceleration mechanism ss ss ss SS ss ss Pulsed Pulsed
Usual propellants Hg Hg Cs Glycerol () Cs Cs Teflon Argon
Alternative Argon, Xenon Argon, Xenon Hg, Argon N
: o Poor (Cs) .
Spacecraft acceptability Good Good Good Fair Poor Poor Good Good
Exhaust exit dimensions . . . . . 3 dia 3 cm 5% 06 7.5 x 3.4 ;
(cm) 8 dia 30 dia ~10 dia 35 dia 12 dia annulus linear rectangle rectangular 10 dia
}:°‘§‘£;'e’raﬁng @ 12kV [11t0S0kV | 15kV | ~37kV 760 V 10-16 kV 2-4kV akv 25kV 100-400 V
Z Gischarge (D) @ | ®» (&) ) A @A) (A) (A) ) (D)
Power (kW) 0.13 2.6 to 10.4 0.3 3.6 0.34 ~ 0.01 ~ 0.16 ~ 0.12 0.15 6000
SI (s) 2800 2000 to 6300 3100 3400 3300 to 4000 1000 to 2000 9000 6700 1800 2400
Electrical efficiency 0.69 0.84 to 0.96 0.64 0.79 0.81 0.7 ~ 09 ~ 04
. i 0.32 0.31
Mass efficiency 0.84 0.89 to 0.95 0.80 0.88 0.97 0.2to 0.8 ~ 0.7 0.99
Thrust (mN) 5to 18 130 to 290 10 160 17 to 64 053 ~2503 1.5 45 140 x 10°
Life test (h) 15 000 10 000 8000 None 600 (3 475 (%) Few 100 None () 2 x 10° pulses None
Flight " Flight Flight . . . . Flight .
Development‘ status ready ready ready Medium Medium Good Fg:r Fair operational Fair
(') Doped with Nal. ES: electrostatic
(® Easily stacked to give increase by a factor of 10 to 100. EM:  electromagnetic
() But 2600 h on smaller device. SS.. steady state
SI: specific impulse

(*) But 6500 h on multiple needle thruster. MESC: magneto-electrostatic containment
() Components up to 5000 h. : MDP: magnetoplasma-dynamic

LE
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The principles of operation of the colloid and field-emission thrusters have already been mentioned; both
rely on electrostatic phenomena. The contact ionization device incorporates a heated porous tungsten emitter,
through which gaseous caesium is passed. The caesium becomes ionized upon emerging from the tungsten emitter,
and the ions are then accelerated by high voltages applied to a multi-element electrode system.

Many different types of pulsed plasma thruster have been studied, but most have not reached an advanced
state of development. In these devices, the propellant is often vapourized from the solid or liquid storage phase by
an auxiliary discharge, but gaseous propellants are frequently chosen, especially in larger, high thrust variants. A
high voltage, high current discharge then ionizes the propellant, and the interaction between this current and a
magnetic field expels the plasma at the desired velocity, giving a very large specific impulse. The magnetic field
can be that induced by the discharge current itself, or it can be provided by some other means.

In the rail gun, the discharge occurs between a pair of rail electrodes, and the resulting plasma is
accelerated along these rails until it emerges from the muzzle of the thruster. Power is provided from a high
voltage capacitor, and frequent operation can give a quasi steady-state thrust,

The much larger and more powerful magnetoplasma-dynamic (MPD) arc thruster requires instantaneous
power levels in the MW regime to achieve acceptable efficiencies. This device is coaxial or conical in form, with a
stud-shaped or rod cathode and a tubular or ring anode. Gaseous propellants are usually employed, and thrust
levels can be high, although there are very serious problems with limited lifetimes. Operation can be pulsed or in a
quasi-d.c. mode.

Only the rail gun has been used operationally in space, but several ion thrusters of various types have been
flown experimentally. These include the very successful SERT II thrusters, placed into orbit by NASA in 1970 and
operated at intervals for the next 11 years. These two 15 cm diameter Kaufman thrusters were run for an
aggregate time of over 6000 h, including a total of nearly 400 starts. The ion thrusters mounted on ATS-6 were not
so successful, the use of caesium causing the electrical breakdown of high voltage insulators and leading to total
system failure. More recently, there has been a flight test of a Japanese ion thruster, and several other similar
experiments are planned. In addition, a great deal of ground testing has been carried out, particularly on
Kaufman and RF thrusters, which has provided most of the information needed for spacecraft integration
purposes and has given a high level of confidence of mission success, particularly for North-South station-keeping.

Early work in the United States of America [Free and Huson, 1972] suggested that the weight of a mercury
ion thruster system would be equivalent to only 27% of the weight of a comparable hydrazine system for 7 years
of North-South station-keeping. This study assumed thrust levels of the order of 5 mN, with the thrusters fired for
many hours on a daily basis around the equatorial crossing nodes. To reduce both operating times and the
number of starts, higher thrust levels are attractive, a possibility made more feasible by the advent of the
lightweight nickel-hydrogen battery [Hyman and Dulgeroff, 1978].

Several mercury ion thruster systems are now available for the North-South station-keeping mission
[Bassner and Klein, 1979; Fearn and Hughes, 1978; Murakami ef al.,, 1984; Power, 1984]. These are suitable for
medium to large geostationary satellites (over 500 kg) having lifetimes of 7 to 10 years, provided that adequate
electrical power can be made available. The low overall mass resulting from the use of such a system will increase
considerably payload capability within a given mass budget, and thrust vectoring will also allow some attitude
control functions to be undertaken. Very extensive ground testing suggests that there should be no spacecraft-
thruster compatibility problems, and that proven thruster lifetime is fully adequate for these missions
[Fearn, 1982].

3. Conclusion

The Radio Regulations (1982) require the following station-keeping accuracies for geostationary spacecraft.

“Satellites in the fixed-satellite service or broadcasting-satellite service shall maintain their positions within
+ 0.1° of longitude, but experimental stations on geostationary satellites and space stations on geosta-
tionary satellites which do not use any frequency band allocated to the fixed-satellite service or the
broadcasting-satellite service shall maintain their position within + 0.5° longitude.”

However, space stations need not comply with the above limitations as long as the satellite network to
which the space station belongs does not cause unacceptable interference to any other satellite network which does
comply with the above limitations.
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Several operational satellites have demonstrated for extended periods of time the capability to maintain
orbit location within the limits of =+ 0.1°. For satellites having narrow antenna beamwidths, precise station-
keeping could reduce the spacing between adjacent satellites servicing different, non-contiguous service areas.

Conventional hydrazine thrusters have proven high reliability and performance characteristics for long
lifetime (7 years) operations. However, a hydrazine system comprises about 20% of total spacecraft weight.
Advanced technologies, using propellants of a higher specific impulse, may offer weight savings. Electric engines,
already used in space, offer a substantial weight saving, and it is expected that their use will increase in the future.

These weight savings are achieved at the expense of added complexity, which may affect reliability and
lifetime. Consequently, the value of such weight saving technology, after the advent of the Space Transportation
System (Shuttle-tug), will require further study.
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REPORT 675*

RADIATION DIAGRAMS OF ANTENNAE AT SPACE RESEARCH
EARTH STATIONS FOR USE IN INTERFERENCE STUDIES

(Question 15/2; Study Programme 15A/2)
(1978)

1. Introduction

Interference coordination procedures between systems operating in the same or adjacent frequency bands
depends on knowledge of specific operational characteristics of the systems involved. Most of the required
information for the formulation of sharing criteria is available. In a great majority of cases, however, there is a
lack of information as to the specific levels of antenna side lobe response in the far field. Since the antenna gain
of an interfered-with or interfering source in the direction of the unwanted signal is of prime importance in
determining the levels of interference, there exists a need for a generalized earth station antenna pattern whlch
could be used in situations where adequate measured data do not exist.

2. Representation of measured data by a reference radiation diagram

Values of side 'lobeb radiation from a number of earth station antennae in the Fixed Satellite Service are
plotted in Fig. 1 of Report 391. These data may be represented for antennae of diameter greater than 100
wavelengths and in the frequency range 2 GHz to 10 GHz by:

G (gain relative to isotropic antenna) = 32 - 25 log @ - dB

where

¢ is the angle'in degrees between the main beam axis and the direction in question and is limited to
@ > 1°. The equation is valid for G > —10 dBi. At larger angles G is constant at —10 dBi.

However, it should be noted that the pattern in Fig. 1 may not apply to a prime-focus (foéai-feed) antenna
system. ‘

Measurements of patterns of earth station antennae used in the Space Research Service have been made
using collimation towers and in one case (64.m antenna), using a Surveyor spacecraft transmitting from the Moon"
[Levy et al., 1967]. The difference between these measured data and the accepted reference radiation diagram for
the Fixed Satellite Service is small. In most cases the space research antenna side lobe levels are lower. This is to
be expected since there has been an emphasis on minimizing antenna temperature in the design of the large
antennae used in space research.

1 A more recent set of measurements at 11.5 and 34.5 GHz obtained with a 10 m Cassegrain antenna used in
the Japanese space programme is shown in Fig. 1, in comparison with the reference radiation pattern. Further
details are given in [CCIR, 1974-78]. Statistical distributions of the side lobe peaks show that only 10 percent lie
above the values given in Fig. 1.

3. Conclusions

The reference radiation diagram employed in the Fixed Satellite Service (see. Recommendation 465) is
representative of the side lobe patterns of a number of earth station antennae used in the space research service. It
is therefore considered that in situations which require interference calculations, and for which actual antenna
patterns for earth stations do not exist, the reference radiation diagram of G (dBi) = 32 — 25 log ¢ may be used
as a representation of the peak envelope of the side lobes of these antennae. Administrations are invited to submit
measured antenna radiation patterns concerning various types of antenna systems which may be used to add to
the statistical data of Fig. 1.

* This Report is brought to the attention of Study Groups 1, 4, 8, 10 and 11.
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(Levels exceeded by 10% of the side-lobe peaks)

A:  11.5 GHz,D/A ~380
O: 34.5GHz,D/x ~ 1150

Antenna type: Cassegrain ; polarization, right-hand circular

REFERENCES

LEVY et al. [1967] Lunar range radiation paths of a 210 ft antenna at S-band. IEEE Trans. Ant. Prop., AP-15, 2, 311-313.

CCIR Documents
[1974-78]): 2/210 (Japan).

RECOMMENDATION 509

' GENERALIZED SPACE RESEARCH EARTH STATION ANTENNA
RADIATION PATTERN FOR USE IN INTERFERENCE
CALCULATIONS, INCLUDING COORDINATION PROCEDURES

"(Question 15/2 and Study Programme 15A/2)

, (1978)
The CCIR,

CONSIDERING

(a) that the application of coordination procedures between space research earth stations and stations of other
services is dependent upon specific antenna radiation patterns;

(b) that where this information does not exist, it may be desirable to use a reference antenna radlatlon
diagram which closely represents the majority of antennae used in the serv1ce,

(c) that measured data from some large (D/A > 100) parabolnc Cassegrainian antennae used in the Space
Research Service indicate an off-axis discrimination that is as good as, or better than, that of antennae in the
Fixed Satellite Service (see Report 675),
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UNANIMOUSLY RECOMMENDS

1. that in the absence of measured data on the levels of side-lobe response of a space research earth-station
antenna which is subject to interference coordination procedures, a reference radiation pattern recommended for
use in the Fixed Satellite Service (Fig. 1, reproduced below, from Recommendation 465) be used to represent
provisionally the space research earth station side-lobe response;
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FIGURE 1 — Provisional reference radiation diagram
2. that this reference radiation pattern be used only for antennae the diameters of which are greater than

100 wavelengths, for angles greater than 1° from the main beam axis and for frequencies between 2 GHz and
10 GHz;

3. that administrations be invited to submit measured antenna radiation patterns which may be used to
improve the accuracy of the provisional reference radiation diagram in Fig. 1.

REPORT 676*

SHAPED BEAM ANTENNAS

(Question 15/2, Study Programme-15A/2)
T (1978)

1. Introduction

The increasing tempo of satellite applications to telecommunication requirements, and the necessity for
frequency sharing between space services and terrestrial services, is causing more emphasis to be placed on factors
which enhance orbit/spectrum utilization, and sharing. One of the most important factors is the directivity of both
spacecraft and earth station antennae.

One aspect of this matter which has already received considerable attention-is the technology for
minimizing the side lobe response of antennas.

Another factor which is not so well defined is the generation of asymmetrically shaped beams for
spacecraft antennas. Asymmetrically shaped beams are designed to optimize coverage of particular geographical
areas while minimizing power flux-density in adjacent areas. This coverage can be obtained by the use of a single
shaped beam or by combining multiple beams to obtain the desired pattern.

*  This Report is brought to the attention of Study Groups 4, 10 and 11.
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2. Beam shaping technigues

The following sections discuss beam shaping techniques as applied to reflector, lens and array antennas.
Recent advances in mathematical synthesis procedures are also described.

241 Reflectors

The parabolic antenna is the most widely used for beam shaping. A combination of two techniques is
usually involved, the shaping of the illumination pattern of the parabolic reflectors, and the shaping of the
parabolic reflectors themselves.

The first technique, illumination tapering, is a process by which the amplitude and phase of the
illumination across the aperture is varied in order to match the pattern required. Due to the fact that curvature of
the phase front reduces the total effective aperture available thus leading to a reduction of contribution in the
direction of maximum gain, tapering can be accomplished only at the expense of a broadening of the main lobe,
and so reducing the directivity of the antenna [Radio Spectrum Utilization, 1965; Silver, 1949].

Practical means by which illumination tapering can be achieved include the use of single feeds designed
with limited beam patterns to produce under illumination, offsetting of feeds from focus, and the employment of
array type feed structures.

The second technique used in the control of side lobes and the shaping of the beam involves a direct
modification of the reflector, and is usually supplementary to the tapering of the illumination. Reflector
modifications for symmetrically shaped beams can include squaring the edges of the antenna for a square-ended
sector beam, cutting the paraboloid so that the centre is elevated relative to the periphery for a normal sector
shaped beam; flaring the edge of the reflector for a flared beam and so on. Modified reflector designs have also
been used successfully to obtain asymmetrically shaped beams. These are usually accomplished by the use of an
extended feed in conjunction with reflector modifications [Silver, 1949].

A basic problem common to reflector systems is aperture blockage. Many designs and techniques have
been evolved with regard to this problem. One particularly satisfactory technique is to offset the feed. This
technique is increasingly effective with increasing offset and there is a consequent decrease of directly reflected
energy into the feed. However, where the asymmetry of the offset configuration creates unacceptable electrical
performance or problems of a mechanical nature in some applications, the use of a Cassegrain antenna is
preferred. In Cassegrain antennas the feed is located behind the main paraboloid reflector, and radiates the energy
through a small aperture in the main reflector, to a secondary sub-reflector which reflects the energy to the main
reflector from which the final collimated beam is radiated. Other techniques include active compensation for the
blockage by use of a single radiator at the feed, as discussed in Report 558, and zone suppression techniques
which can involve either stepping of the reflector or the installation of a ring of radiating elements around the
periphery.

Several antennas utilizing a combination of shaped reflector structure and tapered illumination have been
built or are currently under development. These include the Japanese Experimental Broadcast Satellite (BSE)
described in Report 810. The pattern produced by the antenna is designed to cover the Japanese home islands
with side lobe coverage of the Bonin and Volcano Islands. Another example of a shaped coverage parabolic
reflector antenna, operating at present, is the Atlantic coverage INTELSAT-IV A, as described in Report 558.

2.2 Lenses

Lenses, like reflectors, enable a satellite to serve a number of separate regions on the Earth simultaneously
through a single antenna aperture and a common band of radio frequencies. Desirable properties of lenses for
production of shaped beams include the ease of shaping the lens surfaces and the ability to maintain precise
surface tolerances [Collins and Zucker, 1969]. Certain techniques such as zoning of the lens elements contribute to
reduction in chromatic aberration and therefore side lobe levels as described in Report 810. At present, lenses are
a promising alternative for providing multibeams [Ricardi, 1977]. They have an advantage over reflectors as the
feed is located behind the aperture, thus eliminating aperture blockage. One multibeam lens is being constructed
[Elson, 1975] with potential applications to an INTELSAT 6 class of satellites, for use primarily in the 11 and
14 GHz bands. The lens is capable of generating a large number of pencil beams simultaneously which can be
combined to produce larger shaped beams. This particular design takes advantage of dual polarization (right and
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left circular) and spatial separation techniques for frequency re-use and isolated shaped coverage. Side lobes from
a 5 feet (1.53 m) test lens are at least 30 dB below on-axis peaks scanned across an 18° field of view (Earth
coverage).

23 Arrays

Satellite borne multi-element arrays have been determined in many studies to be well suited for multiple
beam and shaped beam operations. This is discussed in further detail in Report 810. There are limitations to the
use of arrays based on weight, but their performance with respect to weight and cost, improves considerably at
higher frequencies.

Side lobe control for array antennas can consist of null-placing techniques in which the directly radiating
elements of the array are properly excited to form a multiple beam system, with beam peaks and nulls in specified
angular positions. This technique is applicable to spacecraft antennas operating in higher frequency bands where
the size and mass of the array is reduced to reasonable values [Atia and DiFonzo, 1975].

Recent developments [Phelan, 1976] such as “Spiraphase” are leading to lower cost, lower loss, and lighter
weight phased arrays. “Spiraphase” involves a different technique for obtaining phase shift control in an array
aperture. It is based on the fact that as a circularly polarized antenna is rotated, the phase shift of the radiated
field from the antenna changes proportionally to the rotation of the antenna. Utilizing a completely symmetrical
radiation pattern, the phase shift of the “Spiraphase” is frequency independent and limited in bandwidth only by
the bandwidth of the antenna used. To obtain the phase shift, it would be necessary to rotate the circularly
polarized antenna mechanically. This method would not apply to linear polarization.

3. Synthesis procedures

The far-field pattern of an aperture source can be computed from a knowledge of the Fourier components
of the illumination function over the plane subtended by the aperture [Jasik, 1961]. For simple geometric shapes,
determination of the aperture distribution for a given pattern is relatively simple. One of the more familiar of the
earlier analytical developments is the Taylor aperture distribution [Taylor, 1955] which is designed to produce a
minimum antenna beamwidth, together with a specified side lobe level, out to a point beyond which the side lobe
amplitude level decreases. )

For complex patterns, however, the mathematical relationships involved become difficult, and computer-
ized numerical methods are needed to solve the requisite integrations. In recent years, considerable effort has been
devoted to the exploration of various analytical techniques based on physical optics, diffraction theory, etc., with
a view to developing a general procedure for the synthesis of shaped beam antenna designs with a minimum of
computational complexity.

Parallel with the theoretical effort, prototype antenna designs based on synthesis techniques have been
constructed and .tested. Of particular importance are studies leading to the development of antennas having
multiple beams, each having irregular beam shape -and sharp skirts, in order to permit frequency re-use with a
minimum of interference.

Several recent studies [Erickson, 1972; Byrnes, 1972] have led to the development of multiple shaped beam
antennas designed to cover the United States on a time-zone basis. A summary of recent progress in this area is
given in Annex I to this Report.

4. Conclusions

It is possible to develop shaped beams by the use of reflector, lens and array type antennas. Each of the
three antenna types offer particular advantages for certain applications. Recent advances in synthesis techniques
are useful for analytic design of shaped beam antennas.

Many applications require highly irregular beam shapes which are beyond what can be achieved by using
passwe reflectors and multiple feeds. More complex structures using a combination of several techniques to
provide the desired amplitude and phase distribution across an aperture are needed. Optimization studies
concerned with efficiency, cost, performance and weight of such antenna designs should be performed.
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ANNEX T

CONTOUR PATTERN SHAPING

1. Introduction

The purpose of this Annex is to describe a computerized method of antenna beam synthesis that permits
the design of contoured-beam antennas to meet specified far-field pattern characteristics such as pattern contour,
null positions, and side lobe level. :

Contour-beam antennas are important for various applications such as the broadcasting and fixed-satellite
services. Additionally, properly designed contoured beam antennas may be important in other applications,
such as:

— high beam efficiency (low sidelobe) antennas for radiometric land/sea observations,
— shaped beam antennas for reducing pointing loss of spacecraft antennas,
— fixed beamwidth (within a reasonable bandwidth) antennas for radio frequency interference (RFI) detection.

2. General

The design of a contoured beam antenna to meet prescribed far-field pattern characteristics is a very
complex problem, particularly if the required geographical coverage is irregular in shape. Careful consideration
must be given to uniformity of power level and polarization (for dual polarized antenna systems) within the area
of coverage, spillover radiation into other areas, and sidelobe response. In terms of far-field pattern characteris-
tics, the following parameters are therefore of major importance in a contoured beam synthesis problem:

— pattern contour (to match the geographical boundary),

— pattern ripple (within the coverage area),

— rate of drop or slope (at the boundary of the coverage area),

— sidelobe level, ’

— polarizations of dual patterns are approximately orthogonal over contour.

The design method, upon which this Annex is based, takes these factors into account. These techniques
have been the subject of continuing study in the United States for several years.

21 The Sphérical Wave Expansion method

- The Spherical Wave Expansmn (SWE) method is an earller synthesis procedure. It consists of the
followmg basic steps: .

2.1.1  Obtain a realistic contoured antenna pattern to meet the prescribed requirements.

2.1.2 Expand the pattern into spherical waves.
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2.1.3 Perform physical optics scattering calculations of the spherical waves to determine the far-field
pattern of the antenna feed necessary to produce the contoured antenna pattern of § 2.1.1.

2.1.4 Determine the aperture illumination of a physically realizable feed array that will approximate the
feed far-field pattern as determined in § 2.1.3.

The SWE method has the ability of determining the aperture illumination of the feed array for any
prescribed contoured antenna pattern. This enables a designer to synthesize a universal antenna (within a
reasonable frequency band) for any chosen far-field characteristics. However, the SWE method requires a large
amount of computer time for calculations involving symmetrical and particularly non-symmetrical antenna
systems such as offset paraboloids. The SWE method is not new [Erickson, 1972; Byrnes, 1972].

2.2 More recent advances

More recent approaches during the past two years include the following major advances:

22.1 A rapid integration technique for calculating the secondary spot beams is used to reduce computer
time. )

2.2.2 The far-field phase and amplitude distributions of spot beams are optimized for best fit to the
prescribed pattern contour under the prescribed constraints on side lobe level, rate of drop, and pattern

ripple.

2.2.3 A new overall synthesis procedure is used to determine the minimum reflector size and minimum
number of feed elements needed, leading to a minimum cost antenna design.

2.2.4 The technique has been extended to include offset parabolic and shaped reflectors [Galindo-Israel
and Mittra, 1977].

2.2.5 Further synthesis design techniques for circularly symmetric and offset geometries have been
developed and are considered as major break-throughs in reflector synthesis [Galindo-Israel et al., 1977].

2.2.6 Further optimization of the synthesis methods to include diffraction synthesis have been made [Lee
et al., 1977]. .

The method in § 2.2.5 above, does provide a new method for synthesizing fixed contour patterns from
simple feeds. However, work is continuing in the study of the application of shaped reflectors and dual
polarization in the synthesis procedure.

When fully developed, it is anticipated that the optimization methods will provide:
— best fit for prescribed requirements,
— rapid computing time,
— physically realizable feed,
— minimum cost antenna design.

3. Antenna beam design example

In order to show the usefulness of the method, this Annex concentrates on several possible antenna beam
designs capable of providing coverage to the Eastern Time Zone (ETZ) of the United States (Fig. 1) from a space
station located at 112° W longitude. The following examples are concerned with the design of the feed structure
parameters of a parabolic antenna which is intended to provide coverage to the ETZ with a minimum of spillover
into adjacent geographical areas. The feed structures consist of feed antenna arrays each element of which emits a
cosine illumination pattern. The optimized beam is generated by controlling the phase and amplitude of each feed
antenna.

Figure 2 shows the resulting far-field pattern which can be obtained by using a 7 x 9 feed element array
structure, overlaid on the ETZ as it would appear in the space station antenna co-ordinates. The agreement
between the ETZ and the antenna pattern is quite good. The array element spacing for this example is
0.71 wavelengths (\) along the 9-element side and 0.91A along the 7-element side; and the array has been rotated
about its boresight axis by 26° so that it lines up to advantage for generating the feed pattern. A very encouraging
result is the retention of the extremely low side lobe level. Note that a —20 dB level is obtained about the ETZ
contour and beyond this region, all side lobes are kept below —30 dB.
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90°
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FIGURE 1 - Eastern Time Zone (ETZ) of USA in Antenna Co-ordinates

Boresight, 79°W long., 39°N lat.
Satellite location, 112°W long. Geostationary

Figure 3 presents the far-field solution for a 12 x 12 element array.

When compared to Fig. 2, the following characteristics are noted:
— additional ripple occurs within' the contour region, probably about an extra 1 dB, from =+ 0.75 dB to
+ 1.25 dB of ripple; '
— the region of coverage is somewhat reduced. The region formerly included above the —1 dB level is only
above the —3 dB level;
— the side-lobe level remains very low, more than 30 dB below peak with few exceptions.

4, Discussion

The study of methods for synthesizing contour patterns is continuing, The results to date are very
encouraging and they should promote continued interest in pursuing these design techmiques to a logical
conclusion. '

The new approaches, besides using much faster computer techniques, do optimize the desired pattern to
obtain pattern “fit” in the secondary pattern region,
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FIGURE 2 —bFar-ﬁeId antenna pattern utilizing a 7 X 9 element feed srruéture

A :-1dB F : -20dB

B :-3dB G : -30dB

C :—-6dB H : State of Maine

D :-10dB I o State of Florida

E :-15dB —=—=—- : Eastern time zone of USA

5. Conclusions

It has been shown that an accurate determination of an antenna reflector and feed system is possible for
complex contour beams. The optimization techniques will give any degree of accuracy desired depending only
upon allowable reflector size. The success of the work to date indicates that indeed an array fed reflector can be
designed and that by commanding particular array distributions, it will generate contour beams of any desired

shape.

A major difference becomes apparent when the region to be contoured represents many beamwidths for
the chosen antenna size, i.e., the larger and higher-gain antennas. The design methods will permit sharper skirts on
the side of the beam so that low radiation levels are reached nearer the contour edge This is extremely important
when the purpose of contouring is to permit the sharing of frequencies. : .
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90°

180° ©=0°

270°

FIGURE 3 — ETZ, using feed pattern of 12 X 12 array

A :-1dB D : -15dB
B :- 3dB E : -20dB
C :-10dB F : -30dB

Note. — The apparent rotation of this figure when compared to Figs. 1 and 2, is only due to the use
of a rotated coordinate system for convenience in the computer generation of the antenna pattern.
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REPORT 677-1

LOW SIDE-LOBE ANTENNAS FOR SPACE RESEARCH EARTH STATIONS

(Question 15/2; Study Programme 15A/2)
‘ (1978-1982)

1. Introduction

This Report describes the performance characteristics of offset reflector antennas with very low side lobes,
which may be suitable for space research earth station antennas.

2. Causes of side lobes and their reduction

The causes of side lobes of reflector antennas are mainly:
— spill-over power from the sub-reflector and the main reflector;
— blockage by the sub-reflector and supports;
— diffracted power from the main reflector edge.depending on the field distribution;
— scattered power from the sub-reflector edge and its supports;
— profile errors in the reflector surfaces.

Various techniques have been developed to reduce side lobes. Side-lobe levels due to edge diffraction of ,
the main reflector can be reduced by increasing the taper of the feed pattern across the aperture of the reflector,
involving a penalty of reduced gain. The use of an offset reflector configuration is very effective, because it is free
from aperture blockage and scattered power due to the sub-reflector edge and supports. In addition to this,
microwave absorbers attached around the outer edges of reflectors and primary radiator suppress side lobes to
extremely low levels.

3. Side-lobe characteristics of offset reflector antennas

Offset reflector antennas may be classified as:
— offset single reflector antennas such as the offset paraboloidal antenna and the horn reflector antenna; and
— offset multiple reflector antennas such as the offset Cassegrain antenna and the offset Gregorian antenna.

These configurations are shown in Fig, 1.

Side-lobe levels of the horn reflector antenna are lower than those of the offset paraboloidal antenna
because of the shielding structure of the feed horn, However, the horn reflector antenna has disadvantages in size
and weight compared to the offset paraboloidal antenna. The offset paraboloidal antenna has side lobes due to
spill-over in the side and backward regions. Side lobes of offset multiple reflector antenna can be reduced by
controlling the aperture distribution over the main reflector, since these antennas have high freedom in choosing
the antenna parameters. In order to achieve an optimum amplitude and phase distribution of the aperture of the
main reflector, the sub-reflector and main reflector surfaces can be modified.

Figure 2 shows an offset Cassegrain antenna fed by three beam-waveguide reflectors which works with
Japan’s CS (medium-capacity communications satellite for experimental purpose) [Qgawa et al, 1978]. In this
antenna, the wind load on the antenna base is reduced by the use of a flat and nearly horizontal main reflector.
The antenna can be constructed on top of a building. It also offers an adjustable elevation angle capability. The
antenna can be applied to earth stations not only for geostationary satellites but also for various space research
satellites, Figure 3 shows the measured side-lobe characteristics (peak value) of an offset Gregorian antenna
[Mizugutch et al, 1976], the offset Cassegrain antenna and a symmetrical Cassegrain antenna compared with the
reference radiation diagram (Recommendation 509). The side-lobe levels of the offset reflector antennas are much
lower than these of the conventional Cassegrain antenna.
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4. Side-lobe reduction by microwave absorbers and effect on antenna noise temperature

Though offset Gregorian antennas have very low side lobes as explained above, much lower side lobes
may be required in an interference-sensitive space research system. It is very effective to attach microwave
absorbers around the outer edge of reflectors for suppressing the spill-over rays. Figure 4 shows an antenna with
microwave absorbers attached. Figure 5 shows the comparison of the measured side-lobe patterns with and

without microwave absorbers. The measured efficiency of this antenna was about 70%.

Offset single K . Offset multiple

reflector type ’ . reflector type

P e >

A A
A ! 4
> - -
< ~i
Offset © Hormn- . ‘Offset : Offset
paraboloidal . reflector Cassegrain Gregorian
antenna ;| antenna antenna antenna
FIGURE 1 — Various offset reflector antennas
A: main reflector
B: sub-reflector
< C: primary horn
Sub-reflector ___.? \
o / \
Boresight direction \ ./. | .\'\
. AN / -
Main reflector :
Beam-waveguide
Back structures section
Elevation - Azimuth driving system
driving system ‘
Building roof ' I\ I
Corrugated horn Feed section

FIGURE 2 — Detailed antenna configuration
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FIGURE 3 — Measured side-lobe patterns (pedk value)

" A: offset Gregorian antenna (D/A = 66, 25 GHz, D = 0.8 m)
B: offset Cassegrain antenna (D/A = 750, 19.5 GHz, D=11.5 m)
C: symmetrical Cassegrain antenna (D/A = 600)

Main reflector
(Offset paraboloid)
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FIGURE 4 — Offset Gregorian antenna with microwave absorbers

Primary horn



Rep. 677-1 53

=20
o -40
2 A
ty i S P2Vl et
) 7 WA
: NikS
g =60 //,\ A "”r 4 \\\\ ~1 N\
B2l My / N P o \
% ,/ \L//\\ - ,’\‘ I‘J / ’\ \'\I ‘\ ~ B’-../’ \\
" Baa % '’ A

-80

- | o ‘ \\/‘t\ TA A
tophast N/ NV L M
=180° -120° -60° 0° 60° 120° 180°

Off-axis angle (degrees)

FIGURE 5 — Measured side-lobe patterns of offset Gregorian antenna
with and without microwave absorbers

A isotropic level
B: without miicrowave absorbers
C: with microwave absorbers

D/A = 91
D =08m
f =34GHz

As shown in the figure, the high side lobes at about 20° and 150° caused by the spill-over rays around the

sub and main reflectors respectively, are greatly reduced by attaching the absorbers The resultant wide-angle side
lobes are as low as —30 to —35 dBi. .

Almost no effect is anticipated in the on-axis gain due to the microwave absorbers, since these are attached
to the area where illumination level is very low.

The antenna noise temperature increase AT due to the microwave absorbers is considered to give its
maximum at the zenith. The value AT can be given by:

AT =Ty - Ty =~ Zi(Ya — Y) Do : ¢))

where,
TY, T,: antenna noise temperature with or without microwave absorbers,
Y4, Ya: antenna beam efficiency with or without microwave absorbers in the j-th region,
Ty: temperature of microwave absorbers (=290 K). ‘
The noise temperature increase AT is evaluated to be 4.4 K by using the equation above.

Measurements of antenna noise temperature at 11.7 GHzZ were carried out under clear sky conditions by
use of 3.3 m offset Gregorian antenna with microwave absorbers. Introduction of the microwave absorbers
generates an overall noise temperature increase of about 5 K. This result agrees with the estimation and is
equivalent to a loss of about 0.07 dB at room temperature.

5.  Conclusion

This Report shows the measured radiation patterns of typical offset reflector antennas as possible
candidates for space research earth station antennas. It has been shown that the offset antenna configuration is
very effective for reducing the side-lobe levels, since it has no obstacle in the aperture plane. It is also important
to use a low side-lobe horn antenna as the primary radiator to suppress the spill-over rays.
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The side-lobes are further reduced by attaching microwave absorbers around the primary feed system
including the sub-reflector, and also around the outer edge of main reflector. The antenna noise temperature
increase due to the microwave absorbers was estimated and found to be fairly small.

Such techniques as described in this Report can reduce the wide-angle side lobes by as much as 15 dB, and
the back lobes behind the reflector could diminish to —30 dB relative to the isotropic level. It may be worthwhile
to pay attention to such techniques for reducing interference in the space research service.
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REPORT 543-1*

SAFETY ASPECTS OF RADIO-FREQUENCY RADIATION
FROM SPACE RESEARCH EARTH STATIONS

Comparison between predicted and measured field strengths at 2 GHz

(Study Programme 15B/2) .
(1974-1986)

1. Introduction

This Report provides a summary of a study in which calculated and measured power flux-densities in the
vicinity of a large (64 m) diameter reflector were analyzed and compared. It is an abbreviated version of the
previous Report 543 published in Volume II, Geneva, 1982. Reference should be made to that Report for the full
details of the studies made, and of the system characteristics. Power flux-densities greater than 10 mW/cm? were
examined in the greatest detail since they may be considered as being potentially dangerous to human beings
exposed to the radiation [USA Standard, 1986]. Intermediate densities, from 1 to 10 mW/cm?, were covered in
lesser detail, since this category is considered safe for occasional exposure. Densities less than 1 mW/cm? were
examined, although radiation in this category is considered safe for indefinite exposure. The origin of the material
discussed here is a report published in the United States of America [Bathker, 1971].

High power radio-frequency radiation constitutes a biological hazard and also a hazard to volatile fuels
and electro-explosive devices. This Report is concerned primarily with the levels of radiation which are considered
biologically hazardous; applicability to fuels and electro-explosive devices is not discussed. Radio-frequency
radiation effects in these areas are discussed elsewhere [Constant and Martin, 1963; IME, 1968, Wood, 1969].

The system discussed is the United .States NASA, 64 m diameter, Cassegrain-fed, parabolic reflector
antenna at Goldstone, California, operating at 2.12 GHz with 400 kW CW transmitter power input to the antenna.
This system is a very carefully optimized transmit/receive arrangement wherein high beam efficiency (percentage
of total radiated power delivered to the main beam) and low spillover and scatter (the percentage of the total
energy that is wasted in the form of stray radiation) were sought after in depign and achieved. This point is
important; a poor selection of a feed system could invalidate the results of this study. '

*

This Report is brought to the attention of Study Group 1 with respect to Question 52/1.



) Rep. 543-1 55

2. Comparison, predicted and measured power densities

A number of radiation surveys have been made in the station area around the 64 m Goldstone reflector.
Radiation surveys are typically taken with probes having a rather large (500 cm?) effective area and using a radio
frequency thermal detector with a usable sensitivity in the 10~2 mW class. Such an arrangement responds to the
average power flux-density over a few square wavelengths or several spot maxima and minima, if any exist. The
minimum detectable average power density is 10~ mW/cm?, and larger fields are accurately managed by use of
attenuators. Experience has shown one characteristic of the stray radiation is strong ellrptrcal polarlzauon i.e., the
polarlzatlon tends towards linear for each sample.

Selected results from the various surveys are given in Table I (the entries in Table I indicating the points
at which measurements were made; see Fig. 1). The primary purpose of Table I is to show the measured high
fields on the 64 m aperture, and in the tubular beam. The moderate fields expected on the ground in front of the
reflector at 6° elevation are also shown. The back radiation is seen to be very small.

TABLE I — Selected power flux-densities, 64 m/400 kW Goldstone system (see Fig. 1)

Power flux-density
Measurement P ot Measured values Calculated values Remz?.rks
(mW/cm2) (mW/cm?)
On 64 mreflector . . . . . . . .. 435 29-5 Radius: 5 m
On 64 mreflector . . . . . . . .. 220 S 19:0 Radius: 15 m
On tubular beam centre . . . . . . 280 300 Range: 700 m
Below beam, on ground (1) . . . . . 0-02 to 2-0 4-0 Range: 100-300 m
Reflector edge, on ground (1) 0-32 to 0-8 25 ~ Height: 1-7m
Directly behind reflector . . . . . . S0l - = Leak near opening
Directly behind reflector . . . . . : < 0-02 0-001 Continuous panel
Behind reflector, on ground . . . . . 0-002 ~ 0-000032 Angle of elevation: ~15°
Back lobe search, on ground (1) < 0-001 ~ 0-000032 Plunge tests
Under hyperboloid, on ground . . . 0-11 — Height: 1-7m
() At 6° elevation.
-1 100
g
- 50 -
%
D
| o
I
1 1 1 1 0
300 250 200 150 100 50 0

Distance (m)

FIGURE 1 — 64 m antenna system power flux-density study (see Table I)

Elevation angle: 6.0°
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It is considered that the 64 m/400 kW system is very adequately described for power flux-densities greater
than 10 mW/cm? Totally independent studies of apertures with tapered illumination show a ratio of power
flux-density at the aperture to the density at 2D?/A of 14.2 dB [Bickmore and Hansen, 1959). The results obtained
here yield 14.3 dB. The calculated tabular beam maximum agrees with the measurement at 700 m to within 0.3 dB.
The limitations in handling the multiple and reflected fields near the ground both analytically and during the field
surveys should be borne in mind, i.e., the spot maxima and minima phenomenon (standing waves) and the
averaging provided by the measuring process are important in interpreting the results *.

The first order tubular beam approach taken above is considered totally valid in the context of this study.
A survey party using the hand-held equipment would observe a received power of about 25 W at 7 km while a
2 m diameter dish would receive nearly 1 kW **. Higher power flux-densities are possible in a mis-focused
condition. An approximate density increase of 6 dB is available at 14.5 km although the reflector power flux
should always remain focused at infinity when transmitting.

In the intermediate (1 to 10 mW/cm?) zone, which, necessarily, is likely to be more loosely controlled,
mention of unlikely, but possible, effects should be made. Resonant or focusing devices, perhaps key-rings, metal
eyeglass frames or wrenches are capable of exhibiting a reasonable absorption area at 2 GHz. For example, a
half-wave dipole (7.0 cm) in a 1 mW/cm? field will deliver 25 mW to a matched load.

Effects of this kind have been reported, but are considered little more than an improbable irritation.
Normal tracking motion of the antenna will impose a time limit on the intermediate zone to some extent. In this
intermediate zone, spot power flux-densities have been calculated but the measured average power flux-densities
(the average over the aperture of the test horn) appear lower as might be expected. It is considered that the
average value is important in terms of personnel exposure, while the spots are important in the event of resonant
phenomena, if any. In either case, this zone, on the ground, is considered safe for incidental or occasional
exposure, even at 6.0° elevation angle.

The greatest hazard is the tubular beam itself because acceptable siting of large microwave ground
antennas generally places such installations in depressions, the primary restriction is to avoid interception of the
tubular beam with the surrounding terrain. Surrounding terrain includes man-made objects such as towers, other
antennas, power lines and possibly roofs of buildings near to the antenna. Generally, the NASA 64 m station sites
are such that the transmitter will be inoperative at 6° elevation angles, due to the above primary restriction. This
further helps to alleviate the power flux-density in the intermediate zone, as may be seen by inspection of Fig. 1.

3. Conclusions

As a result of the adopted standards, the following restrictions on the movement of personnel when
operating the described system are required:

— access to the reflection surfaces must be avoided;
— access to the tubular beam must be avoided;

— the time during which access into the zone described as intermediate is allowable must be limited (to 1 hour
in 24 hours).

All operating personnel should be made well aware of the tubular beam characteristics (range and power
density) and the unlikely, but possible, effects in the zone where time-limited access is applicable.

The following environmental restrictions are also important:
— restrictions are necessary as regards the masking of the site by obstacles;
— restrictions are necessary as regards the height of the station buildings;
— collimation and other towers are potentially dangerous.

More recent information based upon the use of a small aperture polarization-independent probe confirms that, in a
complex field, measurements taken with such a probe are generally 6 to 10 dB greater than with a large aperture.

A 2 m dish, 1.5 km from a 25 m/400 kW system operated at 2.39 GHz, has been inadvertently swept, during normal
tracking, by the tubular beam. The power flux-density and range of the tubular beam in this case is 186 mW/cm? and
2.7 km, respectively. Further, the 2 dB increase at half range as predicted by the second order tubular beam theory was
evident here; the dish collected approximately 5 kW with resultant loss of feed and cabling due to thermal damage.
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REPORT 682-1*

PROBABILITY OF HAZARDS TO PERSONNEL WITHIN AIRCRAFT
DUE TO RADIATION FROM DEEP-SPACE EARTH STATIONS

(Study Programme 15B/2)
(1978-1986)

1. Introducﬁon
X

This Report is. an abbreviated edition of that published in Volume II, Geneva, 1982. Reference should be
made to Annex I to that Report for the main analysis. The subject matter relates to Question 15/2 and to Study
Programme 15B/2; historically, it also refers to § 1 and 2 of Question 52/1 (former Question 21/4) and § 8.2 of
Report 385. An analysis has been made of the potential hazard to which personnel in aircraft (especially light
aircraft) may be exposed when flying in the vicinity of an earth station of the deep-space space research service.
This situation is independent of the type of aircraft fuselage construction material used.

2. General -

A deep-space earth station utilizes very high gain parabolic antennas in conjunction with high power
transmitters and sensitive receivers. The primary function of such a facility is communications with deep-space -
space stations. The possibility exists that overflights by aircraft may occur in the vicinity of a transmitting earth
station.

The possibility of a hazardous situation being created by high powered antennae beams to aircraft is
dependent on several factors, such as:
— the types of aircraft flying in the area surrounding the space station,

— the-effectiveness of the safeguards and controls imposed by regulatory agencies over the routes traversed by
aircraft flying near a potentially hazardous area,

— the probability of an aircraft actually traversing the high power density region of the transmitting station.

3. Probability of a hazardous situation occurring

In the following discussion it is assumed that the regions surrounding a deep-space earth station such as
Goldstone Lake, California, are restricted zones in which the flight paths of military and large civilian aircraft are
controlled by the administrations in co-ordination with the deep-space operations, so that the major remaining
radiation hazard potential problem, arises due to small non-instrumented aircraft deliberately or accidentally
traversing the restricted or controlled region.

The attention of Study Group 1 is drawn to this Report.
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The fortuitous circumstances under which an aircraft might encounter a high-power beam emitted from a
deep-space facility may be calculated from the following conditional probabilities:

— The probability of an aircraft wandering into a restricted zone inadvertently. (This probability that a general
aviation aircraft will enter into a restricted zone contiguous to a deep-space complex is a function of the
number of aircraft flights in proximity to such a zone).

— The probability that an aircraft, moving at random, once having entered the restricted area, will enter the
antenna butterfly*. (This in its simplest form is the ratio of the area of the butterfly to the area of the
available flying space within the restricted zone.)

— The probability that once an aircraft is in the butterfly region, it will .intercept the beam of the antenna. (This
probability may be determined by assuming that the butterfly region at a given altitude is divided into a
number of area segments, each being the same size as the hazardous region of the beam at the given altitude.
Since only one of the regions is, in fact, the hazardous region in each case, the probability that the aircraft
will intercept that one region is roughly a function of both the'size of the hazardous region and the aircraft’s
longest path length through the butterfly.)

The overall probability of a small aircraft entering the transmitting antenna beam of the deep-space earth
station is the product of the conditional probabilities described above. Since these probabilities are, in general,
altitude-dependent, the expected altitude distribution of the general aviation aircraft should be applied as a
weighting function to determine the overall probability of an aircraft entering the hazardous region of a
deep -space space research station.

4, Conclusions

The principal conclusion, drawn from the numerical values derived for one specific example based upon
air traffic taking off or landing in the general area of Southern California, United States of America (see Annex I
to Report 682, Geneva, 1982), is that the probability of a light plane accidentally traversing the high power
density region of a transmitting deep-space earth station is about one flight in a million.

*  The butterfly outline pattern results from the intersection of the minimum antenna elevation (10°) contour and two

constant declination contours (+ 30°) projected on to. the surface of the altitude sphere from the location of the earth
station antenna.
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SECTION 2B: TOPICS OF GENERAL INTEREST

Recommendations and Reports

REPORT 980

FACTORS RELATIVE TO ESTABLISHMENT OF
SPURIOUS EMISSION LIMITS FOR SPACE SERVICES

(Question 19/2)
(1986)

1. Introduction

Limits for spurious emissions from transmitters of the space .services operating on frequencies above
960 MHz do not currently exist. As the space services continue to expand, the potential for harmful interference
due to such emissions may grow to intolerable levels unless definite limits are established. Spurious emission limits
are especially important for spaceborne emitters, because transmitter adjustment or modification is normally
impossible after launch. If a space station is found to cause unforeseen interference after launch due to spurious
emissions, curtailment or modification of operations may be necessary, possibly at great expense.

Setting limits to spurious emissions for all space services is a complex problem, owing to the multiplicity
of possible emission frequencies and the number and variety of possible victims of the emissions. No comprehen-
sive analysis has yet been made, but particular systems and services have been examined. Report 713 derives
examples, for illustration only, of spurious e.i.r.p. spectral densities for fixed-satellite service earth and space
stations, based on permissible interference levels for fixed, radioastronomy, space research, and fixed-satellite
service stations and using several "assumptions for the sake of simplicity. Report 844 analyzes the possible
interference due to harmonics between deep-space research stations and stations of the fixed- and broadcasting-
satellite services. Report 697 looks at potential interference to the radioastronomy service caused by spurious
emissions of all other services. :

This Report describes the general characteristics of spurious emissions from the types of transmitters and
modulation methods commonly used in the space services. Techniques for controlling the levels of spurious
emissions are reviewed. Finally, based on these findings, the kinds of levels that could be considered in
establishing limits for spurious emissions are discussed, with the unique characteristics of the space services in
mind.

2. Sources and nature of spurious emissions

21 Spurious sources

Spurious emissions are generated primarily through the action of non-linearities in the elements of the
transmitter chain such as up-converter mixers, power amphﬁers, and surfaces of the antenna structure. The
spurious emission components include:

— mixing products, occurring at linear combinations of the frequencies used in the up-conversion process;

— harmonics, occurring at integral multiples of the carrier frequencies of the intentional emissions;

— intermodulation products (IMPs), occurring at linear combinations of the carrier frequencies of the inten-
tional emissions; and

— local oscillator leakage through the transmitter.

Another component of spurious emissions is parasitic oscillation, occurring mainly in power-amplifying
tubes. Parasitic oscillations are not harmonically related to the desired emissions.

Causes of spurious emissions for the space services operating above 960 MHz are substantially the same as
those present in the lower frequency bands, with one exception. Transmitter intermodulation is a phenomenon
that is well known in MF, HF, VHF, and lower UHF bands when multiple transmitters feed the same antenna or
multiple antennas are in close proximity. It is due to emissions from one transmitter entering the output circuit of
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another transmitter and mixing with the intended output signal(s). This is not a significant problem in transmitters
operating at frequencies above 1 GHz because their transmitter output circuits generally contain isolators which
prevent power entering the antenna from reaching the output circuit of the transmitter and generating IMPs.

2.2 Nature of harmonics. and intermodulation products

The transformation of an input voltage v;(¢) by a memory-less non-linear. device, generates an output
voltage v,(¢#) which may be described as follows: ’

o0

() = D, @ V" (1)

m=1

The coefficients a,, characterize the non-linearity of the device. For example, in mixers, a, dominates. In
linear amplifiers, a, = 0 for m > 1, but in most physically realizable amplifiers, the a, for odd m have
appreciable values. Coefficients’ with even m are present in devices with an asymmetrical response, i.e. v,(v;)
# —v,(— ;). The output voltage of such non-linear devices will contain harmonics and intermodulation products.
The spectra and magnitudes of these are determined by the input signal and the coefficients a,,.

The effect of non-linearity on a single, constant amplitude, phase-modulated input signal is the production
of harmonics which are located at integer multiples of the carrier frequency. The harmonic signals have the form:

A, cos|nwot + n9(t)]

where:
A,: amplitude coefficient;
n: order of harmonic;
o : fundamemal carrier frequency;
6(?) : phase modulation of the fundamental.

When the phase modulation is an analogue waveform, the harmonlc of order n will have the same
modulatmg waveform, but with its deviation increased by a factor n. The spectrum of the n™ harmonic of a
wideband FM or PM signal, therefore, will have approximately » times the bandwidth of the fundamental signal’s
spectrum.

The phase modulation of an unfiltered digital waveform of order m is given by:

0(t) = 2ni/m kT< t< (k+ DT

where i =0, 1, ... or m — 1, ¢ is time, and T is the symbol period. The harmonic signals wi!l mostly have
spectra that are similar to that of the fundamental, with identical bandwidth. The exceptions are harmonics with
order equal to an integral multiple of m. These harmonics have very narrow spectra.

Signals consisting of multiple independent spectral components, when passed through a non-linear device,
acquire intermodulation products (IMPs) as well as harmonics. For N narrowband signals, having carrier
frequencies f; (i = 1, 2, ... N), the intermodulation products appear at frequencies:

kfi+hkh+. ...+ knfy

where each k; is a positive or negative integer, or zero. The order of an IMP is given by:



Rep. 980 61

Note that harmonics are included in the above expression. If the frequencies f; are relatively close to one
another, the IMPs are grouped about the original signals and their harmonics. For example, with two signals at
frequencies f; and f;, some of the IMPs occur at these frequencies:

2nd order: h+ A
2f; > 2nd harmonic group
2% v

3rd order: %2 _ ;,2 > funci’ainental group

2h + £
2 + i
34
3£

3rd harmonic group

‘The fundamental group of IMPs are those with associated frequency coefficients satisfying:

“"These IMPs are most troublesome because they are difficult to filter and produce self-interference. While
much of the IMP power would often-fall within the assigned band, substantial parts of it would also lie on either
side of the assigned band and may interfere with adjacent band services dépending on the frequency difference(s)
S, — /i- The extent of the spreading of IMP power beyond the band edges depends on the order of the product, #.
IMPs of order n fall within a band »n times the bandw1dth occupied by the transmitted carriers. This spreading is
illustrated in Fig. 1.
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FIGURE 1 - Spectral extent of intermodulation products
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The spectrum of an IMP is a scaled version of the convolution of the spectra of the signals that contribute
to it. The scaling factor is a function of the coefficients describing the non-linearity. With input e;(¢) consisting
of N narrow-band bandpass signals:

N
e (1) = Re{ ), dyexp [j2 nht + j(p,,(t)]
p=1

the output of a non-linear device has the spectrum [Fuenzalida et al., 1973]:
N
SN =2 Mx@ (K f) = X ks
K . p=1

where:
K = (k, ky, ... ky)
QK, /) = Stk ¢)* S(kz 2)* ... S(ky on)*
Sk, ¢p) : low -pass equivalent power spectrum, normahzed to unit power, of a carrier phase modulated by
p (pp(t)
Mg : magnitude of spectral component, depending on non-linearity.

Because of the convolution process, the spectrum of an IMP has a bandwidth equal to the sum of the
bandwidths of the contributing signals. The self-interference effects of fundamental zone IMPs have been
mitigated in some multi-carrier systems by judicious assignment of carrier frequencies. Carriers are assigned
frequencies so that IMPs fall primarily in unoccupied slots or out of the assigned band. This practice has the
potential for increasing the probability of generating significant spurious emissions via IMPs, while decreasing
self-interference. .

2.3 Interference effects of spurious emissions

As shown in the previous section, an IMP or harmonic signal produced from phase-modulated carriers is
itself a phase-modulated carrier which generally has a greater deviation than any of the carriers. A notable
exception to this general situation is the case of the second harmonic of a 2-PSK modulated carrier, and IMPs
involving it. The harmonic in that case has a narrow spectrum, and the IMP is likewise narrower. (This applies as
well to the fourth harmonic of 2-PSK and 4-PSK, and other higher-order situations.)

IMPs, harmonics, and other spurious emissions of angle-modulated carriers, because they are not
substantially different from the signals that produced them, should have an interference effect very similar to that
of the fundamental undistorted carriers. This means that the analysis techniques developed to estimate interference
effects apply to interfering spurious emissions with validity equal to that when applied to intentional emissions.
Further, limits on levels of intentional emissions devised to protect services from intolerable interference can be
applied to spurious emissions as well. In cases where an IMP is produced by multiple types of carriers
(e.g., FM-FDM and digital 4-PSK), the interfering effects might best be allowed for by assuming that the IMPs
were of the carrier type that caused the greater degree of disruption.

3. Spurious emission control techniques

3.1 Power amplifier harmonics and IMPs -

Two general methods are available for controlling the level of spurious emissions generated by power
amplifiers as described below.

3.1.1  Improvement of linearity

The levels of harmonics and intermodulation products, relative to the desired signal, are reduced
by operating the amplifier at a reduced output level. When the output is significantly below the saturation
(or significant compression) level, the portion of the amplifier’s input-output characteristic that is used is
nearly linear. As power is reduced from such a level, the rate of change of the power of an n' order
harmonic or IMP approaches n times the rate of change of the fundamental power, measured logarithmi-
cally [Westcott, 1967]. For example, third order IMPs are reduced by up to 3 dB for each 1 dB reduction |
in input (or output) power. This rate-order equality is approached only when output back-off is more than
about 7 dB.
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Various linearizing techniques have been applied to reduce IMPs and thus allow use of more of the
power available from high-power amplifiers. These consist of predistorting the input to the power
amplifier, or of adding oppositely-phased distortion products at the output. Annex II to Report 708
describes the performance of predistortion linearizers for travelling wave tube amplifiers.

3.1.2  Filtering

Harmonics from power amplifiers are normally suppressed by means of filters placed in the output
transmission line. Characteristics of some typical harmonic filters for earth-station transmitters. are given in
Table I [Varian Associates, 1976]. ‘

TABLE 1 — Examples of harmonic filter characteristics

H ic rejection (dB
Passband . Rated power i Insertion loss armonic rejection (dB)
GH k dB

(GHz) W (dB) 2nd 3rd 4th Sth
5.925- 6.425 . - 8 0.25 - 50 - 50 40 25
5.925- 6.425 10 025 30 25 20 20
79 -84 5 030 . ' 50 40 30 30
79 -84 10 : 0.20. 35 20 20 - NS
140 -145 2.5 025 20 NS : NS :

NS: not specified

3.2

In order to attain a specific uniform level of harmonic emission suppression, the required harmonic
filter rejection becomes less for each successive harmonic order. This is consistent with the characteristics
of high power amplifying tubes, which typically have about 10 dB less harmonic output power for each
successive order. The first filter described in Table I, placed at the output of a travelling wave tube, would
ensure that all harmonics. would be at least 60 dB below the fundamental. Harmonic output of a klystron
is typically 15 to 20 dB less than that of a TWT, and would require less harmonic filtering to meet the
same specification.

Bandpass filters may be used to attenuate out-of-band and spurious emissions in the vicinity of the
passband. Table II gives characteristics of typical bandpass filters [Varian Associates, 1976]. The effective-
ness of such filters in controlling emissions falling outside the band is limited by the rate of increase of
attenuation with frequency from the band edge. Note that the frequency interval between the band edge
and the point where full attenuation is achieved varies from 30% to 100% of the bandwidth for the filters
listed. This interval can be made less, but at the expense of more passband loss and phase variation.
Because of the finite slope of the filter response, IMPs falling immediately outside the band may be
insufficiently rejected and could cause interference in the adjacent band. When transmitting multiple
carriers extending up to the band edge, one would expect the out-of-band IMP power density to be high in
the vicinity of the band edge. '

Other spurious emission sources

-Passive intermodulation products and harmonics are generated by layers of oxide and other surface

corrosion products that are exposed to the high RF fields in the vicinity of a transmitting antenna. Metal-to-metal
contacts are common IMP sources, especially when between dissimilar metals and when exposed to the
atmosphere Careful design, construction, and maintenance in transmit antennas will reduce the possibility of
passive spurious generation of IMPs. Attention must also be paid to metal structures in the antenna’s vicinity,
which can likewise produce passive spurious emissions.
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TABLE 11 — Examples of bandpass filter characteristics

Passband Rated power Insertion loss Stopband Rejection
(GHz) ' (kW) (dB) (GHz) (dB)
2.7-29 10 0.25 d.c.- 2.59 50
2.59- 2.64 25
3.04- 3.84 25
3.15- 3.70 50
5.925-6.425 3 0.25 d.c.- 5.5 80
69 - 7.2 50
) 7.2 - 82 60
7.9-8.4 12 0.5 de.- 7.75 ' 80
' 8.6 -10.0 80

Local oscillator mixing products, or even leakage of the local oscillator signal itself, at frequencies located
in the power amplifier passband, are transmitted as spurious emissions. This can be minimized in the design
process. Effective filtering of unwanted products at their sources and judicious selection of. local oscillator
frequencies are necessary.

Parasitic oscillations are abnormal and call for maintenance action, They may be eliminated by adjustment
of operating voltages of active elements of the transmitter chain, or by reducing RF leakage at connectors, but
replacement of the offending component is usually necessary.

4. Considerations for setting emission limits

4.1 Form of the spurious emission limits

Three general forms of space service spurious emission limits would be useful:

— a required level of spurious emlssmn suppression relative to the power of the fundamental (or carrier)
emission; : :

— a maximum permissible level of spurious emission power expressed as a spectral power density, a radiated
spectral power flux-density, or a received spectral power flux-density;

— a receivin g pOWCl’.

The suppression type of limit would perhaps be a convenience to system designers since the specifications for
many components are given in the same form (e.g. attenuation of filters). However, conformance with interference
criteria can be assured only where limits on the spurious emissions power levels at the victim receiver are applied.
The following equation relates these two types of limits:

SN = P+ G + G() - L) - 1I(f)

where: _
S required'éupprcssion level (dB) of the spurious emission at the frequency f;

P,: interfering carrier power spectral density level (dB(W/B)), where B is the reference
bandwidth established by the interference criteria;

G,(f), G,(f): transmitter and receiver antenna gains (dBi) at the frequency fin the appropriate direction;

L(f): basic transmission loss (dB) exceeded for all but p% of the time at the frequency f, where p
is established by the interference criteria;

1IN permissible level of interference (dB(W/ B)), to be exceeded in the reference bandwidth B
for no more than p% of the time.
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It can be seen from the above equation that many differing supression levels could be obtained for a given
source of interference as the various spurious emissions are considered. Many assumptions must be made with
regard to the antenna gains and the basic transmission losses in order to determine the required supressions in a

general analysis.

Table III lists some of the protection criteria that have been developed for many of the services in Study
Group 2. The Recommendations should be consulted for further details. In all cases, the total interference power
within the indicated reference bandwidth is considered, which necessarily includes the contributions from all
sources of out-of-band and spurious emissions. The maximum -permissible level of interference from spurious

emissions must be less than the thresholds indicated in Table II

appropriate limits.

I; however, further analysis is needed to determine

TABLE I — Compilation of Study Group 2 protection criteria
: : Station Frequency ' Type of Maximum
Victim service Reference . q ly ype ¢ Threshold exceedance
location range (') criteria .
probability
: . Earth 1-8 GHz Power | —184 dB(W/kHz) 1%/day
- Recommendation |
Space operations 363
Spacecraft Any S/1 20-dB(1 kHz) 1%/day
0.1%
Earth 1-20 GHz Power | —216 dB(W/Hz) of time
Space research
(near-Earth, unmanned) ] Y
. (Low orbit) 0.1-30 GHz | Power |—177 dB(W/kHz) | %1%
i Spacecraft of time
Recommendation
609 0.001%
Earth 1-20 GHz Power | —216 dB(W/Hz) o.f time
Space research
(near-Earth, manned) . o
, (Low orbit) | 0130 GHz | Power - | —177 dB(W/kHz) | %1%
Spacecraft of time
near 8 0.001%
» ‘ Earth and 13 GHz Power | —220 dB(W/Hz) of time
Recommendation
Deep-space research
578 : ‘ 0.001%
| Spacecraft near 7 GHz Power | —189 dB(W/20 Hz) of time
Earth exploration Earth 1-10 GHz Power | —154 dB(W/MHz) | 1% of time
satellite Recommendation
(telecommunications 514 (Near-Earth) i 0.1%
links) Spacecraft 0.3-10 GHz Power | —161 dB(W/kHz) of time
Earth exploration
satellite Report 694 Spacecraft (See Table I, Report 694)
(passive sensors) :
. Recommendations .
Radioastronomy 314 and 611 Earth (See Tables I and II as well as § 4, Report 224)

(") The referericed Recommendation should be consulted for criteris pertaining to other frequency ranges.
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4.2 Discussion of relevant material

Report 844 presents information concerning potential interference to earth and space station receivers used
for deep-space research, as a result of harmonic emissions of other services in harmonically related bands. The
Report also considers potential interference to other services, as may be caused by harmonic emissions of earth
and space station transmitters used for deep-space research. The analysis presented in Report 844 is based, in part,
on protection criteria for deep-space research, as given in Recommendation 578 and Appendix 28 to the Radio
Regulations. It is concluded in Report 844 that significant interference to the various systems included in the
analysis would be avoided if the power spectral density of harmonic emissions was suppressed at least 50 dB
below the fundamental power spectral density.

For the radioastronomy service, the harmful interference levels given in Tables I and II of Report 224
apply to any man-made signals falling within a radioastronomy band, whether they are intentional or unwanted
emissions. Report 697 lists those services most likely to generate IMPs or harmonics that could interfere with
radioastronomical observations. It is noted that the second harmonic of broadcasting satellites operating in the
11.7 to 12.5 GHz band would exceed the harmful levels to radioastronomy unless suppressed by 126 dB, assuming
that the astronomy antenna were directed at the satellite, or by 56 dB, assuming 0 dB gain for the astronomy
antenna. Geostationary meteorological satellites that use the 460 to 470 MHz band to interrogate data collection
platforms may interfere with radioastronomy with their third harmonic. Suppression by 94 dB would be required
to meet the harmful interference levels, again assuming that the astronomy antenna is directed at the satellite.
There is one situation where the harmful interference levels in Report 224 are not adequate. Report 224 suggests
that radioastronomy antennas should be able to observe to within 5° of the geostationary-satellite orbit without
experiencing harmful interference. The harmful levels applicable in this situation are approximately 15 dB below
the values given in Tables I and II of Report 224.

On the practical experience side, it should be noted that the United States of America’s domestic FSS
space and earth stations in all FSS bands have been operating for many years with spurious emission limits of
50 dB suppression relative to the fundamental without any reports of significant spurious emission interference to
other services.

5. Conclusions

The nature of IMP, harmonic, and other spurious emissions, their effects on the performance of possible
victims of interference, methods of controlling them, and where in the spectrum they are likely to occur with
respect to allocations of other services, are important factors relative to the establishment of spurious emission
limits. Assessment of these factors, combined with judicious selection of a “tolerable” level of spurious-generated
interference, should make it possible to establish meaningful emission limits. :

The nature of harmonics and IMPs, for phase-modulated carriers, is very similar to the carriers that
produce them. In general, they appear to be phase-modulated carriers with increased deviations. They may
therefore be considered to be intentional emissions in estimating their bandwidths or error rate effects. One
exception to this would be certain harmonics of PSK emissions. IMPs occur in groups about the intentional
emission spectrum and each harmonic of it.

Spurious emissions from power amplifiers, probably the most common source, are controllable by output
power back-off and by filtering. Harmonic levels at least 60 dB below the fundamental are readily attainable with
available harmonic filters. Bandpass filters are effective for IMP reduction when the IMPs are sufficiently
removed from the band edge. IMPs close to the band edge cannot normally be effectively filtered because of
practical limitations on filter cut-off performance.

Further study of the maximum permissible levels of interference from spurious emissions is needed to
provide a basis for space service spurious emissions limits. These can then be applied in analyses to determine
what levels of spurious emission suppression may be needed and, consequently, the system design and operational
measures that would prevent harmful interference from spurious emissions.
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REPORT 844*

RQTENTIAL INTERFERENCE BETWEEN DEEP-SPACE TELECOMMUNICATIONS
AND FIXED-SATELLITE AND BROADCASTING-SATELLITE SYSTEMS
IN HARMONICALLY RELATED BANDS

(Question 19/2)
(1982)

1. _ Introduction

The possibility of harmful interference resulting from unwanted emissions to and from geostationary space
" stations is of increasing concern to deep-space research. This concern is prompted by the expected increase in
utilization of the geostationary-satellite orbit in frequency bands adjacent to and harmonically related to the
operational frequencies used for deep-space telecommunications.

‘ This Report presents the results of an analysis of potential mutual interference caused by unwanted
emissions from the United States Deep-Space Network (DSN) of the space research service, and from the
fixed-satellite and broadcasting-satellite services. The study also includes an assessment of potential interference to
a future geostationary relay station for communication with a station in deep space:

2. Interference analysis

Frequency bands harmonically related to the DSN operating frequencies are shown in Table I. The
harmonically related bands are direct multiples and sub-multiples of the deep-space bands. Fixed-satellite and
broadcasting-satellite service allocations which fall within these bands are indicated in the Table.

Of the many potential interference situations resulting from the relationships shown in Table I, certain
typical cases have been examined and analyzed parametrically in this Report.

Since the levels of unwanted emissions from transmitters in harmonically related bands are not specifically
known this analysis treats the problem parametrlcally by using the out-of-band emissions of the interferer as an
independent variable. In this Report that variable is called “level of suppression”. It is expressed with respect to
the energy contained in the fundamental frequency. The results of the analysis can then be used to determine
suppression levels of unwanted emissions necessary to meet the interference criteria of the services involved.

Pointing statistics for a given DSN earth station have been obtained from a computer study of the
trajectories of 40 realized and potential deep-space missions. Figure 1 presents the pointing angle toward the
geostationary arc as a function of time for one DSN earth station. It should be noted that some deep-space
missions do not require antenna pointing to within 5 to 10° of the geostationary arc for many months or even
years of mission duration.

*

This Report is brought to the attention of Study Groups 4, 10 and 11.
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3. Harmonic interference

3.1 Interference to a DSN earth station from a fixed-satellite earth station
~ The 2nd harmonic of an earth station in the fixed-satellite service transmitting in the frequency range 6.375
to 6.625 GHz has the potential for interference to a DSN earth station receiving at 12.75 to 13.25 GHz.

The coordination distance between a transmitting earth station in the fixed-satellite service and a receiving
DSN earth station was computed for two modes of propagation according to the procedure described in
Appendix 28 to the Radio Regulations.

TABLE 1 — Harmonic relationships between deep-space bands and other bands

" DSN
earth station

Harmonic bands

transmit frequencies 2nd 3rd 4th 5th

2110-2120 MHz " 4220-4240 MHz 6330-6360 MHz 8440-8480 MHz 10.55-10.6 GHz
o S All Regions:,

fixed-satellite
service
(Earth-to-space)

7145-7190 MHz 14.29-14.38 GHz 21.435-21.57 GHz 28.58-28.76 GHz 35.725-35.95 GHz
All Regions: : All Regions: -
fixed-satellite fixed-satellite

service service

(Earth-to-space)

" (Earth-to-space)

83.0-85.5 GHz

16.6-17.1 GHz 33.2-34.2 GHz 49.8-51.3 GHz 66.4-68.4 GHz
' All Regions: : All Regions:
fixed-satellite fixed-satellite
service service
(Earth-to-space) (space-to-Earth)
broadcasting-
satellite
. service
DSN Sub-harmonic bands
earth station .
receive frequencies 172 1/3 1/4 /5
2290-2300 MHz 1145-1150 MHz 763-767 MHz 573-575 MHz 458-460 MHz
8400-8450 MHz 4200-4225 MHz 2800-2817 MHz 2100-2113 MHz 1680-1690 MHz
12.75-13.25 GHz 6375-6625 MHz " 42504417 MHz 3I88—3313 MH:z 2550-2650 MHz
’ All Regions: All Regions:
fixed-satellite broadcasting-
service satellite
(Earth-to-space) service.
In Region 2:
fixed-satellite
service

(space-to-Earth)
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Those modes are:
— clear air propagation mode “a”,
— rain scatter propagation mode “c”, in Zone 4.

The following assumptions were made for both modes of propagation:
— permissible level of interference to a DSN earth station is ~220 dB(W/Hz);
— elevation angle of transmitting and receiving antennas is taken to be 5° above the horizon.

Assumed fixed-satellite earth station e.i.r.p.’s at 5° off-main beam axis are (see Report 453):
Case 1: 21.0 dB(W/4 kHz) for satellite network with a large earth-station antenna

Case 2: 14.5 dB(W/4 kHz) for FM-TV or single-channel-per-carrier global systems

Case 3: 8.5 dB(W/4 kHz) for FDM-FM systems

For various suppression levels of spurious emissions from a fixed-satellite earth station the coordination

el

distances for propagation modes “a” and “c” are shown graphically in Figs. 2 and 3. -
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FIGURE 1 — Pointing statistics of a DSN earth station
32 Interference to a satellite of the fixed-satellite service from a DSN earth station

Potential interference exists to a satellite of the fixed-satellite service receiving in the 6330 to 6360 MHz
range from the 3rd harmonic of a DSN earth station transmitting in the 2110 to 2120 MHz band.
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The assumed DSN earth-station transmitting characteristics are:

— Frequency 2.1 GHz
- — RF power 50 dBW
— Antenna gain 62 dBi
— RF bandwidth:
— Ranging 10 MH:z
— Telemetry . 3 MH:z
— Command 03 MH:z

It is also assumed that the DSN earth station is transmitting 100% of the time.

Typical receiver noise temperature and antenna gain of a fixed satellite are 3000 K and 23.0 dBi,
respectively (Report 207 (Geneva, 1982)). The interference criterion is taken to be 4% (Appendix 29 to the Radio
Regulations) of the noise power of the satellite receiver. It should be noted that this 4% criterion is used only -as

- an indicator, to determine those situations in which a more detailed analysis should be performed.

Figure 4 shows the percentage of time that a DSN earth station will cause a 4% increase in fixed-satellite
noise power for various levels of DSN spurious energy suppression.
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33 Interference to a DSN earth station from a satellite in the fixed-satellite service

The 5th harmonic of a broadcasting satellite or fixed satellite transmitting in the 2550 to 2650 MHz
frequency range has the potential for interference to a DSN earth station receiving at 12.75 to 13.25 GHz.

According to Article 28 to the Radio Regulations, the maximum permitted power flux-density limit on’ the
surface of the Earth is —137 dB(W/m?) in any 4 kHz band for a broadcasting satellite operating in the 2 to
3 GHz band.

Further assumptions made in this part of the analysis are:
— broadcasting satellite transmitting 100% of the time;
— DSN interference criterion = —220 dB(W/Hz).

The percentage of time that the interference criterion is met for various levels of suppression of the
interfering harmonic signal is shown in Fig. 5. This is based upon the pointing statistics of the DSN as described
in Fig. 1.

Significant interference to a DSN earth station from more than one satellite is not considered likely since
broadcasting-satellite systems using spot beams will probably not illuminate the same service areas on the Earth at
- the same frequency, due to the problem of mutual interference.
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34 Interference to an earth station of the fixed-satellite or broadcasting-satellite service from a DSN earth station

The potential interference to an earth station of the fixed-satellite. or broadcasting-satellite service from the
5th harmonic of a DSN earth station transmitting in the band 16.6 to 17.1 GHz is not considered in this Report
due to lack of information on 80 GHz space systems.

3.5 Interference to a DSN geostationary relay satellite

A geostationary satellite may be used in the future to relay signals from deep-space research spacecraft to
Earth. Although this relay spacecraft may employ other frequencies than those currently used for deep-space
research (especially in the geostationary satellite-to-Earth links) this portion of the analysis is directed at a brief
assessment of interference potential at harmonics of the same frequencies as those analyzed in the previous
sections of this Report.

3.5.1  Interference to a DSN relay satellite from fixed-satellite earth-station transmissions

The 2nd harmonic of a earth station in the ﬁxed-satellite-service transmitting in the frequenéy
range 6.375 to 6.625 GHz has the potential for interference to a DSN relay satellite receiving from deep
space at 12.75 to 13.25 GHz.
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For this analysis it is assumed that the DSN relay satellite has a 45 m receiving antenna and a gain
of 0 dBi toward the transmitting FSS earth station. Additionally, the same values of harmful interference
(—220 dB(W/Hz)) and FSS earth station transmitting characteristics, as assumed in § 3.1, are used. For
various levels of spurious harmonics, the required geocentric separation of the receiving fixed satellite and
the DSN relay satellite have been calculated. Even on a worst-case basis of 0 dB suppression the required
spacing is small, as demonstrated below:

FSS earth station transmit power density — 36 dB(W/Hz)
Free space loss —207 dB
Received power density —243 dB(W/Hz)

Using —220 dB(W/Hz) as the interference criterion would mean that the gain of the FSS earth
station toward the DSN relay satellite could be as high as 23 dB. This translates via the reference antenna
pattern of 32 — 25 log ¢ to a spacing on the order of 2.3°.

At higher levels of harmonic suppression, the required separation is correspondingly less.

3.5.2 Interference to a DSN relay satellite from FSS satellite transmissions

The S5th harmonic of a broadcasting or fixed satellite transmitting in the 2550 to 2650 MHz

frequency range has the potential for interference to a DSN relay satellite receiving from deep space in
the 12.75 to 13.25 GHz band.

2 5 10°2 2 5 10! 2 5 1 2 s 10
Percentage of operating time interference is received by a DSN earth station

FIGURE 5 — Interferenceto a DSN earth station from the fifth harmonic of a broadcasting satellite with ~ 137 dB (W/m?) power flux-density at

the surface of the Earth
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In this analysis it is assumed that:
— the gain of the fixed satellite toward the DSN relay satellite is 0 dBi;
— the maximum value of pfd allowed on the Earth’s surface is — 137 dB(W/(m? - 4kHz));
— the DSN relay satellite interference criterion is —220 dB(W/Hz).

Figure 6 presents the angle that the DSN relay satellite must point away from a fixed or
broadcasting satellite as a function of the geocentric spacing between the two. These curves are shown
parametrically for various levels of energy suppression.

Although pointing statistics of a DSN relay satellite are not currently known, it can be assumed
that a DSN relay satellite would point toward the geostationary-satellite orbit (for a given mission) for the
same or less length of time as an Earth-based DSN station.

If a DSN relay satellite is receiving only when the shortest distance between the line of sight to a
DSN probe and the surface of the Earth is greater than or equal to 200 km, the assumed pointing statistics
of the relay satellite can be used, together with the geostationary arc length visible to the relay satellite, to
give some indication of the percentage of time a single satellite may cause interference to the relay satellite.

When this is done for a single FSS satellite spaced 1° away from the relay satellite, it is found that
for energy suppression levels of 50, 40, 30 and 20 dB, the percentages of time interference is received by a
DSN relay satellite are 0.003%, 0.017%, 0.104% and 0.35% respectively. For the same levels of suppression,
the percentage of time a relay satellite receives interference from a single satellite located at greater
distances from the relay satellite is found to be correspondingly less.
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4. Adjacent band considerations

In addition to the potential for interference from unwanted emissions in harmonically related bands, there
is the possibility of interference from unwanted emissions of services in adjacent bands. Specific analysis of this
possibility has not yet been accomplished with respect to the services considered in this Report.

s. Conclusions

Because of the high gain antennas, high power transmitters, and extremely sensitive receivers employed by
DSN earth stations, deep-space research and other satellite services in harmonically related bands may be
subjected to interference from unwanted emissions unless measures are taken to suppress the energy of these
emissions to acceptable levels.

Precise levels of unwanted emissions that are acceptable for all services cannot be determined in this
Report as this requires a detailed interference analysis of the services involved and their individual characteristics.
However, from the parametric analysis of “worst-case” situations, it appears that significant interference would be
avoided if harmonic emissions were suppressed by at least 50 dB.

In most cases the severity of interference between earth stations can be reduced by proper separation and
site shielding. In the case of interference to and from space stations, additional filtering may be required to
suppress the power in unwanted emissions to an acceptable level. In the case of harmonic band radiation, extra
filtering is easily achieved at frequencies far removed from the fundamental.

Analysis of interference from unwanted emissions from services in adjacent bands remains to be done.

REPORT 981*

SHARING CONSIDERATIONS NEAR 2 GHz BETWEEN SATELLITES
IN THE EARTH EXPLORATION, SPACE RESEARCH, AND
SPACE OPERATION SERVICES AND TERRESTRIAL
LINE-OF-SIGHT RADIO-RELAY SYSTEMS IN THE FIXED SERVICE

(Question 1/2 and Study Programme 1D/2)
(1986)

1. Introduction

This Report gives a partial response to studies called for in Study Programme 1D/2. It contains an
analysis, agreed for application between services within one administration, to determine pfd limits necessary to
protect line-of-sight (LOS) fixed service systems operating near 2 GHz from harmful interference from satellites.
Satellites in both geostationary and low orbit are considered. The analysis is also applicable to satellites in
highly-elliptical orbits, since as far as the pfd analysis is concerned, the portion of the orbit of interest (near
perigee) for these satellites is similar to that for low orbit satellites. Sharing with other services, such as mobile, is
not addressed. Systems in the fixed service using troposcatter transmission are protected by the provisions of
No. 2560 of the Radio Regulations. The suitability of the interference limit of —168 dBW in any 4 kHz band
specified by these provisions has not been reviewed in this Report.

2. Analysis

2.1 General considerations

Both geostationary and low orbit satellites operate near 2 GHz. While signal levels from geostationary
satellites into terrestrial receivers can be relatively constant, the potential interference from satellites in other orbits
generally varies in intensity and is not continuous.

This Report should be brought to the attention of Study Groups 4, 8 and 9.
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The results of an analysis which gives the long-term percentage of visibility that a low orbit satellite has in
different segments of its orbit are given in Report 684. Additional analyses, discussed- here, have led to the
development of two different sets of pfd levels to protect fixed-service systems; one for geostationary satellites and
one for low orbit satellites [Farrar, 1984; Locke and Rinker, 1978). The criteria for allowable interference levels in
radio-relay circuits from satellites used in these analyses are given in Recommendation 357.

2.2 Interference criteria

Recommendation 393 lists the total allowable noise levels from all sources including satellites that can be
used as a guide in the design of a radio-relay circuit. Recommendation 357 gives the maximum allowable values
of interference which may be contributed by satellites and earth stations. These interference levels, illustrated in
Fig. 1, are for any channel in a 2500 km hypothetical reference circuit, and apply to frequency-division- multlplex
analogue angle-modulated radio-relay systems that share spectrum with systems in the fixed-satellite service. The
circled points shown in Fig. 1 represent the interference levels stated in the Recommendations and the curve
connecting these points is one possnble interpolation suggested by Recommendation 357. The data in Fig. 1
represent a small fraction of the total noise power levels given in Recommendatlon 393. The curve shown in Fig. 1
provides the technical basis for this analysis. . :
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FIGURE 1 — Curve illustrating allowable znterference noise power
from fixed-satellite service systems to fixed-service radio-relay
circuits (Recommendation 357)

23 Characteristics of space system_and radio-relay circuits in the 2 GHz band

2.3.1  Space systems

Some space research and Earth exploration satellites transmit at about 2100 MHz in the space-to-
space direction. Space-to-space transmissions as used from low orbit satellites to data relay satellites are
intermittent as a consequence of intermittent visibility and also because of operational considerations. The
latter factor was not taken into account in this analysis.
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Space research and Earth exploration satellites also operate near 2250 MHz, transmitting in the
directions space-to-Earth and space-to-space. The space-to-Earth transmissions can be from the geosta-
tionary-satellite orbit (GSO) or from low orbits. Generally, the non-GSO satellites have circular orbits,
with altitudes less than 1500 km, or highly elliptical orbits, often with perigees as low as 300 km. Note that
in all of the non-GSO cases, transmissions are generally not continuous and that frequencies used usually
differ from satellite to satellite.

The nature of the space services and the characteristics of the systems required to implement these
services affect the e.i.r.p. needed in the 2 GHz band. Unlike systems in the fixed-satellite service, a
majority of 2 GHz satellite transmitters have narrow-band emissions whose widths range from 100 kHz to
5 MHz. The spectral power densities of satellite transmitters in the 2 GHz band are generally not uniform
because of their transmission requirements. The narrow-band peaks are the most important in the
evaluation of pfd level, because a major portion of the satellite transmitter power is contained in these
peaks.

Unlike the fixed-satellite service, space services in the 2 GHz band serve a number of different
purposes and their satellites use various different orbits. As a result, transmission paths to a given earth
station may sometimes coincide. This is the main reason for satellites in the 2 GHz band generally being
assigned different frequencies, and the reason that there are practical limits on the number of satellites that
can operate co-channel in the band.

2.3.2  Radio-relay circuits

Technical characteristics representative of radio-relay' circuits near the 2 GHz band as given in
Report 387, are listed in Table I. That Report contains the analysis which led to the current pfd limits,
based on satellites in the GSO.

TABLE 1 — Representative parameters for radio-relay circuits near 2 GHz
Type of system High sensitivity

Hop length (km) . 60

Antenna mainbeam gain (dBi) 38

Feeder loss (dB) 3

Receiver noise temperature (K) 750

Channel free-space thermal noise (pWOp) . 25

For the present analysis, the radio-relay receiver noise temperature was permitted to vary from 300
to 1200 K to ensure that currently known systems were taken into account. The channel thermal noise in
Table I depends on the number of hops, receiver noise temperature, and the number of hops fading
simultaneously. Calculated results [Panter, 1972] show that the thermal noise in a channel may be based on
four different CCIR noise criteria, varying from 7.9 to 62 pW (unweighted). The most stringent require-
ments are short-term noise specifications set by Recommendation 393. The diversity used in all of the
line-of-sight long-haul systems allows the systems to meet the recommended noise criteria. Limiting the
interference noise levels in a receiver to a low level is especially important for receivers with higher
sensitivities. For this analysis, the channel thermal noise of receivers was assumed to vary from 10
to 25 pW. As a practical matter, 25 pW generally corresponds to receiver noise temperature of 750 K.

The frequency channel arrangement in Recommendation 283 indicates that in the design of
radio-relay circuits, adjacent hops should be separated in frequency. This requirement helps mitigate
intra-system self-interference. In practice, two, four, and six frequency plans are common. This arrange-
ment tends to reduce the number of possible entry points for interference from a space system into
radio-relay circuits.
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24 Models

Two analytical models were used for this analysis. They are modified versions of earlier models. One
model, discussed in Report 387, and referred to as the geostationary model, is valid for sharing between
fixed-satellite service systems and systems in the fixed service using line-of-sight techniques. The other model,
referred to as the non-geostationary model [Locke and Rinker, 1978], is based on the visibility statistics analysis
given in Report 684 (Geneva, 1982). This model provides an algorithm for the analysis of sharing between low
orbit satellites and fixed-service systems. Both of these models were modified to reflect the differences between
satellite systems near 2 GHz and fixed-satellite systems in the 6/4 GHz bands.

2.4.1 Geostationary model

The assumptions used in the development of the original model included 3° satellite spacing in the
geostationary-satellite orbit and an FDM-FM analogue line-of-sight radio-relay circuit of 50 hops, with a
total length of 2500 km. Interference from each visible satellite was assumed to enter each receiver in the
radio-relay circuit. The input interference-to-noise ratio, for each 4 kHz bandwidth at the input to a
channel, was assumed to be equal to the interference-to-noise ratio at the output of the channel. (The
relationship between input and output ratios is termed the receiver transfer function.) These assumptions,
while correct for sharing analyses between fixed-satellite systems and radio-relay circuits, are inappropriate
for sharing analyses between space systems and radio-relay circuits in the 2 GHz band.

For the modified geostationary model, the satellite angular spacing in the geostationary-satellite
orbit was allowed to vary from 10° to 20°. In addition, the fact that satellite emission spectra of space
systems in the 2 GHz band are not uniform and are generally narrow-band, requires modification of the
receiver transfer function to provide a more appropriate relationship for the analysis in this Report. The
derivation and subsequent application of this function are given in [Farrar, 1984].

2.42 Non-geostationary model

The non-geostationary model uses most of the system characteristics used by the geostationary
model, except the satellites are not fixed with respect to radio-relay stations. A low orbit satellite has the
following characteristics when observed from a given point on the Earth:

— it is not visible most of the time;
— it is in motion, relative to the ground; and
— in general, when visible, it does not follow the same path, relative to the observer.

This relative motion causes the received emissions from spacecraft to vary widely, both in
magnitude and angle-of-arrival. This variation is taken into account by the non-geostationary model.

The interference power received by radio-relay circuits from transmitting non-geostationary satel-
lites, over a long period, can be described as a time-dependent function. The evaluation of this function
for any given location, defined by a finite region in an orbit, was done in two steps. The first step was to
evaluate the percentage of time that a satellite remains in that region, and the second step was to calculate
the interference received by radio-relay circuits in that region. The non-geostationary model procedure for
evaluating the interference power is similar to that used in the geostationary model algorithm.

The percentage of visibility time from any point on the Earth for an arbitrarily large number of
orbital tracks of a given satellite may be calculated using equation (1) derived in Report 684
(Geneva, 1982).

T= ék—[arc sin s—lg(—LL) — arc sin §—l—r}(—L—22 ] x 100 (1)
2n? sin i sin i
where:
T: percentage of visibility time,

Al : longitudinal segment on the orbital shell between the latitudinal limits of L, and L, (rad),
Ly, L, :upper and lower latitudes of the visibility region (degrees),

i: inclination angle of the satellite orbit (degrees).
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This equation relates the long-term visibility of a satellite transmitting from a region of its orbit to
the inclination angle and latitudinal and longitudinal bounds of the region.

Briefly, the non-geostationary model algorithm uses equation (1) to calculate the percentage of time
that every region of the orbital sphere is visible to a radio-relay system. The interference power received by
radio-relay circuits as a function of time is then calculated for each region. A plot of the interference
received by a radio-relay circuit, as a function of the percentage of time, is the desired output from the
model.

3. Results

The model parameters for line-of-sight radio-relay systems used in both the geostationary and non-geosta-
tionary models, with a minor change, are listed in Table 1. The hop length of 60 km was changed to 50 km to be
consistent with the hypothetical reference circuit presented in Recommendation 393 which was used in this
analysis.

The overall receiver noise temperature used in the analysis was 750 K, which corresponds to a noise figure
of 5.5 dB. This is practical and accommodates future growth in the design of radio-relay receivers in the 2 GHz
band. Receivers with noise figures as high as 12 dB are presently in use.

The value of the thermal noise power allowed in a receiver, calculated on the basis of noise criteria
discussed in Recommendation 393, varies from 8 to 25 pWOp. Higher allowable values of free-space thermal noise
power (see Report 387) result in lower (more negative) permissible pfd limits according to the geostationary and
non-geostationary models used in this Report. In the calculations of pfd limits in Report 387, the mean thermal
noise power was assumed to be 25 pWOp. The interference analysis in this Report was performed using the pfd
levels given in Report 387.

3.1 Sharing between geostationary satellites and fixed-service systems

A review of available satellite data bases indicates that a 10° to 20° separation is currently a reasonable
assumption for the 2 GHz band because of the limited number of satellites required to provide service and also
due to sharing considerations within the space service.

The maximum pfd levels which do not exceed the criteria given in Recommendation 357 were calculated
for 10°, 15° and 20° angular separation and are listed in Table II. These new values will prohibit interference
levels from exceeding the criteria given in Recommendation 357. The results in Table II, corresponding to a 15°
satellite spacing and double frequency plan for a radio-relay circuit are considered to be reasonable for sharing
purposes. Using a 15° separation implies that the emissions from approximately 13 satellites could continuously
enter the receivers in a hypothetical reference circuit. This conservative view is necessary to provide freedom for
the technological development of future. fixed systems. The calculated maximum pfd levels corresponding to 15°
satellite spacing and double frequency plan are 10 dB higher than the current pfd limits in No. 2557 of the Radio
Regulations.

3.2 Sharing between non-geostationary satellites and fixed-service systems

The orbital parameters for space stations in non-geostationary orbits were derived based on the discussions
given in § 2 and the characteristics of space services authorized in the 2 GHz band. Representative characteristics
for non-geostationary satellites are listed in Table III.

The parameters listed in Tables I and III were used as inputs to the non-geostationary model. The results
plotted by the program are shown in Fig. 2. Curve B is identical to the data shown in Fig. 1 and curve A
represents the total interference to a hypothetical reference circuit from eight satellites inserted in orbits ranging
from 300 to 1200 km altitude. This curve applies for the case of a radio-relay circuit having a free-space thermal
noise level of 25 pWOp and was calculated based on all satellites operating at the maximum allowed pfd levels.
Note that curve A is below the curve B criteria by approximately 15 dB for 0.05% of the time. For all other
percentages of time, the differences between the two curves are greater than 15 dB. The results show that the pfd
levels could be increased by 15 dB without exceeding the interference criteria.
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TABLE 11 — pfd levels from geostationary satellites which permit sharing

Rep. 981

with line-of-sight radio-relay systems * .

. _ pfd levels
Radio-relay circuit (dB(W/(m? - 4 kHz)))
‘Satellite spacing
Frequency Latitude (degrees)
plan (degrees)
10 15 20
Single 20 —147.7 —145.6 —-142.8
Single ) 30 —147.0 —145.5 —143.2
Single 40 —147.2 —148.0 —-1474
Single 50 —149.0 —146.9 —146.2
Double 20 —143.6 « —142.2 —139.7
Double 30 —144.0° —-142.6 —140.1
Double 40 —143.8 —1443 —140.0
Double 50 —146.0 —143.1 . —1423
Four ' 20 —141.1 —139.7 -137.0
Four 30 —140.9 —139.0 —138.1
Four _ 40 — 1409 -142.0 —-137.7
Four 50 —142.2 —144.0 —138.4

* For angles of arrival between 0° and 5°.

TABLE HI — Representative characteristics of non-geostationary satellites

Satellite orbit altitude (km)

Satellite inclination angle (degrees)

Number of satellites visible to receivers (')

300-1200
8
10-99

(") The assumption of eight satellites implies that there are eight satellite emitters whose
emissions are simultaneously received by a radio-relay circuit. In addition, all the
satellite orbits are assumed to be statistically independent. These assumptions may
seem to be too conservative in favour of the radio-relay circuits. However, it is
important to avoid using orbital parameters that are marginal and hence might
inhibit the potential growth of radio-relay circuits. It should be pointed out that a
relatively large increase in the number of visible satellites results in only a small
increase (approximately logarithmic) in total pfd levels.
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Curves A: calculated interference level
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4. Conclusions

The analyses in this Report, based on Recommendations 357 and 393, indicate that, near 2 GHz, pfd
levels from space stations both in geostationary and low orbit could be increased compared to present limits
without exceeding the interference criteria of line-of-sight radio-relay circuits. These results are due to the
characteristics of space stations and radio relays, satellite orbit spacing, the number of satellites, and radio-relay
frequency plans in the 2 GHz band. Additional studies may be required to determine the applicability of these
results to sharing with other radio-relay systems in use and being developed at the present time as well as with
other services. '

REFERENCES

FARRAR, A. [1984] Assessment of satellite power flux-density limits in the 2025-2300 MHz frequency range. Part II, NTIA
‘Report 84-152. US Department of Commerce, National Telecommunications and Information Administration,
Washington, DC.

LOCKE, P. and RINKER, A. [1978] The low orbit satellites and interference model. Telecomm. J., Vol. 45, 229-237.

PANTER, F.P. [1972] Communication System Design, Line-of-Sight and Troposcatter Systems. McGraw-Hill Book Company,
New York, NY, USA.



82 Rep. 679-2

REPORT 679-2

CHARACTERISTICS AND EFFECTS OF RADIO TECHNIQUES
FOR THE TRANSMISSION OF ENERGY FROM SPACE

(Question 20/2)
(1978-1982-1986)

1. Introduction

This Report is a review of the technology for the transfer of energy through free-space by a highly
collimated microwave beam. The collection and conversion of the incoming radio energy to conventional electrical
energy comprises a unique technology which differs from the traditional methods of receiving and processing
radio energy in communications services. The efficient transfer of energy using an electromagnetic beam could
permit coupling of terrestrial power transmission systems to power sources and sinks located in the atmosphere, in
space, or on the Earth’s surface. The concept of remote energy generation by high power arrays of solar cells on
geostationary satellites has been of particular interest.

Energy transfer by radio waves was first pioneered by Tesla [O’Neill, 1944; Hunt and Draper, 1964] at the
turn of the century. Tesla became interested in the general concept of resonance and sought to apply this to the
transmission of electrical energy from one point to another without wires. He built a large “Tesla coil” with which
he hoped to produce oscillations of electrical energy around the surface of the Earth and to set up standing waves
into which he could immerse his receiving antennas at the optimum point. His ideas were decades ahead of the
technology that would enable their realization [Susskind, 1968). The event which advanced technical capabilities
and precipitated interest in the use of microwaves for power transmission was the development of super-power
generation at microwave frequencies in the early 1960s [Skowron et al., 1964; Luebke and Caryotakis, 1966). This
programme resulted in high-efficiency tubes with high power handling capability (several hundreds of kilowatts).

The first demonstration of the efficient transmission of significant amounts of power by microwaves took
place in May, 1963 [Brown, 1964]. The technology has since been greatly advanced [Brown, 1969a;
Robinson, 1970; Brown and Dickinson, 1975].

Of the various criteria that could be used to evaluate the progress of microwave energy, transfer efficiency
is the most important. By this standard, the efficiency of the overall system has moved from 15% in 1963 to 54%
in 1975 [Brown and Dickinson, 1975). Further development of energy conversion components in the system might
increase the efficiency to 70%. Additional criteria for the evaluation of the technology, particularly as it relates to
system applications, include power handling capability, reliability, ability to dissipate waste heat, and cost. Other,
more important criteria, are the external effects, such as radio frequency interference from spurious frequencies
and particularly, the impact upon the environment. A discussion of some of these aspects, in addition to
efficiency, follows.

2. The technology of free-space microwave energy transmission

A microwave energy transmission system may be divided into three principal elements which link at their
physical interfaces. These elements involve separate technologies which combine to determine the overall efficiency
and power handling capability of the system. The elements are:

— element (1): conversion of d.c. electrical energy to microwave energy,
— element (2): transmission of the microwave energy,
— element (3): collection and rectification of the microwave energy.

2.1 The conversion of d.c. electrical energy into microwave energy

In the conversion of d.c. energy into microwave energy, the efficiency should be as high as possible to
minimize the size of the prime source and the difficulty in dissipating heat due to convertor inefficiency. There are
several methods of conversion but only one of them has demonstrated the order of efficiency desirable for a
power transmission system. This device is the re-entrant beam, crossed-field device [Brown, 1970]. In its oscillator
form, it is called the “magnetron” while in its amplifier form it is called the “amplitron”. Both of these forms have
resulted in tube designs with efficiencies of 80 to 90%.
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2.2 The microwave beam link

All elements of transmission from the output of the generator to the aperture area at the receiving point
are considered in the discussion of the microwave beam link. It was theoretically shown [Goubau and
_Schwering, 1961), and later confirmed [Li, 1965] that energy can be transmitted with efficiencies approaching 100%
from a properly illuminated and contoured transmitting aperture to a receiving aperture. This relationship
[Goubau, 1970] is shown in Fig. 1. The efficiency factor 7 is:

T = VA 4 (1)

AD

where: '
A, and A, : the receiving and transmitting aperture areas respectively,
A the wavelength of the radiation,
D: the distance between the transmitting and receiving apertures.

The relationship shown in Fig. 1 assumes a tapered illumination of the transmitting aperture and further
assumes that the radius of curvature of the phase front at launch is equal to the distance D.

That the transmission efficiency can approach 100% has been demonstrated experimentally [Degenford
et al., 1964]. Experimental demonstrations may be scaled to small dimensions providing the aperture diameters
and the separation of the apertures correspond to several wavelengths.

23 Efficient microwave beam launching

To launch a microwave beam efficiently the amplitude and phase of the microwave energy must be
properly distributed over the face of the transmitting aperture. There are a number of ways of illuminating the
transmitting aperture, e.g. by a phased array with corporate feed from a single microwave source, by an active
phased array in which the radiating elements are individually driven, by an illuminating horn and lens, or by a
traditional illuminating horn and reflector. '

Due to the large amount of power involved, the active phased array stands out as superior. This is most
applicable to very large arrays, particularly those located in space and working as a retro-directive array to
control the phase coherence at the aperture.

24 Collection and reconversion of microwave energy into d.c. energy

In order to complete the microwave energy transmission system, it is necessary to absorb the microwave
energy by a receiving antenna, and to convert it back into d.c. energy. The conventional way of doing this would
be to use a large ellipsoidal reflector to reflect the intercepted microwave energy into a small horn which may be
terminated in-a waveguide or coaxial line. The microwave energy would then be converted back into d.c. energy.
However, this procedure involves a number of problems which a new type of structure known as the “rectenna”
eliminates [Brown, 1969b]. (The term “rectenna” is a combination of the words “rectifier” and “antenna”.)

In the rectenna structure, the rectifying elements are uniformly distributed throughout the receiving
aperture, so that the microwave energy which is intercepted in a local region of the receiving aperture is
immediately converted back into d.c. energy. The rectenna efficiency consists essentially of two parts — the
microwave collection efficiency and the rectification efficiency. By careful matching of the rectenna input
impedance to that of free space, the collection efficiency can approach 100%. The rectification efficiency depends
upon the efficiency of the rectifying diodes themselves and the ability to design a rectifying circuit which
effectively restricts re-radiation of harmonics by converting them into useful energy.

3. Applications for free-space power transmission by microwave beam

i

31 General applications

Properties of microwave energy transmission include:

— no mass either in the form of wire conductors or ferrying vehicles is required between the source of energy
and the point of consumption;

— the direction of energy transfer can be rapidly changed by repointing the transmitting antenna;

— there is no loss of energy in the transfer of energy through the vacuum of space. Furthermore, over a
relatively broad frequency range there is little loss of energy in the transfer of energy from space to the
Earth’s surface;

— the mass of the transducers at the transmitting and receiving points can be small.
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It is unlikely that microwave systems will find wide application for energy transfer in terrestrial systems.
However, there could be useful applications for the transmissiont of power to remioté locations or between two
points separated by a very hazardous envirotiment, or where it is desired to eltminate & mechanical coninection for
any reason. In the area of space applications, the transfer of eniergy between two satellites, up to a distance of a
few kilometres, has been studied by NASA [Robinson, 1970]. Here the poteritial specific application is t6 use &
central source in a space base complex to service the energy needs of several sateflites, by simiply tepointing the
transmitting antenna, thereby freeing the satellites from the ficed of a separate power supply.
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3.2 Energy froni solar satellites

~ A system for bringing energy down to Earth from a geostationary-satellite by converting solar energy to
electrical energy has been studied. Such a system would provide efiergy from an inexhaustible source external to
the Earth [Glaser, 1968; J. Microwave Power, 1970].

The solar energy falling on the Earth is so diffuse and variable that it is difficult to use. However, a
geostationary solaf array canm be uniformly illuminated 99 per cent of the time, and cancelling of acceletation
forces and the absence of atmosphere and wind make it possible to build an extremely lightweight structure, free
of many of the corrosive, fouling, and deteriorating mechanisms encountered on Earth. It was therefore proposed
[Glaser, 1968} that advantage be taken of such an array in space to achieve a new kind of energy source. This
suggestion has led to a baseline design for the Satellite Solar Power Station (SSPS). In this, large solar
photo-voltaic cell arrays would convert the Sun’s radiant energy to d.c. energy, which would then be transferred to
a large active phased array mounted by means of rotary joints to the solar arrays. The active phased arrays would
convert the d.c. energy to microwave energy at a pteferred wavelength suitable for penetration of the Earth’s
atmosphere and focus that energy into a narrow beam pointed towards a designated receiving area on the Earth’s
surface.

The microwave beam in space would be well collimated to arrive at the Earth’s atmosphere with the same
energy concentration as at launch. The microwave energy reaching the receiving area on Earth would be
efficiently converted back to d.c. energy by the rectenna.

4. Conceptual satellite solar power station (SSPS)

A conceptual design of an SSPS [Reference System Report, 1978]) has a transmitted power level of
6500 MW. In this design, the transmitting antenna array is 1 km in diameter. The antenna dimensions are derived
from the relationship between efficiency and physical parameters given in Fig. t for a frequency of 2450 MHz
which would penetrate the Earth’s atmosphere with low attenuation. The projected overall efficiency of the
microwave enefgy transmission system, including the conversion efficiencies at both ends, is 68%.

Al km diameter circular phased array antenna would use an estimated T of 1.62 (see Fig. 1). The power
taper would be 10 dB from the centre to the edge of the aperture and the power of the radiating elements would
decrease in steps of approximately 1 dB in 10 nearly equal area concentric rings around the centre of the
transmitting array. The half-power beamwidth is 0.008° and the side lobes decrease asymptotically to a level of
—49 dB relative to the main beam.

The beam is centred on a beacon transmitter at the middle of the collecting area on Earth. The power
flux-density at the centre of the collecting area is 20 mW/cm2 A rectenna array 5 km in diameter would
encompass all power flux-densities greater than about 0.5 mW/cm?2 A guard area extending out to a 10 km radius
would encompass power flux-densities in excess of about 50 pW/cm? The concentration of the antenna beam
would provide protection to radiocommunication services because the side-lobe levels outside the collecting area,
and adjacent guard areas on Earth, would be attenuated by 49 dB using the transmitting antenna described
previously.

Filtering the out-of-band transmissions can reduce the “spillover” into adjacent frequency bands. The
design characteristics of a representative transmitter system output spectrum are illustrated in Fig. 2 where it is
assumed that the transmitter power spectrum is spread evenly over the band 2450 + 10 MHz. At the edge of the
5 km diameter collecting area the power flux-density is —30 dB(W/(m? - 4 kHz)), outside the surrounding guard
area it is —50 dB(W/(m? - 4 kHz)). The ITU limits space station emissions in the adjacent frequency bands to a
power flux-density of —154 dB(W/(m? - 4 kHz)) (for low elevation angles, see No. 2557 of the Radio Regula-
tions). Hence, the transmitter filters must provide 104 dB attenuation in the 40 MHz between the transmitter
spectrum and the edge of the industrial, scientific and medical (ISM) band. The conceptual design for the SSPS
envisages a S-cavity klystron which provides 120 dB attenuation at the band edge (see Fig. 2). The margin of
16 dB appears to provide sufficient protection for the radiocommunication services in adjacent bands. This
conceptual design resulted from experiments using magnetrons and klystrons with bandwidths which are of an
otder of magnitude narrower than that considered it Fig. 2.

Among the current unknowns in the conceptual design, are the power flux-density levels of the harmonic
transmissions, the level of the scattered and reftéciéd radiations from the rectennas and the beam pointing
capability of the satellite antenna. Should these radiations prove to be hatmfiul, possible solutions are to increase
the filtering on the spacé transmittet, or to designate frequency bands which are harmonic multiples of the
2450 MHzZ carrier for ISM and energy tratismission purposes.
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FIGURE 2 — Conceptual design of solar power satellite power ﬂux-densityv
versus frequency outside of the 10 km radius guard area

A: 5 cavity klystron transmitter system spectrum
'B: ITU limit

C: 16 dB margin at band edge

D: ISM band

S. Additional considerations

The use of beams of microwave radiation for transmission of energy in free space would entail the
radiation of very large quantities of radio energy. This presents problems in ensuring that the microwave radiation
is within acceptable levels outside the designated collecting area, and that the spectrum “spillover” into adjacent
bands does not result in harmful interference to other radiocommunication services. An additional problem would
be that of considering whether. passenger carrying aircraft can safely transit a 5 km diameter power beam, and, if
not, the setting up of procedures to protect against such transits. Good engineering practices can greatly reduce
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the unwanted radiations in space and frequency, but the levels cannot be reduced to zero. If the transmitted power
is high, even a high degree of suppression may not eliminate harmful interference to other services. Even though
some of the other services may be operating systems capable of tolerating high levels of interference, such services
- might be subjected to levels of interference which are harmful to their operations. It should be noted that
interference to a safety service such as radionavigation could cause serious consequences even if such interference
is momentary.

The Radioastronomy Service, in particular, is vulnerable to low-level interfering signals, because of the use
of highly sensitive receivers and long integration times. Similar considerations apply to deep-space research
stations. The characteristics of radio telescopes and radioastronomy receivers can be described accurately, and the
levels of potentially harmful interference can be specified. These requirements have been carefully reviewed and
are given in Report 224. The harmful interference levels vary with frequency and are generally many decibels
(typically 50 to 90 dB) below the harmful interference levels generally agreed upon for other services.

A review of possible interference to radioastronomy and radar astronomy from solar power satellites
[Thompson, 1981] (Report 853) has shown that several mechanisms need to be considered. The power signal in the
system proposed is at a frequency near to radioastronomy bands and there are harmonics which are close to
others. The strong fields produced at the Earth could overload the input stages of radioastronomy receivers close
to the rectenna site or at more distant sites where the interference pattern of the power transmitting antenna can
have large peaks. Other interference, more widespread in frequency and in geographical coverage, could result
from transmitter-generated noise, thermal noise from the satellite arrays, and perhaps from the reflection of
terrestrial signals by those arrays. Interference from the receiving rectennas could occur if sites are not chosen
with care in relation to radioastronomy observatories.

All these mechanisms need further study if implementation of solar power satellites proceeds, because there
would be zones centred on the geostationary satellite orbit in which radioastronomy observations would be
precluded, or at least seriously degraded. The effects of thermal radiation alone could be sufficient to degrade
observations over a substantial part of the sky.

In view of the more stringent requifements of the radioastronomy service, the designers of energy
transmission systems using radio techniques should refer to the harmful interference levels of Report 224 when
assessing the impact of such energy transmission systems on other services.

It is noted that other effects including biological hazards and effects on the ionosphere are not considered.
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REPORT 680-1°*

TECHNIQUES FOR TELECOMMUNICATION. IN THE SPACE RESEARCH SERVICE
BY MEANS OF ELECTROMAGNETIC WAVES IN THE INFRA-RED
AND VISIBLE LIGHT REGIONS OF THE SPECTRUM

(Question 53/1)
(1978-1986)

1. Introduction

Continued growth in electro-optical technology — especially lasers — has extended the spectral operating
regions for telecommunication systems into the infra-red (IR) and visible portions of the spectrum. This Report
examines laser operating principles and selected telecommunication applications of lasers in the infra-red and
visible spectra. '

2. - Definition

The word “LASER” is an acronym formed from Light Amplification by Stimulated Emission of
Radiation. Lasers are optical masers (Microwave Ampllﬁcatlon by Stlmulated Emission of Radiation) and all such
devices constitute a practical application of Planck’s Law, i.e.

E=h:v ‘ M

where:
' E s the energy emitted, joules
h s a constant (6.625 x 10~%* joule-second)
and v s the frequency of the energy radiated, Hz

3. Elements of operation

All lasers employ the elements illustrated in Fig. 1 in their operation. An active medium is stimulated by
energy from an external source, raising some of the constituents (atoms, ions, or molecules) to a higher energy
level. After a time interval, each excited constituent spontaneously falls to the original, or ground energy level,
emitting the radiant energy predicted by Planck’s formula as the transition occurs. If the stimulus is sufficiently
intense, more constituents will move to the excited state than those remaining in the base state and a population
inversion is then said to exist. '

*  This Report should be brought to the attention of Study Group 1.

<
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FIGURE 1 — Typical laser cavity elements

: Active medium
: External energy source
: Facing mirrors

: Laser beam

mou O w »

: Spontaneous radiation

In this condition, a signal applied to the active medium, such as spontaneous radiation (quantum noise), is
amplified, since more signal energy is released in triggering downward transitions (with a resultant, in-phase
release of radiant energy) than is absorbed in triggering upward transitions.

The system can be turned into an oscillator by providing positive feedback — as with the mirrors in Fig. 1.
If the two facing mirrors form a reasonant cavity, amplified radiation is reflected back into the active medium in
phase with the amplified signal, stimulating further, in-phase amplification on each pass. Provision of a means of
extracting a portion of these intra-cavity oscillations at one or both ends of the cavity can then produce a tightly
collimated beam of energy which may be essentially monochromatic and highly coherent. -

The active medium may be an appropriate gas, crystalline semi-conductor solid, or liquid, while the
external stimulus (or pump) may be a light source, an electric current, an electron beam, etc. The most common
crystalline lasers, gas lasers and liquid lasers (see Table I) are optically pumped, while most semi-conductor lasers
are electrically pumped.

TABLE I - Examples of the most common types of laser

. . . Main
Type Matquls Active species Wavelengths (um)
Solid-ionic Neodymium (Nd) dopant in Nd ions ) 1.06
. Yitrium Aluminum Garnet '
Ruby o Chromium ions 0.69
Gaseous ﬁelium-Neon mixture Neon atoms 0.63
Argon : Argon ions 0.4545 to 0.5287
CO, CO, molecules 10.6
N, ' - N, ions 0.337
Liquid Rhodamine Gdeye ' Dye molecules : ~0.6 (tunable)
Semiconductor GaAs Electron-hole A =~0.86
recombination
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4. Operating modes

Most laser materials can be used to produce emitters which can deliver a continuous wave output or a
pulsed output, although not usually both from the same design. Both modes find practical use in operatlng
systems depending on the application.

Directly pulsed lasers, i.e. those in which the pulsed output is attained by directly applying a pulsed
excitation, can yield pulse widths as short as 100 us. Pulses as short as 1 to 10 ns are possible from Q-switched
lasers. In Q-switching, the Q of the cavity is spoiled as the excitation builds up. At a critical moment, feedback is
restored allowing a very large pulse to build up and be coupled out very quickly. The feedback path can be
switched by a rotating mirror or by a Pockels cell (or other electro-optical switch). A Pockels cell is an optical
device made of a crystalline material which has the property of rotating its plane of polarization under the
influence of an applied electric field. When used in combination with a plane polarizer, a Pockels cell is capable
of very high speed switching of an optical path. The output of a Q-switched laser employing a Pockels cell as the
QO-switch, is a plane polarized light beam. Q-switched lasers can produce very high peak energy levels in very
short duration pulses. Even shorter pulses than for Q-switched systems can be produced through other techniques;
such as cavity dumping and mode-locking.

5. Laser applications

Numerous uses have been conceived for lasers and many have been successfully demonstrated. Table 11
lists some of the applications of lasers in communications, night vision, space remote sensing and other areas. All
of these systems have been developed to some extent and found to be workable. Several of the more promising
concepts for space research are described in the following sections.

“

6. Communications

Visible and infra-red radiation can be employed in all the space communication links illustrated in Fig. 2.
Two way, wideband space-to-space links between synchronous relay, satellites have been studied by space research
-engineers. The most promising approaches have been proposed around Nd:YAG and CO; lasers. Block diagrams,
operating characteristics, and typical performance data for both emitter types are included in Annex I. Space-to-
space links between low altitude observation satellites and higher synchronous relay satellites have also been
found feasible, as well as space-to-Earth down links from synchronous relay satellites to earth stations. This latter
application is limited by the weather environment near the earth station, due to the relatively high absorption and
scattering of electromagnetic energy in this spectral region by atmospheric moisture.

FIGURE 2 — Space applications of laser communications

- A: Earth

: Synchronous relay satellite (SRS)

: Low-altitude observation satellite (LAS)
: SRS to Earth down-link

: SRS-SRS two-way wideband link

: LAS-SRS link

T U QO w
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- 7. Echo ranging

. Active echo ranging systems using laser emitters have been developed for terrestrial use and are now being
proposed for space research. Figures 3 and 4 illustrate ground based and spaceborne applications for laser
ranging. Precision tracking of several reflecting satellites is planned by means of light detection and ranging
(LIDAR) sensors. Reflecting satellites may use retroreflectors and specular reflecting surfaces to return pulsed light
energy toward its source. Some of the satellites which use this technique for precision trackmg measurements are:
GEOS-B, GEOS-II1, STARLETTE, LAGEOS and TIMATION.

FIGURE 3 — Earth-based laser applications — echo ranging FIGURE 4 — Spaceborne laser applications — echo ranging

A: Earth A: Earth

B: Lid_ar tracking mount B: Space shuttle

C: Reflecting satellite — e.s. GEOS-B, GEOS-1II C: Lageos satellite

gmﬁ%ﬁ;lgﬂ LAGEOS D: Diffuse reflection from clo,ud cover
D: Incident and reflected light E: Coiner cube reuorgﬂector
: : F: Incident and retroreflected light

G: Incident light

Laser echo ranging techniques, discussed in Annex II, will be used in Space Shuttle experiments or
precision tracking of terrestrial corner cube retroreflectors and satellite-borne reflectors such as those on LAGEOS.
A cloud climatology experiment is planned for measuring the backscatter of light energy from clouds, tracking
cloud distribution geographically and by altitude, etc.

8. Comparisons

Lasers offer several potential advantages for space-to-space communications when compared with conven-
tional microwave systems. The tightly collimated beams of lasers result in very high direciivity gains with
consequent high effective radiated power levels. Furthermore, the absence of side and back lobes together with
highly collimated beams results in low interference susceptibilities. On the other hand, the tracking servo systems
must be much more precise in order to establish and maintain such links. Acquisition procedures may require the
use of other, less precise sensors to assist in aligning a transmitter beam toward the receiving station. Also, if the
receiving aperture possesses a high gain, receiving aperture alignment may require great precision.



92 Rep. 680-1

- TABLE II — Possible laser applications

Space radiocommunications Space remote sensing

Satellite-to-satellite Geology and mineral resources
Satellite-to-Earth Geography and cartography
Earth-to-satellite ) Oceanography
Intra spacecraft — fibre optics Enrivonmental quality
. . Agriculture and forestry
Terrestrial radiocommunications Hydrology and mineral resources

Atmospheric point-to-point

Underwater point-to-point Construction and surveying

Intra-system — fibre optics Drilling, cutting, welding
. . : Navigation
Guidance
L. R Measurement systems

Electro-optical image correlator guidance systems .. .

. . . Printing and graphics
Infra-red imaging guidance : . .
Television guidance ) Readers, recorders and displays
Laser trackers Medical systems — surgery and instrumentation

Materials processing '

Night vision
Low light level television illuminators
Image intensifier system illuminators
Night driving
Surveillance

Nuclear fusion
Isotope separation

Since angular resolution is proportional to A/d, any given resolution requirement can be fulfilled with
smaller apertures as wavelength decreases. As a result, high resolution apertures are much smaller at visible and
near visible wavelengths than for microwaves. Also, the higher operating frequency of the laser makes wider
transmission bandwidths theoretically possible. However, with the currently available components the full
potential of laser communication systems has not been realized. While amplitude modulation has been demons-
trated, the bandwidths have been limited by the component technology, meanwhile other types of modulation,
e.g. frequency, phase, etc., have not yet been developed. Also, extremely short pulse widths available from
O-switched, cavity dumped, or mode locked lasers offer range resolutions unequalled by microwave radars.

9. Conclusions

Optical communication systems employing lasers as radiation sources are now being developed. These
systems have the potential for broadband, interference-free links between points in space and between Earth and
space. Links between Earth and space are limited by the effects of the atmosphere on electromagnetic radiation in
the visible and near-visible spectrum. Links between points in space are not affected by the atmosphere.
Interference susceptibility can be drastically reduced or eliminated through the use of tightly collimated beams and
narrow receiver fields-of-view. The use of such beams can also yield high eir.p., even with low power
transmitters, due to increased gain directivity. However, tightly collimated beams require precision pointing and
tracking loops, and special acquisition equipment for establishing communication links. Consequently, the
potential advantages to optical communication systems appear to be high data rates, broad bandwidths, small size
and lightweight, rather than low cost and simplicity.

Electro-optical echo ranging systems are being developed for a wide variety of applications. These systems
are capable of high precision, interference free measurements of slant distance between the sensor and selected
targets. Most laser rangefinders are likely to be characterized by tightly collimated, highly directive transmitter
beams. Very narrow beamwidths are well suited for high resolution tracking and poorly suited for “search”
operations. Consequently, laser rangefinders will probably be used in conjunction with other, less precise sensors
which are well suited for the high volume search operations required in target acquisition. Background noise from
natural and artificial sources will necessitate careful optical design.
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ANNEX 1

APPLICATIONS OF LASERS TO TELECOMMUNICATIONS

1. Introduction

An application of lasers to telecommunications is discussed in this Annex. Figure 5 is a functional block
diagram of a typical unidirectional, optical communication system. The transmitter, consisting of a radiation
" source, transmission optics, a modulator and pointing-tracking servo equipment, is shown on the left.. A receiver,
consisting of collection optics, a detector, a preamplifier/amplifier, a demoddlator, output electronics and
pointing-tracking servo equipment, is shown on the right. A bidirectional relay link is similar, requiring a
transmitter and a receiver at each end of the link to enable two-way communication. Each of these subsystems
and components will be discussed in turn.

o fF F——-——--———> 6 |+ H |
c .

v 1 v 1

>
R ] «

FIGURE 5 — Functional block diagram of a typical optical communication system

: Transmitter

: Receiver

: Modulated light beam

: Radiation source (laser)
: Modulator

: Transmitter optics

: Receiver optics

: Detector

: Preamplifier/amplifier

: Demodulator

: Output electronics
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: Pointing-tracking servo loops

2. Transmitters

The laser transmitter emissions can either be directly modulated or may be externally modulated by an
optical component. This component must be capable of modifying the amplitude, phase, polarization or other
properties of the optical signal. The transmitter optics are analogous to a directive RF transmitter antenna.
Furthermore, pointing-tracking servo equipment operating on the antenna is used to direct the emitted radiation
beam toward the receiver in optical transmitters as well as in RF systems. A primary energy source and equipment
are required to stimulate a specific laser and the efficiency of such power conversions are typically less than 10%.

3. Lasers

There are many design factors, between which trade-offs occur, and which are important in selecting a
laser for communications service.
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Those lasers which at present appear to have the highest potential for communication applications include:
CO;, Nd:YAG, frequency doubled Nd:YAG, HeNe, Argon and GaAs. The CO, laser is adaptable to high power
outputs (up to = 100 W) with AM or FM modulation for analogue or digital transmissions. Detectors which
operate well at 10.6 um are difficult to find, however. The Nd:YAG and doubled Nd:YAG lasers are best suited
for pulsed transmissions and are usually externally modulated (especially at high data rates) because of the long
fluorescent lifetime (230 us). Nd:YAG lasers can be operated at high output power levels (up to 1000 W), while
the output power of doubled Nd:YAG lasers is much lower owing to limited power dissipation by the doubler
crystal (LiNbO; or Ba,NaNbs;O,s — localized hot spots at impurities can result in fractures). Helium-neon lasers
can be operated only at low power levels (up to 100 mW), but they have long operating lifetimes
(> 2 x 10* hours) and they are capable of direct or external modulation for analogue and digital transmissions.
Argon lasers can sustain average output powers of several watts and offer the same advantages as HeNe. GaAs,
like other semi-conductor lasers, operates at low average power levels (up to 10 mW), but can be directly
modulated very efficiently. The peak spectral output of GaAs lasers can be tailored to any specific wavelength
between 0.75 and 0.90 pum.

4. Modulators

Modulators for directly modulated lasers consist of the electronics required to drive the laser oscillator.
Direct modulation is normally used only with semi-conductor lasers, such as GaAs, and with HeNe lasers.

External modulators are components inserted in the transmitter optical path which have the capability of
rapidly varying some property of the light beam output in accordance with the modulating information. An
example is the use of a Pockels cell and linear polarizers to produce amplitude or phase modulation. The Pockels
cell contains a crystal which rapidly rotates its plane of polarization under the influence of a varying electric field.
For amplitude modulation the laser output beam is pre-polarized by a linear polarizer, modulated by the Pockels
cell and then passed through a polarization analyzer before being propagated through space as an amplitude
modulated light beam. In phase modulation, the beam is pre-polarized, modulated by the Pockels cell and then
propagated at a constant light amplitude with varying polarization plane. The analyzer is incorporated in the
receiver optical path in this latter case.

Another type of modulator is the acousto-optical system, which makes use of photoelastic variations in a
crystal resulting from the propagation of acoustic waves. This effect has been observed in GaAs, LiNbO; and
As,Se;. Magneto-optical systems have also been devised using magnetic iron garnet (YIG), which exhibit
polarization plane rotation or optical absorption under the influence of a magnetic field.

5. Transmitter optics

The transmitter optics form the aperture through which the modulated beam is propagated toward the
receiver. Transmitter optics consist of a collimating telescope, optical path stabilization, beam steering, and any
other components or accessories used in transmitting the beam. For example, telecommunication beamwidths may
be so narrow (for example, a few microradians) that special provisions must be made to align the transmitter and
receiver apertures. Wide angle beacons and beacon trackers at each end are one way of establishing such a link.

(

6. Transmission medium

For the space-to-space link, propagation is made through free space. For Earth-to-space and space-to-
Earth links, however, a part of the propagation path must be made through the atmosphere. In the visible and
near visible portion of the spectrum, atmospheric effects are even more important than they are in the
RF spectrum. Those effects which must be considered include: absorption, Rayleigh scattering, Mie scattering,
refraction, diffraction, turbulence and turbidity. The combined effects are non-linear and difficult to predict for
wide transmission bandwidths. Figure 1. of Report 681 shows the levels of molecular absorption due to the
atmosphere, and Report 883 provides further details on atmospheric attenuation.

Atmospheric effects can totally prevent the establishment of optical communication links in certain
geographic areas and may severely limit the maximum range in others. The probability of establishing a
space-to-Earth or Earth-to-space communication link can be increased significantly by providing several widely
separated points for earth stations. However, the expense and complexity of the system is increased considerably
by this practice.
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Space-to-space links do not experience the complications resulting from atmospherics. Background noise,
however, is as important to system performance in this case, as it is in Earth-to-space and space-to-Earth links.
Visible and as near visible emissions from the Sun and stars, from artificial light sources and from reflections by
the Earth, the Moon and planets are all detectable by the optical receiver and must be considered in system
design. Trade-offs between field of view, focal length, and aperture size are optimized for particular applications.
Special protective circuits using sun sensors to prevent direct viewing of the Sun are also used to solve
background problems in optical communication systems.

7. Receivers

Considerations for receiver optics and pointing-tracking servos are similar to those for transmitter optics.
A stabilized, steerable, directive receiver aperture is formed for collecting energy from the transmitted beam. The
collected radiant energy, is then focused on the sensitive surface of a photodetector. The resultant electrical signal
is amplified and demodulated to yield the transmitted information as an output.

8. Detector

The detector is a transducer which converts modulated radiant energy to an electrical signal. This signal
should be easily processed to remove the transmitted information. Typical detectors are photo-multipliers,
photo-conductors, photo-emitters, bolometers (for long wavelength emissions, such as CO, at 10.6 um), etc. A
wide range of photo-sensitive semi-conductor materials is now available for detectors, giving a variety of
spectral-temporal-spatial response characteristics for the visible and near-IR spectra. Choices are still limited in the
far-IR. Detectors may be uncooled or cooled to reduce internal thermal noise. Coolers may be passive or
cryogenically operated. :

9. Signal processing

~ The raw detector output must be processed to yield a usable output. Amplification of the detector output
produces a signal level capable of driving a demodulator or other processing circuitry. The name demodulator is
given to any circuitry required to extract the transmitted information from the detector output and deliver it to the
output electronics, display or other processor/user e.g. recorders, video displays, CRT displays, audio systems,
loud speakers, RF relay transmitters, etc.

10. Performance

The received power level at an optical receiver is given by:

)" 2
= — ) L 2
Pr = Pr 9t 9r (411:S> 2

L = Loss factor = 1, K

4nA;\ (dnAg\ [ A \?
r=pr\57 )\ ) \ans) X

Pt Dy 2 (Dg 2
PR=W"(7) (7) K

n? pr D} D1, K
16)2 §?

Pr =

and the signal-to-noise ratio is given by
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where:

gr: transmitter antenna gain

gr: receiver antenna gain

pr: received power (W)

pr: transmitter output power (W)

Dr: transmitter aperture diameter (m)

Dgr: receiver aperture diameter (m)

§: distance (m)

A :  wavelength (m)

14: atmospheric transmission loss

K : correction factor, usually less than 1, due to pointing etror

Ry : detector load resistance (Q)

g: detector internal gain

p: detector responsivity (A/W)

¢: charge on an electron (C)

B: bandwidth (Hz)

ps: background illumination power (W)

I;: dark current (A)

F: receiver preamplifier noise factor

k: Boltzmarn’s constant

T: detector temperature (K)

These relationships can be used to evaluate trade-offs between choice of source and detector, transmitter
beamwidth, receiver aperture, bandwidth, etc. Parameters of typical systems using CO,, Nd:YAG and doubled
Nd:YAG have been determined from these relationiships and are tabulated in Table II1.

TABLE IH — Typical laser commuriication system parameters

Laser type: CcO; Nd: YAG Doubled Md : YAG

Wavelength (iim) 10.6 1.06 0.53
Detector type cooled HgCAT¢ Photomulfiplier PhotOmultipﬁer
Photon energy (1) 1.85 x 107 1.85x 10°% S 3.7X10V
Quantum efficiency (%) 0.50 0.05 0.30
No. photons per bit (for bit ‘
érror ratio = 10 , N
20 photoeléctrons) 40 400 67
Average received power for ) o
400 Mbit/s (W) 3 x 1071 3 X107 I X 16-®
Transmittet apertufe Dy (m) 0.12 0.12 O.Ii
Transmittef beam half-angle ) » o
(tad) : 56 X 10~¢ 5.6 X 10 2.8 X 10-¢
Reéceiver apéiture Dg (m) 0.25 0.50 0.50

| Rarige () 4x 107 X 107 4x107

 Systen efficiency 26% 20% 20%

Transruitted power (W) 0.5 0.1 0.01

: Modulafion - External Extefnial Extérnal
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ANNEX II

APPLICATIONS OF LASERS TO RANGING

1. _ Introduction

Echo- rangmg with light waves is sometimes referred to as Light Detection and Ranging (LIDAR). This
Annex examines the operating principles and the technology of LIDAR systems. Furthermore, it explores the
performance trade-offs, advantages and disadvantages of this type of range measurement equipment, especially for
employment in space research. "

2. Block diagram

Figure 6 is a functional block diagram of a typical LIDAR system using infra-red or visible emissions for
active echo-ranging. A laser oscillator emits coherent electromagnetic energy which is focused into a collimated
beam by an optical lens system and directed toward a target. Energy is reflected by the target, a portion of this
energy returning to its source. Energy reflected toward the source is collected by a receiver optical aperture and
focused on a detector. The transmitter and receiver may share the same optical “antenna” aperture, or they may
- employ separate lenses for transmission and reception. The detector output is amplified and compared with the
. transmitted laser output to measure the time interval or the phase difference between the transmitted signal and
the echo. A pulsed radiant output is employed for systems which measure timing interval and a CW output may
be employed in phase ‘delay systems. The measured time interval or phase delay between emitted and returning
radiation is a function of the slant distance between the target and the LIDAR sensor. Range mformattoﬁ thus
measured is displayed and/or recorded for use by the sensor operation.

H
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3. Transiitter

The m‘a](ﬁ‘" eomponents of the tramsmitter are the faser and the modualator. They are dﬂscme& in§3 afi& 4
of &ﬁﬁex 1. Ruby lasers aiso appear to have potenitial for LIDAR application.
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4. Receiver

The receiver portion of a LIDAR system includes the optical aperture, a detector, signal processing such as
amplification and thresholding, a comparator such as an interval timer or a phase comparator, and a display.
When the aperture is shared by the transmitter and the receiver, an optical duplexer (e.g., a beamsplitter) must be
provided to isolate the two as necessary during the transmit and receive portions of the operating cycle.
Furthermore, beam steering capability and tracking servos must be available for target acquisition and tracking.
LIDAR beamwidths are often so narrow that they are impractical for “Search” applications. Narrow beam sensors
are therefore normally used in conjunction with another more coarse sensor such as radar. The purpose of the
transmitter optics is to collimate and direct the output beam. The purpose of the receiver aperture is to collect
light energy reflected by the target.

The returning light echo contains spatial information from which a target image can be retrieved. In
imaging LIDAR systems the receiver optics are an imaging, objective lens assembly appropriate to the task. Image
derotation equipment and image stabilization equipment must often also be provided within the optical-path of
which the objective lens is a part. A wide variety of optical and electronic devices can be used to stabilize the
optical path. Two or more image stabilization techniques are sometimes used in combination to fulﬁl a
particularly demanding requirement.

The basic types of detectors are discussed in § 8 of Annex I For imaging echo-ranging sensors, the
detector may be a low light level television tube such as a Secondary Emission Control (SEC) vidicon, silicon
vidicon, etc., or a gated image intensifier. To measure range, an imaging sensor must be capable of being gated
“off” and “on”. The time interval between a pulsed emission and the opening of the receiver gate is then varied
until the target image appears to be “front lighted”. This time interval is measured and converted to slant distance
for display with the image. '

Signal processing is performed as appropriate to the design. For example, a spot detector may employ
separate baseband amplifiers with a built-in adjustable threshold to detect an echo pulse. The interval timer may
be a frequency counter and precise frequency source, started by the outgoing pulse and stopped by the echo pulse.
An imaging detector may employ video amplifiers and/or internal amplification gain (e.g., an 1mage intensifier) to
boost the signal level in order to drive the display.

5. Transmission medium

The LIDAR could be operated either in free space or within the Earth’s atmosphere. The transmission
medium discussions of § 6 of Annex I are also applicable to LIDAR.

Background noise is important to system performance in all applications. Infra-red and visible emissions
from the Sun and stars, from artificial sources and from reflections by the Earth, the Moon and planets are
detectable by the electro-optical receiver and must be considered in system design. Trade-offs between field of
view, focal length and aperture size are optimized for specific applications. Special protective devices using Sun
sensors, such as automatic irises, automatic light control (ALC), automatic gain control (AGC), etc., are also
sometimes used to prevent the effects of direct viewing of the Sun.

6. Performance
The received power level at an optical receiver is given by the following adaptation of the radar equation:

’ _ mprir Mpcos 8 D} g exp (—20S)

4)

Pr = 4 82
and the peak signal-to-r.m.s. noise power ratio is given by:
»_6 ~ B* pr )
n 2eB (ﬁpB + Id) RL g2 + 2 FkTB ‘

where:
pr: received peak signal power (W)
pr: peak transmitter power (W)

Tr: transmittance of transmitter optics
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Tg: transmittance of receiver optics

target reflectance
6 : angle of beam incidence at target surface
S: distance (m)
Dy : diameter of receiver aperture (m) |
G : atmospheric attenuation coefficient (m~")
R: slant distance (m)
B: responsivity of photodétector (A/W)
R; : detector load resistance (£2)
g internal gain of photodetector
e: charge on an electron (1.60 x 10~ C)
B video bandwidth of receiver (Hz) > 0.5/¢
t:  pulse width
I,: detector dark current (A)
F: receiver noise factor

Boltzmann’s constant (1.38 x 10~2* J/K)
T: detector temperature (K)

Dy»: sunlight power received from target and background (W), and

n (H,sBo+ HsX) a D tx
16

S
Py = {p exp (—QS) + % [1,— exp (—US)]} (6)

H, 5 : solar spectral irradiance (W/m? Angstrom at operating wavelength A)
By : receiver optical filtgr bandwidth (Angstrom)

Hg: solar irradiance (W/m?) over spectral region of detector

X: transmittance of receiver optical filter outside passband

ag: receiver bandwidth (field of view) (rad)

or: transmitter beamwidth

Gs: atmospheric backscatter coefficient (m~1!)

The geometry factor, M, is dependent on the relationship between target diameter, and transmitter and
~receiver beamwidths. There are three distinct cases to be considered and, therefore, three distinct values for the
geometry factor. These cases are illustrated in Fig. 7. Briefly summarized they are:

Case I: Transmitter beamwidth larger than receiver field of view and target diameter larger than receiver field
of view M = az/a?.

Case II: ~ Transmitter beamwidth and receiver field of view larger than target diameter M = DZ/a2S2

Case III:  Receiver field of view equal to or larger than transmitter beamwidth, and transmitter beamwidth and
receiver field of view smaller than target diameter M = 1.

The previous relationships can be used to evaluate performance trade-offs between choice of source and
detector, transmitter beamwidth, receiver aperture, bandwidth, etc. Typical performance calculations have been
made for four different rangefinders and tabulated in Tables IV and V. Table IV lists parameters held constant for
the analysis. Table V summarizes specific system characteristics and the resulting performance. Calculations were
made for the following combinations: -

Ruby laser S-20 photomultiplier
Ruby laser = silicon photodiode
Nd:YAG laser S-1 photomultiplier
Nd:YAG laser silicon photodiode
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FIGURE 7 — Relationship between beam size, field of view, target size and
geometry factor M
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TABLE IV — Summary of parameters for typical laser rangefinder performance calculations

Range S S km
Pulsewidth ¢ 20 ns
Bandwidth B 25 MHz
Receiver lens diameter D 28in(7.1 ‘cm)
Geometry factor M 1
Receiver beamwidth ap 1 mrad
Transmitter beamwidth ap 1 mrad
Target reflectance p 1
Receivef noise factor £ 1.5
Detector load resistor R 1000 @
Transmittance of receiver optics 7 0.7
Tfansmittance of transmitter optics 7 0.7
Targét incidence angle 6 0°
Signal-to-noise ratio §/n for probability of detection 0.98

and false alarm rate of 1 per 1000 pulses : 53
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TABLE V — Typical laser rangefinder performanqe
Laser: Ruby Ruby Nd: YAG - Nd:YAG
Wavelength A (um) 0.694 0.694 1.06 1.06
Detector PM(S-20) Si photodiode - PM(S-1) Si photodiode
Attenuation coefficient o(km™!) 1 0.139 0.139 - 0.114 0.114
Atmospheric transmittance 7 4 0.499 0.499 0.565 0.565
Solar spectra] irradiance
Hyg (W/m? A) 0.12 0.12 0.06 0.06
Filter leakage transmittance X 0 0 0 0
Backscatter coefficient og (km™) 0 0 1] 0
Background power p, (W) | 1.66 X 107*° 1.66 X 107*° 4.6x 107" 4.6 x 10~
Optical filter bandpass B,, (A) 40 40" 20 20
Detector gain g 5x10° 1 | 1.5 X 10% 1
Cathode dark current /7 (pA) 0.030 105~ 12.9 16’
Detector responsivity £ (A/W) 0.028 0.517 3.5% 107 0.152
Peak received signal power - ]
s (W) 1.23 x 107° 2.5% 1077 1.64 x 1077 8.48 X 1077 -
Single pulse range accuracy
§R(m) 0.82 0.82 0.82 0.82

c_ .
BR =35 [ (ingle pulse),

REPORT 681-2*

THE POSSIBLE NEED FOR TECHNICAL STANDARDS FOR TELECOMMUNICATION
IN THE INFRA-RED AND VISIBLE FREQUENCY RANGES

Introduction

(Question 25/2)

(1978-1982-1986)

Systems for telecommunication operating in the infra-red and visible light regions of the electromagnetic

spectrum are undergoing active research and development. A limited amount of equipment of this type is being
used operationally for various purposes including: voice communication links, analogue and digital data
communication links, active echo-ranging and atmospheric measurements. More complete development of these
devices may make it possible to use wider frequency bands than those of conventional systems operating in the

radio-frequency region, and may contribute to alleviating the present congestion in the use of radio waves. The

This Report should be brought to the attention of Study. Groups 1 and 5.
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Radio Regulations now in force regulate radio systems for communication, including determination, operating in
the electromagnetic spectrum below 300 GHz. Furthermore, allocation of frequencies for specific purposes is made
by international agreement only in the regions below 275 GHz. This Report examines the relative necessity for
international technical standards for the proper operation of systems in the regions above 30000 GHz (wave-
lengths < 10 pm).

2. General considerations

Active and passive systems have been designed and built and are now operating in the regions above
30000 GHz (A < 10 pum). Most commonly, designs have utilized the spectrum between approximately 0.3 um and
10.6 um. Active systems in this region have usually employed emitters which radiate between 0.53 um and
10.6 um. Although operational systems are now available, they are relatively few in number (compared to
corresponding RF systems) and the existent technology has not achieved its full potential. For example, the
number and variety of modulation techniques which can be successfully implemented are more limited than those
now known to be possible in the RF spectrum.

Interest in optoelectronics has been heavy and an already large capital investment in research and
development is still growing rapidly. Although electro-optical technology is still undergoing rapid growth, very
powerful radiation sources have been developed (e.g., Nd:YAG lasers, CO, lasers, gas dynamic lasers, etc.). The
personal hazards, especially to the eyes and the skin, which result from high-energy visible and near visible
radiation have led to widespread concern for laser safety standards and support for radiation hazards (RADHAZ)
research in the infra-red and visible spectrum.

All of the foregoing considerations, together with the thought of reducing congestion in the spectrum
below 300 GHz by making frequency allocations higher than this, have raised the question whether the regulation
of electromagnetic devices and the allocation of frequencies above 300 GHz should be undertaken now, or later,
when the technology is more fully developed and the population of operational systems is more numerous. This
Report explores this question with respect to the development and utilization of electro-optics (i.e., wavelengths
< 10.6 pm).

While the desirability and requirement for regulation arises from the necessity for international connec-
tions and for sharing operating frequency bands, technical considerations are important in determining what type
of controls will be feasible and effective and when they can be most appropriately initiated. Some of the points
which relate to the regulation of the infra-red and visible bands are: the type of service planned and its
relationship to the limiting effects of the atmosphere, the existence of numerous natural and artificial sources
which emit background radiation in these bands, the divergence of the optical beams and their relationship to the
probability of harmful interference.

3. Atmospheric effects

The transmittance of the atmosphere is a factor less than unity and denotes the fraction of electromagnetic
energy which is propagated along a designated path. The value of transmittance is a function of numerous
variables including: wavelength; path length and direction; atmospheric pressure and temperature; quantity of
gases and aerosols present; precipitation, such as rain or snow; and particulate quantity and size, such as moisture
(clouds and fog) dust, smoke, bacteria, etc. Atmospheric transmittance is the result of the combined effects of
absorption and scattering due to all the above effects within the bandwidth of the radiation to be transmitted.
Measurements of atmospheric transmittance show a complex, erratically changeable relationship between all these
variables. Atmospheric transmittance models capable of precise predictions are similarly complex, requiring the
combined computation and weighted combination of a large number of non-linear elements over the range of
values of interest.

One of the most important factors to consider is the attenuation resulting from molecular absorption in the
clear atmosphere. Figure 1, which has been reproduced from Report 883, depicts the main features of this
molecular absorption for vertical transmission through the atmosphere from sea level and from 4 km altitude for
temperate, summer conditions. The spectral resolution is 0.1 pm. Other features not fully resolved in Fig. 1 would
be apparent for very narrow band observations. To obtain an approximate estimate of the rate of attenuation
(dB km~") at sea level, the upper, full-line curve of Fig. 1 should be divided by three..
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There are bands of low gaseous absorption, where the absorption is only about 1 dB or less, e.g. at:

0.4 to 0.9 um (visible range),
near 1.7, 2.2, 3.5 and 5 um,
8 to 13 pm.

These bands are of particular interest for communication and radar applications but they are also subject

to additional attenuation arising from atmospheric particulate material and from hydrometeors (rain, cloud,
fog, etc.) which affect visibility. For a homogeneous atmosphere the atmospheric transmittance 1 is given by:

14 = exp (—oS) 1

where o is the extinction (or atmospheric attenuation) coefficient, km~!, and S is the path length in km. The
corresponding attenuation in dB km~! is 4.3c.
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" FIGURE | — Molecular absorption in clear air through Earth’s atmosphere at zenith
(spectral resolution: 0.1 pm)

From sea level

— — - From 4 km altitude

Average values for o, arising from particulate matter and hydrometeors, and the corresponding attenuation
coefficient in dB km~!, are plotted in Fig. 2 for varying visibility conditions and for wavelengths between 0.4 um
and 4.0 um. Using the value of o for the wavelength of the GaAs laser (A ~ 0.9 um) on a clear day (15 km
visibility) gives a transmittance of approximately 15% for a 10 km path. Over a 15 km path, the transmittance is
6%, and at 25 km just under 1%. Thus the effect of particulate matter in attenuating this laser radiation on a clear
day is less than the gaseous absorption. However, it may become significant in haze. The attenuation coefficient o
can then be greater than 1 km~! and the transmittance for GaAs over 10 km may be less than 0.01%. Another
" important factor to consider is the multiple scattering effect. Report 883 describes this effect.
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Attenuation coefficient o (km—1)
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FIGURE 2 — Attenuation coefficient versus wavelength (at sea level) —
average curves for particulate matter including hydrometeors
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4. Background emissions

Allocation and regulation of telecommunication systems which operate at wavelengths less than 10 pm
would be complicated by the large number of natural and artificial sources which contribute to a relatively high
noise background in that portion of the spectrum. The majority of these emitters are not subject to practical
regulation or control by international agreement.

Foremost among such sources is the Sun, which is responsible for a total power flux density of
approximately 1390 W/m? at mean Earth-Sun distance just outside the Earth’s atmosphere. The Sun’s output is
similar to that of a black body at approximately 5900 K. The power flux density at the Earth’s surface is a
function of atmospheric conditions, time of the solar year, solar time of day, geographic location, etc. With the
Sun at the zenith of a clear sky, the illuminance on a horizontal surface resulting from sunlight is approximately
1.24 x 10° Im/m? (lumen per square metre).

The Moon, though not nearly as bright as the Sun, also contributes an appreciable illuminance through
reflected sunlight. The peak values at the full Moon may be as high as 0.267 lm/m? Furthermore, the Earth also
reflects solar radiation. Sunlight reflected from the surface of the Earth, known as albedo, adds appreciably to the
background noise power experienced by spaceborne visible and infra-red receivers.

Although the Sun and Moon are distributed sources, the stars and planets appear as point sources which
can each contribute from 1.39 x 10~*lm/m? (Venus at the brightest) to 1.05 x 10-% im/m? (6th magnitude star)
or less. Furthermore, the sky contributes an illuminance at the Earth’s surface varying from 10~* Im/m? on an
overcast starlight night to 1-2 x 10* Im/m? in full daylight (not direct sunlight), as a result of scattering of
sunlight by the atmosphere.

Artificial sources are so numerous and so variable that they defy prediction. At night, lamps of many types
and brightness levels illuminate cities and populated areas in abundance. Furthermore, open flames and hot
surfaces (factories, aircraft engines, heated earth, heated pavements, heated masonry, automobile engines,
furnaces, chimneys, etc.) may emit infra-red and visible radiation at appreciable levels. Also, metallic and glass
surfaces, water surfaces and other specular reflectors may reflect any of these artificial or natural emissions with
high intensities within the infra-red and visible bands, depending on the geometry between source, reflecting -
surface and receiving aperture. -

5. Beam divergence and field-of-view

Collectively, the noise background in the infra-red and visible regions is very severe. Nonetheless,
successful systems can be designed and operated, provided that, suitable trade-offs are made between field-of-view,
aperture size, focal length and carrier and background radiation levels, etc. Most operational systems will employ
the minimum field-of-view or beamwidth consistent with the application. Beamwidths ranging from a few
microradians to tens of milliradians are typical. Furthermore, optical sources and receivers have little side-lobe
and no back-lobe structure, and consequently interference can result only from main-beam to main-beam
couplings. As a consequence, interference between laser systems sharing a band can be shown to be extremely
unlikely.

Figure 3 shows the relationship between beam divergence, distance from source (or receiver) and beam
diameter. From these data, the beam diameter at the greatest ranges possible (< 100 km), for terrestrial systems
using laser sources, will be less than 1000 m even for beams up to 10 mrad (0.57°) wide. More realistic maximum
beam diameters are < 30 m at ranges up to 30 km for beams approximately 1 mrad wide.

For beams so tightly collimated, even intentional interference would be difficult since the system interfered
with would need to be within ~ 0.5 mrad (0.2°) of the target azimuth if main beam illumination were to occur.
The improbability of this can be demonstrated graphically by the following analysis.

Figure 4 illustrates the relationship between beamwidth and the fractional volume (6%/4m) of the “search
sphere” surrounding the source which is illuminated by the beam. For space-to-space laser applications, this
fraction equals the probability of unintentionally illuminating a receiver sharing the band when that receiver has a
uniformly distributed probability of appearing on any set of co-ordinates within the co-ordination volume. For a
terrestrial laser system (hemispherical “search volume”) the probability of unintentionally illuminating a receiver
sharing the band is equal to, or less than, half the fractional volume given in Fig. 4.
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For interference to occur, the receiver in question must be illuminated by the transmitter, and the receiver
aperture itself must be so aligned that the source of interference lies within the field-of-view. Thus the probability
of interference is less than the square of the probability of simple illumination. As an example, a transmitter with a
beamwidth of 1 mrad has a probability of unintentionally illuminating another receiver sharing the frequency
band (given it is within detectable range of the emitter) of approximately 7 x 10~%. The probability that this
receiver will be illuminated and then detect this radiation is less than 49 x 10~!5, provided the receiver
field-of-view has the same angular dimensions.
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6. Conclusions

Technical standards for electro-optical systems and determination of preferred operating wavelengths for
electro-optical equipment by international agreement do not appear to be necessary at this time. Interference
between terrestrial, electro-optical telecommunication systems sharing a band is possible only at relatively short
station separations (< 30 km) due to the limitations of the atmosphere and the high background noise.

Most sources which emit radiation in the infra-red and visible spectrum are not associated with deliberate
telecommunication.

Control of radiation hazards may be considered to be a matter of national, rather than international,
concern since these hazards exist only in proximity to high intensity sources within the atmosphere. Radiation
hazards in space, €.g., in manned, Earth-orbiting laboratories, are at present the responsibility of the nation or
nations doing such work. '

Electro-optical telecommunication systems are likely to employ very narrow transmitter beamwidths and
receiver fields-of-view, making unintentional couplings or interference of any kind between terrestrial or
spaceborne systems extremely improbable.

RECOMMENDATION 367

FREQUENCY BANDS FOR RE-ENTRY COMMUNICATIONS

(Question 3/2)

(1963)
The CCIR,
CONSIDERING,
(d) that spacecraft re-entering the Earth’s atmosphere are enveloped in a self-induced plasma;
(b) that electromagnetic radiations to and from the vehicle may suffer severe attenuation and other detrimental
effects due to the existence of the plasma; A
(c) that communications with, and tracking of, the vehicle may be imperative during the re-entry phase to

ensure a successful mission;

(d) that the selection of frequency bands for re-entry communications and tracking is dictated partly by the
parameters of the induced plasma; '

(e) that the use of such bands requires international agreement, since the phases of re-entry flight may extend
over one or more orbits of the Earth;

(f) that the only proved solution to the re-entry communication problem to date involves the use of
frequencies greater than the critical frequency of the plasma sheath;

(g) that critical frequencies of the plasma sheath can approach or exceed 10 GHz;
(h) that frequencies of 10 GHz and higher are affected appreciably by the Earth’s atmosphere;

(j) that the bands availiable‘ at present for space research purposes above 15 GHz are technically suitable for
some re-entry communications,

UNANIMOUSLY RECOMMENDS

that both the critical frequency of the plasma sheath and the atmospheric effects be considered in the
selection of frequencies for re-entry communications (see Reports 205 and 222).
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REPORT 222-5*

EFFECTS OF ARTIFICIAL PLASMAS
ON COMMUNICATIONS WITH SPACECRAFT

(Question 3/2)
(1963-1966-1970-1974-1978-1986)

1. Introduction

Some communication problems arise from the presence of a plasma, e.g. ionized air, in the vicinity of a
spacecraft and its antenna. Natural plasmas are present in the ionospheres of Earth and other planets, but also as
“solar wind” in interplanetary space, especially in the neighbourhood of the Sun. Artificial plasmas are produced
mainly by two mechanisms:

— as “ionized gases” generated by spacecraft propulsion and control systems, and
— as “plasma sheath” forming around a spacecraft entering a planetary atmosphere.

Two main effects of plasmas must be considered, namely:
— that on antenna performance, and
— that on propagation of radio waves.

This Report gives a summary of the effects of artificial plasmas on communications with spacecraft. More
detailed analyses are presented in Report 222 (Geneva, 1974 and 1982).

2. Summary of atmospheric entry plasma effects

Atmospheric entry plasma effects on communications will vary greatly with the mission, which determines
the vehicle trajectory and configuration. Selection of signal frequency, antenna location, and antenna type can be
used to circumvent or minimize the re-entry signal loss in many cases. Criteria which influence this selection
include the plasma thickness, collision frequency, ablation material, and the nature of the non-equilibrium
phenomena (i.e. producing or recombining type plasma). Also practical considerations such as power require-
ments, signal modulation techniques, tracking station capabilities, and relative location with respect to the
spacecraft (look angle) enter into the selection.

Some experimental results indicate that the critical frequency of the plasma sheath is often as high as 1 to
10 GHz and may sometimes be even higher. It is concluded that frequencies of 10 GHz or higher are technically
required for certain re-entry communications, especially for re-entry from lunar or planetary missions.

At these frequencies, absorption in the planetary atmospheres can be very important. For the atmosphere
of the Earth, Report 719 gives some relevant data. It also shows that there are several “windows” above 60 GHz
where the absorption in atmospheric gases may be acceptably low. The data however, indicate that attenuation in
tropospheric precipitation could be prohibitively high. Frequencies near 90 GHz and perhaps those near 140 GHz
might be preferable in this respect.

Other experimental programmes have demonstrated an increased understanding of the re-entry plasma
sheath. Data from in-flight measurements at orbital re-entry velocities using diagnostic antennas and rakes of
immersed electrostatic probes are in excellent agreement with theory, except at the extremities of the plasma
attenuation period [Akey and Cross, 1970; Grantham, 1970; NASA, 1971]. The electrostatic probe measurements
agree not only in peak plasma density, but also in the plasma profile.

Moreover, the effects of the plasma sheath have been reduced by modifying the plasma itself; for example,
by aerodynamic shaping (sharp nose or spike configurations) to reduce the plasma thickness; by the injection of
liquid materials into the flow field that have restored radio-frequency signals otherwise blacked out by the plasma
during the re-entry attenuation period [Akey and Cross, 1970]; and by the choice of ablation materials which can
significantly affect plasma density [Grantham, 1970]. Also, by sufficiently applying a strong magnetic field the
configuration could be influenced and/or a propagation window could be produced, by the so-called “whistler
mode” (see Report 262). Possibly, combinations of these techniques may be used to reduce the plasma sheath
effects.

*

This Report should be brought to the attention of Study Group 6.
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3. Summary of rocket exhaust plasma effects

Exhaust plasma is always produced in the flames of rocket motors, but may also appear in other
propulsion systems, for example, electric propulsion. In its origin and as a result of different boundary conditions
such a plasma is different from a typical re-entry plasma.

To describe an exhaust plasma, the factors associated with the flame must be known, such as fuel and
oxidant composition, mixture ratio, alkali metal impurities, nozzle characteristics, thermo-chemical Kkinetics,
dynamics of the expanding gases, etc. With these factors and knowledge of ambient atmospheric conditions the
exhaust plume structure may be deduced [Jensen and Wilson, 1975]. Changes in gas flow due to induced
turbulence are now understood and can be included in calculations of exhaust structure. Problems introduced by
the use of multiple jets are outstanding and still require further study.

Practical and theoretical investigations have been conducted and have led to methods for predicting the
effects of exhaust gases. Because the plasma configuration is not one of a sheath surrounding the vehicle it
presents problems different from those of re-entry. Plasma densities differ and the antenna is unlikely to be
immersed in the plasma; consequently alternative propagation paths may be found (other than through the most
highly ionized regions) [ELDO, 1966]. Plasma effects include absorption, refraction, diffraction, amplitude and
phase modulation. Total signal loss can be a combination of these effects. Absorption depends upon electron
concentration and collision frequency [Williams, 1965], the approximate distribution of which can be deduced
from a knowledge of the motor design. Significant diffraction may occur in an exhaust where the absorption is
high [Dang, 1974]. Spurious modulation will be encountered due to forward scattering into the antenna from the
turbulent jet stream. Doppler displaced frequencies given by varying eddy velocities within the exhaust, produce
plume related spectra. Comparison between experimentally derived and computed spectra is good.
[Williams, 1966; Williams et al., 1971). Radar echoing (back scatter) has been treated in a similar manner. The
propagation path relative to the exhaust is another important factor; refraction effects on the ray path may not
always be negligible. [Kopp, 1966; Golden et al., 1968].

As an example, for a large chemical rocket firing into a vacuum, the exhaust in the immediate vicinity of
the nozzle exit is a high-pressure plasma having an electron collision frequency of about 10'!/s and an electron
density of 10'® to 107 per m3. It is therefore a region of high damping with marked resonances (critical
frequencies). Subsequent expansion of the gases results in a transition from this collision dominated region to
effectively collision free conditions. Radio blackout due to critical frequency effects alone, is possible only in
those regions of the plume where the collision frequency is less than 103/s. Due to the expansion of the efflux, this
order of collision frequency is necessarily associated with a low electron density (10'* per m?); this means that
there is a high probability that radio frequencies down to 100 MHz, or even below, will penetrate the entire flame.
Nevertheless, the overall absorption measured can be large (10 to 30 dB), due entirely to the long path lengths
through the flame, encountered in certain directions. Experimental confirmation for predictions has been sought
by measurements on the ground and during actual rocket launches [McD. Cummings and Wilson, 1967;
Wilson, 1967].

Other work has been directed towards improvement of the prediction techniques, particularly the fluid
dynamics, the representation of turbulent fluctuations and in the treatment of chemical processes within the
exhaust. Fluid dynamic calculations have been improved by the inclusion of shock structure and a better
description of the effects of forward flight on the plume, including treatment of base recirculation. Methods are
now available for determination of those turbulent quantities i.e. turbulent length scale and turbulent intensity,
needed to describe electromagnetic scattering by exhaust gases. The effect of finite rate chemical reactions are
included during the calculation of plume structure, this being particularly important for the calculation of electron
density since this is strongly influenced by chemical reaction at low and intermediate altitudes. [Jensen and
Pergament, 1971]. The major interest has been in the field of tactical rockets; nevertheless, these studies are
complementary to the problems of space vehicle exhausts and can be directly related to situations encountered in
space flight.
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RADIOCOMMUNICATION REQUIREMENTS FOR SYSTEMS
TO SEARCH FOR EXTRA-TERRESTRIAL INTELLIGENCE (SETI)

(Question 17/2)
(1978-1982)

1. Introduction

Question 17/2 on Radiocommunication Requirements for Systems to Search for Extra-terrestrial Intelli-
gence has been adopted by the CCIR. The present Report discusses the general background and technical matters
related to this topic.

1.1 Background

Many scientists believe that life is common in our galaxy and that it could have developed into
civilizations. Civilizations with similar technical achievements to ours could communicate with each other by radio
waves up to distances of 100 light years.

The possibility of receiving communications from an extra-terrestrial intelligence (ETI) was first pointed
out in 1959, and a search was proposed for possible signals [Cocconi and Morrison, 1959]. Independently, Drake
and others attempted to detect signals from possible civilizations associated with stars. Similar attempts have since
been made at other observatories [Sagan and Drake, 1975). The first “aimed” signal was transmitted into space
from the Arecibo Observatory in November 1974 [NAIO, 1975].
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~ Using present technology it is feasible to detect radio signals arriving at the Earth from other civilizations
in-the galaxy. Such a programme is called SETI (Search for Extra-terrestrial Intelligence).

Several SETI programmes have been described [Sagan and Drake, 1975]. By 1978 the following were in
progress:

1.1.1 Bridle and Feldman, at Algonquin Radio Observatory in Canada, searching nearby stars at
22.2 GHz, near the H,O line.

1.1.2 Dixon and Cole, at Ohio State University Radio Observatory, making an all-sky survey near the
1.4 GHz hydrogen line [Dixon and Cole, 1977). This survey had been in progress continuously for three
years. '

1.1.3  Drake and Sagan, using the Arecibo Observatory in Puerto Rico, observing se\}eral nearby galaxies
at 1420, 1653, and 2380 MHz [Ponnamperuma and Came_ron, 1974].

1.1.4 The Soviet Union SETI programme [USSR, 1974; USSR, 1975].

1.1.5 Kardashev, using the Eurasian Network, in the USSR, searching for pulsed signals, with hemisphe-
rical coverage [Kardashev, 1976]. :

1.1.6 Troitsky, using the Eurasian Network, searching for pulsed signals in an all-sky survey at 1.9, 1.0
and 0.6 GHz [Troitsky ez al., 1974]. .

1.1.7 Zuckerman and Palmer, ﬁsing the NRAO Observatory in Greenbank, searching nearby F, G,
and K type stars near 1420 MHz [Palmer and Zuckerman, 1972].

1.1.8 The United States National Aeronautics and Space Agency conducting a search near 1.5 GHz
[Tarter et al., 1977]. '

1.2 Average distance between civilizations in space

The average distance between civilizations must be inversely proportional to the cube root of the space
density of the civilizations, which is also proportional to their average life.

For the existence of civilized life within 100 light years of the Earth to have a high probability, one must
assume an average life of at least 107 years.

1.3 Other civilizations

Based on the following argument some experimenters may assume that the other civilization would be
more advanced than ours. We have only been able to communicate with an equivalent civilization by radio waves
during the last 30 years. Consequently, if they can communicate, but are nevertheless behind us, the state of
development of the other civilization cannot be more than 30 years behind ours. As 30 years is an extremely short
time compared with the time scale of evolution of life, the probability that this would be the case is very small
Similar logic shows that they are unlikely to be only slightly ahead of us. In the previous section it is assumed that
an average life of communicating civilizations would be of the order of 107 years. It is concluded therefore, that if
other civilizations exist, they are probably considerably more advanced than ours.

Such civilizations may have formed a'commun'ity through radiocommunications and may have been
continuously sending signals to suggest that we join the community.

14 Consequences of success

Interstellar communication is merely hypothetical before the first contact is made. However, as soon as a
contact is established, practical implications to us may be significant. The large-capacity communication following
the first contact may contain information far superior to our knowledge.

1.5 Types of stars to be sought

Stars which are similar to the Sun may have planets suitable for life similar to that on:the Earth. Such
stars have surface temperatures of 4500 to 6500 K and luminosity of 0.3 to 3 of the Sun, and are known as main
sequence stars with spectral types of F, G and K [Sagan, 1973].
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2. Characteristics of the signal

2.1 Transmitted signal

Nothing can be known in advance with certainty about radio signals transmitted by an extra-terrestrial,
intelligent society (ETI). However, it can at least be assumed that the signals could have any of the characteristics
currently known to human science. Thus, the transmitted signals could have any carrier frequency, modulation,
e.lr.p., or polarization. In addition, as the location of the source is unknown, the nature and magnitude of the
source Doppler frequency drift would also be unknown.

Using practicable terrestrial facilities (100 m diameter antennae, 1 MW transmitter and a 20 K receiver), -
communication could be maintained at a rate of 10 bit/s within a distance of 100 light years.

The United States routinely generates an e.ir.p. of 130 dBW near 2 GHz during planetary radar
experiments at Arecibo, Puerto Rico. An e.i.r.p. of at least this level is possible for a signal from an ETIL

Some experts believe that the signal would be from a point source, polarized, variable with time, and have
a narrow bandwidth (of the order of 10 Hz). A very simple form of modulation, coding etc., might be used to
make processing at this end simple. The assumption is that the signal is intended for reception by a civilization
other than the one which is transmitting.

In such a case, initial contact would be through a beacon signal to establish a large capacity communica-
tion. This signal would possibly contain minimum information to let us know their existence; factors related to the
communications following, etc. Subjects such as mathematics, geometry, physics, etc., might be also contained in
order to help us to understand systems of modulation, coding, grammar, etc.

2.2 Propagation considerations

2.2.1  Interstellar medium

The interstellar medium is a magneto-ionic plasma with non-uniform characteristics which vary
with time, distance and direction. The medium is inhomogeneous, anisotropic, and dispersive. The result of
these properties is a change in the characteristics of the transmitted signal as it passes through the medium.

Changes in the polarization and spectrum of the transmitted signal are especially important.

2.2.1.1 Faraday rotation

One effect of the medium will be Faraday rotation of the polarization vector. This may be in either
direction depending upon the characteristics of the path. Rotations as great as 10 radians or more have
been observed at a frequency of 1420 MHz [Whiteoak, 1974].

Since the medium is anisotropic, there may also be some conversion between linear and circular
_ polarization.

2.2.1.2 Spectral changes

The interstellar medium causes changes in the spectrum of a signal traversing it. If the signal is
unmodulated, the medium broadens the signal spectrum; if the signal is modulated, the medium broadens
and distorts the modulation spectrum. The effect is to limit both the maximum and minimum bandwidths
for observation of a coherent signal.

The best available data concerning limitation of the maximum bandwidth come from the measure-
ment of pulsars [Lee and Jokipii, 1976]. These measurements indicate that the maximum coherent
bandwidth at 1 GHz is approximately 2000 Hz over a path length of about 10° light years. The bandwidth
appears to increase with frequency and decrease with increasing distance.

Pulsar observations have also shown the minimum coherent bandwidth to be of the order of 10~2
to 10~3 Hz.

2.2.2  Atmosphere of the Earth

2.2.2.1 Attenuation

For clear weather conditions, atmospheric attenuation is a significant factor above about 20 GHz
(Report 719). When rain is taken into account, attenuation becomes more significant at frequencies greater
than 3 GHz. Atmospheric attenuation is shown in Fig. 1. Further information appears in Reports 563
and 721.
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FIGURE 1 — Space-to-Earth attenuation (L)

clear weather, atmosphere only
— — — — = rain and atmosphere: 32 mm/h

parameter A: elevation of earth station antenna

2.2.2.2 Polarization and spectrum
The ionosphere will affect the polarization and spectrum of the signal in tran51t The effect is

expected to be small compared to the effect of the interstellar medlum

23 Arriving signal

23.1  Noise

Signals from an ETI would arrive at the Earth mixed with background radiation.

2.3.1.1 Extraterrestrial noise

Outside the atmosphere of the Earth, background noise consists primarily of three components.
These are: the 2.7 K black body isotropic radiation that fills the universe, galactic noise and quantum
noise (caused by fluctuations in the rate of arrival of RF quanta at the receiver) [Oliver and

Billingham, 1973a}. These noise contributors are shown in Fig. 2.
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FIGURE 2 — Background noise temperature (T) contributors outside the atmosphere of the Earth

A : Galactic

B : Black body

C : Quantum effect

parameter | b |: Absolute value of galactic latitude

Galactic noise temperature decreases steeply with increasing frequency. It is directional in nature
and is maximum at the galactic equator, diminishing rapidly at greater galactic latitudes. At a latitude of
+ 5° it is about twice the amount as measured near the poles.

The black body background noise temperature is constant in the microwave region at frequencies
of less than about 60 GHz. At higher frequencies it diminishes. This black body background radiation is
isotropic.

Quantum noise temperature increases with increasing frequency, but it is significantly less than the
other contributors below 60 GHz. It is also independent of direction.

The spectra of emissions of molecules and free radicals contained in interstellar space modifies the
noise at certain frequencies. Hydrogen, hydroxyl, and formaldehyde are examples.

Near 1420 MHz the emissions of neutral hydrogen cause the noise to be above the background.

The OH lines, through maser action, are very narrow and are often variable with time [Weaver
et al., 1965).

The H,CO line, through the anti-maser effect, exhibits a negative excitation temperature and,
consequently, the background radiation temperature in the direction of dark clouds is below the 3K
background temperature. On the basis of current knowledge this is a unique situation [Palmer et al., 1969].

The resultant total sky noise temperature outside the atmosphere of the Earth is shown in Fig. 3.
As can be seen, there is a broad minimum between approximately 1 and 100 GHz, which is called the
free-space microwave window.

2.3.1.2 Noise from the atmosphere of the Earth

The contributions of the atmosphere to sky noise are discussed in detail in Report 720. The noise
contribution of rain is also discussed in Report 564. The effect of the atmosphere is to reduce the
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