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~ e emphasis of ~~e effort documented in this report was to perform sa:ell~te 1nte9rator 
trades to develop the Preliminary Sate111te·Design Report for the multiple satP.111te system 

--(MSS). The-design trades were .for_a _ _l_O'If_c.ost_s_a_t_ellJ~e fot:_~_~igh band'1111idth global · 
conmun1cation system int~rating burst radio, d1g1ta1 processoranTele-ctronically-stee·raolel-
antenna desi9ns. Th1s objective w•s to be met by analj•sis arad trade-offs with the o~her 
MSS team members,· providing a means of iterating the sa~e111te. radio ar.d antenna d~si~ns 
to reach a cost effective solution. ... 

• 
The d~ u presented in this report identifies the· sa tc 11 t te 1 nterl'aces wit.., the ~aylold -
radio/antenna, F11ght operations- launch. orbits, altitudes, etc., an~ the Ground user. or 
ccmnun1 ea ti ons station and relates the 1Jnl)act of these tnttrlaces with the satellite sub-
systems - power, att1t~de control, stNcture, etc., in parametric form, if possible, such 

.. that test/performance trades could be performed. The final resoluti~n of the~system trade: 
are be in~ exe'=uted by the MSS system· en9incer 1n the MSS A specification. 1 
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This report describes ~~e analyses ·and trades performed-by BASD during 
Phase I o·f the Multiple Satellite System Program. These analyses and · 
_trades were·· performed .. to~:. develop the Preliminary ·Satellite Design, Re·
port for the multiple satellite system (MSS). The design trades were 
for a lQV cost satellite for a high bandwidth g~obal collllllUnication 

···system integrating burst radio, ···digital .. processor and electronically 
steerable antenna designs. Tuis objective was to be met by analysis 
and tracle·offs with the other MSS team members, providing a means of 
fterating ~e satellite; radio and antenna clesign.s to reach a cost 
effective solution... Communication was maintafned through telephone 
conversations, meetings·be~Jeen contractors and working grou~s meetings 
between all contractors .. 

The app:oach described by the analyses and trades in this clacument was 
to identify the-satellite interfaces and relate the impact of these 
interf.1ces in parametric form, if possible,.- such that cost/perfomance 
trades could .be. ~~aacle-. - The main interf.1ces. were Flight operatio.~, 
j)&yload, and the Ground u.ser o~· final communication station. 

Flight operations ~ere concerned with system parameters such as tr.e 
satellite orbi~s. &ltitude, environment, launch and deployment strateg
ies versus the .satellite lifetice and the satellite launch cost. Also 
to be -considered vue .. the ~acts of ·:t!:J,e·-~a~allita communication range,
earth m~tipath, and satellite altitude-differentials versua the number 
of satell1tes required for the syste'2l communication misslon. 

The payload-interface concerned .the sa~ellite power, attitude control, 
structur.e, and telemetry and command necessary for the radio and 
antenna. Power subsystem analyses presented the cost estimates for 
satellite power including solar array cose, battery cost and launch 
cost, analysis of solar array configuration for optimum energy output, 
and analysis of the requi~ed battery s!ze, the satellite charge 

· eontroll•r. and the impact of peak power averaging of the transmit 
-· ··-·-----··-----power. Tl\8- a·c-:1 tude~- c·on·erol -·1nt·•ar-faca-va.--c.ln·cerneaw1l:h-ehe--c-os1:· -·of-
. • various le•tels of attitude control versua antenna cost and complexity 

in order to .obtain the system pointing of the antenna fo~ 
coamaunic:ation. Structut"e and tele•atry· and coDD&nd discussions aainly 
addressed requirements a~ possible ap~roachea to obtain those require· 
ments. Also, addressed aa a payload interface vera the concerns of the 
op•ration of high RF power components in space (vacuum) and the impli· 
cations on the system testing. 

~~ 
(j ... 

• I: 

The Cround user interface d1scus-ed the impact of ·the ground uaer 
operating -_with lov. earth orbit satellites and. suggested possible 
configurat1ons of Cround user RF power and Antennas and even possible 
changes to the spacecraft vh1ch could lover .the total system cost. 
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The analyses in this· repor1i vera -_used -:to ;~~~~rat······ preliminary desipl.~:· 
plan for the satellite which incluc:!ed - recollllll•ccled satellite . 
specifications and a preferred approach ' for-· each specification. ·: 
Preliminary design plans vera ~also. presanted-.by the<;·other team members. · 
The final resolution of the system trades are being ·executed. by the MSS 
system engineer in the MSS A S}'ecification. · · 
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1. Int:~duccion 

The following ra~or~ presanes Ball Aerospace· Sysee .. Division's (BASD) 
affor~ 011 ehe fhua I a=cly of the Multiple·. Satellite System Program 
(MSS?). The filial. prod.uct of ··'· t-.hia study -ia the Preliainary Design 
llepore of a aat:allita bua upon which the MSSP burst ·radio anci antenna 
Are integrated. This final report vill c!escribe the various analyses 
and trades perfor2ad by BASD eo c!erive the Preliminary Deaign report. 
1r.lis documant will ~scribe the selected approach, aa well as 
approaches, ic!eu, and concerns which vera analyzed an-i discarclad •. 

~ection 2 provides a descrip:ion of the MSS program and the objective 
of the total program and Phase I study. Saceion 3 presents an overview 
of the BASD approach during the Phase I ·study. Sections 4 and 5 
d•scrtbe the trades and analtses made by BASD as the satellite 
iategrator during . the Phase I study.- · The concl\Uions and 
recommendations of ·the U.SD H.SSP Phue I study vill be discusse~ in 
Section 6. 

2. Multiple Satellite Syaeem Program Description 

This section presents an overviaw __ ·of the Multiple Satellite System 
(MSS). to Ju.tt:ify -~• trades and analyses -.de and crueria u.sed for the 
selection· of the preferred approach·.·...,·· ·-:'±'his oVeJ:"Yiav is no~ a COI!Il)lCl':8 
4escri~tion of the objectives and roquirements .of the MSS, but should 
be suffiei,nt to provide an understanding for this report:. 

As stated in the Multiple Satellite Sys~em Program Management Pla~. 
•1ha Multiple Satellite System (KSS) is ~ concept for a proliferated 
lov-altitude system intended to provide a global packet eocmat.L.-,ieation 
ne~vork for data ~d voice. Its ·primary objective is to provide a 
high~.y survivable naevork that can continua to supl'or1: a 11inimum level 
of communic4tion services in the presence of intentional jamming, loss 

--of a significant .. friction of ___ tli·--···eellitec ;--- -andtcr-- loss- of· ·the--
terrestrial control funccions. A second objective is to provide 
efficient, videbacd co-.unicationa under benign conditions.• . 

Praviou.a c!evelop-neal work· baa conc•nt:atad on space sa pent 
configuration, preliminary antenna deaisn studies, and link 
coaa:unicationa architecture•. Applyin& this vork to the dasign of the 
~atellite system is the next logical step. The basic system vould 
co~ist of approximately 240 satellite• orbitin& at a low earth orbit 
altituda of 350 to ~oo·nai sarvicin& a &lobal user community of 200 eo 
1000 U£ers. The saeellitaa would consist of the satellite structure 
and sulJsyseeu, a burst radi.o, an antenna for croaslink and up/down 
communication, and a network proc~ssor t~ perform the syseea routing 
and control • 

·1· 
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the. kay--1aaua. in a prograa aw:h. u :._ KSS is the coae- of the satellite. 
B•cau.ae of the quanc1cy · of satellites, the individual-- satellite cost 
IIU.at be reduced.··-· 'the ·coat· of earlier cypaa of co1111Ul1icat1on satellites 
can be reduced for tvo .· rauons: 1·. a~~all cl1atances between satellites. 
radu.caa. -a~talli.te; perfon~&Dea. required • . 2. larse prodw: tion build 
technl.quaa ·can be u.aecl. -- ~--- · 

The KSS prograa ia a thrae•phaaed approach claacribacl u follova: 
•• ... ~ •• ·*• • ;;.. • - :. 

Pb&ae I: ~t&blish a ayataa claf1n1t1on &lU! praliairulry_- ~·~gn 

Ph&aa II:. Harctvara clavelop .. nt and t•ata 
- . -

Ph&ae III·: Full scala· davalop&aent of the .KSS 
. . . .. , ~- .. ~ ~ .. 

Designing a coat-effective system by ~xaaining the clasign ar•a• and 
tradaof!s · ~·tv~en _ barct.trar~ and ao!tvars, or antenna and &ttitude 
cone%ol,. or an:enna gain ancl radio U power vaa the goal of. lhase I:· 
This vaa complaeed vitn the interaction and technological expertise of 
several ~1ffarent contractors. The HSSP Pb&aa I team members are 
listad in T~le 2·1. The organizational atruceure of the Phase I 
p&rticipants. is shown in Fl~~· 2·1. MA·COM Linkabit Incorporated was 
the syataa engineering contractow:o. --•--~ D~f~na• S;•~teiU Incorp~rated was 
unda_r contract to exa:aina the appl"~c;·ac:~on_' ~f .l~v.;~cost satellite design 
technologiaa to MSSP .. The c:ont~actor• vera to help resolve the 1s•ues 
ari•ing-~ in ayac:am d•f1nie1on. · 
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3. ~D KSSP Study Overview 
• : "-·1· 

During tha M.SSP Phase I study, BASD ... vu 4 team member ( contrac cor) 
involved with satellite integration. The -objective vas to develop a 
preliminary design of a low cost ... satellite for a high bandwidth global 
communication system upon ~hich a burst radio, digital processor and 
eleceronically steerable antenna -~o~d b• ·integrated. Pr~duction, 
tescing, and satellite deplo~ent techniques were alao to be 
incorporated into the design. This objective vas to be met by analysis 
and trade·offs with the other MSSP t~am.memhe~s. p:oviding a means of 
itera:ing the sat~llite, radio and ante~ -designs to reach a cost
effective solution. -- .. ~_.J_:oiiiiiNnication vas maintai~ec1 through telephone 
conversations, mee~ings beeween contractors, and working group a'etings 
be~Jeen all c~ntractor~. 

bASD's approach to the· study was to· address the issues and concerns 
identified at tha working groul) mee.tings, or by !ASD, in short memo 
fo~ or system engin~ering repo~ts (S~) and-distri~uta ~~esa to •he 
ot.~er taaaa memb~rs. It.. was hoped that: this apprC\ach voulc1 maximize 
team communication and identify errers in any analysis, r~sulting in a 
thorough disc~~ion resolving the issues. The SERs, rewritten as 
synopses, provide the basis of this report. 

!able 3 ·1 lis es the ti t:les of the·· -~D . SERs. 'Ill..._: SER.s, listed in 
numerical lrcar, are also in .chronological ord~r. Letters indicating 
t:he area: of the MSSl' design· to which the-- SER directly applies are 
located baside eh• S~. Table 3-2 lise~ the area of design concern 
for eaeh letter. A3 can be •~•n in T•ble 3-l, the application of the 
s~ varied throughout the Phase 1 study. sevaral s~ have almost the 
same titles, such as •MSSP Prelimin.ry Power Analysis• and •Power 
Sys~em Second Cut•. This is a reflection of-iterations of the analysis 
as new information was aJded by the team members and working group 
m~etings. This report discusses all •naly~.~ results and S~ to 
desc~ibe what syseem trades were made. 

-------

The sections of ~~is ~eport address either: a satellite subsystem, the 
satellite programmacic :once~. an_ important interface such as the 
antennA or ehe radio, or basic system concern. such as the satellite 
orbits. The topics are confined and to BASD'a concerns as- the 
satellite integrator, a!though to the radio and antenna interface many 
other fine analyses ve,..e performed by--·· the other KSSP team members . 
Hovever, this repor~ will address only the narrow ~spects of the design 
relevant to a sArellit:e integrator--:and BASD' s work on this seudy • 
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4.0· SATELLlTE.INTECRATOR SYSTEM TRADES 

'nle sate-llite int:egraeor system trades involve those areas of design 
whiCh are no~ necessarily sa:ellite hardware or payload but: are syseem 
trac!es which affect the hardware. The primary areas. analyzed during 
the MSSP Phase I st:udy were the required satellite orbits, the impact: 

- of the. g~ouncl user, the. collllllUI1i.cation ranges .vs. the number of satel
lites required, ancl the programmatic concerns·which.can.drive the cost 
of the satellite system. 

Many of the topics analyzed affect several areas of concern. for ex· 
ample: ehe saeelliea's orbit selection will aetually ~ffect the ground 
aser, the communicae1on range, and the programmaeic concern of the 
~rbit environment: (atomic oxygen and radiaeion). This makes a discus
sion of a certain topic under a specific area ·of concern somewhat arbi
trary. 

4.1 SATELLITE ORBITS 
.. 

The orbits selected for the MSS program will .. directly affect the de
sign, launch, and life cycle cost of the MSSP satellites. The altitude 
select:ed will affect the projected lifet1~e and the radiation and en
vironmeneal ~e_vels experienced by the satellite and payload . 

The number .of s&eellite orbit planes and ~nclinaeion .1ng;tes, driven by 
t:he desire. •i:o obeain CODrt>lete global: cominunication,. w~ll increase. the 
cost: of launching ~~e satellites. That cost .can be much greater than 
ehe cost of the individual satellites. Therefore, a prime concern w~ll 
be tOI maximize communication performance while minimizing system cost. 

4.1.1. ORBIT ALXITUDE 

The satellite aleitude for this study was stated t~ be between 350 and 
400 nmi or between 630 and 740 km. This altitude range is not a fixed 
sp•cificaeion but: a starting point for ~he system analysis and is 
acc-ept:able for-~he coaaunication· mi-sston-.---- - The-prime·-concerhs-of -the-
initial satellite altitude analysis were: 

a) Satellite lifetime: 5 yeftrs 

c) Satellite launch ~ost 

Fundamental to this analysla vas the necessity of establishing an 
appro2ch for estimating the exoacmospheric. temperature. It is ~rucial 
for spacecraft drag and orbital decay es_tiaation. 
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I~lt~i:t·.~ln -~the re·q~i:~;m~nes eo . minimize. satellite launch. cose. is the 
requiremenc.:· to minimize. s:&tellite aleieude.. Tha .. cost diffarential. to. 
launch a. ainil• .. satellite to~··· .. higher. altitude. is noe. prohibieive .. 
However r:-.-·.th•- .cost to .. increase. ehe. orbits of 240 saeellite.t. will ~rive· 
the toeal. syseem cosi:. . - ~._}·' . .. -,:.--<;- :. ..-:~_:.::·:~rr g':;..:.:. --.~::;-;;;;;·;? •. 

the satellite' • five year. li!etime .. ~equirement dUaancis. that el'\e. initial 
aleituc:ia. be ~sufficient to .... co2pensaee for oroie decay. . The requirement 
for satellite al.tieucie. differeneials of less than-.. SOc.lcm .was.- derived .. 
from the--antenna ccvera;e requirement of .-:-the MSSP aneenna. When. ehe-. 
altitude~separati~n. ~etwean. saeallites becomes r.~o wide, the.minimum 
range fur ··colllll\ltlication becomes very large. - When· satellites are 
launched,. altitude differentials "'ill .. exist due to err\lrs ,· design 
offs•ts for dispersion, or replace~ent of failed satellites. The ini· 
tial alti:ude must be such that after five years, the spread.of satel· 
lites due4eo.difiereneials of orbie decay does not. exc.eed SO lcm.and 
eli.minata ... valuable- resources. During thi$ •nalysis calculatioltl will. 

"be macie .. for a seven year satallita orbit. lifetime.· !he lifetime re··: 
quirement·of the physical spacacraft is five years. 

4 .1.1.1 EXOA'IMOSPHERIC TEMPERATURE AND ORBIT DECAY 

Ths. purpose of this ·analysis vas ...... t;o· determine the initial. average 
circular o1.·bit altitude and relative .. :~l~ieude<spacing between'~.· pair .of 
satellites placed into circular Earth orbit beginning in 1991. Var· 
iable solar aceivity during· a seven year mission and its affect on 

·orbit decay races were also considered. 

The dynamics of orbital decay are necessarily r~~ated to the dynamics· 
of at=osl'heric densiey, which· can · ce· . represented in · the daily 
observaeion of the 10.7 em solar flux (F10.7) and geomagnetic indices 
(Ap). Th~ prediction of daily variations . in.Fl0.7 can not be accomp· 

• 

• 

• 

• 

••• 

• 
lished with any acceptable level of confidence, but a ~~ing 13 monch 

-·------- · -----average_ of-these valuas has snown--s·ome ·histo1:'tc·al-si-gni-£-icence .----Long------------ ___ _ 
range p~ediction of other solar disk aceiviey for ~e pur,oses of orbit 
lifetime ·~~ias rely heavily on staeistical prediction techniques 
based on these historical trends. Long.range information is available 
f:om Marshall Space F11ghe Cancer's (MSFC) Acmospheric Sciences Divi· 
sion_providing a smoothed ll month prediction of the Fl0.7 solar a~ei· 
vi ty,. and Ap . geo~~agneeic indices.. ntis information is periodically 
\ll)datad, . and the information. contained in . the KSFC report of April 14, 
1986 vu~·~ed a. the 110st recent data for this analysis. 

Figura 4·1. shows the calculated ave~age o~oaemosph•ric tempera~re 
generated from ehe above information... ntis curve represents the diur.•. 
nal. (day/night) avt~rage. of. temperature fluc~~tions.. as.. vell as the. 
influence of the geo1Ugn_etic index. The 11eth~d of exoaL11ospheric temp• 
era~~• calculation· follows Jacchia(l) \1977) and illustrates a 
temperature ~izll\a (cycle 22) taking ~lace in M-'·Y of 1992, and 
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decreasing steadily through 1998. The empirically computed percentiles 
of 2.3, 50, and. 97.7 percent exoatmospberic temperature are extrapol· 
atacl based ·on· the· put 2~ :-olar cycles. In ··addition;.· the est.im&tes of·
exoaemospheric···taarperatura are buad 01'1 ·an:"&SSWiecl•meari·'sun cycle per•. 
iocl of ·ll. years~-·: Thia-- plus/miriua · two: seandarcl ·deviation of ··sun cycle 

. period range from···9 to 13 years proclucing· a stretching ·or COfll'ression · 
of the temperature profile of Figure 4-1. - · ........ ~,. ·'"''.:.<"l~'-."~ -~-, .. ,_.: · ;, 

To perform· a str_ict· ·prediction of-"· the orbital decay· rate requires the 
inclusion of a· time·dapendant · relac:ionship between the- solar activity, 
exoatmospheric temperature, and atmospheric: density. However within· 
eha· scope of ·this study, three· •constant• ·exoatmospheric te=Peratures 
(1400, 1100, and· 9oo· deg K) ···were assumed throughout the mission· life. 
Values vere·predicted from·Figure 4·1 and ~i=uaa temperatures obtained 
during the May l992·maxtmum for each of the three confidence intervals. 
~FC recommends ehe ·use· of the 97.7 percent confidence interval temper· 
atura (1400 deg·K)'for the .calculation of orbit lifetime assuming that 
the actual lifetime of an orbiting satellite will meet or exceed the 
calculac:ecl--lifetime 1n··97. 7 percent of all cues.. On the other har,&, 
by noc:ing the · approximate linear dacay of_ the three exoatmospheric: 
temperaeures shown in Figure 4·1, .. it II&Y be assumed ehac: the 50 percent 
temperacure of 1100 deg K represents the approximate average of the 
worst ease exoat=ospheric temperatura of 1400 deg K over the period of 
investigation, and can be eonsidared a.s representative of the most 
likely madian c:emperaeure over a mission :. life· of · seven years. !he 
higher/love~ ·temperaturi!S are shown througtlo,ut the analysis to indicate 

. the sensitivities and impace of solar flux on--the analysis. 

Figura 4-.2. illustrates ~e orbital dacay rates following the method. of 
King-Hele (2) for t.:he three statistical exoat:Jf.lspheric temperatures men· 
tioned above. Density and scala heighc: val·..tes were taken from Jacchia 
(1977) for each of· the altitude constants -descriptive of each decay 
curve. The range in inititl altitudes diverges as time from reentry 
and temperature increase accounting for the increased density present 
at the higher altieudes. These orbit lifetime curves are plotted again 
bi!'rgure 4·3 -using sezillo~ coorclir.ates:--·Thedisliid---r1nes--re-l•te-to---a·--· 
A/M of 0.1 (M2/kg)~ and a Ccl of 2.2 'nle orbit lifetime values above • 7 
years should not be believed dua tc the lack of long range solar acti· 
vi~ d&ta predictions to suppor~ this period. · 

Figures 4·4 through 4·12 illu.trata the average circula~ altitudes and 
relative se~aration decay ~ates of a pair of satellites placed on oroit 
in 1991 for'the three •constant• suns mentioned above. Three circular· 
orbit separation distances-of 10,· 30~ and· 50 km are assumed for each 
•constant sun• becwean the tvo satellites at their initial orbi~ place· 
ment. The appropriate initial avaras• altitude would be selected based 
on .. an asstamed maximwa allowable spacecraft to s~acecrafe·altitude se· 
paration, which· is a function of lnter·aatellite antenna pointing re· 
quirements, as vell·as satellite replacement clriven·priaaarily by the 
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desired mission lifetime. The maximum allowable inter•sacellite separ· 
acion and initial average circular altitude will be derived based on 
fucure analysis, ancl. are unknown at this time. Presuming that these 
values were lcr.~~· .. n, the orbit- selection would follow dir.eccly from· 
Figures 4·4 thr~,~~ 4·12. For example, looking at the •hoc sun• shown 
in !igure 4-4 £ncl choosing a mission .. lifetime requirement of seven 
years and a maximum allowable separaciou of 30 km would produce an 
initial average :ircular altitude of greater than 700 km. 

It can be concluded that with the constant exoatmospheric temperature 
approach take" hera, the most probable orbital decay rates are repre
sented by the 1100 deg K temperature profile for the solar activity 
period of~l991 to 1998. From a viewpoint-of a median analysis, the 
1100 deg K sun pr~d~ces a probable (50 percent) initial starting alti· 
eude of be~~een 625 km •nd 675 km circular altieude for a probable 
initial inter-satellite altitude difference of 30 km. Since the pre
dictions of orbit.1l .. decay are so dependent upon exoatmospheric tempera· 
.eures which are not easily or accurately predicted, this analysis will 
have to be up~ted .later in the MSS program. _Ho~ever, this analysit is 
sufficient to establish the initial satellite altieude for the MSSP 
preliminary des.ign. 

• 4.1.2 ~SPACECRAFT ORBITAL DENSITY 
·~ 

0 Once the ~pace-:raf.': altitude had been selected, the number of orbit 
planes an~ the number of sa tel ~ites ptsr-:·orbit must. b7"iri"alyz·ia-: __ to .. as· 
3ura that global co:mmmication coverage is possible.. This cursory 
analysis was performed to assure that the suggested distributions would 
meet the ~erforman~e requirements and that unforeseen system require· 
ments did not exist. The initial spacecraft distribution assumed from 

; ' 

tt a previous ~tudy (ESL·T.Ml632) called for 90 spacecraft at 27.5 deg 
inclination, 90 at 57.5 deg, an~ 60 spacecraft at 90 deg. This distri· 
bution and another suggested by BASO ware oxamined for their impact of 
the communication ranges. The conclusion derived from this analysis 
vas that unforese~n system problem5 did not exist, but that the 

- ·--- ------- -·---.- -----communication--performance could- -be-enhanced--with -&dditionaL.satelli.te __ .. ____________ --·--
• pl&nes ac higher inclination angles. 

• 

• 

• 

4.1.2.1 ORBITAL DES:I:Y ANALYSIS 

The ideal distribution of spacecraft for toeal· global coverage is given 
by a de!lS i ty 1• 

f
. 240 
u•- - 19.1 SPACECRAFT/STERIOAN 

4• 

na distributi.on of spacecraft as a function of latitude (~) is given 
by the area integral of the density function 

·19· 
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The distrib\.•.eion is the total number of spacecraft ·batveen ·the equator 
and nor~ latitude l. The ideal uniform density and distribution are 
shown in Figura 4·13. The ideal distribution ~e decreases in slope 
with increasing latitude: because of the curvature. of the Earth. Each 
increment in latitude near che pole result~ in a smaller·area than a 
corresponding increment ncar the equator •. 

The s~acecraft density is fundamental to determining the angular spac· 
ing (lp) between spacecraft as measured from t.."1e center of the Ea:.th 
and the intersatallita range (Ru) to the nearest neighbor. It is math· 
ematically impossible to place an arbitra~ number of spacecraft around 
ehe globe wieh unifo~ spacing between them. However, it is possible 
to place 4, 6, 8, 12, or 20 spacecraft Uniformly about a sphete by 
placing them at the centers of the faces of one of the five regular 
polygoa.. A unifor3 distribution of 240 spacecraft can be approximated 
by taking a hexagonal pattern, which is t.."1e most dense packing pattern 
ehat can be placed en a plana. This pattern gives 6 nearest neighbors 

·eo each spacecraft, each at an· angular separation lp and 60 deg in 
azimuth from each other. The angul.r ~aparation for 240 spacecraft is 

lp·- ~80/" - 14.1 deg 

Jeu. sin 60 

Th~ intersatellite range is 

;~·.:. 

1 

f .- . 

c 

a;i • 2 (lt!··+ H) sin·!.! -1-7-24-kza_ 
2 

--·----------------·-------- ----- --~:_ __ _ 

where the ~rth' s t>ac!ius is RE 
is H-650 1aa. 

- 6378 1aa and the ~l'acacraft altitude 

The \IDJ.fora den.aity ·&lacribecl abtn'e is an unobtainable ideal for tvo 
re .. on.. First, 1t is maehematically impoasible for the distribution 
to exist, .. xcept in .. an.,. avera&• aen.e, aince no 240 sided polyhedron 
exists. Second, e·ren 1f .. the ideal c!anaity could exist at one point in 
time, orbi: dynaatcs vill constantly· be al:ariog the ranges between 
Sl'acecraft• thereby alta~ing the local cSanaitiea. 

The primary objectivw in selection of orbits for MSSP is to provide a 
conatellation thae averages the time and space· dependent vari~tions in 

·20· 
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··, c!ensity.-."· To·,achieve this objective, the c!epenc!enc• of density on in· 
cl!.nat!on is exaaained alone. In._orc!er to clo this, it is assumed that N 
spacecraft are all ac an inclination i. and that.their longitudes of 
.ascending· nodes anc! ... t:ua .,--anomalies are .. Uiuformly. distributed. this 
results in a spherical -::. shell of. spacecraft · be ewe en north· and souch 
lati~~des equal. to the inclination angle. Continuo~• analysis is just· 
ifiecl in the limit if N is very · large or if the time average over many 
orbital revolutions is considered. . The c!en.siey (f) as. a function of 
lacieucla· (l) for this inclinacior~ is 

f- Ni 

l>i 

The corresponding distribution is found by integration of the density 
functions 

s~.n ·l ... ~. 

N1~· r-_ 
2 

These density and distribution functions are plotted in Figure 4-14 for 
the deployment inclinations that were proposed in ESL·TMl632. This 

_J_..ployment _c;__gJU&istecl. __ o_; 90 spacecraft at 27.5, 90 at 57.5, and 60 at 
90. The density at low latitudes is veey-Closa-to ene· "ic1e-al-untf·orm- . 

/ 

·density and then rises to. a spike as the latitude approaches 27.5. 
This spik• reflects the fact that the orbits of spacecraft at the same 
inclinAtion bunch together at- north and south latitudes near··their 
inclination angle and spread apart near the e.quator. The density func· 
t~on drops sharply to 9.9 spacecraft/steradian as the latitude 
increases past 27.5, becau.e the 90 -spacecraft associated with the 
lowest inclination orbit are all. ..... to · ·the South· and · can no longer 
contribute to the total density. The density then slowly increases to 
a second spike.at.57.S before falling ~o • global minimum of 5.S space• 
.craft/s~eradian. The intersatallita range .. juat north of 57.5 latitude 
is of interest. Looking to the south, ·the Clansity is high where the 
57. S inclination orbits bunch together., whereas looking to tha east or 
vest, the density is only 5.7. The an~lar spacing between spacecraft 
in the east-vest ·direction: ia ... ~ .. ,.,.. , -·-· , 
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I- J fu/5.7. '" - 25.9 des ... 
which corresponds to an~intersatellite range of 

R- 2(Re +H) sin!_ •-3148 
2 

for a 650 km altitude orbical shell. Finally, looking to the north, 
e.'le density is below f;~ uru:il latitucla 80.8 N. The latitude dif .• 
ference is 23.3, which corres~onda to a ~ange of 2843 km_ (1535) nm at 
an altitude o( 650_~ _(351 nm). 

An alternate sec of 1r.clination angles v~ investigated in an attempt 
to alleviate the range requirement at high latitucies. The alternate 
cnnseellation uses four inclinationa rather than thr.ee, and consists of 
integer ~ultiples of 24 space~raft in each plane for comp£rab1lity with 
a proposed carrier vehicle. The iDclinations and number of spacecraft 
are as follows: · ~·-~_,:~-~;· ... .: ... -~:,,._ ,.~ .... ~--~· 

i 28.5 
Ni 48. 

57 
7~ 

70 · .. 90 . 
72 48. 

The da~ity and distribution functions ara shown in Figure 4·15. A 
c~mparison of Figures 4·14 and 4·15 rev•als that tha alternative de· 
ploycent strategy r~sults in a distribution curve t~at more closely 
follows the ideal sine function, Mncl that tha mini.mum density is 7. l 
for the alternate as opposed to 5.7 for the original deployment see· 

· --nario. Nov-'--consider. ~._ eut-ve_s_t_r~~. ~r_!>11 _just north of 70 N lati· 
tude. The angular spacing between spacecraft 1ntne--iaac~west di-re·c-
tion is 

' - J. fu/7.1 lu - 23.1 

For a 650 ka altitude spacecraft, this corresponda to an intersatellite 
range of 

..... . ·: ~... . ... ~ 
I ...... ·· .. , .. __ .... ,_ .... -~--·. -· ·- .. - -~ ·- .. ·.: ... 

R • 2(U +H). sin_~ 2813 kla· · "' .,~_ .... ,~"'- ... ···"' ---~ .. 
2 . . 

which is not JaUch smaller than the East-Vest r&:\gt. at 57 + latitude for 
the original case. · Hovev•r, con.idarable improvement has been achiev•d 
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for a Nor~hward looking aneenna. The:.- densiey· equ.als. f· when ehelaei· 
euda reaches 82.7 N. The latitude differ'n~e is 12.i, which 
co~:espor,ds to a range of 1553 lCm·. (838 nm): at:·an altit".l.!e of 650 KID 
(351 nm). Coasequenely North-South communication li~ ae high laei~ 
euues are facilieated using-the ·alternate see ~f 1nclir.aeions. Ease· 
'Ja.cr. links are not subseantially different ~.ui. will tend to follow the 
line~ of spacecraft bunching at latitud~s near the inclination angle. of 
a par~icular shell. 

The conclusion to ~r~-~~ ... ~lysis are: 

a) Bo~, of the possible deployments of-satellites would pro~ide ade· 
quate c~mmunication perfor.=ance with no major system or·satellite 
concerns. 

b) The s&tMllite dbr~iey will tend to incr•~• at tr.a la:ieudes equal 

e) 

to the urb~t-iftclination angles. & 

More uniform distribution may be obtained with more satellites at 
higher inclination angles. 

d) An approach hu been presented whi::h may be applied to.obtain a 
. firs~ eut evaluation of spacecraft -;.,.4eMity. of various deployment 
schemes ~r- · ~o-- evaluate devlo~-en1:~·· vhic:h might acceneuate 
communication at par~icular latieudes.·-

e) The final resolution will depend upon the cost to obtain uniform 
density or vhat level of uniform density is cost effective. 

4.1.3 SPACECRAFT· ORBITAL DISPERSION 

The c!.ployment of many satellites with varying orbit planes and varying 

._:_ 

• 

• 
:_..,.. 

• 

•.. · 

• 

__ inclination ~--angles ls necessary in order to obtain. a global ··. 
co=nmication system-. -Hovevir·,--tlie-cos·t-·o-f-cltSl'en-ing-140-sa~e-llitea- ___________ ~--
int~ ~ny orbits will be prohibitive for a.~low cost • system, if the 
satellite orbit• are obtain~d by separate launches. One· approach for It-
the dispersion of the MSSP satellites i2 to !.aunch the saeellites .. with 

·reduced cost in a g:oup fro11 either an ~endable Launch Vehicle (ELV)·, 
or shu;~le and then· deploy the11 at varying altitudes or inclination 
angles. 

The variation of the alti~de of - satellitas will cause the saeellites 
to separate from each other. Th• altitude difference with different 
radial velocities will cau.e the saeellites to separate within the 
orbit p·lane.: · The external torques fro11 the eard\ will cause the orbit 
planes of satellites· ae - differene altitucles to regress at· different 
rates. Inclination anglo differences will also cau.e different·regras· 
sion rates. The latter phenomenon is call4d nodal resression. 
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Tha apacecraft velocity with altieuda is: 

· · · · ·. -V·'·~ lla x ttqr[ g / (Re+h) ) 
• •I" 4 ... t ...... : 

- Earth radius. .. 
h . ·.•· satellite altitude 

. - --~~~- .. , g.: _:li • .acce1ero!Ltion ... of_ gra.vi ty· 

Tha spacecraf.t orbit regression rate vs. altitude. and, inclination is: 

a - ·10 X [ ae I ~Re+h) ]A(7/2~ X cos( Ai ) 

_where: A! - sate1litll _inclination angle 

Figure 4-l6.shows the satellite velocity variationvs. altitude. Fi· 
gure 4-17 shows how satellites would separate in ~1e ~rbit pl~ne due 
to velocity differen~ials {altieude) reference to an altieude of 300 
km. Figures 4-18 and 4·21 show the change in nodal regression and the 
separation in-orbit node for satellites at varyinz altitudes. • 

Dispersion of satellites can only ba obtained at. a cost. The above 
equ.ations and Figures 4·17 through 4-21 state that the cost could be 
time rather than the dollars to pay for the many launch vehicles. 
Since the launching of 2'0 satellite via £LV would-require an extended 
period of t~, the trade .,f time vs. do~~-- is . ..not a sa:.a.igbt forward 
excha~!e .- Especially if the launch vehicles are not immediately avail· 
able fo; trade considerations. ·· · 

Figures 4·22 through 4·26 show hov 60 satellites, launched 20 at a time 
every 3 months with 0.15 deg of inclination separation between satel-

·lites of a launch group, would dispGrse after a 12 month period. The 
white areas i1.1 the figures show tha areu on tne ground which have a 
satellite within view (10 deg ground user elevatton angle). After a 12 
month period, t~e only shaded areas are at the earth pole~. The illus· 
trations in Figures 4-22 thr~ugh 4-26 are not meant to show how 60 

· --~&tellites vill ·provide a·- -glob-a:l----communicatiou-;---beeause·-:-many- ·odter 
parameters ~t also ba analyzed. Howavar, these figures show how 
three launches of the small MSSP satallitaa could provide vida satel· 
lite dispersion. · 

Tha dispersion of Figures 4··22 through 4·26 vu. obtained. through in· 
clination angle variation. If tba satellite nominal inclination angle 
is lov, then altieuda variaticma would . ba tha bast method of obtaining 
c!ispe~sio\\. 7or high nomi.M,l inclination. angle orbi :s, the use of 
inclination angle var~ation would ba bast. 

This. analysis doas not hav•·• final conclu.ion ~ecausa it. depends upon 
the final. orbits . selected. for tha coiiiiUDication system capability. 
This analysis vas performed to shov that an alternate, possibly love: 
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Figure 4-16 Satellite Velocity Versus Altitude 

1.2~~--------~----------~------------~------------ 200 
1.0 

250 

2 

! 
300 

350 

i -.1.2+---------+-------..-------i-------
400 

1 2 3 4 5 

·· .. CAYS IN ORBIT (REF -300 NMi) 

Figure 4-17 Satellite ln.Orbit OisC)ersion 

A/N 7'6214• -

'h~ 
;_,; 

:~ 
.. 
_, 

: 

~ .. :~.: . · . 

,;~~ 
.'·. :.:J. 
:> ~ 

: ~? 

·- ~ 
r:. 
~-

:-:~i· ~ 

j;,. 

: 
-~'-

. !t::-

:~ 
--::- H 
~~:~{· 

;>' 

. .. 

... 
:;,. 

-:..'t 

.~1. 

.. 

. . - . . .c. -28- - .. . . ' 
---~- ---~~ .:.;::-::.=:.;;_-:.,oo::.-.:;.:·~--::.::.:.=::.:_ .. :_·.,_:.-:;:~-:--.:-:----- ·-:--= ::¥·-.-. -. .• ··.· ·.-~ ·--=---~--~-·.·-~-=---==- ___ -.;-:..-=:-.~.-;-.:=-::::=.~==...::.:.:.::·::-:*"::.: :.~:~:.-. ::.-.~~~;-· 



• 

• 

• 
-·· - ... 
o; 

• 

• 

• 

• 

• 

-....__.' ~~ ... ~ ,..,·.::.- ..... . . ,_"'. . ~. 

-5.0 

-5.2 

-5.4 

); -5.8 
-<· 
0. ea 
Q• -;;;J.U 
G) '. 

· .. ~~.,.s..: .. -ao 
z· 
o ..:a2 cn: 

f 

I r 

I 
. -~.._,,,,:.;~~_..,..,.~ .j., ""••:<''·•~·""'· .:,.,~ 

I 

I 
I 

I 
l 
I 
I 

. . . ~ . :-; . - -- .. 

~ I I 
I J I -I 

. . - - ·~--.. ··"··· ......... j . ..L ... ~ .,. ........ ' "";., ... ~jl"""""r...····· .. ·-\ 

i y I . 
(Z I ; I 

/ l 
...... l .... , 

L i I 
•. ...-:-:u-· ......... .... , .... '' ·V I -~ ;:- j ...... .. ··-I -'"• r-· 

ffi . -6.4 
. ,. ···0: 

ffi -6.6 a:: 
-6.8 

~7.0 

-7.2 

-7.4 

I 

L 
.. 

200 

I ·/! I I I 
/.,_ I I t 

- I I I 
--·r .. I I 1- I I 

I I I 

250 300 350 400 450 500 

ALTITUDE (NAUTICAL MILES) 

i 
I 

~ 
I 
I 
I 
I 

I 
I 
I 
I 

I 
I 

I 

I 
I 

I . .. 
I 
I 

550 

-·: &:,·.. Figure 4-18 NodaJ Regression .Versus -Aitituda (Ai • ~as) 

~ 
I 
I 

! 

I 

I 
I 
I 

I 
I 

I 

I 

! 
I 

I 
. ; 

I 

600 

;;; 
w 
w 
a: 

400

1 @ ~ NMi Alr I" ,,. ·_- .,. ~ @ 2:;0 NM~ ALT --+---+-_--i--~-~-~~~~~~~~~~~::;;......;..-

ffi 200 @) 350 NMI AlT _..,.... _ __,.._~ ...... ~~-~--------+-
0 -

_, 
·! 

;· 

.• 

! -
i 

__ @ 400 NJ!1LALT ___ . __ __ --.. __ 
100 . .. - --- '3,.1-· ........ ------~~-..... i ------·-··-

,. 

330 390 510 570 
•• . ·- .,,_,_ •. . • --·c ... - CAYS IN ORBIT AIN '7821,,. 

Figure 4-19 NodaJ Regression Separation of Satellites Vers&.:s Attitude (Ai • 28.5) 

-29-
·--.- ..L.\._.._,.~----. _·:...., ..... ···:- --- .. -~ . ..:.-: _. __ _ 

.. - ..... . .-.... ~ ..... ' -

---------------,----------------~---.. --...... , ____________ . ____ , .. _________ ·~-



. -.;:. ........ ~ ~· .. : --:~:. :.~ .. .•• :.: .• ·.:f]':~ ~~~::;~ ;;.';';-f~_. : ~- ~.::.r:~~I~:;·~~:·:~,,;·-;,-;--... -.. -~-;;'~-~--~c .. ·: . -~~ :-~~:-; ~-7~:~~-r-.=:--~~, ·:"; ·:.:·-:-:_~ ~, c r~~: ... .. ---:··"~r· ... ~--
•• '-:;::-rt ...... 

~ " '• ;, ,,~~~==· ·:;-.,:.i';f.\:;;;_:: :!.. ::::-;: .. :::::::::::::::::::·:' ·:::::--: . .- :::::::::-··:: :·:~:::~·. 
. ' .• ·- _..~... 1··. ,...., -~- ~ ..... ;,<."1 . ; .. '.: ~;, { ,. _..... ~-•• ; __ --· --!.':_;. :_,r_f; -~.: ... :. ' .. _:: ·.; _:; :· .fi .:. :: . : ~' ,-- . 

~. . • • -~ .. ~: • ·-3.3 .!-'.. , ) ··• ,· ~· ../ '·. I 

. ::: ;'.:.-~~t~· [ :~.:.~;-~;:;,,:-::;yo:. __ .::E-f . :i~-~J:; :: '"_ ri: ~ '· v. ! ; : - ~ t 
·.· /:···:~~:r:..;.3.~ ... ·_, .. _ ... _ ... _:·!!,t-;;;;..~----+--------+----,-.. -,,-,.-,_-.·.-,:_,-._--~--··._/'.·-_.~ .. _' ... ,i!ii-~---.-.. -.-.. -----' 

. . . -· ·~· .. ':'i .. ,:: i ,·~:. ·~' . '!/-·.: . . 
~:-3!~--------~----------~------,.--~-----------i .~3.6~~--~·_:~--~~_: ________ ,._ .. _____ ·_t:_;~--i;~-~;~-·~~------· __ . ~--1-·--------~' 
.! '-~7~~--,_,._.~f_:v~--~-~·------~~ .. -·l_·:_··_.~_._"_-:_.~_>i-ii_·~~-~·~-!-·,·'-_,._;;_. ___ ,!~----~·-Yd_· __ :_;~-~----~~ 
z / !_ 

~.,·· ~.:,-~.+-;,..-.,"!; -~ -,,,-.,_.,-;. ----+----/-';.._~-----t-.fiJ.-... -. -;.-"' . .,:' ____ 1 

0. _ag...,_ ____________ ._ ____ ~------~------------~·------------~ 
W •· . _.·a.' -_..:~:··~·~ ./· · a:··>. ., / 
~ -4.0+-------. -i-/· ~., ..... ____ ......,_ _____ -+--------; 
w . . .. ·~ .,r • I · a: -4.~ +-----/_,_.,...._ ____ ....,_ ____ _., ____ ___, 

::~1 / I 
. - 1-·*~ I 
-4.4v ' 
-45~------------~~------------~---------------~.------------~ 

l 

200 300 400 500 600 
·ALTITUDE (NAUTlCAL. MILES) 

_Figure 4-20 Nodal RegressiOf" Versus Altitude {AI • 57) 
' -,'" .. 

<D 200 NMi ALT 

250 NMi A 

-~ 

• 

. ' 
,._.}. 

-300~----~--~~----~--~~--~----~----~------------~ 
- -3Q'·: 9Q.. 150 210 270" . -330 390 .· - .. 450 510 570 

CAYS IN ORBIT A/N 7621"2 

Figure 4-21 Nodal Regression Separation of Satellites Versus AJtltude (AI • 57) 

-· ..... ---- - ·-------- ---· --~3_9-.-
~=. ---- -- - --·------·- -- - -------- -- -·-------·----

•• 

,. 
. ;'..· . 

·/.;:, .: 

• 

~-- ------- ... , --

,. 



• 

• 

0 

• 

G 

0 
..... 

• 

•• 

• 

• 

<?'• 

IASIC :O.SSP lltn.oll DISP(RSIOII SHOIIJI: 
ASS&ICS: . .,. . 

• l lAUIICMtS 01' 20 SATtLLJTts tACH 

e LAUNCHES OCCUR AT l MONTH INTERVAlS 
(£G •. ,O 1'10 •• 3 MO. • ud 6MO.). 

l ORBITS INITIAlLY PLACED WtTH RT. 
ASCENSIOII OF' THE ASCENDING NOOE AT: 

· · ··- 1st LAUIICH • ld'v · 
Zftd LAUNCH • 904£ 

.. , .~ .... ~ •l500V 

e JOUUI. JIISSP OIIIT AT ST' lJIO 
'""""'·· 67SICM • 17SUt. . 

•·=SATnLIT£ OISPtRStOII VIA 0.154 

.. IMCLINATtOtl SEPARATION l[lW([M 
ADJACENT oae ns . 

e "INI"UM ~0 STATION £LEYATION 
AICQ.£. 10-. .. ., . 

I..L.L..L..I..~--_..:;;:::.MQ.J....L...L.I..:..L..U..u..&...i.I..J.J.L.u.L..u..L...Io..l...u..&...L..I..u...L..I..L.LO.L..L.U..u..&.~u..&..&..L.U t SHADED AAF'.AS: NO GROUND COVERAti£ 

1st LAUNCH AT 0 MONTMS. TOTAL ON-OWIIT • ZO SAT£LLIT£S 

Figure 4-22 Satellite Dispersion/Ground Coverage First Launch to 0 Months 

2nd LAUNCH AT 3 MONTHS. TOTAL OM-ORBIT • 40 SATELLITES 
.S~aded Area: No Groun..J Cowrage 

.. 
AIN 162111.10 

Figure 4-23 .Satellite Oispe~ion/Ground Coverage Second Launch 3 Months 

-31-

: ~ . 

j.a 

I 



-~ ' 

• 

_ ;, 

<..~-

7. :. 

L -· 

.. ' 

, 

~~--. 

It::~----·-+ --- ____ _. __ ; ________ -~ 

~-. ·.~. ~ r;. 
.. . :.. .... ·-:. 

Jrd LAUNCH AT 6 MONTHS. TOTAL ON-ORBIT • 60 SATELliTES . . 

Shaded Area: No G~und ~~r:age _ 

. Figura 4-24 Satellite Dispersion/Ground Coverage Thirt! ·Launch 6 Months 

MSSF N£TWOR~ DISPER310' AT 9 MONTHS. TOTAL ON-ORBIT • 60 SATELLITES. 
Shaded Area:· No Ground Coverage 

Figure 4-25 Satemte Dispersion/Ground Coverage 9 Months __ ._ AJN 7821u-

. -: •. :· ;-: ': ~ .; ""':".;- • .. r 

4 

·'. 
A._ •. 

... _· 

___ , _ 

f .· ·!·< 
----------- ... -~ ···-· ---- ... ---····--·· --- -··-······--·-J2-~ -·- . --·---------- ------. ------··· .. ... -. - -----·-·--:---:-:-"' .. ,. --·-;,-------~--~~--

- • • . • • • . .-'1 • • ............ !-· _·::_. __ ,. __ ·.·--~~-.4----·"_:_.::,.-.~-----~ .. ~.:..:.~--__ ........... __ ~.:~--.,_~ __ --:..--_~~--.~--~-~-·-_·· ... • __ ·-~~-· __ , __ ~ ___ ._:~:-~----~----~-~~ __ .,._~_-___ • __ ·:_-::____~_.-::_-__ ._ .. ~_,._;_-~-.-..,........'·_· ----~,.._~-~~~~-: ~-.-~-L--~~~ ____ .:._-_ .. _ 
-~--·-·--·~~::i:.:-..:.:..".:..._:~-.:~~.;::_:·~_:_~:...-=:;:_:...::..:::_:_:_:_r---.---. --· ·- -. - ---- -- - - -- . . ---- . -- ---- -- -- . 



.l 

'I 
:! 
:I 
!I 

:l 
., 

: ·. 

' ' ' 

I 
w 
w 
I 

... 
! 

.. ... : 

1- - .J ~ . 
HSSP;NETWORK DISPERSION AT 12 HONTdS. TOTAL ON-ORBIT 

I 
i 

· Shaded Area: ~~ .Ground Coverage 

' 
i 

.. 
! 

I, 

• 60 SATELLITES 

. A/N 7621•eo 

Figure 4-26 Satellite Oispersior./Ground Coverage 12 Months 
I 

I 

.. ·i 
• 1 

(": -~ 

; J: 
.//'•' 

\ ....... ~ . "' 

:. . . . ;:;,:~ ' 

. ' 
I t· 

·;:.: . . ~. 

.. 
. . 

· ..... 

. I ·.; \ 
~ 

.··.!'·· 

. 'i 

i: 

.. · •.. • • 4.~.1 ... .,. : ~-· ••.• 



·. ~ 

- I 
i 
I . ~ 

;!" 
•. 

... :.:- ... ·~-· - ... -: ~ :~ - : ..... _., Y. ~ :· 

cost, mer~od.:-exists for~ the deployment · o£=.240 satellites. - .:;--.. :he·,.-MSSP .. 
The final resolution~~ the trade beeween~saparate·satellite launch and 
this me~hod of~disper.siou will .... depend .. ~. upon ·the_ final analysis- of· -the ".
desired satellite ·orbits.~ for. coiiiZIUnica:ion·.,. performance · and. launch , · 
costs;; · However,.:: us ~.rill ... be seen. in.;sectionf ~.1.~ ,,_the~ .. cosc of .• separattt·" 
launches vill~.be·:.·so. prohibitive· tl&at a group-method of. launch is .essen---~ 
tial. · .•.... : . ._ : .... ··:~-;,. . _ _ · : .. :Y·: .:·.~ ;. . ~ .• ··-··. .. •. . .... 

4.1.4 

- ----~~~ ~' 
Section .. 4.l .. 3. discussed ehe technique of satellite nodal regression· and 
how this approach could perfor.: the satellite dispersion necessary to 

·deploy 240-MSSP. satellites for global co~~~~~Unication. Once this ·techni· 
que was- established, a means of implementing· .the- final satellite orbit 
deployment: was: .investigated. The orbit selection and delivery analysis 
for· the- astablishment of .an MSSP satellite _ne~.Jork highlighted the need 
for a carrier.vehi.c:le .to perform the final orbit transfer and inltial 
satellite orbit:.placement L'l&neuvers. this -~rbit selection cri~eria_,-
yields- a prefer.red method of establishing the · orbits by impar~ing a 
co~~antseparation of.: orbit inclination between satellite orbits to 
produce a dispersion in longitude. of.:~. ascending node and true anomaly 
position of. each satellite. Using the methods described in this sec· 
tion, ~he total amount of delta (i) ·(inclination) req'"'ired to place N 
satellites. on ·orbit . is·~~-- a ~function 7:-o=f-~~'t:he· relative nodal' regression 
rates eo. achieve a select orbit disper:Sion·J.n a given period of time .. 

For·this analysisi the maximum delta v capabiliey of a reusable carrier 
vehicle is .sized,-·for 20 satellites injec~ed initially into a 300 kin X 
300 lcm,. 57 .clag parking orbit with a desired Ear~h centered lunge angle 
of 3.25 deg in a~proxi=aeely 6 weeks. ~s yields an equatorial cross 
range separation of 400 km beew~en satellites havin& a minimum •lapping 
period~ (the time required to .produce· a ·360 deg relative true anomaly 
rotation between the first and final satellite placed in orbit) of six 

-----w-e-eks. . -------- -------------- ·-· 

4. 1·. 4. 1 MSSP LAUNCH STRATEGY ANALYSIS 

The relative· movement of a MSSP~ syst~a of. circular satellite orbits can 
· to :the·· first .order. be, described by a set- of .. l»&rticular pereurbed orbit 
ephemerides. tor each of : the .. satellite. orbits. the orbit shape ancl:. 
orientation ~can; be· defined · uains .clusical. Keplarian orbital elements .. 
For. a _circular.:.orbit, .these are · . . ·. ~-·....,... .... ,.:... ·,'. 

l) orbital .. radius (rc:)-

2) ~ orbit .eccentricity (e) 
.: .. -..,:::..-:.: .. •• •• 't..' 

3) orbit inclination (i) 
·orbit orientation 

·- ~:~ 

~ ; :;; :: •• J. 

t .. 

~- .. 

. .. 
.· 

• 

. .. 

. '.~ 



0 

0 

• 

0 

• 

• 

• 

4) longi~ of ascendi~g node (0) ) 

5) . true anomaly (M)'· : ·. sacellite. position in orbit· .plane· · 
,. ' '"",; ... '~· :...,.~:...; .! -lr . . • •· .. ~. • ... :: :i ·;": : . . . -:-_j~ ~ .. · .. · . ...-. ·.!~· !,· \~ ·• ,.. • 1,..;. ~ l, ~ ::~ !.,:: J:.·"':. ·:.··, . .,.,. :'. • Y .. .._ ....... :~ ~ ... 

A va-riation of· :Circular orbital .. elements &})plied. to the.MSSP systsm of·::;'· 
satellite.• wilr produce advantag.ss . and disadvantages affecting global . 
coverage ·ancl·.naarork utilization' as,;:;.well -as· mission lifetime.•·and pro•: 
g=am· cost.· The--major netWork· and program· influences ·produced .. from: the·:.· 
perturbed orbital elements are briefly summarized below: 

~~GE IN.CIRCULAR 
OR.!IT EUMENT- - · .. · 

. . . .... .::_":•:: .: .~·;· .. ' ... - ...... 

l) Increase. 
eccentricity 

ADVANTAGES . 

Increased.nod&l re
gression rate greater 
global frequency· 

2) Decrease/Increase Nodal re1ression in· 
Inclination creases/decreases 

as inclination 
decrease/incrbases 

DISADVANTAGES 

Aprisidal rotation causes 
large variation in inter· 
satellite altitude ... requiring 
increased elevation. beamwidth 

Requires multiple 
launches or substantial . 
en-board propulsive capa· 
biliey (eg SR..t.!) 

·3) ·oecrease~rbital · · Nod&l regressi~n--ci~: ; .. :~--M~it:1pi~.: l~~ches. or on .. 
aleieude creases · board. propuision is _ 

'~) Longitude of 
ascending node 

Creater. global 
frequ•ncy 

r$quired. Broader eleva· 
tion be~idth requ!red 
for some ·altitudes. Shorter 
aission.life expected . 

Multiple launches or sub· 
stantial on-board pro· 

; i .. 

I. 

pulsion.- .. ----------------------·--·-----

'-11e· production of an eccentric orbit (Item 1) quickly eX}'ands the MSSP 
~~tenn& beamvidth eleva~ion requirem~tnts .without producing large.nodal 
t·egression rates. An ·eccentricity of 0.0028 with a perigee altitude of 
t~75 ba will produce a . 20 laa; apog•• alticude increase, while yielding 
only a 6 x 10·5 ~eg/d&y relative nodal rate vith respect to a circular 
crbit of 675 laa·.altitude. ·Similarly,.: a change in the. circular orbit 
altitude (Item 2) between adjacent satellites (although producing lar• · 
Jer rates than an eccentric · orbit) vill adversely increase the satel· 
:.~te elevation beamvidth vith relativety small nodal regression rates. 
!-:ere a 20' km circular altitude c!ifferencs vill yield only a 0.037 deg/· 
.day nodal rate relative to the refer~nce 675- ~ circular orbit. This 
~1ll be seen as insufficient in me•ting MSSP mission requir•ments in a 
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later· discussion. Item-- 4 ·-can ·be···· sUDalarily· clismiss•d because· of the 
suggering· launch costs" associated in. discrete satelli-te placement for· 
the 240 elemencs ~ nterefore, this ·study will . aclclress ·the- establishment 
of the· MSSP.·neework; using a perturbation method involving the separa· · 
tion of -~·~·ellite orb~t~ via small 'inclination changes. · · · ·· · 

4 .1. 4_. 2 MS_sr· DElliVED IAUNCB ~~!l!MENTS 

Deviations:· in discrete orbital elements may .be· produced via the initial 
orbit placement of a satellite or .. with perturbation forces applied to 
che satellites while in orbit (i.e. thrusters roc·kets, etc). The 
appropriate selection of required sat~ lite orbits will depend on mis· 
sion objectives and requirements set forth for the MS~P. The following 
general requirements are assumed for this analysis. 

Item d) drives the selection of the appropriate orbital altieude to 
achieva the missiQn life and bas been discussed in section 4.1.1. As a 
result of 'this analysis,·· the preliminary~determination of the initial. 
circular orbit alti~~de to achieve a 7 year mission is between 625 km. 
and 675 km,'which r~quires an orbi~ raising to be performed from the 
STS.operational altieude of 300 km x 300 km. In keeping-with item e), 
the satellites have not been desi~ed to contain. on-board propul.:;ion 
capabilities, therefore ·an.- orbit eransfer carrier seems appropriate. 

--th~s carrier-mAy be--thought-- of.-as-ra.u.uktle_~--~-smar_;~ __ (i_. __ e. three· axis, 
restartable engines)-. or· expendable •ctUJib• (spinner ,--SRMs ,-~----or .-:·-
combination thereof. Preliminary packing layouts show a carrier 
capaciey of 24 KSSP satellites for the· re~able and 20 for the expend· 
able carrier designs. This high density is necessary to limit the 
recurring launch costs to establish the ne·twork and, provides suffi· 
cient numbers of satellites_ per launch to establish a basic system in a · 
reuon&ble period of time. At this . capacity it would take approxi· 
~~ately-lO'to 12 launches to establish tha·netvork of 240-satellites. A 
launch rate of 3 to 4 launches per year produces a time·to·completion · 
of tha network of approximately 3 ·co 4_ years. 'rheelement and program 
costs for: each carrier approach have been gi~en ~reliminary examination 
in Section 4.1.5, Space Launch Coat.· 

The lengeh of time to completicn of the neework of 240 satellites has 
t a advtntage of selecting the initial right ascension of the ascending 
node dis~lacement with each launch. Ideally it can be shown that three 
polar launches with 120 deg separation in ascending node and with 
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randOmly distributed true anomalies among each complement of coplanar 
satellites will produce equatorial cross ranges which preserve the 
ease-west intersatellite link. However, this basic system is subject 
to mcrtali.ty, .. hoseile threat, •cl~taring•. around .. the . poles at~the 
common ir.eerseceion of._ the orbital planes, and. requires active satel
lite. staei'"-~- keeping to .. prevent .. •bunching• of. the satellites-a situa
tion cx·eat-.d-when. adjacent ... satellites. have slightly differing orbital 
periods and collect in. similar .true anomaly~position. To .. prevent this 
and lessen the network degradatior. via threat and mortality, the satel
l$,tes are positioned in orbits spread. in·longitude of ascending_node, 
and true anomaly position. The required orbit-perturbations to dis
pense each launch of ·the. 20 .to 24 satellites, as well as the ~roit-

_raising energies to establish the initial. circular orbit, are relegated 
to the carrier vehicle and · will vary depending or. the carrier design 
capabilities. 

4 • l. 4 • 3 \.AR.R.IER . VEHI C.::S . 

& 

' . 
In general, the greater the orbit placement-flexibility required of the 
MSSP, the gr&ater the complexity of the carrier 7ehicle. A simple 
_•dumb• (e.g. spinner) carrier may contain back to back solids located 
along the spin-axis of the vehicle. The carrier with its 20 satellites 
would maint•in coarse attitude during ~he orbit raisingvia momentum 
biasing creaftd during an initial spin-up ~'iila~e~ef. cr~a~ecfU.-~ng~ small 
spin-up· rockets. To maintain a low recurring cost, a command and tele
met-ry link is eliminated and ·an on-board sequencer commands the firing. 
of the peri~ee solid rocket motor (SRK) with a set time delay_for-the 
firing of the apogee circularization SRM. Once the delivery orbit is 
established, the command sequencer would then initiate the simultaneous 
release of all 20 satellites • 

There are a number of undesirable results of this design. The carrier 
lacks at~itude knowledge and control iunctions and is therefore incap
able of autonomously establishing · the correct inertial perigee burn 

. -direction and _Diu.st 'rely on' ··th·--shuttle. topreselece-tlii -carr~iar· bur'i1- ---· 
attitude and minimize RMS deployment hand·off errors (a •fri$bee• type 
of cleployment with .a aore sophistic•.ted cradle may help here). These 
errors at deploymant would translate to apogee/perigee errors whereby 

· the target final orbit altitude may be aissed. In acic:1ition, a •dumb• 
carrier can not aeasura or correct for the three-sigma variations in . 
total impulse of the perigee burn. The net result i• the likely deli
very onto ~n initially undesirable. o~bit; an orbit.vhich may not gua· 
rantee mission lifetime and is overly eccentric to reduce l·~cwork util· 
ization.. Finally, with the above scenario, the •dumb• carrier is not 
able to provide selective orientation or _discrete timing for release of 
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each MSSP. sacellice necessary co produce efficienc dispersion of sacei· 
lice ascending nodes and crue anomalies. Preliminary esctmaces show 
thac .che simuleaneou.s release of che sacellices from a. spinning canier·· 
will produce eccencric ~bunching• of sacellites reducing che use of the. 
necwork and having. che pocenci·al, ac. high release spin rates, to pro· 
duce reriodic incerta~eilite altitude differences which excaed the 
beamwicich capabiliti1s of the MSSP antenNU-. 

B) AUTONOMOUs· CARRIER 

An. alterUa.ce. approach involves using a .·-s:urc· carrier vehicle with. a 
researeable liquid propulsion system. Attieude kno~lddge wc~ld be 
maintained with on·board three··axis capabili:y following SIS reference 
initialization and aHS deployment from the shuttle. Tha orbit raising 
and circularization would be performed using a co~tinuous low·thruse· 
maneuver incurring less than 2 percent delta·V penalty-(good up eo 
h<2000 km) when compared to - the · Hohmann impuls-ive transfer. The MSSP 
deployment sequence is accomplished using. a satellite placeMent onto 
discrete orbits which are to be achieved by the carri•r v~~icla prior 
to satellite orbit placemenc. · 

Each successive satellite would be placec in an orbic sep~raeed !rom 
· . the. adjacent orbit . in, . ._ inclinat!on . {~~~r;od_~ce ~odal dtspa~:siotl) and 

eccetitriciey (to produce true anomaly se~aration). The dis~ersion in 
. . t.:-r-18. anomaly would produce_ • "lapping• effect. cr.eaeacl .by the· slight:ly 
· c!ifferene O'=b1.tal periods ln which adjacent saeelliees would exhibit 
large lapping periods. The shortest per!od .would axis~ be~4cen the 
first and lase sacellite depl~7•d where ·-t~e largest r~lative ra~e is 
crQated. To avoid a loss !n re•olution of. two satellites when viewed 
from a ground site ( a minimum equatorial cross range of 400 km ~e~a~&· 
tion at an orb-ital altie-.1de of €75 1cm is requi~ed) the rl!lative nC'dal 
regression~ate~ be~~een ~~. satellites •ith the shoLtese l•~ping pe~· 

- io4 should ~~~elected to r~roduce the minuum required separation in 
the minimum lal)p ing period. ·· -·· ·-- -··-------· -· 

For sizing . the liquid propulsion tankage, the magnitude of the velo· 
city maneuver to produe& adjacent discrete orbits ~ith the appropriate 
relative nodal regression ra~as should be ~apt •• s~ll as possible. 
Figures 4·27 and 4·28 ~hov a preliminary analysis for a •saart• carrier 
vehicle at 57 deg and 80 dag inclinatio~ carrying 24 satellites. 
Figures 4·29 ·and 4·30 fieaonatrate the · effect· of . a reduction in the 
number ·of sacellites if 20 are carried to orbic. The analysis shows 
that a max~ carrier delta·V of approximately 5.0 m/sec (4.~ m/sec 

. normal to and 20 m/see tangencial to the velor.icy direction) beeween 24 
··successive KSSP satellite place~~ents initially at~ eha ·57 dag inclined 
orbit will_ produce the.minimwa clasi.ce(i separation b~cween the first and 
last satellite from .• given c-arrier load in- ·approximately • six veek 
lapping ~eriod. The inclination difference 
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batwflen. che .. first and las.t: satellite is about:. 0. 8 deg vich a final 
orb~t.eccentricity of 0.00128. Adjaeent orbits ar~--~eparatet4'by 0.038 
deg in inclination and ' 0. 0000533 in eccentricity"' ·&nd··vould lap each 
other in approximately · 2. 3 ~:.:.years. · AJJ .. time progresses, the relative 
separation·cross:ranges incre•sa.at a constant rate creating a separa· 
tion·:betwaen ·adja~ent sacallite .. orbits of 4QO km in this .. same 2. 3 year 
period. ' · ·· 

. : -: ·~:· 

Larger delta-Vs produce shorter Lapping periods. !or a given minimum 
sep~ation·or larger separations in a given lapping period but at the 
ex-pense of greater amounts of on-board fl.tel. Having completed the 
placement of ~·the .. fi:nal· MSSP satellite, the •smart• carrier vehicle 
would perform·a ·plane change orbit lowering and. nodal alie;nment to 
r2turr. to the-- STS park orbit for retrieval and ::eturn to the ground for .. 
refurbishment. 

-4.1.4.4 CARRIER FUEL REQUIREMENTS 

Using a hydiazine liquid sy£tem si;ed to the maximum del'ta-V 
capability, the estimated total amount of· fuel to pe~form.t~e above 
mission (with a 900 kg dry carrier) is 710 kg. Using a hi-propellant 
sy·st'ert reduces thi~ fi~e to. 500 kg.. lloughly two• chirds of the fuel 
is used in the initial orbit-raising and circularization maneuvers and 
could be replaced in total or in part· with a hybr!d design combining 

· ~olicl rockee;l'1~tors and ·· the liquid system .. · __ The Solict Rocket Motors 
~-. (SR..'!.s) ·size would be on the order of two Star-24. motors to perform the 

initial orbit··· ra.ising. Yith the current tankage capa~ility of the 
pre~iminary smart .carrier design, t~ey are not an advantage. 

4. 1. 4. 5 LAt.'NCH STRATE~ CONCU!SIONS 

." 

. :. 
. ·-· 
. .....,: 

. j 
I 

The requirements of establishing the · MS~? network of satellites in an 
efficient, flexible, and t~ely manner p~int to . th'- need for a ~mart 
carrier vehicle. This carrier must provide for an orbit· taising ) ,/ 

··-circularizat-ion maneuver with-- re-lat-1-ve---aa-tel!ite-mo..vement_co_ntrol.Y.ia ______________ _ 
· dispersion of nodal regression rates and. randomized true anomaly loca· 
tio~ for adjacent satellite orbit~. Furehermore, this carrier should 
be retrievable and rafurbished to minimize total pr~gram cost f~r _osta· 
blishment of t.'te MSSP nee-.1ork. 

4.1.5 SPACECRAFT I.AUNCH COST 

The cos·t. of the ... total sysr.em is important to the requi.re~"nt of a •tow
cost• global communication system. The satellite and payload will be a 
large cost factor for the system, as.well as the aatellit• launch. The 
total cost .. of the KSSP _system . will b-a .c!epende1.'1t: upon the. cost per us.• 
able· co~~~D~Unications node in orbit • .-- Ve: wish to use low cost elements 
(e.g. radio, antenna, spacecraft b~. launch ·vehicle) but .only to th~ 
extent that this results in a cost· effective number of Usable nodes in 
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The spacecraft launch cose. will depend · up~n r..ro factors: the launch 
vehicle anu eha size. of tha:;,MSSP satellite. The launch vehicle cose 
dapenda u~on \:he-· cypa of vehicle and the .. effort needed eo place the 
satallitea in their final orbits. ·- The -.pacecraft size vill impact the 
number of sat.allitas which can be ~:·.launched · per launch vehicle. If- an 
expensive launch vehicle can. launch mora satellites at a more .effective 
cost per satellite,· or if smaller satellites can be launched-in larger 
numbers per launch, ~e total system cost goal can be achieved. Also, 
the mean. of~obe&inir.g the final orbit required for the .satellites will 
impact the cost of ~~e launch system. 

; 

4. 1_. S. l LAUNCH VElliCL! COST 
:. 
'1:. 

The first process in the analysis of launch cost was to gather a data 
baa• on the cost of ~e pos•ibla satellite launch vehicles and co·esti~ 
mate the number of satellites which could be launched per vehicle. 

· Firu-e 4-31 shows the possible KSSP.--:l.aunch .vehicles ·vith the. estimates 
... of .s~tallites per launch and the estimated R.OM cost per satellite .. for 
· several possible launch inclinations. A conclu.ion from this ·figure 
is that stuttla launch configuracion would. cost about $ZM par saeellita 
and ELVs abou;-- $4 eo $7M. If the cost of ehe satellite and. payload ... is 
less than $1· to $ZM, then the cost- of the system launch will be 
considerably more ehan the satellites. The shuttle is the· lowese cost 
launch a~proach indicated in Figura 4·31. 

4. 1. 5 • 2 SATELLITE SIZE IMr ACT 

Siz-e asefm•tes for th·e KSSP-s&talttta- ·dtameea~has--been-£-r-om----l-8--to--2-8---

in. The main consideration for determining the satellite diameter .. is 
the antenna siz~ requiremane. Antenna size is a crada be:ween the 
necessity of.attituda control and anteDD& capability. A sophisticated 

· attitude .conuol syseea voulcl allov the ~· of a sillpler antenna d•sign 
which would scan the ancarma be-.. in azimuth. A simple attitude 
control systa~~ •1&ht require a 110re c011plax and larger antenna. Thera· 
fora, the satellite launch will hav. an impact on the ancanna/atticuda 
trade. Satellite size vill also t..pact laUDCh cost. A ~laqer, heavier 
satellite vill cost aora to launch. A larger satellite· ·vill recluca the 
tNIIber of satellites capable of baing l&UZlchacl par . _shuttle or ELV 
laUnch •. In term. of shuttle launch, Figures 4·32 .~nd 4·33 shov a 
ebraa·point curve basad upon an analysis of three possible spacecraft_ 
diameters for the ~•r of spacecraft par launch ancl the projected 
cost par launch \not including the ... cost of a an Orbit Maneuvering Veh• 
icla (OMV)or carrier). the·- concluiion is that satellite launch cost 
will be suhseantially !Jipacted by ···-. satellite size ancl the 
attitude/antenna trade mu.t-includa the antenna size impact. 
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Figure 4-32 Satellites Per Launch Versus Satellite Diameter 
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4.1.5.3 OUIT ... ACHI~ COST·~ 

.. 

The· shuttle:,la=~h''~:;~~~·-;;;;~;i,i,~d'-i~~-~~~1~ -4 ·.i. S .1 i'i~-e~'d the. do-~t of. · 
an OMV which bo·ost!: the MSSP~-~··satellit.es· ·to;.· their final orbits. Two:. 
met:ho~ of boosting .the, a_p&J:ecr.af: from: .. t:he ... JOO .. lcm.~.shuttle _orbit: to the .. 
'675 km operational orbit -were described in ··section 4.1.4. the less·· 
e~ensive booster. 'is-· an ·"•expendable spin~~-.tabiliz-ed st:ag·.-·'·using. two 
solid motors·~--·· The· more expensi11e · booster·· is ··a recoverable three·uis 
stabilized stage ... _ using--~ hydrazine _ t..~rusters ... __ The following elemene· · 
costs a~ ·assumed to compare .the cost per.usable.node in orbit for the 
two booster. designs. The baseline ·uWDbers- for launch were· set at 20 
satellites per. expendable launch Vf.nicle and . 24. per recoverable veh· 
icla. ·These numbers will vary with spacecraft size . 

... j,::-·~- ... -. • ••.• ..... • ~ 

A) Taka the recurring cost of ·. the expendable solid booster including 
shut~la charges to be $15M. 

8) Assume th-at the--recu.-ring cost for the reus<!lble liquid boostec is 
$17.SM and that the ·non-recurring cost-is $45M. 

The launch cosc per usable node for the expendable bo~scer system is 
t}len: 

_s_1_-5_M_· __ - $0. 7SM/node 
.20 

The comparable cost for the reusable syscem launching 240 spacecraft in 
10 la\.inches is 

__ $_4_sM ___ + _$_1_7_ .• _sM ___ $O.g2M;node 
240 24 

the cost difference per usable node in orbit is approximately $170K for 
-tlie reusabl-isysteaa-co·mparecr-t-o--t!'ia expend&bl-.-sys~em;-· nsts cost ··does 
not reflacc the hidden pr~gr...acic coat such aa 

A) Cost of ewo additional launch•• (12 VI. 10) 

B) Coat of __ P_!~vidin& aafeey for la~h 0.~ _ ~~~k~ta in shuttle 

C) 

D) 

Operational coat of satellite taunchaa 

Po~•ibla reimbursement of carrier after final launch 
. -·· " . ~- r:•·--:-•"ii...~---.~•·· · ... ., .......... , ......... ~t; .. .... 

The orbit achiev•ment: hardware cost for an expandable ~~ recoverable 
will not be .uch different for either approach.· However, the reusable. 
•smart• carrier could provide better performance of the valuable 
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resourc'es (satellite,) with mora accurate •p~cecraft placement· in orbit 
and initial knowledge of position and orient&cion of ehe resource. The 
basic conclusion.to.be drawn is that the orbit.achievement cost will be 

- &bout. $1M per satellite. The total launch cost with the shuttle will 
-- be about, _$2.-1-.pe:.~ .• ~tellite. 

.... - '" .• __ .. ,,. l -~ -~ 

4. i .. 6 SPACECltAFT OR.BITAL ENVIRONMENT 

The radiation andemrironmantal levels experienced by a s~tellite will 
be dependent u~on the selection of the. satellite. altitude and inclina· 

• . tion angle. The~ pricary environmental conc~rns which vary with the 
selected altitude is the exposure of the spacecraft to "Free Oxygen" or 
"Atomic Oxygen• (AO) and the radiation levels to which the spacecraft 
is exposed. The magnitude of the effects of these two factors • radia· 
tion and AO·vary with · increasing altitude. Radiation levels increase 
with altitude ..... Exposure to AO decreases with altitutle. It was desired 
for the MS~P . to :define._the. i.Jill)act of these ~•o f~ct_ors and compare the .. 

~ ~act ~ith the.salected satellite altitude of 675 km (aection 4.1.1). 

4.1.6.1 RADIATION DOSAGE 

The.!SSP satellites will be processor-intensive. The purpose of the 
MSSP satellites will be to provide a stable pla;form in space for the 
network processor. The reliabiliey of a microprocessor.~d therefore 
the mission of the MSSP, will be dependent UP-on the total radiation 
dosage, . (specifically, trapped particle radiation) t~ which tr.e sa tel· 
lite is. exposed. It is highly desirable to knov the total dosages of 
radiation the spacecraft will be exposed to~the impact of radiation 
shielding, and. the variation of the radiation exposure with years in 
orbit and orbit altitude. · 

The first analysis was performed with the parameters listed in Table 4-1. 
SOFIP and SHIELDOSE are sofevare progr~ used to the projected radia· 

- --------··tio·n-cn:rsage. Fi-gures ·4·34, 4· 35 ---an~4-..-36-show-the-ex,ected.--r.adia.tion .. __ _ 
dosage (6·year lifetime) for 28, 57, :.:.nd 95 deg inclination angles and 
740 km ·~acecraft orbits vs. the depth of aluminum shielding. The 28.5 
deg inclination angle haa the vorst cumul&tive radiation level and the 

.•ffect of shielding diminishes for thickne•••• beyond 100-to 150 mils 
(1 m11-o.001 in.). The curve labeled. D is the sua total radiation. 
For ahialdins thickness beyond 150 ails, the aajor component of radia· 
tion is tra~~·d protona. If the ~1nt.u. ahialding thickn••• provided 
~y a satellite atruceura is aaauaad to be 0.064 in. or 64 mils (-1/16 
in.), the aax~ benefit fro• internal shielding vill be obtained 
vith a aaall amount of proceaaor box shielding. 

The radiation.:..levels for higher inclination angle o·rbit.w is greater for 
lower shielding mainly because of. free~ •lectron.s. Once the shielding 
level is 150 to 200 mils thick, the radiation do~age will be less than 
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Figure 4-34 Radiation Dosage - 6 yr, 28 deg r,clination Versus Shielding 
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AELO: 
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ELCC"l110NS: 

MAGSAT 1980 
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OZ AEJ7·LO 
THRESH LEVEL 0.5 MeV 

________ .a---'-P.J..R_QJDN.~_;_-~~~~ ·- ________ _ 
THRESH LEVEL 5 MfN 

CONFiDENCE; 9Cm 
MEDIUM: ALUMINUM 
GEOMETRY: SOUO SPHERE 

OTHER: 
MISSION OURAT10N: 8 YR. 
SIMULATlON DURATlON: 35 ORBITS 

58.2 HRS. 

A•~ONS 
· 8 • BREM:SSTRAHLING 

te',~ws~,~~~-~~~~~~~2~M~~~~,~-~ ........ ~ ........ ~1~.~.w~~~~~.w.~~~~~-~~ C~~PP~PR~N 
MILS 0 • TOTAL 

Figure 4-35 Radiation Dosage - 8 ~ 57 deg Inclination Versus Shielding . 
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EPOCH : :·1992· 
El..ECTRONS: IZ ~E8 

OZ AEI7·LO 

PROTONS: 
THRESH LEVEL. O.S MeV I 
APS.MAX 
TJ.iRESH LEVEl. 5 MeV. 

CONF10ENCE; 90% 
MEDIUM: ALUMINUM 
GEOMETRY: · SOUO SPHERE 

OTHER: 
MISSION OURAnON: 6 YR. 
SIMULAT10N OURATlON: 35 ORBITS 

5&2 HRS. .. 

c 
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•• KEY 
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8 • BREMSS'TAAHUNG 
C • TRAPPeD PROTON 
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. c;.. . . - _.. 4'· ;r,:' .- .• 
Figure 4-36 Radiation Cosage- 6 yr. 95 d!g·1ncfiriation Ver:us Shielding 
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• 
0.1glcm2 • 14.6 mils 

1.0glcm2 • 146 mils I 

ar~~~~~~~~~~~.w~w.~~~~w.~~~ 
1.1 •• 5 z.c 2.5 l.l 1.5 ~.1 ~.5 5.1 5.5 1.1 1.5 1.1 

TtMS '110M l~f tOM 

Figure 441 _ Radiation Dosage Versus Ourati,.,n of Ufetime . 
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TABLE 4- 1 
RADIATION DOSAGE SPECIFICATION PARAMETERS 

. . :·-._-: 

MISSION· SPECIFICATIONS. 
• •;' •• 4h w 

MODEL SPECIFICATIONS. 

depth-dose 

740 X 743 km ORBIT 
PERIOD: 99.6308 min 

1.66 hrs-

MISSION LENGTH: 6 years 
MISSION START OATE: l-1-1992 
3 INCLINATIONS: 28, 57, AND 95 deg 

SOF!P used to find incident flux 
5HIElDOSE used to find 

data 
Solar maximum ~roeon model used 

Solar min-lo eleceron model used 
SphericaL saeellite model • 
35 orbit simulation projected over 6 
years 

·-------------·-------------------·-----------····-------------------·-·· 
.-.... ·~ ·S" 
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the· dosage. ae ... 28._-cleg ._inclination. Spacecraft .ny.ing .. at higher inclina· 
tion will- fiy through the South Atlantic .. Anomaly ancl. will. fly. through the . 

_poles of the Earth's magnetic dipole • 

- Figure 4-37 shows the the dosage vs. mission du=ation for. a· satellite 
-altitude of 675 km~ancl· inclinAtions of.: '51 - and. so·. deg.. The radiation 

dosage.builds.as the satellite. lifetime.extends •. Also, the: factor of the 
thickness of the;·shielding is shown to:~. reduce the·. total dosage,. but the 
curves have the: same· shape. Tl'ui- radiation closage for a 675 1cm altitude. 
6 year mission, Flgure 4-37, is slightly less than a 740.km.altituae, 6 
year mission of F1gura.4·35. 

The radiation levels of approximately 10"4 racl Al (R.ad 51 - 0.857 Racl Al) 
should not be a problem for bipolar. components ·or linear ICs. For CMOS 
parts and comronents such as A/D convertors, however, it would be desir
able to reduce the cumulative radiation. lev•ls to around 10"3. These 

· requiremenu will require· that the·· shielding thickness be increased so 
,. .. the larger values of about 300 mils total around those parts. These 

parts should be radiation.hardened. If possible, a lower satellite alti· 
tude or the lower altitude of the altitude range be chosen. 

4.1.6.2 ATOMIC OXYGEN 
. - ..... ~·- ,1-• •t . 

During the co~se of the MSSP seudy, . ccnic:ern-w~ts ... eXpres.ed regarding the· 
~ ef!ects of Ato~ic Oxygen (AO) on the low-Earth orbit satellites; !ASO 

&nalyzed the possible effect of AO on the MSSP satellite and determined 
that it would be minimal and easily nullified. 

AO is the presence of free oxygen molecules within the atmosphere. Free 
means the oxygen radical (0) rather the normal oxygen (02). ~~en a 
·~~cecraft flies through the atmosphere with AO, the spacecraft extericr 
surfaces will erode. Simply put, the s~acecraft will ~t away. The 
rata of this erosion vill depend upon the spacecraft altieude. At the 

- ·---~----higt{er iltitudes-;·-ress AO will exist· ana--the-rite o'feros-ton-wtl'l--de·..-.. -· 
c:ease. Therefore, for less erosion the higher ·:40 km altitude would be 
beneficial for the MSSP satellites. 

The surfaces ~hich will be impacted by AO are any exterior struceure, 
solar arrays, antenna radome, thermal blankets, and thermal radiators.· 
The amount of impact of AO on any of these surfaces for a satellite with 

. a lifetime of flve yea~s will be ainimal. For Example, the exterior 
· structure will be aluminum which vill perform in space similarly to its 
performance on earth. A thin layer of aluminum oxide will be formed and 
than the surface will shov minimal eros ion. 

~e thermal blankets, which have a Xapton exterior surface, will exper· 
iance the 11ost erosion at a l"ate of 0.004 in over the five-year lifeti.me. 
The exterior K&pton layer will generally be 0.010 in. thick siml)lv t:le· 
cause a thinner layer would increase fabrication cost clue to ha11dling. 
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Also, the erosion of the exterior surface will not affect the thermal 
resistance required of the thermal blankwts. Therefore, the effect of AO 
on the· thermal blankets can be eliminated by simply using a thicker outer· 
layer' (or:. a layer- commensurate .. with normal fabrication. procedures). The_-,.., 
cost. of~:eliminating the.~ impact:· is .minimal.. · 

4.1. 7 . SATELLITE ORBITS CONCLUSION 
' . .: . ~·: - -. ~ 

The ar..alyses.: ~erformed, suggest that. an alr:itude of 62s·. to 675 1c:m ·is suf.; ·· 
ficient for.: MSSP. lifetime and· satellite· separation requirements. Alti· 
tudes higher · than 6 7 5 1cm ·.:<are.~ acceptable,. but~ would- increase the. launch 
cost of the KSSP. system.. T"ne.,. higher altitudes. will also have higher 
levels of radiation·. Altitudes to 740 1cm 'Will not ~grear:ly increase r:he 
radiar:ion levels, but since . the MSSP satellir:es .will .be •network · 
processors in space", the lower altitudes would be optimum. The effects 
of AO ar:625 r:o 675 km will be- minor. The effect: must be-considered in. 
the satellir:e final design, but_will.nct.a cnst driver. 

Analysis of. the·:s.,acecraft density with various .launches. and inclinar:ion 
angles showed·- r:hae- ,. placing :~ora sar:ellites · in the higher incl»nar:ion:·. 
angles r:ended to provide a uniform density distribution. The ulr:imate 
uniform distribur:ion could be obtained only wir:h the.costly approach of 
individually launching satellites. Howevf'r, the dispersion of the satel· 
lir:es can be obeained by varying the satellite altitudes or inclination 
angle in minor amounr:s so that sar:ellir:es disper~ion would occur due to 
orbital regrfts1on;;-. The trade is' between~.,,ebst of satellir:e. launch-· 
vs. the time required for the satellites or.bits ·to separar:e. The· process 
of orbital regression is cost beneficial. 

The final conclusion of the /:~lysis is that r:he size of the satellites 
are the main cost driver ft"·: the !!SSP system. The satellite size will 

·reduce the number of satr-lites which c~ be inserted into orbit per 
launch and increase the ~~ber of launches required. The size will in· 
crease the cost of t,_.'l orbit achievement vehicle and the number per 
launch will extend ~:~ time required to finally obtain syseom operational 
status. Valuable assets with limited lifer:imes will be in space waiting 
for t.lte C:ompie.eion of the :Jystem. --------------------
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4.2 c:aomm USEB. .... :~·! 

Is- 1:he mose il:por~ane concern of the KSS program. The saeisfaceio:t ~f-
-the ground user. Because there may be thousancla of grcuncl users and · · 
ot'll.y 240 aatelliees, the syseem coaae empha•i• muae be tilted toward tha_ 
user. The design of the sacallite, antetma, ancl radio must also be 
compatible with .the ground user. . For example, if the ground us•r can .. 
transmit very high. power with a small _antenr.a to 'complete the uplink, · · 
bue cannoe huar the sat~llite clownlink b~cause the ground antenna does 
noe have enough gain, ~~en the system does not·vork. Cor.versely, if the 
satellite system has capability beyond what- :an be used by the normal 
ground user, then the satellite is not cost e£fective. 

On this basis, !ASD performsd an anslysis of ground-user-oriented 
system concerns ancl ouelinecl po&sible t:ades with respect to KF power 

- and antenna :gain. The otij eceive of the ar1alysis was to identify system .. 
~ concerns and ir~tiaee the definition of the user interface thereby 

aiding satellite design. 

4. 2 .l GROUND_ USEll/S?ACEcaAFT IM'lT!liNA TRADE 

-- Before precedi• !i~ an analysis ,; ..-;h-.·: -~DUnd user, a_ bas.elin& 
. -:.·_specification for the gro~d user wa.s generated: .. 

BASD caOUND USER SPECIFICATION 

;ransmit power: lOV 

Antenna ga!.n: 17 dB 

lteceive sensitivity: sm• u the satellite 

. . 

• 

• 

• 

•• 

• 

ft• 

\ .. 

.. 
.. 

!levacion angle: ---=-lo-=--cie=--,---------------- .. ·------------- --- -··-··-

-
~su=ption S/C lOV, 17cll Gain 

Although this table is trivial, ic is a start~ · The main interface 
requirements between the satellice ancl ground user and the major cost 
for the srounci station are. lisea4. ~ of these icam.. represents a 
trac!e b•cveen the cose of the aacellites and. the thousands of ground 
uasrs. The impact: of acmo~heric loase• of. about 0.5cll at low 
elevation angles has noc been included. 

'l'he main trade parameters are ancenna -CoVerage, ancerma gain, and U 
cranaait pover for the ground uaer ancl satellite. The purpose is to 
minimize requirements and cost of the user ancl sacelli:e but ultimacely 
MSSP syst~m cosc. The main aquacions used co define antenna 
characteristics in this analysis follow: 
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antenna gain·vs. area: 

Gain.- 4 Pi A * Eff A: area !.a=.cia: wavelength 

Lamda"2 ·Etf: ar.tenna efficier.cy 

Cain - ( 41,.53 I 87'2 ) * .EFF 8\f: ~-. beamvidth. 

ant~n.~ pattern·~~ich is parabolic: 

d3" 

3 
!~3: 3 da beamwidth 
S'.:x: beamwidth at x dB 

\ 
\ 

The frequency is assumed to bs 3 GSz •. The antenna efficiency is 
assumed to be 55 percent. 1~1~ 
which will not g~eatly _impact the 
an~ennas. with efficiency oi up to 
system capability. 

efficiency is a co~ervktive number · 
final. conc~usion. Smaller groynd 
65 percent will only add to the 

GROUND USER ~~A CONSIDEP~TIONS · 

Ftgura 4-38. shows ~antenna· gain vs. ~rea .... ;. :.;the presentation is for 
~nt:ennas 1 x 1 inch . to 20 x 20 in. The antenna could have non· 
sy:=etrical dimensions or be a dish, but the square is chosen· to give a 
rep=esentative idea of the size of the g~ound antenna. A 17 dB antenna 
gain would be about.l2 in. sq. Figure 4-39 shows the beamwidths for 
th" antennas vs. area for the same dimensi-ons as used for. the antenna 
gait~s. A 17 dB mtenna would have a 19 deg beamwidth. 

w1len an antenna is used on a ground configuration, the user must be 
concerned with the problem of multipa~~ (Illustrated in Figure 4-40). 
A direct signal up to the satellite vill have an interferometer pattern 
vtth- a reflected signal from-· the·-grounc:l-;·- ---Even ·on-an-airframe-;-- the-
multipath problem vill occur. The •final• antenna gain vill.be the sum 
of the direct Jignal and the reflected s!gnal. and will depend upon the 
height of the antenna above the reflecting surface. This will determine 
the amplituda and phue of the raflected signal. For MSSP, the height 
and the physical orienta~ion.s are not known for· the general ground user 
and therefore, ve aauac usume that the aignala vill subtract. The 
signals are •added• voltage-vis• not power-vise. Figura 4·41 shows the 
effect of the total signal variation vs. the ampli~e nf the reflected 
level assuming that the evo signals are. ouc of phase. A 10 dB 
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~--•'"""' ··rafleci:eCi ~lignal""-will"'"cause"" thi .fii:&l''"''"gafn· _,to~ be:-r.~ced:<by·. about: 3 0 3 
dlLor t:he .. ant:enna gain.woulcl. be .reduced t:o 13.7 dB.· This is not enough 
to make :he link. If a compromise is made to accept a 1 dB ··variation, 

, ... the- refreccad ·signal level must be -20 dB -down·- from- t:he "direct si~l. 

-
'-

--···-·:-··x£-'·th;·'·g;;;;d~·;;~--~~-.. t:h,;-·~e-;nr;a··.~.pofn:t"ad "ait· the 10 deg-·elevation and 
·t:he reflected signal level aimed 10 . cleg· below. the. horizon (assuming a 
flat eardl) is 20 dB below t:he direct: signal, then the 20 dB beamwidt:h 
of the an:ema is·· 40 dego TJith the. assumed parabolic beam, che 3 em 
beamwideh can, be.-.calculatad- and. t:he required ancenna. gain calculaeed. 
Figure 4-42 shows· the calculaced required ancenna gain vso elevaeion 
angle for the _20 ·· .4! · · ~eflecciono In order ··co· obtain less· ehan l dB 
refleceion. at:~-•· .lO .deg elevac:ion, the ant:enna gain muse be at leaS'e at 
20 dSo Figura 4-43 shows the relacionship between required area and 
the·. elevation angle.· It· muse · be · -not:ed that these curves show ehe 
raq~ired gain and area required of the ground uset for a l dB gain 
variaeion due to ground raflect:ion.. 

Anot:h"e · · -~i~ical factor which IIUSC b~·- ::.c;onsiderecf in the ground user 
equat:ic.1 is :.'te pach· loss of the ul)/davn- iink~ ~suming ~an aleitude of 
ehe spacecraft: of 675 lcm, the slant range frc,m'the spacecraf~ to the 
user vill .vary fr~m 675 km to 2100 km. The· path loss eo the user vill 
vary vith the elevacion · &ngle· of the user. Figura 4-44 .. shows :he 
variaeion of the path loss reduction ·based upon 0 dB at: ehe 10 deg 
elevation &ngJ.e. If 17 dB is required at ... lO 4eg elevation angle, ehen 
when thA saeallita is direccly above the uaer (elevation 90 deg), the 
~equir•d gain for ~~e same syst~m perfor.mance is about 10 dB less. 
Figura 4-45 shows the required gain when the path loss variaeion is 

--- --·----. · --5ubt:racted -from 17-d.B ... 
t 

.. ~> 

". 

--- --·-----
, ..... ~-.... . . .... --~-- ·• ··-· .... "'" ·- . -· .. _, . -

The final physical paramet:sr is the angle ebat the spa~ecraft mu.c view 
co see. che ground user. Figure 4·46 .. shovs the· scan angle that the 
antenna of the spacecraft lllUSt scan. to view the user vs. the user 
elevation an~ a. 'nle ·antenna aust viev a .. cone of about 62 deg half 
angle in order to viev all possible lO.del elevation users • 

•• ,_.._,_~_.,..,..·:···· • •"'-'*'.11'"-..o...-,;ll•••-..·. •-<0 ' '''•• ._ ... -, :......":l"J" ·~'1-~...o.!.,.or·.-~---~,•h•-·~o;ltt'o.·-;.-.:;,11"" r'•-~. ~ ··-~• 

Summarizing for the 10 deg elevation user: 
. . . ·required ga1n"(20'c!B)''". -., ..... , ...... 20 em·· 

. possible r.flection· amplituda 1 dB 
-·~ .... ~~- ._, __ -·~---... -~ ... ,. .. reciuired area -· · ·· ·· '· ···-'--~.~- 14 ~ 5 in. sq 

... __ ~, ••• u. __ _,_.,. .,,·r.·---~"'user beamvidth ... -...-~~.,.. ··~-..--~,., .. ,-._- ......... , _15 des , 
path loss max 

• - ~:;-.'!-:-~_. .... '···-·~ ... required. user link¥ :;ain. . . 17 dB . 
·--··· spacecraft scan. angle 62 . deg 

- ·· -· ·- spa~ecraft gain ·- --· - .. -- .. 17 dB 
,. 

The 15 deg user beamwidth means that 
antenna is _off by 7_. ~ deg, . . the antenna 

·- . ... ·~· -•. ;:..~~___....._._oil>_._~ ~~..r. ..... , .•.• ~~~ ....... ...,b•-~,.··---- ............ ~- ...... ; \ .............. ·<.!.• 

if the pointing of the user 
gain will be red•·eed by 3 ciB o 

. .. - . ··------·· -- ... - ___ ._,. __ ........ -- .. ----------------
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\:hen the 1 em of reflection is inclucied, the pointing accuracy must be 
greater than 7.5 deg. Also,~~- 20dB gai~antenna would compensate for 
at=ospheric losses • 

..:. 4-. 2 • 3. GROUND USER. QUALITY~ FACTOR ..... - .... ..,.~~., _,_ -~·· ...... ~~_~, ., .... ..:.~..,~·· , ~"',·-~·-·...,.,..,·~--·~·""'····; 

-The operational. considerations of coDIDNDication with low Earth. orbit 
satellites anat be factored into ehe 1:rade of ehe performance of the 
ground user's antenna. .. -~The ·most important considerations are ·the 
number and position of _the satellites which can be viewed and the scan 
rate required o'f the grounci ~er~ ~o. track ~e sat~ll_ites. --~····""- .. , .. 

If uniform distribution around the world is assumed, the number of 
satellites in view by the user will be 

240* 1/2 *( 1 • cos ( earth angle ) l _ _: 

earth angle- Acos((R/R+h)*cos(elevation angle)J --elevation angle 

or si=ply, the area seen by the user times the number of satellites. 
Thi3 plot is shown in Figure 4-47. The real case will not have perfect 

. , ..... >-.1Jnifor=it:y. .However, the. ·curve is . representative of .. the number of 
s~tellites vs. the user elevation capability ... · This curve shows the 
c:u:mlative number. of spacecraft in vie~ :with- a user view c·~pability 
from 90 or overhead to.a specified elevation angle.· Figure 4-48 shows 

.J · the nu::ber of satellites in view in 5 deg cells at any eleva:ion angle. 
For· the high elevation 4ngles, there are not a lot of satellites~ The 
probabili~J that there will be & satellite dir.actly overhea4 is very 
low. ..., 

_ Second, the user's requirement a~d gimbal rates for tracking the 
satellite ~t be ascertained. The satellite at 675 km altitude is 
mo~7ing at about 7.5 km/sec. The giubal rate of the u.er will be much 

----- -·--hig..~er-whftn the --sace-lli ta -is -overhead--•-e-lose-tO-the-raei.o-o.f-tha__ear.eh. ·--·----------
radiwa to the satellite altitude times the. spacecraft rate.· Figure 4· 

• 
.. . 

·-.~~~1 .• ~ 

•• 

• 

• 

• 

49 shows the user gimbal rate vs. the elevatio~ angle. The angle of 4t· 
the! spacecraft antenna scan angle is :~0 minus. the. sum of the earth and . 
~er angle. Therefore, t~e ·spacecrafe gimbal rate will be the user 
gimbal rate minu. the spacecraft rate. Both scan rates will be very 
high at 90 deg elevation and slow at lov elevation angles. 

The gi::abal rate shown in Figure 4·49 is .. for an .overflight pass • w1len e -
the spacecraft passe3 in viev at angles other than an overflight, the 
elevation gimbal ratos will b~ slower and the azimuth gimbal rates will 
be larger. Fi~e 4-50 shows the cumula~ive time for an overhead pass 
vs. ehe elevation angle. For example,. 1f ·a spacecraft flew over a . ,. 
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grour.•l station, the time for· the spacecraft 
deg to . 55 deg elevation is 2 minutes. 

to go from a 55 deg to 90 
• .. • ~ ,+-'F I • ._,. 

' : -:;· :_ ~).• ~~ -:~~ ~"! ~~ ,_.~ ··- •..:..·· ' ~..... ~~; .. ~-~ .... ~ '":,;: 
•· " 

~-. ~ 1'.·::.... . • i - .•. 

Figura 4·51 shows -a ratio.·· of the .. number·· of satellites ·to the gimbal~ 
The the ineXl'ensive' ·gro\ind user system performs·· best with a toroid·tyr-- .: 
o£ patterned antetma which i» ··scanned in .azimuth to detect satelli ·.,..~ 
and skip the satellites which are overhead for only a short time . 

.. _:11' e.•~ ..._' • ...,. ""''·" .: -.1'• >' r • .., • ' 

A conclusion .from this data is that the ground user prefers ;~1ng the 
low elevation· angle -spacecraft with· the high-er quali ~ factor. 
Therefore, several cptions exist for the ground user and M$SP: 

a) expensive ground unit to track satellites 

p) ground user usa low· elevation angle satellite~ -more slower moving 
satellites 

' . 

c). increase spacecraft· power for high elavation.angle users 

4. 2. 4 ANTENNA GAIN/llF . POVE1l 'I'RAJ)E 

. The ground. user link trade involv-es the erade between the size and scan 
. '·.-rata. capabiliey-:-.or antemul .and the R~~· ... pow~~-r~mitt.ad. 7 The gain of 

-the antenna. wi·l1 increase by· almost · 3 ··dlS 't('-d0\.i51e) avery time the area 
of the an tan."\& doubles. For small antennas, the i=l'act of doubling the 
size of ~e antenna is insignificant. For ··large antennas, however, 

• "!!! • inc~····· of· 3 em may .. -require antenna diameter increases in terms of 
mat•rs. The actual size ir,crease for a 3 dB gam will be mora than a 

_factor of 2. The cost· of · R.F amplifiers for increased llF power can be 
eXi)ensiva. Also,. u the magnituc:la of the lli· power inc~eases the 

-~efficiency of the amplifiers will dacrease. For the ground user, the 
--.larger antenna and gimbal scanning system can be quite costly-while the 

.. 

•• 

-<:: 

• 

• 
.· .. :··.··.· .. , .. 

• 

• 

• 
cost of an RF azll)lifi'er and power cost is not of great concem. For 

------;th~e- satellite, the cost of-llF -pov•r and larger-antennas can-·b·ottrb·e----·------------· -------

.,_ 
q. 

costly. The optimum trade is a compromise becveen the RF power and u 

antenna gain of both the satellite and ground u.er. The third option of 
increasing the satellite RF power, suggested in section 4.2 .. 3, will 
require additional satellite power. An increase of. the RF power by 10 
dB in cer~in sieu&tiona could produce a cost saving by increased 
performance capabilicy·for the· total systea. The· link equation of the 
satellite/~ound user· is based upon 17 ·em·: antenna gains and lOV of U 
power at the 10 deg elevation ·angle (max paeh loss) • If the eransmi t 
power wer• increased 10 dB (100V), the link equation could be written: 

• • - • :. -~ -. • .... '·· '~.. • - f . • . • 

Gsat + Gusar + DEI.pl + 10 dB (power delta)- • 34 .. ·dl .. ~ (17' ·dB + 17 dB)' 
~~- . . .: ,;. • :., • =: t . . . 

or . Csat + Cuser + DELpl - 24. d.B 
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where DElpl - delta path loss, Gsat, Guser • gain satellite and user 
~-- .·:~·· ~ .... ~ --.~.;~·· 

Therefore t with - higher power. the antenna.. gain. and size of the 
satellite or ground user could be reduced. If the satellite had 17 dB 
antenna gain. the t1:'o•.md -.::.ar could have a wide beam (70 clag beal!rlidth) 
6.5 em gain antenna to.use when talking.~o-high,elevation.angle (90 to. 
40 cle'g) rapidly moving satellites. ?:his antenna would provide a dome 
of coverage, or a 100 deg cone about the .zenith. A .high gain toroidal 
scanned antenna would be needed to talk to the low angle satellites. 
The satellite and ground user would be required to use high power only 
when the communicating ground user is .viewing the saeellite ae a high 
elevation angle • 

n1is ·type of operaeion would be an excellene compromise~ The raeionale 
is thae the ground user is required to have a high gain antenna for 
culeipath reasons at ehe low angles and.~erefore, could use high gain 
rather than high power. Also, the probability of a high elevation 
angle satellite is--low- and the time period during which a satell. ~.te 
would be required. to transmit high RF. power would be short. If a 
satellite were passing direcely overhead, the eime to cross the wide 
beam dome (Figure 4-50) is 3.2 minuees of a 9 minuee pass. Most 
saeellite passes will be grazing off the horizon rather than overhead. 
~ether this user antenna cost savings would offset spacecraft power 
cost will dep.end . upon the user · envi.ro~nt _ and the proj eceed user 
antenna_ .. cose.:· ·The main concern is 'the toeal syseem r.ost. 

Another opeion might be to lower the nadir gain required for bo~h the 
satellite and the user. · Antenna gains of 14 ·dB· with 30 deg 3 dB 
beamwidth, which would.~over elevaeion an~les +/· 20 deg aboue the 90 
elevation, could be beneficial to both the satellite and ground user. 
Also, if the R.F power oucpues . were 10 em: higher for. all angles , and 
because the gain of the ground user muat increase for ehe low elevation 
angles, the gain of the satellite aneenna could be reduced to 14 dB. 
This lower gain, wider beamwidth would allow coarser pointing errors 

-·an-d- reduced antenna size. nre· trac:ia·-·-would-- be-:-·the-1-arger-stze--of--~he----

power .subsys~:.,t. 

4.2.5 CONCUJSION 

This analysis w .. meant eo state a fev of the· ground user concerns and 
possible trade•. Any trac:ia ..at conaidar the i.Jipacts on the satellite 
power subsyseem and the satellite size. However, when comparad eo the 
costing for the ground user, some of these options aeea to be of value, 
particularly _the use of higher power for the high angle satellites. 
The total system cost will be. greatly t.pacted by the large number of 
ground users. A final decision on the satellite/ground user interface 
will be made by the MSSP system engineer. 
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4.3 KSSP COMMUNICATION SYSTEM 

Establishing a succea.sful collllllUlU.cation system ··.for ~the ~MSs ._program. ,will· 
~epend on the resolution of factors which will significantly affect the 
p_erformance~- These factors ·(such as . ..: .. altitw:ta differences, number· of 
spacecraft; pointing; errors; .. cross ·link range) have been identified and 
are discu.ssed.:in:this~.section;. technically. and ·1n ·'terms~of···cost. In 
addition,· a section,·. of .·:·tha MSSP link·. equation has· :been included· to 
provide tracie. graphs of ~:the-~.various system parameters. -<. • 

4.3.1 SATELLITE.RANGE 

SPACEC2AFI RANCE VS HEIGHT. ABOVE EA..~TH 
. . 

•• . ,:, ... .• ~. •J •• 

·To eliminate .atmospheric loss and mW.tipath; the MSSP - maximum 
-comczunication range~-Ys. :. S-/C. altitwie. and. the minimum. height above the 
Earth must. be :considered. · · ·· 

. As the crosslink range between satellites is increased, a maximum range 
is .. obtained due to the occultation or blockage by the· Earth. The 

·communication range when communicating directly across the limb of the 
Earth i.s: 

••• · •,t 

Rmax.• 2 (h+r) sin (laax) 
...... : .· 

where Cos (lmax) ·• r/(r+h) 

r •·. Earth ·radius (6378 km) b- S/C altitude 
-·-

h - 675 1aa Rmax - 6021 1aa . 

This maxi=um range condition is not, however, the optimum range for a 

: -:- .~. i-. '::· . 

• 

•• 

• 

•• 
.. 

• 

• 

·-
- ·------1-ov cose-eommunicati·on system--like· ·MSSP;---eommuntcation- directly--ac-ros·s----- ------ ··

the Earth limb vill require that the · U signal traverse the Ear~h' s 
atmosphere twice. Also, the multipath reflection at the Earth's 
surface vill cause large· signal dagraci&tion •. Therefore, the required ... • 

~- .. . 
:,. .... ' 

:~~~ 

~~-. 

signal Ull)lituda. · vill hAve · to increase· by several elBa- ·as ·the 
communication ranges· approach the Earth limb. 

Another lass costly _, solution· · vould b ...... to• ·liJait the maxiJIIWII range 
condition' to·".;·coiiiiiUDicat.;;. . across·· an.· altitude : above ····the Earth's 

. atmosphere or an··alcituc!a of · 100 laa. The JUXimum coiiiiiNDication range 
would ·then be:·· ·. :~ .:~--: -· .. :. ::. ': :; ···'· · · .. ·:..-.. ::;:' · .- ~ -:.JJ.,: • .. ~- · ·• ;:- · : • 

' .. ... ~ ..... 

Rmax • 2 (h+r) ain (lmax) 

... . . ' -~ ""' 
•• •• .. ••. l: ........ ,:.. 

where cos (lmax) - (r+lOOkm)/(r+h) 

For example h -·675 km 
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!he.system designed for the lower range 
affective compromise. 

4.3.2 625/675 ALTITOD! DIFFEllENTIAL-. 
• ·~- ~ t~- •.;'" .. :. ~::: ~~ -•.• . ...... _. .· "·-" .. 

(557km) would be a more cost· 

. . ... .;., -~ ,· . ~ . 

The prQ}'osecl. satallita orbit. is ;_ 675 lea.: After . being in orbit for 
several. years, the-satellites will drift down and new.satellites will 
be p~aced in ·orbit at. 675 km.. The altitude has been established so 
ehat the satellite aaximum altitude variation will be··675 km .. to 625. m.~ 
Thi.s altitude variation wili Wpact the MSSP mission in. that. tr..1e 
angles between satellites will not be as designed. 

To analyze the real pointing angle and range for satellit~s of 
different altitudes for comparison with results of satellites flying at 
the same altitude, assumpti~n.s were made that the satellites had no 
altitude errors, no ·pointing errors, and fixed .beam antennas. Once the. 
icpact of the .al:itude-differential. for these sa~ellites is known, t~e 

... analysis can be extrapolated for altitude errors and the non-fixed 
elevation beam antennas. 

4.3.2.1 POINTING AND RANGE ERROR 

. Previous analys.i~ has limited the angle c11.ffe~ence from satellite A to 
satellite. 3 to 4 deg with an altitude differential'of 50 lea. The basis 
for the 4 deg is shown in Figure 4-52, and was based upon an orthog~nal 
intersection of the horizontal and the 50 km altitude difference. This 

.. analysis •s=•es with- ~e 4 deg, but the relative position of the 4 deg 
is different from Fi~e 4·52. 

Figure 4-53 shows the relationship· baewaen ·antenna pointing angle and 
the range between tha satellites when they are at the same altitude. 
The pointing angle is the angle between the orthogonal to the A 
satellite radial.and the line to the se~ond satellite B. This is an 
angle down from-horizontal. If the-tvo-sacellites-w~.no.t-.a.t_the._same ______________ _ 
altitude, then the range ancl angle v~u.ld be as shown 1n Figure 4-54. 
Figure 4·54 shows the satellite A at altitude 625 km and satellite B at 
675 km~ Since thasa satellites are at different altitudes, the range 
ancl pointing angle vill be different !or the same •Earth angla• between 
them. The aquationa for theta priae ·and 1l prima or rang11 prima, the 
real angle and range between the satellites is described in Figure 4· 
54. Tha coraparison of the sa11e altituc:!a and 625/67~ altitudes IIN.It be 
made for. ehe same ciesign angle. .In other words, vith. ehe assumptions: 
no altieucle anors or pointing errors, and fixed antenna beams, . the 
system t• designed for the same altitudes of all satellites and the 

_impact of the altitude differences is compared at the same design angle 
or one-half •Earth angle•. 
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Figure 4-53 Relationship of Antenna Pointing Angle and Satellite Range 
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,. 
-·Sin (9(1-" 9 ) -- -

(8378 + 875) 

I . . 
A .. -•FI~AANGE 

sin-29 

A' 
Km 

--------------------·---·--------·--. 
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Figure 4-54 Pointing Ar.~le and Range with Altitude Difference 
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Figures 4·55 ancl 4-56 show the r•nges· beeween the satellites for the 
cases whe~e they are. both 675 km ancl. where they are at 625 and 675 lcm. ·. 
The differences are very small except for. design a-,gles below 1 deg·. 
F.•:en then the difference is small. The maximum. range error will .. be 50 
km when the· satellites are above one another or when· the design 
pointing angle. is 0 deg. · Figures.-. 4-57 and 4-58 show the difference 
between design angle and the .. -real angle due to the satellite altitude 
separation. For large design· angles out 22deg, the real and design 
·poincing ~ngles are close. However, for angles below 3 to 4 deg, the 
diflerence becomes very large until .at the design angle of 0 deg the 
real angle is 90 deg. 

The impact of these errors will be a _small increase of the link path 
loss, but ehe pointing angle difference could cause a large loss due to 
the antenna gain. _ 

.. 
4.3.2.2 IMPACT OF ERRORS 

The pointing error difference for the satellites at different altitudes 
could cause the signal a..mplitude to be furth3r down on the antenna 
pattern. To analyze the impact of ~he altitude difference, a baseline 
link and_~te_nr.a must be assumed: .......,;.;..:. __ :-.:: : .. ..-... :;, 

Antenna: . unifor.21 illumination with sin (X)/X pattern and beamwidth of 
50. 8. degjt.; where L is the aperture length in wave leng-th. 

X•·Pi * L sin (8); I • antenna angle 

Antenna pointing at maximum range. 

Antenna beamwidth - 1.1 times max range 23.1 deg 
It will be assumed that the maximum range is 5579 km (angle-21) 

~ith these assucptions, the equation for the link margin with varying 
range (assuming·that ~~e azimuth pattern is narrow·enough to provide 
adequate gain)_ is: 

20 log ( ~) ·2* 20 log ( si~ X) ·x- L sin(21·1) 

Figure 4-59 shows the path loss (range) change with angle, the antenna 
gain change, and the total link margin change which is the path loss 
minus ~~o times the antenna change · for two satellites at the same 
altituta. These curves state that the two factors - antenna gains and 
path loss compensate for each oeher. For this calculation the 
antenna beamwidth was chosen to be 21 times 1.1 or 23.1 deg. The 
antetma dimension was therefore, L • 2.19 wavelengths • 
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Figure 4·60 shows the same combination of path loss, antenna gain, and 
total variation for two· antennas with the real antenna pointing angles 
for· satellites at 625 and. 675 km.. ·Note that. the antenna. gain varies 
considerably because of the pointing angle. The antenna gain rises at 
about 1 deg design angle due. to the antenna sidelobe. The usable link 
(>Od.B) is limited to ranges greater. than ll_deg design angle or 2700 
km;.;.. This loou bad except for the fact that we have made. an error. 

The antenna .. patterns are pointed down at the maximum range of 21 deg 
(5579 km). Satellite B is up from the dosign angle for satellite A 
because of the 625/675 altieudas. Likewise,-satellite A will be down 
from sat:ellite B. Therefore, the real link marg_in equation should be: 

20 log (~) ·20 log ( sin JXA>) ·20 log ( 11n X~ ) XB 

Yhete XA is L sin (21-1) 
.. & 

and X3 is L sin (21·1'·(1'·1)) 

- L sin (21-21'+1) 

The location of satellite B will be farther •down• on the antenna 
· pattern of st_s.ellite ·A because of the·:_-·altieuda. · ·difference, but 
satellite A wii,? he farther •up• on tbe. aneenna pa·Ct-e·rn of satellite S. 
These ewo effects will almost compensate. for each other. Figure 4-61 
shows the link difference for the ewo look ~own case and the real or 

_ .. look ur/down antenna cases f'lr design angles of 2 to 21 deg. This 
. figure was based on an ~tanna size of 2 .19--wavelength or a beamwidth 
of 50.8/2.19-23.1 deg. If the beamwidth as expanded to 50.8/2.15 -
23. 6 deg (L-2 .15 wavelength) , the calculated·· results will be as shown 
in Figur.e 4·62, which provides >Od.B performance from almost 3 deg (720 
km) to 21 deg (5055 km). The 2.19 to 2.15 antenna vertical size (8.8 
in. vs. 8.6 in.) would cost the same percentage expansion of .. the 

------------- ho-rizontal- ape-r-eura for· equal ancenna-ga-in.-·--------· -···--- _ --·--

-I 

Satellite B is located 4 deg up from satellite. A at an angle l deg 
above the satellite horizon when the design angle· is 3 deg. The angle 
o-ffset is 4 deg as in Figure 4-52, but 4 deg above the -3 dag. 

The antenna beamwideh can be varied (with diminishing return5) to 
extendthe close range limit but tha.following general conclusions can 
be made: _ . . .. 
l) The altitude.differenc•will cause a loss of gain due to the lower 

satellite antenna, but the higher .satellite antenna will have an 
increase in gain almost offsetting the loss of gain. 

·1i-
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The altitude. difference wich the parameters assumed and a 2.15 
wavelength size., will cause a .loss of coiiiiiNllication for angles 
above 3 deg down o~ about 75u km. 

AD antenna. designed to 
would.. not: be required to 
only to 1 c1eg. 

for. the altitude difference 
to 4 deg·above the horizon, 

Atti.tw:le and. Pointing Errors····· Field of View (FOV) 

If. the effects . of':.:1lntenna pointing error are now included, whether 
caused by alignment.or .. attitude error,· the required antenna FOV can be 
defined. If the. pointing errors are zero or small, of course, the· FOV 
is not really defined. If the aetitude e,:.ror is 10 deg and if the 

. antenna. poineing error· is 2 deg, then the antenna FOV requir.ed would be 
+/·12 deg or 24 deg about 0-21 deg (max rang~). 

FOV - 24 deg about lmax for max range 
.. 

Side Note 

-;:. If peak power is used by the system for :.ong range cases 1 t!le antenna 
pointing an~ ~idth will be · modified· _))ut .• fi4,ld etf view and look 
angle a~_lysis~i·ll be the.. same •. __ : __ "_ , ..... -~~~-~---·7.·-·- .·--

4.3.3 

.· Dw:ing the initial analyses of ·the MSSP --:--Pha.se I I the communication 
range capability of sate1.lite vs. the de power requirements were 
analyzed. This analysis srowed that the shor~er ranges ~ere more ccst 
effective from a de power ~~•rspective. How•ver, when the impact of the 
probability of communication is . considered, the maximum range 
capability can· be seen !n a different light. 

-------··-~--

Increasing the cross link range to the maximum range. ca~ability of 5579 
km will result in.. signif1c~tly higher probabilities of useful 
communication •Xl'eruientation in che prototype phase. During the 
operational phase, the tot:al number· of· spacecraft required will be 
reduced, thereby reducing the overall systam cost. This is true even 
if the cost per spacecraft on.· orbit increases due to increasing ehe 
maximum range froa 2225.km to 5579 ka. 

~·- .... ~ • .... 1 • -

The initial space demonstration of MSSP vill consisc of 10·20 prototype 
spacecr3ft that are .placed into 675 km circular · orbits by a single 
launch vehicle. This limited· number of spacecraft cannot support an 
around•the·clock global r.ommunications systea. However, it can provide 
several hours each day of coiiiDIUfticatio·.u sarvice between North America 
and Northern Europe and between North Amarica and the Yestern Pacific 
region. It can also provide up to four hours a day of regional 
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communication wichin Nor1:hern Europe. The · primary purpose of che 
d~mon.cracion phase will. be co provide on•orbic verification of moac 
MSSP technol.ogies. ~ Hovover, a . complete demonstration of. cha n~ework 
routing ana ephemeris cracking technologies will noc be achieved u.~~il 
several orbit planas.bave been populated. 

The initial prototype demonstration can also serve as the first of 
chree orbit planes. chac will form the backbone of--an around·chs·clock 
communications. syscam. These three planes would sll be ac 57 deg 
nominal inclinaci~n wich their ascending nodes separated by 120· deg of 
longitude: This inclination has been chosen because ic provides the 
best N~=ch Atlantic coverage available from an ETR STS launch. Each 
S'Pacecraft will be injected ac a slightly different inclination and 
velociey so t.~c they will continue to spread-- ouc in longitude of 
ascending node ana t%'\le ··anomaly.. An around· the-cloek communications & 

ca.,abiliey will be available in discrete latitude bands iMmediately 
after the spacecraft. in the third launch have spread ouc 360 deg in 
true anomaly buc before chey have spread out significantly in nodal 
~eparation. For ground stacio,.a vich a S deg elevation·limic these 
initial latieuda bands are 36.3 deg to 49.2 deg. The latitude bands 

.~ are reduced to 39.9 deg to 45.6 deg for ground ~catiotU ~ich a 10 deg 
elevation limit~ Croun~ stations· at other·--latit1icles will have periodic 
0\ltages ac •ithe: 3 or 6 -.·times per day. until no~l spreading fills in 
the gaps. This will taka about one year, depending upon the diffarence 
in inclination given· to each spacecraft. 

·-'Ihis around·the·clock backDone sy·stem will be sparsely populated with 
_only 30 to 60 spacecraft. Neverehele•s, this will be sufficient to 
provide a basic communications neevork after nodal spreading. This 

·• initial system will have shor1: inCerTUptions in availabiliey due to the 
_______ r_anclom ... phasing of .. ~e orbits. ij_o~e~~~~-~~fo_;:!l __ ~overage should be 

considered before examining the probabilistic factors _---·FTgure4:-6J
shows the number of spacecraft as a function of intersatellite range 
Chat are required to ~formly cover the globe. The equation for this 
curve is: 

:._·. t'"' 

t· 
·' 

2/3 
N • --------------------

·1 ( X )2] 
[sin -----

2(Re+h) 

Vhere X is the incarsatellite range, Re 
ancl h • 675 1aa is the· orbital. altitucla. 

• 6378 km is the racliua of the Ear~h 

The angle given by ehe inverse sins ·is e~ressed in radian.. This equation 
is based upon an assumed uniform distribucion of the spacecraft in a 
hexagonal paetern; each spacecraft has six nearest neighbors at a dis:ance 
X. The results obtainecl vith the assum-cl hexarlnal pattern do not differ 
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appreciably from those ~btained with 
under lapping and ove1:lapping circles. 

c -: ' 

other simple pattern~ such as 

One of the largest multiplicative factors involved in sel•~ting the required 
number of s~aeecraft for the constell~tion i~ the one due to random orbit 
phasing in true anomaly. ~· following approximate analyst's vas performed 
as a first cut at evaluating this effect. Consider K tpacecraft in a single 
orbit plane that are distributed around the orbit with a uniform probabili:y 
density of their t:ue anomalies. 1'his approximately charact:erizes. :he· 
protocype demonstration syst:em after some reasonable spreadin~ in :rue 
anomaly but: prior to significant: nodal spreading. The probability that a -
particu:ar spacecraft: will be within range of a specific second spacecraft 
in front of it is: 

.. 
whore the notation is the same as in equation (1). The probability that the 
particular spacecraft will be within range of a specific second spacecraft 
that is either in front or in back of it is 2p. There are (M·l) other 
spacecraft to consider. Therefor•. the probability oi g at least one other 
spacecraft that is within range ahead of a particular spacecraft is 

p , 
• 

Hl·l) 
1-(l·p) 

... -J 

Similarly, ,the probability that there is~at least one spacscraft vithin 
range ahead of and at lease one spacecraft ~thin range behind a particular 
spacecraft is: 

(M·l) (M·l) 
.J~2- - 1~1_(1_-p) ----· + (1·2p) 

The probability Pl approximately describes the likelihood of obtaining at 
lGast one cross link connection in the direction of a desired ground station 
(e.g. the probability of communicating between Northern Europe and the 
Persian.Gulf). The probability P2 approximately describes the likelihood of 
having at least one cross link in each direction· (e.g. the probability of 
Northern Europa baing able to communicate aimultanaoualy with both North 
America and the Persian Gulf,. or. alcerr~ivwly of North America being able 
to communieate over a 3 spacecraft link with the· Persia~ Gulf). The above 
interpretations are approximate because Pl and P2 refer to any-spacecraft 
within r.nge whereas an actusl coJ~~~Unication. 'link dependa upon the second 
spacecrAft baing at least a certain min!mua range fro• the first. 

The probabilities Pl and P2 are plotted 
number of spacecraft in the orbit plana 
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--5579 lcm·. · Naturally·· the ·probabiliti~s~for·:·the shorter· range· version are t:~uch 
- lower and···rise·.mor.e slowly"with ·an increasing~number of··~pacecrafe·-ehan do 
···the· probabilities:· for the longer · range· version-~. · .'ni~--primarJ~ purpose for. 

deploying the····protoeype spacecraft ·is:···to-"provide on-orbit• verification of 
the. MSSP design by performing· communications experiments. ·'nltfse experiments . 
have -not. yet been· defined, but it is likely that the low probabilities {Pl • 
0 .. 372, P2 • 0.129) of the·· shorter range version with·.lO spacecraft on-orbit 
would be marginal. The large· increase in the probabilities {Pl- 0.713, P2 
- 0.493) for·· the 5579 km range ve::-sion· · -..rith 10 spacecraft on·o::-bit would 
greatly add to experiment flexibility and to the performance· of the evolving 
communications·ne~~ork as more orbit planes are launched. 

4.3.4 LINK EQUATION 

This analysis was performed early in the Phase I s~~dy to identify 
communication· wit:h·trade concer~. To accomplish the MSSP ·primary purpose 
vhich is establishing. a successful working _communication. link, ~eve:al 
design 'and system trades must be done t:o a:complish it at low cost. 

The system para.met~trs follow: 

Transmit:_ power: Drives the spacec~~ft size and weight cost. 

Range: 

Antenna Gain: 

Affects the transmit:·: power required,· ·the system. time 
delays, and the nu.mber · c{f .- s~)

4

cecraft_ ne~essary to comp le t:e 
t.'te syste11. 

Affects the transmit powe-r-.. required and the 
size of the spacecraft. 

physical. 

Link Margin: Ad~ confidence to the system capability. This 

Data R.ate: 

margin ensures that as syste11 . components age, t:he 
syste11 vill still pftrform. However, this pad or 

--excesa-· baggage- vi-1-1--require ----higher--par.formanc:.~. --~L. :he 
system and create higher cost .. 

Directly affects 
required. 

the required system transmit power 

These. parameters can be combined in a single communication link equation: 

where: Pr - required received signal 
Ge,Gr • trana~it and receive antenna gains 
l • frequency (wavelength) 
& - r~ge or distance between satellites. 
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The ee~ Pr coneains all. of eha parameerrs relevant eo ehe receiver cesign . 
M.any of ~he. parameters .will-. ba ... ~.dependent upon the type of.commanicaeions 

·mode ·usac:L . , ~one of .. _the actual i'•rar:aeters aud values are. fixed yet. 
However. an. estimate .. can be made . Wilich allows an analysis of the. MSSP link 
equation and .. a .first cut-.. at.- the comproClises which. much be made. :"he 

__ equation.~~17 Pr i~=--~·,., _ _;-"·'-'>: .. , .. -~····- .. ~--- -~---·.. ·--""··--·'' 

Pr- tcr.+.Eb/No + NF +Loss+ 10 log (D)+ Margin 

where: KT ~ noise floor, 270 K 

E3ft1o - ·r~:q~ired signal- to noise level 
(MA Com study) 

NF - receiver noise figure (estim&ees) 

Loss 
~o-data power 

raceivar detection loss __ -and 

D • data rate 

Margi~ - signal level •pad• 

or, Pr - ·189.6 d3~ + 10 log (0) 

·204.3 d.RY 

6. 7- em.· 

3.0 em 

signal 

3 Q dS 
-189.6 cmw 

.. 

!efore proceeding any farther, additional assumptions must be made: 

·· Cr - Ct; antenna gain transmit eqU:&l ante-nna gain receive 

2.0 dB 

D: data rate - 1, 5, or 12.5 Mbit/sec. This assumption 
will provide a baseline to see :he effects of data rate. 

Frequency - 4 CH: 

\;i:h these assumptioru~, the link e\IUAtion -:an be rewritten: 

Pr • ·189.6 + 10 log (D) - 10 log (P~) -+ 2C • 20 log[R(Xm)] • 104.5 

or, 10 log (d) - 10 log (Pt) + 2C • 20 log [R(!:m)] + 85.1 

Vith a low-cost single antenna beam system, range and antenna gain refer to 
the maximum range and gain. The antenna gain and the range loss will 
compen3ate at close ranges. Therefore, the term 2C • 20 log [R(Xm)] is a 
cor..s tant. Or, 

10 log (D) - 10 log (Pt) + K + 85.1 
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vhara K- 2G peak • 20 log [Rmax(Km)] 

Figures 4-65 and 4-66 can ba used to daeamine tha. relation of ehe link 
_parameters. In Figure 4-65, the claea rate and RF power are seleceed and ehe 

- -value K is determined. In Figura· 4·67', vieh the -determined value for K, ehe 
- aneenna. gain is sel~ceed sncl the: system range capability· is determined. 

Figures 4-68 and 4·69 illus.erate · the. system · range vs ;-: the RF power for 
selected daea rates and antenna gains. 

No hard conclusions can be ascertained froa. this-analysis. However, several 
tentative conclusions can be drawn. 

1. Aneenna gain: Should be as high as possible and ae lease 15. dB. 
-. 

2. Data Rata: Should be compromised to at least less ~~an 10 Mbit. 
_-

3. · Range: 'nle system--· range is. driven by the_need to provide co~lete 

I·-

system coverage and the number of satellitP~. However, because of t ·-

4. 

resericeior..s due to Eareh reflections, the---range might be r .. sericted eo 
3000 to 5579 Km. · 

RF Power: Vi th the ~ova compro_misel' , the 
lowered to less than ·looq and -peak p~ver 
ranges~- : · (_~· 

RF power required can be 
averaging us•d for long 

4.3.5 CONCLDSICN 

The analyses performed in this section addressed orbital concerns of 
spaceeraft communication. They are noe all directly radio, aneenna, or 
satelliee concerns but foe~ on the total satellite communication system. 
The results of the analyses vera: 

a) Limit the maximum communiea:ion range to 5579 km such that the 
·-- eommunicaclon pal:n -is ·above -&Cio·sphera;-- ---Attempting- to--communi--cate 

acr:»ss the limb of the · E&rth vill" . encounter the problems of 
acmospheric loss and multipath. 

b) The satellite altitucla differentials of £25 and 675 km will require 
·the antarmaa ·eo ba al)la to scan up to 1 etas above the horizontal for 
a 400 1aa llinimua ran1•· 

c) The probability of ~awing another spacecraft is increased greatly 
when the system ts clasignecl for maximum range eommunicaeion 
capabil-ity; especially, durl.ng the prototype satellite phase. 
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5 . 0 SATELLITE INTEGRATOR SlJBSYST~ TRADES. 

The satellite 'integra~:~~, -~~~;_;~-t~~ ~:}~d~~ ~;~~··:·.~~-~:~~~~,~~; ~f design stuci:r 
_were the sa_tellita power. attitude control, and configuration·; and th• 
satellita/antenna.and satellite/radio interf~ces. Communication bet~een 

-team. members resulted in reexamination :· of·:-·.::. soveral. areas. of· ·an&.lys !.~. 
-This section vill discuas the ana!ysis based upon che final re1ui~e-
msnts froaa tha third vork1.ng grout» meeting (November 1986).· Some para
meters, however, such as satellite bu. ~ov•r, will be presented as 
trades to .!hov the impact of the variation of the.: requirements·. Maiting 
some of the final system trades euier to make in· Fhase II·· is the pur· 
pose of this information. 

5.1 SATELLI'l"E l'O~'ER. 

The satellite power-subsystem mu.t generate, store, control and distri
- buta electrical •~•rgy necessary for the satellite, antenna, and radio 
-operation. The maia_components of the-power subsystem are:· & 

Solar Arrays to generate· anergy 

Batteries to store energy 

-~ Pover Controller· - · .. :- -to con~-!1_~,-~~·rgy~ storage 
..... . .... : ... 

DC·DC Conver~or ·to supply-specified voltages 

To meet the MSSP criterion of lov cost, th~ power subsystem design must 
pro·tide efficient usa of all of the components. -·Tha solar array mecha
nical configur'ation mu5t maximize the energy__ ouepue from a non
orien~atad satallite such that the amount of·· array surface can be 
minimized. Besides the cost consideration of the subsystem components, 
~~e size and vei~~e of the components ~t be factored into ~~e cos~ 
equation. The pov•r subsyseam vill be the largest and heaviest element 

-------o-f thaaatel.li:a liU.S. This s\.\0-ayste.--;--therefcfre·~vin-tncrea·se-tne ·· ----
cose of ehe saeallita launch and the number of saeallites vhich can be 
4is-per!'ed par -l~unch. 

!he ~SP Phase I pove~ requira .. nts listed in Tabl_e 5-l, ver~ modified 
u c.he study progre•secl with co-.unication between the ta&ll 11embers. 
Initially ebe average power require .. nc vas 35V, then SOV, and finally 
75V. Therefore, variou. analyses will snov-calculacion. at differing 
average po~er !.vels. The analyses v.~e performed so that final 
CC!".clusions coulcl be 110clified for the final requirements and be applied 
to any future trades in MSSP Phase II. The analyses co be presented in 
this s•c tion are: · · 

* Pover Cost analysis which presents an overview of the cost 
drivers ancl ehe impact of the power subsystem requirements 
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Array opcimizacion analysis which presencs che i=l'acc of 
solar array confisuracion · · · · ·· 

* !at.:ery s·i:ing analysis. ··""·- ... ",.:,,---·:c)~.·.:,':,.:· 
* Solar array trade an£lysis which presents a look at an 

unusual method of reducin~- the siz• of the solar array 

Finally, a design ol.the paver subsystem vill be-de~cribecl ·for· the 7SY 
average power •yste~. 

The final conclu.ion for :he pover eost on a lov cost satellite such as 
~SP is $5000 par watt at ehe spacecraft lev•l and $7000 per vat~ on 
orbit. The largest cost drivers are ehe solar arrays and the \a\mch 
cost for ~~e arrays. 

& 

S • l. l Pcwc:::lt SL~SYSn:M COST A.~ALYS IS 

Th!s preliminary pover system analysis vill attempc to provide a rough 
rather ~~an absolute analysis of size, weight, and cost.for the power 
system. The purpose is to· ahov the seneral impact of· power systell 
requirements on si:te, weight, and., co,c. :.Sine& ~h.e Satellite :~tti:'..!ce 
ecn=CJt systa:a vas not. daf·i:wcl,...; an..-oa:r~ sofu~ array w ... &ssulr.ed for 
this preli3inary analysis. 

!he following &ss~tio~. which are stated at the beginning 'of 
each analysis, vera .m.acia. --

* solar anay: four panels spaced at 90. ·c111g around the sat.ellite. 
The panel~ are tilted to try to obtain uniform solar coverage 
( ozmi array)· 

* projected area of solar panels assumed to be 2 panels orbital 
average 

* ~~e projected solar area peak area is 2.4 panels 

*~'solar cells generate 1o; par sq ft 

* - orbit time 96 •in: 32 sh.sda, 64 sun 

·*-·~'voltage at sax power: 33 .4V 

These assumptions, while providing a 
power s~sys:em, derive the subsystem 
the subsystem requirements. 
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5.1.1.1. SOLA& ARRAY SIZING 
. :~. : "! -.. ~-~-~~ . :?:·~;;;:~ ' ~· ~ ;.~ 

The size of ~he solar arrays 
orbital average ouepu: equal to 
for tha bactery·efficiency. 

needs 
the 

to -~ b~ ·_. sufficient. to· produce an 
average system load plus a f•c~or 

··. ·.·· 

. . 
AVERAGE AD.AY. OU'IP't1T - l.l * OUITAL .. AVElL\G! LOAD. 

Tha power oueput of-.tha. four panel systew vill. ba .. tha produce. of che 
array size, oueput rata, and sun/abate orbit period. • 

av.rag2 projected array area - 2 * area (ft.2) per panel 

output rate - lOY/ft~2. (co~ervative number) 

.. 
~ OU'IP't1T- 2 * 10V/ft•2 * 64/96 ·/_1.1- l2.llV/ft.2/panel 

Thia number ia the array_ ~rbital ~rage output for· tha four panel 
_. sys~aa. In other worda, if an orbital" output of 12.llll la needed, the 
: systs2 voulcl u.e four. (4) cme·foot. aquara pane-la .. F..t.sure 5·1-=::~t-.e,r~ ~e 
-·required aize il;on•., of th• four ,cwl•~-~~~J:J.ee_. requir-ed povers 

froa 20 t~ 200V. Yich &D array weight of .. 0 . ..5 kg per aq ft: ancl arr~ty 
coat of. $6300_.per aq ft (array em both sid.aa),_ Figures 5·2 and. 5·3 shov 
the weight and.coat ~pact of increa.ingly larger sys:ea power require· 
1Hftt .•• 

CAVEAT: The pricln~number u.ecl in this exercise is baaed upon recent 
proposals. Although. reaaon.ably priced, this coat 4oea not. include any 
estimate for high production. A closer coat examination vill be done 
later iD thia analysis. The array weight number u.ad is linear for 
increaaing array. Actually, for larger solar arrays, the weight (and 
c:o·•:l vou.ld lncr•aae with 110ra- co.p-l-ic:-aead-sttuceur .. -ancl--dap-loyment --
syaee... · 

5~1.1.2 ~ Sl%IRC 

the size and coat of tbe battariea required are also a functioc of the 
sy~~••'• power requir ... nts. For a low coat aystea,. the first approach 
would be to aiza the batteries f,r · c:urrent•limiting under the high 
array ouq,ut ccmdition. If the batteries are sized (amp/hr). so the 

. maximum array o~tyut will not overheat ~~e batteries, ~en a costly 
power control syseea would not be needed. The. trade ia tha cost and 
veight of the additional batteries on the s~acecraft • 

. Tbe-equatioa for the sizlng of the batteries la:. 
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C/10.- KAX.-AlUlAY OUT.l'UT~.·-· MIN. LOAD tu:QUitlED 

The C is eh-~··.capacity·. of ... the bac.t:eries ... 'nte:.~ iclea.is.-~to .limit ehe maxi~ 
IIIWil charge rata ·of tha batt:ary, which is the. aJ:ray maxim\zm ·output minus 
the· syst:am· minimwla·;·load requirement, to- .. ·.one.•tanth. of tha batter/ 
capacity. · The~ on•~ tenth value is. a nominal number. as a trade for bat· 
tary life·-. The· bat-:ary·-·size ""is ·therefore:·.,.. -... "" .... ~., __ ._, ...... ""' .. , ....... ~·-~·;.""? ·- __ , __ .• ~_.., .. ,,...~.---,.,. '· 

C- 10 '* (2.4 '* 11 V/ft•2 * PANEL-:(ft.2) ) • L~F. '*·AVERAGE LOAD 

where L.F.• load factor· or the· ratio. of the atnimwl power required to 
average power requir_ed. . ......,-.-.. _ . .,. . . ...... . _ .. _ ;<•· ---~-···-" •• 

Since this equation deals wieh peak power, the factor 64/96 wh!.ch ac· 
counes for orbi:al averaging is deleted. The array output is llY per 
sq ft of array panel. The~difference becween using ll· and lO~/ftA2 
ls :o account for the beginning vs.· end of ~ife of the array output. 
The peak surface _area ___ projection of the array is -2.4. The load.factor 
(L.F. < 1.0) is used as a variable and shows the impact of the varyin .. g . 
duty factor of the· payload power requirement, e.g., transmitter on/off 
pexiod.s. 

Figura 5·4 shows the required battery size vs. eha system average power 
for power-from 20 to 20o;. The battery sizes raquired·can be quite 
large. To. "!•t a concret• 1daa· ·of·zae:a-ry,_sU. r-equiremer,~s ._these sizes 
(amp hr) must be converted int~ weight; volume, and·cost. The weight 
was estimated at about 1.14 kg per amp ~~. The expected weight per 
system power is shown in Figura 5·5. The battery size will be about 35 
.cu. in. per amp hr and is shown in Figura 5-!!..6_. The cost "of NiCd Lat· 
taries is between $4000 per amp hr. for high reliability and high cost 
units to $1000 per amp hr •. for selected commercial units. Lead acid 
batteries cost about $200 par unit. Figure 5·7 shows the expected 
battery cost (L.F.~l). Figura 5-8 is a representation of three battery 
sizes to·sbov the impact of larger system power requirements. 

-------·---. 
CAVEAT: The battery veighc.s are bued upon NiCd batt:eries. Laad acid 
calls vill vai&ft.somewhat 20re. Nickel·h~drogen batteries with pres• 
sure vassals would veigh much more. Also, for the larger battarios, 
so .. adclitional weight will be' neacied .·for thermal control and struc• 
tura. 

5 • 1.1. 3 POW.ll.. S1JISYSTEK COST !STIMA'l'Z . 

The total systam coat vs. power system requirements will involve the 
array, ~attery, and system launch costs. Tha launch cost is dependent 
upcn the launch vehicle used to orbit the satellite. But, aince this 
is a preliminary analysis, the cost of launch via the space shuttle 
will provide a representative number. The shuttle launch costs are 
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based upon both payload si:e and weight which can be calculated by 
existing fomulas. The. final cost is the larger weight or size. Since 
payload size will~.dcpend_ upon .. the-.sa.tellite.finaL.~configuration,. this .... 
preliQir~ry analysis ~ill use the po~er system ~eight cosc.which is the 
-• .,eight of the batteries and solar ··arrays. · 

Based upon a shutele payload base -coat .of $75M (28.5 deg launch) the· 
cost equation.is: 

Coat- $7.5M. (Payload Yeir:ht}/(.75 * 65000) 

or $1538 per payload.pound. (!he cost increases for 57 deg and 90 deg 
inclination laupches.) The launch cost of the solar ar=ays and batte· 
ries vs. the power s~stem requirements is shown in Figure 5-9. 

The total system cost (array + battery + iaUnch) baaed upon the use of 
cot=~erc1al batter~~· i.~- ~h9wn in Figure 5.-10. • 

.. 
CAVEAT: A.s was stated above, the launch cost could be modified if sys· 
tem size with large solar arrays requires ehat the cost be based upon a 
size- b~1is. The launch costs are also bssed upon a $75M shuttle cost 
Which could increase. 

t-

5.1.1.4. ·POY!a SUII~STZM COS~ REDUCTION 

~learly, the co~t, size and weight of.~ the bijher power system levels. 
previously described are too great. Cost redu~tion will begin wi:h ehe 
s~ze and weight of ~~·batteries. The previous.analysis was performed 
wieh a low cost power syseem (curTent limiting). The battery size was 
~~e controlling func~i~n of limiting the charga ratio into ehe battery. 
3y correctly limiting the current, the battery lifetime can be 
extended. Another, t!lough often more expensive, method of extending 
bat~ery life is to control ~e bat~ery charge current based upon the 

. ~--. 
:· !..·. 4 

----·-----tempe-r.aturo of the--bat~ery. 'Ibis sys-cem-could limit--the---charge-ratio.-----·-·--· 
to the battery to C/2 rather ehan C/10 with the stipulation that che 

,--· 

true charge.ra~io be controlled by the temperature of the batteries. 
If the b&t~eries are cool and not fully charged, the charge ratio could 
be C/2. Rcvever, if the batteries are fUlly charged, they would be coma 
wa%1a as the arrays at~ampe to overcharge thea. ~ At this point, the 
controller would sense. th• batte:y temperature ancl limit. the battery 
charge to a much lower value. 

Various methods of charge control are available: shunt loacl (dumping 
power into a l~acl resistor), array switching (switching part of the 
arrAys off), ar. i others. The impor~ant pa~ameter is the awd.lllWI allow
able ratio ancl the estimate~ cost of the controller. If a cost-effec
tive reli4bility program ancl adequate testing (bum-in) is pearfrn:med, 
the cost of the con.t-roller could b• limited to $20K (for large ........ ri.ty 
builds). The charge ratio maximum ~ould be set cu ~/2. 
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Figures 5-11 thru ... 5-16. show battery cost, siz.J, and weight curves·~simi· .•. 
lar eo Figures 5-4'-· .thru 5-10 for a system with a charge controller 

_ limi eing · eha:. max~ charge·· to -C/2 ~: · · ····~"""' ..... _-,w .......... .._,..,..,"",..,....,_ .. <.,.....,, .. ..,_~ -~--·- ··-· ·~ : ,:··-

'"!:.'1~ • - • ........, -· t':.'·.·~·~ 

- The cost of the-~solar .. array. Used in ; this analysis was $6. 3K.::~ · If~; this 
-cost wer~ redueed by·one-t4lf. by producing large quantities, the tinai 

system cost would. be as shown: in··. Fi'gure 5-17 ~~- An opeimi~tic cost of a 
200~ system in 240 units follows: 

'* ARRAY: $208K 

* · · BArl'ERY·: .,. $ 14K 

* CONTROLLER: $ 20K 

Possible ways eo reduce syst~m cost follows. 'nlls analysis, performed 
early in ehe MSSP Phase 1 seudy, identifies areas of concern to other 
t~am membeJ:s. 

-The largest coat drivers are the solar array and.launch cost. 
the power requir~ll c!acrea•• the system' cost';-·**'*** 

.Reducing 
.·, 

Several option. exift to reduce power requirements. Two conventional. 
and one unique ~~proach.are: 

* Reduce system data rata 

* Reduce range 

*Reposition trarismitter .. amplifiers 

& 

: . . ,-'I 

•• 

• 

• 

• 

• 

• 

• 
·----··---·· ----·- ----lleclucing eha systea. daca rata will impace many other subsyS-t.em-·pow8r ·------ -··-· ------- ---

requirements. The transait~ar will require less RF power· to complete 
the link, and the processing speed,. (diractly·relatad to power) will be 
radw:ad. 

l.aduc~ion uf ·the system rmge raquire .. n~. reduces tt.e RF power 
required •. It'vould al~o reduce the at~ituda control power requirements 
~pointing) and possibly the required antenna. baamwiclth or number point· 
int~ positions. · · ' · · _, · ··· · · ·· .·. · · · ·· 

The transmitter u· -amplifier could . be . repositioned . to each antenna~ 
el•ment rather ehan a central amplifier. The antenna switching and 
phasing components (S&P) will ·have losses .. Which affect: system power 
efficiency. If the transmitter RF output was 200V and if, for example, 
the S&P losses w'!re 3· ·dB, the S&P would absorb lOOV of the transmitter 
~ueput. ~tth ·a transmitter amplifier efficiency of 25 percent, the 

.. ·~ . . . 
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ef!ecc: ot;thetS&P· w~uld be- 40QY .• C.::nversely,· vi-:h dist:~!.~u:cd &ml'lifie:: 
at each .lnte.nna el-mer.-c .. the. absolute power ILlg~itud• of . the S&.? loszes 
1~ .!.'!.iS. Also.> s it'ce the ~&p· is required to swicch lover ?ower .. ltt•te ~s. 

- !e::s. pow•'C' is r~q~lred_J_ for. the electronic· switching •Jhich Cll~ld. ~OS· 
·sibly be faster. 

5.1.2 SOL\R ARRAY O~T~~IZATlON 

The larg~s: cost~·driver, for the power· subsystem- is dld. :o~-the·. solar 
arrays. A crucial: p~ameter in designin·g the p_ower subsystem will be 
to maximi:P. :he array ener[ey output vs. cost. n." out?ut can b~ .. -~1· 
=i:ed by in~roasing· the individual cell ou:pue efficiency or ·by 
!.ncreasing the: orbital average proj ec:ted area of the array. Th!s see.• 
:ior. will ar.aly:e~ the · v:.rious solar array configuracior.s to obt·a·in a 
be~~er sola: array configuration. 

~0~ eh~: ~,. relaeive •ize of ehe b~eeery· and solar array h~v· been 
~~a!y:ed foi an omni·dir~~eional solar array (S•ceion 5.1.1), an analy• 
sia eo red~:• ehe eose of the solar array can-be undereaken. n,e omni 
~ola~ array is ind•~en~ene ~! ~~· saeelliee oriantation. It consists 
o! four double-sided solar ~anols or eight arrays. lf ehe·sAtalli~e 

. were u.adir·orien~aeac .nd in a 97 c!.es polar orbit at 6 o'clock, the sun 

. lloulci •l.,4:fS be on one side . of _th.- .-satellit:a. Therefore_, tvo solar 
'par.al~ •.fi t.~ :tolar cell.= on . one -.: .. sicia -.facing .u.e sun coulcl ·provic!a . t.\~ 
same amount of potr41lr aa:.· t.'le .:eight · t'ane.ls . .-· Sine:• · the .sun .. vould ·~e 
~cntinually in.viev, eha· size of ··the arrays (orbital •'•era!;e) eould be 
~ndividually s~·aller ":han an o!lll'li p.1r.el. A signif!.c:ant :ost reduc~ion 

. ......, . . . \ 
is reali:ed. The amount of solar cells req~~red is recuced by·ehr~e-
qu.areer3. For· exampl~. if: ·the. solar arrays c:ose $lOOK for :he otmi. 
the 2 panel system :vould cost- les.s ehan $25K. Other cost rod,.lceions 
would follow due to.~~ight and size reduc:ions. ·The front of the c2ni 
syseem would c~~is: of ewo solar ~ar.els ~~ich would 1mpa't t~e orbital 
lifetime and ~~:it~de ~eabili~J of t.~e s;acecrafe. ~is fron:al area 

.. ,· 

-·--------·- (area/m•:Js:A/~!)_voulcl._~e ___ cl.o.se __ to Z'!r~ (sictaways t_, o:-~it direction) 

( 
f 

and eause etC! spacecr.sfe co be z=Nre scabilizad in yav. -------
... ::~ . . 

The previoua. ex&m?l• is &n exere2e of possible spacecrsft.orbits. 
However, it dces demonstrate the approach ~ich ~t- be taken to reduce 
tbe c·Jst of the MSSP spacecraft. If careful design is ~ed, the bene
fit.t of multiple build torill noc: be lose ancl the additional cost savings 
of opeimum design· realized. the oiiDi pateern produces a very low 
maximum-minimum power oueput variatian. The low variation allows for a 
lov-cost power controller. The cost era~ mu.t be made comparing the 
cose of the solar,array-vs. the controller and con.idering ehe perfor· 
mance par~•ters ~f frontal area, pover oue,ut, weight, and size. 

Figure 5-18 shovs four possible arr&y eonfiguratior~. The omni· p~etern 
array. _ _is .ehe referen:e unie. The K.ansarcl i.s a compro11ise of the omni 

-l!O• 
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pae:e~ unie vieh ehe •olar atray on one side only. The roof eop uni~ 
prC'vides a c:oall)romise of ehe Mansard vf.eh a smaller froneal arwa. !he 
flush unieprovides ehe· miniiiWII froneal area by ·siml)ly aet:aching ehe 
solar an.ay eo ehs top an-i t~df!s. of eha upper s'acecrafe ~oclule. 

·A ••ana of c~;:.~r-i.~g. eba solar ·array ou.e;ue. is necessary~ The .. ouepue 
for·. t:he o11Di ar:ay vaa 12.44\1" :per sq fe ·of .. array panel (Seceion 
5 .1.1.1) . (l0V/f:·2 vu··· a conservaeiva maber U.ed in ehe preliminary 
L,.lysis of Seceion 5.1.1.1. For· laeer analysis a number closer eo 
act:u.al orbieal m=bars (12.44) vu -used.) A sq f: is actually four.-sq 
f: ·panels. vieh solar an-ays on bot:h sides. ThL power ou~ue per. panel 
sq fe is: 

••••••••••••• - 3.llV/ fe•2 of panel 
4 ~anels 

In eer.u of . solar cells,, (becauaa cells are on boeh sides of the 
panel), ~~-array ouepu.e is 1.9\1 per sq fe of-aceual solar cells: 
'Ibesa m::abars are the orbieal &"rarage ouepue power of ehe solar array 
(Cursory projeceion refined numbers will be rresen~ed laeer). Similar 
numbers (V/f:•2 of panel) produced by ocher solar array .orieneaeions 

• ~ 1. .... 1':' 

-~ ·will be· u.ed eo compa:a the solar. array_performance. 

-~ 

. - ~. 

Before 4as~ribing U1a performance .af.~, ·vuiaU. _· t:ypes~ --of .·solar array 
~cnfiguraeio~, ie is impor:ane e~ describe· the phenomenon of the Sun 
u.gle. Figura 5-19 sh,vs a skaec:h· of ehe Eartb/Sun • solar syseem• and 
ehe s~ bee& ·angle fo~ an inclinaeion angle of 0 deg (crbie plane is 
ehe e~uaeor). The Eareh's ·~uaeor is ei~ed aboue 23 deg eo ehe 
Sun/Earth line; thua producing summer/viueer. For a s~ac:ecrafe 
orbieing in ehe·equator plana with nadir ori2ntaticn, ehe Sun's angle. 
to the orbit plane will vary fro11 zero d.ag (e(fo~inox) eo +/· 23 deg .. 
Therefore, the. angle from the solar. array eo ehe Sun will vary wieh ·ehe 
ei:ae of ehe year. Also, t:he Sun/solar array angle will vary vieh ehe 

:;.: 

.-· 

: '!; ._,. 
..:, 

• . . ::-.,. 

-- ·s,ac:a-craft -incl-inaticn -angle.- · -'I'his--be-ca-ang-le-va~ia.tion._a.ff_e__c_:.JtQ_~l4 ________ .;___ __ 

··.\ 

:!··· 

~;t·· . 
;~; .. 
~;~.-.: 

not be illportant for an. 01mi pattern array, except for t:he. E&reh 
eclipse. The effect on · other solar array daaigna of ehe eXl'ecead 
Sun/array angle• will causa •ariationa · in ·· ehe solar array ou.epues de· . 
pending upon tha. aatelliee ~li~•tion angle. 

Figure. 5·20 .ahova the beta angles poaaibla for the satellite in the . 
equator plana. · Beta angles 'Y&r'Y. froa zero to 23 deg with respect to 
the X~ saeellita orbie plana. The variaeion of the beta angle for the 
zero inclinaeion angle spacecraft is caused by ·ehe Sun's seasonal. rota~ 
eion. The max~ ~ossible beta angle for satellie• inclinaeion· angles 
oth~r ehaft. zero would ba the .ua of the inclination angle and 23 d1g. 

BETA (MAX) - 23 + Ai 

.. _ .. , • ~-·.. f' ~ .).' • ,. : • 'l • 
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For inclination angles other than zero, nodal. regression will. cause the 
erbie plane to rotate anci the . satellite. beta angle to vary bet•Jeen + 
and· beta max. 

_ av· usin' the beta angle technique, a.,.lyzing tha effect of spacecrafe 
motion on the space~: a£-: solar an:ay oueput: is easier. The solar array 
ou~~ut of any satellite vil! vary vieh inclination angle, season of the 

-year, etc. Yirh ber.a angle, a-. analysis can be done which reveals 
orbital.oueput all~ving satellite power to be properly sized. 

The beta an~le affects three important: factors: 

• 

' ,. 

* solar array output ·•,,-

* •~tellit:e eclipse time 

* sacel~_~te thermal effects 

The ther:ul effec~ vill. not be acidr,ssed in the study. The satellite 
eclipse. time is t!le time that the sat:alli t:a is hid.dan from the Sun by 
the Earth. Fig'l\re 5-21 shows r:he satellite eclipse angle vs. the satel· 
lite beta angle. Note ehat for beta ang:es greater than 70 dag for an 
8jlt:ituda ~f 650 a, the eclipse angle· cag bl!:-l"'s.o deg.·_ ,In;~;her wo::ds, 
periods will exisc·for satellites with inclinaeion angles ·greater than 

$._ deg wharfl· the satellite will view .. the sun continuously. Figure 5 · 22 
- . .,hovs the eclipse ti::e as a percentage of orbit vs. the beta angle. 

The eclipse time in minutes vs. beta angle is exhibited in Figure 5-23. 
~e solar array output is greatly affected by~the angle of the sun to 
:l:he solar array. 

!l.Elther than addressing the proj ectad oueput of a partict:l.a.r solar array 
configuration, the analysis first looked at the oueput of single arrays 
tilted toward cbe velociey direction and toward the orbit. normal 

.. 

---. -----~(Figure--S· 24). Any· MSSP array configura-tion-will be-a-·com.binae-ion--of · ·--- --· 
these anays. !he 1-'.SS? spacecraft is assumed to be nadir-pointing but 
uncon~rolled in y~v. 

Jri~a 5-25 is a brief deacri~tian of the solar array orbital average 
~over 0\'.qNt power equation.. 'nle array output: constant is assumed to 
.be 12.44li per sq ft. This number will be dependent upon u.ny· factors. 
tlncluciins temperature, array glint angle, and radiations effects. For 
·this analysis, which is the array configuracion, it will not: be a 
crucial factor . 

.-Figur• S-26 ancl 5·27 show, for various tilt: angles, the orbital average 
outputs of a solar array til~ecl :award the spacecraft velociey direc· 
tion. The to~ curve is the orbital average output: for a zero degree 
tilt; the s~lar array is pointing anti-nadir. The zero degree 
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tilt show~ cr~t the orbital po~er 
function wieh the• Sun angle. w~en 
positioned at the:edgo of cha solar 
so_la: array will. proc:iuce no output .. 

..: .. !"' ,., . J -~·~·- -~. ·.-·;:.:- .~ • • •• 

produced will decrease as • cosine 
the.~sun is.at 90 deg, the Sun is 
array for the full orbit and the 

Fig1-~re 5- 21· -shows ·-small •.rariations· of 'ower ·out~ut as the · t:!.le· angle nf 
the array·i~ increased. Figure 5·26 shows ehe v&riations of power for 
larger tilt angles. rea 90 cidg tilt is when the sol•r-. arra7 is mounterl 
to ~~e side of the. s~acecraft. The power oueput vi~ an array tilt of 
90 deg •nd a beta angle. of 0 ·.Ag is much lower·- than the 0 deg tile. 
!his condition is. _caused by the array baing~.hicldan durit:g par.t of ·_its. 
orbit by the solar eclipse. Aa. er.e bet~ angle approaches 90 deg, the 
90 deg tilt array·· out:';)ut :lpprot~.ches the (lueput of the 0 dag r:ilted 
array. If ehesd so~ar ar~ay configurations were the only choices, ehen 
for a sacallita orbiting ac 28.5 deg (beta max- 51.5), che optim~ 

-array choice would b~ a 0 deg tilt and ths solar array size would be 
-calculaeed using ·2-~-3\l/s-q--fe average··· array - ouq,ut.- ·The sizing of ·the 
solar array must use the lowest orbital average- power output. If t:he 
inclination angle were 57 deg, ic ~ould r.oe be ?OSsible to build a 
suitable array with only a forward tile because of the :P.ro ou~ut ~hen 
bet~ eq~ls 90 deg. 

-.... r • 

F!.~es 5-28 and 5-j!. show the· orbiui.:~W~ge·.powe~·.ou~ue- from an 
ar;~Y tilted eavard·~~e orbit no~l ~r·to9srd right of che satellite 
and. the Sun as the satellite flies. The ·zero degree tilt has the same 
results as the forward tilt of zero degrees. -~·: M the angle of tilt 
1nc:reues, the power output for ~. beta angle of _zero decreases and the 
ou~ut for ~~· higher beta ar.gles increases. Figure 5·29 s~ows that 
for a tilt angle of 90 deg, the power output a~proaches a sine wave 
with zero uueput when the b~ta angle is zero and 12.44 when the beta 

- artgle is 90. ~e.90 deg tilt condltion exists when the solar array is 
mounted to the side ·of the s·pacecraft looking to the right side of the 

-·.:. 1 • :O:t•.•' 

.. •>•· 

• 

• 

• 
Si'acec:-aft. Both Fi~es 5·28 and ~~~-?-~~!L~l.evat~.4--~~-·---~o.;_9et~ ·····----- ·------

····----angles --of- so da' or-larger.--- The eclipse region is slowly bQing reduced 
while the tilt affect is being seen. For example, the 25 deg tilt 
power greatly increases for beta angles beeween 60 and 70 deg and then 
proceeds with the n~mal dacreue expected for beta angles between 70 
and 90 deg. . . . 

tJha~ eha angle of . the · array tilted towar.:l· the forwarri direction is 
negative (tilted backv&rda), the orbital power output will be of the 
same form as a poaitive. tilt angle. When the angle of the array tilted 
tt'Vard the array nor.ul 1~ negstiva. the result will not be the same. 
Figure 5· 30 shows· the orbital · power . output for· a negative angle. 
Again, the zero angle 1~ like the other zero tilt angle cases . For the 
other tilt angle, the output~ are sine type-variations down to.zero 
~ueput when the tilt angle plus the beta angle equals ?O deg . 
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fh~ . Qrb i eal &vera'gia·~~&'war; ~ue;,ue-·o i~<;;the·::~r;-;f'='c;,'P··~=r~yT!r1~;;-'5'':rr~·~;~-,.-=~'"-~= .·_~; . 
c:an be ealct~l~ced l)y usir.g· ~he. in.formation f:-omJ'i~.J.res .. ·S-26,-~ehrcugh 5- . .,..., . . <·~:==:. 
~0. F~~~· 5·31 shows ~~s- array configurac:ion ouc:puc: ~hen che 
sp:.cecr&!c: fli•• ·.-.vi~'\ the •d'J• ......... of·"""'·tha·----•nays·"' in .::c:he"' valoc·i t:y· dirac····~·""-·""--..,.,...~="' 2·~ 
tier.. 'r.1• t'-e t:.rra7:1.: (-,osit:1v• and negative tilt) saem .. to eompl~ment .. 
each ot.~·r 411d ;-roduc:a a ,..fl&ttt.r ~ 'respon.e vs .··be-e& mgles .·e'speeiall'y ..... .:~..:-~..--........ ~-
for eha 25 deg -~il t -~ &nJle. H_~.ve'ler, .. if.,_tha ... spacec.:aft. ·wer~t to yaw by.. . ''",_..,,,~~-, ,. "'· 
-'30 deg, the array oueput would become as that in Fisures S-26 and 3-27 
.:nd woulci be cnacc:epc:able for .. eha. -hi~er beta angles.- !hera fore;·· the::· 
array eon.fisuracion 2USC: be.· symmecric:al . 

••• -.~:. .. ~... ,.. ~..: • .- •F "•!-

Ftl:Sa MCtn-.wr Al\RAY 
·---· ---~·--··-"..: ... ~.-t... .-----:---·~--- .. _- .t 

. ~e nu.sh-mount&d sc:!ar array . is always the. most. clesil:able from .. ,_ 
sc:r~tural and deployment: st:andpoine. F!gurQ 5·32 shows cha orbital 

_averags pow•r output from an &~ray of four s~l~r a:r .. ys around a box 
•er~eure. The arrays have a l.SY/ftA2 crbital output when the· boca 
an!}-• is =~ro and. a .. ~ .larser.: oueptu: when. th11 bat:~ a:t;le,.·is .. 90 deg., 
If ~olu &rrays war~ new placed or. u~· top."'~··-•pacacrafc:.;b$3X .• more 
ou~u: vou!d be obtained fot: ehe low betr-mgles. · F!.t;t.~re 5--33 shows 

, __ .,_ eh~. comparison of 'solar array ourpues fot: four flUsn panels ~i'th :heir 
ou~ut, an -.qual- s !.:eel to~- &rray, c:d · four fluah j)anels vi th a top· 
array t:Wit:e .t."le size of. the si:ia p~nels (weighc:_~d array). The eur.res 
are CUt"pUC rcr sq f: of array. The f!."le ~&nels will OU~Ut more power 

.-thin eha feur pMnals, bu~ the cricarion is the array 'fficiency. ~e 
_ vai;hta~ arr~y has a higher. averate power and a much flateer response 
of output: vs. solar angle. 

... 

• 

. .. 
•T, 

A.: .,. .. 

• 

0 

• 
--------··--~---------------- --. ---·---· 

'!h .. Katwarcl roof is ;an &"ptatiou of the flush 2ount array. The arrays 
.re t:ilt•d ~ieh res~ec~ to t:he spacecraf: rather t:han flat as in ehe 
fluah IIOUDC. Fig'..aes . 5-34 and .. S-35. ill~:rac:a -- :ha ... orbi~ ... av•rase 
CNq!'UC of four panels tilted with respec~ to ·tha·.spacecrafe (no top 

_ panel). Figures 5·36 end S-37 1lluae.rac:a :he orbital average ouepue of 
a co.plec:e ~ar~ array ~~figurat:ion. ~e four~panal arrays wieh a 
til: angle of 55 d.ag .... to have c:hc flattest: pover ouepu~ res;:~nse. '!'h. p-ower oueput on m orbital average -basis is about Jv· per sq f: for 
• beta a:~gl• up· to -·80 ''deS and a ~ni.m\:ft of· 2. 55;·· w~en·· t:he fifth pa.nel 
or the · top p~al is .,ac!ded, c:he Oi)tiD:\.3 tilt an~l•- is closer eo 75 deg 
vhich has • tainili\.Da cuepuc of about: 2.4 ~/ftA2." · ··: 

Il th2 aver as• raq·~raci spacecraft paver vu 66Y, the four panel array 
..,ould eonsist: of 26 sq · Zt of~· ··solar._. ·array or foUl" .. panels , .... each 6. S .ft .. 
sq. The five panel ~a:d Yould r3quire 27.5 sq fe of array or five 
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panels (incluciins the top panel) each 5.5. sq- ft. The fiv:e panel 
!iansard is not·quite ·as:: efffcien: ·as-"':: t.'le" four. panel des·ign, .but. the· 
structure would be Smaller producing·. a.:- savings··· in;"":' launch C:OS~
COall'ensating. for the larger number of solar cells. The trad• bee-.reen a 
Mansard and foar element array will ~l~o depend Uf)on· ·c:he· spaceeraf: 
mechanical and:deployment considerations . 

OMNI PATtERN 
··~ . . .. 

The omni pattern· solar array is the combination of two arrays of four 
panel tilted a~ays (excluding th~ shadowing-effect of the· other solar 
arrAys and the satellite). The first array is orientated upward and 
produces the.same.power outputs. The -s-.cond •~ray is orientated ~o 
nadl.r. The 4ldciition of the downward-looking sttt: of solar arrays pro· 
vidas a more uniform power outf)ut ovdr an ex:ended por~ion of the oroic 
during which the upward arrays are beyond 9Q deg .to the Sun.· The down• 
ward ar:ays do not: produce a:-..1ch ouq,ut for~ low· Sun ar.gles because the 
array is ei.ther~bloc~ed·cy eclipse or is facin' the Earth raeher ~an· 
the Swl. Whon the Sun is a~ a high beta angle, the combination produces 
a unifo~ total power oueput independent of the space:raft yaw 
oriencation... Figt.lre 5·38. illu.st:ataa l:he or!)ital av•rage oucpuc of the 
nami array vith. the tilt. ~ngle from· 0· to 55 "deg. the- optimum til: 
angle_ i~ abo~~ .. ~5 c!eg! Th• average ... output is 2. CSY __ per· s~ ft: o~ s~_~ar 
array (cells ·,-on boeh side of panel). · Th.ts_.;,nu=bttr is very close to the 
prev1:,ou.s· estimate of l. 9ll per sq ft .... ··. ·· · 

The advantage of the omni solar· array is uniform tot3l power outpu: 
(excluding ecli~se)'. The fou: panel ar~~ will produce a. sine wave. 
eype of powsr ou~ut and the power ~ontroller will have to be capable 
of ragulating the power oueput for varying power.· The lower panels 
extend tha power ·output cycla beeveen eclipse region and the power 
ou~ut of the \.-pward panels. The oami array has an additional advan
tage of producing about the same pover output as if the spacecraft· were 

_inY.e.rtad. The __ disacr·r.nuge• of __ t;he omm.~p:~y~;hat ~~~e the second 
set of arrays .will increase the pover . output for the same panel ·ar-ea-
and smooth. this pc:nter output, it -·is at·· the cost of u.sing a set of 
arrays ili a. very lov efficiency moda:. Thr system power output per sq 

. ft of solar· array will be 2V .. per sq ft ·rather than 2. 4 and this ·does 
not include blocka!• due to the satellite. 

S.1.2.2· AD.AY.OPTIMIZATION CONCLDSION 

'nte solllr array configuration IIU.S~ be .• -balance of cost and perfor-. 
mance, especially for·the 1Nl~iple spacecraft. The cost of an addi· 
tional battery and more expen.ive·· pover :ontroller is :uch less· than 
the cost of solar arrays anci deployment mechaniszu. The solar array 
cor~igurati~n must also be -symmetrical and muse ~rovide the minimum 
frontal area co reduce spacecraf~ torques due to aerodynamics. The 
four panel Mansard array with ·a tile angle of SS dag· w~.ll p:r~vide this 
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bal~ce. n1a a_rray· s'ize · fo'r-: a . SS\1.. system·, .. _&s~:\zming .a .l2 .. 44 -array 
. C:OnsC .. nC and a· t ~-l· ch.1.rge effi~iency, WO'-Ild ~e.:~'·· ···-·•· 

... ,. ";."" . ~. ; 

·. " . :, SS/(2. SS/1.1) .. -· 23 .. 7 sq: ft · 
.... ,.. 4 -.- • ---. -~. • • • • • 

' . ~ .. : . . . 

~ • I •- ~ . 
- . ~ ~_::;. .. ·.... . .. ~ .. ,;'• ...... ~~- .. . :. ' -., .. - •• '. ~ 4 • .. .. - - ···.p-· ' 

-or each panel would be aboue 6 sq ft (30 in. x 30 in.} 

'nle ocmi array area requirad voulcl be: 

<_;S/(2.05/l_.l)).• 29.5 sq ft 

or each of tha:four.panels.would. be about 
in.) with solar arrays on both. sides.· 

.. 
7.4 sq fe·(32.6 in. x 32.6 

The frontal. area of ehe omni. would. be al:ost twice the' flat. array. The 
weight, deploy=enc mechanism, ancl ck.ubling the- number of solar cells 

· wc.uld drive up the:-: omnt.~· cost.. .. · 
.. 
The final ·c:onclu.sion of the size and shape of the. solar arrays is a 

_ co2promise becween.the mechanJcal confi~ation of. the 3&tellite for 
:dnimuza cost through launch. Tho desi~_-·IINSt consider -t the proj ec:ted 
t!eJZI1)eraturas which :2odify the array constant .,.(_1~ .~/ft .. 2):.:.-7the .size of·, 
the antat:nA .for MsSP, ancl the area· to-~s ·'.: ratio·s for~. the gravity 
grad!.ent boom stabilization. The curves pre~enead in this _analysis c:a.n 
be used in the final. satellite configuration. 

S. l. 3 PO~ SUBSYSTEM AND CONTROLLER ANALYSIS 

•• 

• 

• 

•• 

The power requirements of the MSSP spacecraft were narrowed during· the 
MSSP second ·..rorking gro\ll) team meeting to SSV. (During the e· ird work· • 
1ng group meeting, t!la power level wu. -increased to 7SV. Thi · analysis 
was performed with SSV, but. the conclusions are still ap~~icable.) 

- ·-------'1i1th this i~cir:&tion, die-:- pow~r-··-sU5syst.tm-cotifiguiatlon --c·oula-ba·a-d.;·-------- ·-

.. 

vancad. ·'the design cmmot be. fin~tlizecl, but several areas impacting 
MSS? cost caD be identified. This section vill state th• basic re· 
quiremant.s of any satal'iita power s~system, the MSSP power require•· I 
Mnts, ancl analyze the possible subsystaa C'!asign. 
~~ 

'1rbe three ~~aiD areas of dasign . for the power subsystem are i'Over 
:-cQntroller, battery size, and solar array · configuration. The solar 
:array configuration, discussed in the previous section, is a aaaj or 
driver in the. sela:tion of batt•~ size ana the pover.~cntroller. This 

.!ection will. analy:e the MSSP battery ana power controller. 
. ~-. ~· · .. 

5. 't. 3 .l !ASIC TES!TS OF ~\l!ll SUBSYSTEM DESIGN, 

The following tenets ·are· -the areas of clesign crucial to r.he performance 
and life of the power sabsystem. 
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BATTE!tY SIZE·: The batt:ery size is controlled by the amount of· power 
(current) outiJuteed. by ehe solar. ar::ay ae ;:: maximum ouet'Ut~ minus the 
minimum-load current. required by the -saeellite~ The maxi:num.c\,lrrent, 

· which can be ":COntrolled. by various·, eteans.,:. mus.t:. be ·lless. than:. ·.ehe baeeery:. 
SlJecified charge .. rata.. (C/x) .-... the ba~teries;.must. also; b~-- -large enough·: . 
to SUiJl'lY power.··. for: r.ight SiJacecraft~ operati~n wiehin the.- allowable 
state of bateery·discharge. 

SOLAR. ARRAY SIZE: Tha solar array 
daily orbital average power worst 
pover usage • 

size muse be large er.ough for the 
case to be greater than the daily 

BATTERY FAILURE: Batt:ery failure is strictly a function of :he battery 
ec:pe~ature. If Allow~d to become too ho~ ehe battery will fail. The 
~&teary ther:n.al control will require the satellite surface---finishes to 
allow the satelli_te tq _ ~ cool. The battery charge control will have 

... ·to limit battery ov•rcharge to limit battery heat:ing (battery size). .. .. .... 
BATTmY Un:: The battery life is a function of the de,th of discharge 
that the batt:e~ is repeatedly exposed to and the total number of dis· 

-· •-~·_charg• cycles. An optim:.ma level of dcpeh of discharge is 80 to 90 
\percant. OeptM greater th~ these w~ll g;eat]J_ -~horten the expected 

, batteey life. ·:.. "'-·-- ... ..; -·" ... -~· 
~ . :. 

-~~·.. · . 
. The ciesip c9ncarns to be addressed c.an now be--l~s~ed in order of prio· 

.. rir:y. 

Jr. SATELLITE FOVEa.SUBSYSIEM CONCERNS: 
·- ~ 

~ .__ 1· Satellite Power Required . 
2· Solar Array Power Output Variation ~ieh.Orbit 

. 3· Satellite Load Variation 

•• J.· 

- ..... · 

________ J ... 4-B&ctary Vaighe-And-S.iza __ . 
if S· Sacellita Pow•r Control System 

------------------------·------ __________ ___.._ 

• 

••• 

• 

~: 
~~-----·--· 

The satallite.pover aubaystam concema are, listed above. The first· is 
~-- DL&pitude of the power required for the satellite, antenna,. and 
radio. It also determines the size of the solar arrays. The second 
concern, the solar array power oueput variation, (addressed in Section 
5.1.2) vill require sizing the solar arrays so that t.~e ouq»ut ~s suf· 
ficient to •upl'lY the r.equirad power on an_ orbital. average. The 
satellite power load vari~tion will require that eiehar the satellite 
batteries are large enough to -prevent large overcharge currents, or 
mora costly charga current controls will be-needed. The battery size 
and weight, and the satellite power control system are't.~e two para
meters which ~t be negotiated. The -- battery size and weight, which 
impacts sat:ellite launch cost, DIWit be traded with th,. additional cost 
of an eXi)ensive battery charge control system. 
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5 .1. 3. 2 MSSP~ SAT!I.Un::·R.EQUIRED~.PO\JC:R. .. ~. , .. .... ..:· 

This following:: power levels.,_were .. de fired dur.±ng: the..:::second· -~orking :meet .. ~ ·
lng. Althoustt:;·:h•~~-requirements· changed::.later: .in the seudy·,•. t:he.::.:analysis. 
frCJa. th.a .... ~ •. hld.-working -group. levels.: -:.rill. be. :used. here .. ~ ... These· numbers · 
will not det:e..:: from che fi'nal conclusion of t~e analysis... Sec~ion~-. 
S.l.S ~1£:~ses the-final d•sign conclusions with final power require· 
mencs. 

-- ..... 

5.i.3.3 

iladio 
P:ocessor/antenna 
_Pr~ces~~~~aseband. 

Satellite 
Power 
Thermal 
Ac&OS 
c&ta 

!Arn:aY SIZE 
. . 

Power avg ~at;s 
5 

30 

10 
. -~ . ~ ..... ....l2._ 

55~~:~ .-.. ; ·· . ..,.~_ 

T5'8 sat,ellite battery size is dependent upon_ pOlller control techni~ues. 
~ si:plest ap~r~ach is to use current limi:i~;. where the battery 

·- c:~pacity diviciad by 10 (C/10) is equal to ehe~·paak charge capacity. 
- This appro3ch requires large batter .i.es. rne s-econd <l!=t::"~ach uses a 

power controller to l12it peak charge depdncient upon ehe battery temp·· 
eraeure and sizes ~~6 bat:er;• ~apaciey at C/2. This second approach 

-----·--a-llows-smiJ.ller ·battery capaci r:y. ·· but--causes-other-prob.lems..._cii.s.=us.sed 
later. 

The battery si:ing will be dependent 
and the solar array oueput capaci f:1. 
sys~em, the solar array sizA is 24 sq 
p~els ~iltad SS deg is: ... ' .. 

Ul)nn the accapeabla ch&r!;e raee .. 
From Section 5.1.2.2 with a SSY 
ft.· The peak array OUte'Ut vi th 

24 sq·ft x 12.44ll x coa- SS deJ • 5.12 ·amp 

- - · :- - - ftx2 ·· 33.4V 

The baeteries will firs1: be sized vith a pover·controller so ehat the 
peak charge capaciey can be --C/2.. ·!his controller would limi: the· 
char~• depending upon the battery charge as indicated by the bat~ary 
v~ltage and temperaeure. !ut, the batterY is. sized by ehe max charge 
raea. 
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, 

C/2 .• ,.~-array oueput · • min- loacl 

c;2·- 5.12 amphr ·SSTJ/ 33.4V 
·· ...... -

c .. !o~... . . :. ~ • • ,... - "'''"' ... J , 

The si.=;ler power:.control met.hocl, where· battery current limiting.is 
u.s ad to control .. the ... battery'"···· charge, would· require that. the battery 
capacity oe ~?Cla~ermined by the .. same .aquatign as . the temperature· 
controlled unit~; but wieh .a euximum charge rate of C/10. 

C/10 • (2.1 •·1lll/ftA2 *· 5.45 ft"'2 ·55)ll/ 33.4/V 

or, C - 21.2 amphrs. 

Tha battery is subjected to a trickle charge once a full charge is 
obtained. The siizlplar ... power control approach requires larger batter ... 
ies, which increases weight ancl could increase satellite size. 

The :rade beeveen the ewo ccntroller approaches is cost and weight of 
-t: the additional. batteries vs. cost of · the controller design, fabrica- · 
~ion, ar.d reli~iliey. If the comple~·pover·eontroller is chosen, then 

~ f-"le t'yt)'e o! cone!-oller must be chosen~- .:.~oener;..,pirame'ter affect:!ng· tho - . 
... ~rade is $&tellite lifetime· or b-attery'· depth of discharge. The battery 

-si:a must be ::uffic:ient to allow the depth of discharse of the batter-
.-·.- ~.es to be within. the ~:tired levels. The depth "of discharge will occur 

during the.night·time of the orbit, or--for 32~in of a 96 min orbit (32 
T" of 96 or ·the .. · worst ·ease beta angle must be chosen for this 

calculation). 'nle depth of discharge will be:-·· 

55ll/2!V * 32 min* l hr/60.min • 1.05 amphr 

... --------· For __ a_~. 24 amphr_battery _ _._the _. dapth-of-di.s.c:ha~.·_g._viJ.l._be_LQSj_4--2A--or-
25 perc~nt. Effects of the size of the bactary and the depeh of dis-, 

.. 
·, 

•• 

·-· 

• 

•••• 
~- . 

charge can be •••n in Table 5·2. -

TABLE 2 DEP'I'H OF DISCHAI.CE VERSUS BI.TnllY SIZE 

DEP't'B .. OF DISCHAI.CE (') IArmtY· SIZE R.EQtmU:D (AMPHit) 

5 . 
10 
15-. 
20 ,. 

· 2S· : r ~· .. 
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21 
'10.5 

. - .... ~-···7 . 
5.2 

::;-.. 4.2 
·\ 

~. 
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~ . ·' .... 
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If the depth of discha:ge is required to remain. balov. .. S _~to. ·l.O percene:· 
in order to ex~end t."le: spacecraft life til::ae, the battery size muse be 
expanded to between 11 and. 21 amphr. . .. , .... _ ..... _. 

The. bat:ery size- needed .. to ensur& low depth of discharge and satelli-te· 
lifetime is basically the size needed f~r ~he simple power control. 
Both the ss.tel!ite lifetime: and. controller._ requirements. are met:: by 
using the larger size-- ·bat:tarias. . ·:sec'l-.ue · tha-..b~ttery size comes in-.:.~: 
units of 6 amphr, .-the· opcimuza. bat~ary size would .. be-·24 amphr;; · The 
final sizing of· the ~bactaries. and power controller rill. depend u-pon the: 
fina.l power systea: requiremena. The prelbinary conclusion is tpat 
the. simpl~r power controller with larger longer life batteries is the 
bast choice for the MSSP. It will mean that no networx processing 
capabiliey will be required for ~~· power systeg control. 

s- .1. 4 POtn:R. ST1BSYST~i" TRADES 

As part of the MSSP Phase I study, various. techniques described in this 
secr.ion, were investigated as either new technology or techniques co 
reduce the cost of the MSSP satellites. The MSSP extra. battery storage 
da~cribes the. possible u.a of larger batteries t~ filter the duey cycle 
of ;.-~e transW.tter on/off operation.· The so~ar. array ~r~da describes 
an. ~pproaeh to reduce - the · amcunt oi solar_ ~?-Y by oric~ting the _ 
sat,llite .and yawing-the spacecra£t 180 dag --~very 37· ~ys ·or- -so. The._., 
. lar-ger spacecraft. batt£ry trade analyzed the use. of-·largar batteries to 

#. lover t±a·· required solar arrays. Although the results of these 
~yses were not·positive for the MSSP, the analyses are presented as 
par-1: of the work performed during the MSSP Phaso Istudy and as par1: of 
.~e op•n·minded approach- in solving the MSSP low cost objective. 

'5.1.4.1 MSSP EX'IRA !Al."TEaY STORAG! 

.. 

Tha prelimir.ary analysis o_L_ ~e _ p_!)~er subsys_tem d~~-~ine~_p;ha__; the __________ __ 
-----roveiJt paYer sys-i:em--vu also the lowest cost. . Although this was a 

fairly obviaua conclusion, it is difficult to operL~a on a 40Y power 
subsys~em when the radio requires an average of 8~. A possible solu· 
tion i~ to usa exua bat:tery storage_. 

'2' 

~ra battery. storage would. filter the. variations of system power re-
·quired. The 80V of power will not. be required contiDUOu.~ly but depend 
\ll)On hov active eha MSSP system is.. For -example, if 80\7 is used 
continuou.ly f~r 20 min and then not used for 170 ain, the long term 2-
or~it average power is a~eually lover than !OV. If the non-transmitting 
po¥er required is 30V, the average power would be 3sv·. 'nle differen· 
tial in power (30 to 80ll) for the 20 min could be ll&da-up by using a 
larger battery which filters· the paver requirement fluceuations: a 
battery fil:ar. 
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·T.1a. equaticn--~fo~·th8-~s i.~tng · of""'eh•~,extr&':- b-at: eery: is:-
·· .. ~'-. r. . ' ,: . 

(Peak-.,powe.-r-,sys-teaa:,.,.,..-:-Power)4 ·'··-·•.-,ducy . .,.fac-tor· * ' ~•:i'; 
_:· .,;.....,l.;- .r::J- ~~ 

where: . .:s:-~-:J-:-:t:.~oe~~;:.t;w~-'!""t~ .. c~ ... -....:~o--~~"'d~'l· ..... ~l\_·-"iD.1 • .4'7':•;• .... l'":''~'!··'U";.::..-.::~.)t.Jf'~4.:hl••·v._~~-..... -'-:···~ .. --~;"~·~~: .. :~-.-:t:.~ .• ·•"'t • • ·'"'t~t:--..;:,•oc ...... ~ .. :-·~ 

Peal.;. power: re1uirecl power .during ~ransmi.t: . ~ .. 
'2~foiit'-<.;;:,-:o:::~~="'''"-r<><''"'·•d-r,..,,_.,-""""'-"'•~·- • .• ,.~..-,., .. .:.. ..,,.,.._, ,, ,..,,, __ ,.;:;··i!Jo.--:"' .. ,..,..,_._ ~-~" ~'·-""·"''"·~" ""'"''-v.M""''""'.._~,.._...- ·' ...,.,.,._;. :}l~: . 

System power: 'nominal power· systeaa'~ capabil!'ey <. 

• -...;...<W>;:.~~O.~'~~-:;:~:_.; .... ,~ ... :....:'•'..•~tl'.~,,Yrt'~·~ ,a;~~·~· .. r-r.._.•· ~"'t::'11~.etr-~~'!:...· ·:·:~,_~~- .. .,....._ -r,~~, .... ·;·"f"":..-."""""-.:..r-•~..~,.-..... ~· ...... ~~·. ~~ 

Duey·factor: pe~cent of tr~mit time on two orbit basis 
'1.1_~ .... - ... :.:~::.~;~ ~-;.? ~ .. -, ':,;".,._;: ..... ·~·•;fi>O.•:~.,. .. -. :~ .. ~~ ,.. •.. ,.. ~ · ..... ,. ~..,., ~ • ....,~ .L .. . ""•"-l."{.t_"':•tJ< ... ~~'fl'?~" _ .... _ '• "'~"~:~' ~ ....... ,• ' "· • ~•-'llo • .., ,..._., -''t:: ·.-· ,.- A~.: t E .. _;..,~r;-.:r.•· ~ .. ,::~ .(_. ;• 

Oisc:harge;,capacit:y: allowable depth of battery ~ischarge 
;, •. -..A 4.~ ... :..-~- ~.:..: .. .::.~~.::::1;. .... ;::-.::r-• f, .,... . ... ]to''-?r ·.:-.. ~ , ... , •• ~.-~,.. ... .,,.,_, .. ..._, 

0 

3.2 hours:. -2 orbits ;96 minutes ~»er ·orbie- ··· 
-- -

----· -· .--0!"'1'>'-,lto;:..~"J'""": ~~':t""-C:~~~- tp.• ·"' ..... 

·- .. 
•.. •• ·~o.: .. 

30: systeaavoltage ... 
. :......,....~ ~-

• c 
_ . . ..,:· 

·.··1?·-:._. 
..... 

;i-!'· .. 

~··- .. 
~·.: 

. .~;~· 

~--· .r;,~y 

·':'--·5'--· 
I .:,,·•. ·.;,;.:e...r 

. .. ·.· 

For a 40\1 power syst:am (oroit&l .. average), a JOY non-transmit: power, SOY 
--~transmit power average, ancl a. ZO <·percent duty factor o,.-er ~<~~'o orbits 

~-.~...:(3. 2 hours), the a~itional bat:tery· c&pability with ·a 20 percent depc."l 
'df dt:scharge.would.be: . -. -·_,·' .. · ... ,,·--: ... · __ .·_---:r.-·--<·'··· ·~· ·-:_-· -- ·.·.·:··3~-r~~:~_ 

• - _:';·'!-·•-:-"<>·-= ''~=-~~=--::_,,...,_,•<_: • -:.. ~~ "·-.:· . • ~·~: ;: -::-:.-:.:·; ~ -:::·• .• ·;.~J: ~ • : ··: '":'~~' .: .~:~~; .~:~·~::;:;: ~~-- •<: • ~-:~~iii.:~.:"-.: • .~: • • ~ ~~ ;=r~ :';'':' ~--• ,_..._ 
.' 

· < sc:.4o) * o. 2 --•-· 3 ~ 2 · ·-. 4 .-3· ·ampnr · --~~-··"··· .. -... -. ~-~· .... ~-,-·,·-·"·----~--.~~-- -
- -.--- ~-~"'-'' .. .. . ... 30V * 0.2 docl 

• .·•,~·~ <,;·- ',',.e>.c-~' •···• ,_.-...,R'i ._·• 

·· Fi~e 5-39 shows the requirocl battery size fo_r transmi~ duty factors 
from 0 .l to l vith various de?ths uf discharge: The figure shovs tha.: 

· · ---'for a selected bLttery· size, if the duty-· factor· were ·to increase inter· 
mittently, ~e depth of battary discharge would increase. The depth of 

: discharge is -~egulated to increa.~e the _battery life. However, inter- ·-·~ "· 
--;--mi.ttent- (in ter:zii-cif d.aysr· depthS-of-aischargeas great-a-s--so-p·e-rcene----------

would not greatly. decrease battery life. Therefore, ehe battery fil.~er · 
is a compromise thae:can be stretched ••·naadecl. 

Tha systom IIV.at be able co . recharge .the bat1:ary filter· between. periods, 
i of. high active cluty. This capabili~ is. bala:1cecl when 

(trans11ic. pov&r-~~requirecl·-- ... • .. nontransmit-: power) * ---3.2 * -iuty 
factor 

-.·: .. 
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· :- For· ehe previotU example.!. · 

(40-JO) .. ~* 3:~2. --~o(S0.;.30)-* ).2 * 0.2 .,, ...... _ . ._,. . 
- .. 

· 'nte system is balanced with· a 20 percent duty fac:or·.·· \.11en ·the sys:em 
· operation· is beyond··· 20 ·~-percent;~·. several ··orbits··- will. be required eo 
. rech&rge the batteries . Figure. 5-40 shows. the recharge time,. i:1 
orbits , required vs . -the clucy factor. of a two. orbit. time frame. The 
time required· . .-.. -to . ·recharge is . obviou.ly too -long to . expect the 

·spacecraft t~ be· •out-of the. system". · 
• 1 ~· .. •, ~~~ 

• .. .~ ·- - :·.· --: ... t-. 

A pcs~ible firse cut .. ft)r ·MSSP wouid ·b·e ···.- c.oD;promise of case with inputs 
frllm ocher team: members (radio and antennas). The compromise chosen 

''expands the power· syseem .eo.; .. SOV and u.ses. a 40 percent duty factor .. 
- _FigUres 5-41 and S-42 .. are ploes for this sys_~em .. System parameters-~ 
_ are: 

Syseem power: SOV orbital average 

Required power (non-transmit): 30V 

1. - ·.·-.. 
' 

Transzait pave~ (toe&l:_): aov· ... -. _ .. 
... 

' .... 
~:; 

't • 

,. -~- --.,·~·-·~-- -- ......... . 
Baetary. size (filter included):· 12 amp(hr 

...Transmit duty: 40 percent 

Depth of discharge: 20 ~ercent 

percent 

.. 

~ .. :.~ ·. 

r ..... · 

lOO·percAnt duey factor depth of· discharge (evo orbits): SS 
-------R.echaqe. 100--percant duty--f&c:tor.:-th: ..... e-e_,o-r~b-i .... t .... s~-------- ---·· -------·--------

.' .... 

• 
The important parameter is tbat the relative duty factor will have to 
be defined. 'nli.s factor is a co.st/~erfomance trade that muse be made 

. to l.over satellite cost. A final. conclusion to this trade was noe· 
~btained because . the communication. .system paraneeers such as duey 
factor were not completely defined ciuring Phase I of the MSSP study. 

·.The ttac!e is preaentacl as a possible aiel during Phase II . 

5.1.4.2 SOLA& ARRAY TRADE 

. -the most co&tly subsystem. for tha.spacecraft are. attieude control and 
::pavor. The .power ·subsystem consists of solar arrays, batteries, and a 
~power controller •. ~ .. The solar ·arr~ys coarprise · ·· iO to 85 ·percent .of the 
· c_,st of this subsystell. If .. a · trade ,.·ere u.da. to reduce ehe cost of 
this subsystell, the emphasis muse be placed on reducing the cost of · · 

. solar arrays. · This analysis will discuss c-o~o possible opt~ 
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or leneinJl the ar:ays 11.r.d spacecraft:. t_o ... ,.increase the· array effie !.ency. 
~nci \.sing f~r;er batterit~s co · -ov-.rcoolie-:the -trray •f!!.c!.ency duri:'lg low 
beta anr,les.. The ·s~acecraft and array orient-ation is presented ·o~i :h a 
pos~ible savin;s, but i~ is not . entir.ely· clear thac this opcion should 
ue -!lelec.:ed for :iSSP. The·-. cost of- ·ehe r.equired at~itucie con·trot does
not nagate the- p,ssi.ble array savings for a-~ 75Y .. ··systens .... !he· lar.;er- · 
baetery optic::\· vas _analy:ed and founcl. not. to be advisable for MSSP. 

5. l. 4. 2. l ~lt!\Y ORI~tTATION OET!lL'ti~ES AIUtAY EFFICI!!:CY 

~e solar array· a1~lyzed for ehe MSSP consisted of panels arranged 
ar·~und :he spacecraft such that -:he av .. rage .power was C4i.Xi.mized a: 2. 5~ 
i'•r sq ft on 3n or:,ital. average. This. array config-..1ration is the :nos: 
ef!~cient when ehe MSSP is designed with no yaw scacilizacion. A =~re 
~f!icien: A:ray- configura:ion (mote w~tts· per s~uare foot indepencent 
~f beta a:'lgle) can be obtain•d only if ~~e~sol~r arrays are or:cn:3d 
:e,,~rd ~h• ~un-:·--- This- ·orientation can b11 ac:omp lished in t:"Jo fashion~: 
::201.1n:~ng :."le arrays r:'l a gi!:bal 'thae is pointed at the Sun, or rorati · ..,; 
:..,e spacecraft such that the arrs.y is poin:ed t~ward· the Sun. 11-.e 
!ir3t op:!cn is noe entirely viable because :he gi=bal approach bas 

_ .,_ •cverai negt~t.i·:es m.ain!y co2 e, raliabilit:y. and lifetime of the· 
,:. :.ec~ical system. 

'\ 
1 .: .. ,: . ~~ ~ I 

-~ '!h• se~oncl o~t1on has benefits·, - .but .-also 4eost· -3n'ci per;o~ar.ce ~t:-ades .- · -
!bis option inv~lves rot£t1ng spacecraft. in--• fashion si:ilar to the 

_._ ... 
f. ~tASA/M.SD. !ar~h :tadia:ion !udget Satellite (~S). The. spac_ec:-af~ is 
.. :-otatecl in yaw laO dee every ~7 :lays (for a ·57 deg inclination angle) .. 

:n s~le ter=s, if the spacecraft has four solar panels fAcing for· 
.-} w£.rd, aft, to the righ:, and to the le£~. a_r.d if the Sun were to :he 
--.~ r!&}\:, then the performance of ehe panel facing to ~~e left would cie • 

tr~ct from the efficiency of ehe system. ·Likewise, if the Suri were to 
~.,a left of ~~e sa~ellite, ~~e r~;ht panel veuld detrace from the ef!i· 

___ -~icr.c;y. ~e_ ~ff~:iancy of the .&rrays· could be increased if the sa tal· 
l 

.... 
,i--: 
":<-

~ 

lite ancl panels ••=• -r~:-a-tecl tooriene--tne-p~et:s-tovard-the--Sun--and--- --------~ 
•dalete• ~· panei on the other slde of the spacecraft . 

!•fore fur~er d.escript.ion· of satellite roeaeion, the phenomenon of .. the 
Sun be:a angle should be described. F1gure_S-43 shows~ a spacecraft 
otbie &rnund. ehe ure."l relative eo t.."le S\:.D. If ~"le Ear~ were a ~er
face St'he~e. ehe orbi~ plana would be fixed ~elatiYe eo iner1:ial space 
and ~~e ansle to the S~ would roeate on~•- per year. Kovever, t~e same 
;henc~nan·ehae c~~es the nodal regres~ion of :he satellites for dis· 
persion will ca~e the orbit plane to rotate. The orbit plane rotates 
with r-.srec: _to ehe Sun by ehe raee. · 

. :·"'-- :· 

--~ ------·-- ._ ______ •• -=-:. ___ .._ ------- --·--·-·- --------.-·--· ____ • __ ---.-
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',J .. ~:::· 360 ;~;:i.:i~~~~~~·:::::::::::~~;:.~:~·:~~~;-~q,~.. . . 
w· • ~~. +·· [R /R +h)) I cos At· .. -.. : ..... r::.·..- :=.·<,.,~:,.,,~ .. , ............. ,:> .... -- -.~· ··- .. ··-~ffi"' ·.; 

. 365. e ~ · · · :.:i:·~·:L~~::_~:·;-;~:::=::"j:::.~:~~:~ ... , ........ . 
:1. ,. ~. :- ............. -, .......... - • .-''. 

i.'~~.: Ear~h r.acliu.s: h •· aleitucle; Ai: · orbit~:.ineti;~!?!!...~ngle," ... 
• ... ~·~--~ .. -tiJfiilti.;~""'.l~=-.,_"\..'l::it--',>"1'('., .• 

the angle froia eh• orbie pl.me. eo l:he sun· viil~· b; ·~;£ .,eh•·:·foi:;!"''"" 
.. ., .•• -.~ot~· ~ .... :.:.-~ ·~·;.-~_ .. - ... ••• .... • .... ;o. .,_- ~- "'-'~- •• 

J -, ~3 sin Cl C + At COS' ~C:~~:_;; ;.:::~::~:~:, --=,_-
Twent'y•ehree ciag is c:he obliqui.ey. ~f=·th~ .. ;~·iipti~····ar"eile of the equat:· 
orial pla.ne.,oue of ehe· ecliptic which resules in a seaso~.al oscillation 
(summer/vi:\t~r), ancl Ai . refers. to the inclinaeion.·-- angle .. ,. of.l,._,-,t~e· 
tpacecraft ore!. e. Dividing 180 deg by t.."le orbie· raea .. gives .. approxi· 
mae•ly 37 days for a 57 deg· orbit: (approxi:J&eely _81 days for· 80 deg 
nr~it). For ·e.'1e. rase of chis anal7sis.- 37 clays will. be -discu5secl. I~ 
aruse· be recogni:ecl. e."lae clifferene delays ·:=-will occur·· for. clifferent 
orbi:2. If ·an obserVer were seanc:Ung .. on. ~;:.ehe top· of the .MSSi, the SUn 

• v"uld appear eo be on ehe lefe· and ..... ehen·rise overhead anc:l.con~inue 
~ uneil ie w .. on ehe right:; ie would eben scan frora c:he right back 

overbe&ci eo ehe lefe~ Aceu&lly, every·- time· ehe Sun. pu•es overhaacl i~ 
a is at oppes~e• sides of l:he orbit: (if· a reference mark exiseac:l on ehe 
:."\orbit:). bu.t ·regar.~g ehe solar arrays, it _doe~ noe aaae:er •. 

. . ...._,._ ,. .. _. ~ ... ~. ·'!-::~·.~·i·:~~·-_ 

i ·-The angle ·of .the Sun ou.e of e.~• orbit: plane. or oeta angle wtll~·vary; ass~.-
.•. shown in.Figura 5-44 .. · lbe hori:one&l axis is ·eil:le.in moneh:s: ehe vert· 

; ~cal. axis_ is bee& angle, boeh plus ancl min~. The curve·shows a high· 
• frequency ~ippla, which is·the roeaeion o(~.ete orbit: plane arour.cl t~e 
;: E&rU1 and a lav· frequency :'ii)ple, which is the.-+/· 23 cleg of ehe eclip • 

eic plane. The curve shovn is for a saealliea ae a 2!.5 deg inc:ina· 
t:i.ou. · . . ·:·~ ·~ 

Figura 5-45 shows· ehe power outpue of various solar. peels·. 'nie boe:om 
___ _t_ ___ c;~e_sbovs_ the·· ~Cl'Ul: __ ~f. _a fo~~p~el an..ay__til.t.Lcl~ _ _s_s_ deg. Tbi_s ___ _ 

•• 

.. 
c •• / 

array ouqu.e.s almost: a conseant power ind.epenc:lene of beta angle. ~1\en 
the ber.a angle i.s zero, c:he ouepue i.s redw:ecl because of· the 55 cleg 
tilt. For b 1gb. beta angles, l:he output is- reducecl because only ~-~· 
panel is in clear viav· of ehe Sun. The oc:her c:urves shov dle ouq,ues 
of single panel.s facing toward tha:orbit normal ancl eile~cl down 25, 45, 
55 •. ancl 65 c!ag. -. These array' ou.t:put.s. would. be c;.btainecl only if ehe 
saeallit• coulcl. tum aroun:S ancl ny backwards· every 37. days .. the eu..-n
arouncl would orient ehe array eo the righe ... or .left· c:lepencling on ehe 
an•le of the: Sun. ··--- · "-"""'' ~"' · ·\··"':"··-·""'"-"''·, .... ·.·.c<.··.~ ... _:·. 

CJ .. ~·· ,r ~J:~r-·.-'"'l:o; •. :,.ii"".,_,.-

•·,~~r:; ·i:~~~ ... ...,_;-~:-~·":"~~::,-::·...;.~¢-n~~ ,... :. ..--:- --~ 

The . first it•• to nota fro• tha. one-pane-l curves is.-,;th•\ hiih .. ;·ouq,ue.-:.for 
high beta ·angle. because the total array is on ene. sic!a .. of ehe- saeelliea 
facing ehe Sun;·· The second 1·ee• -is - e.'lat ~ !o·r a eile anele ·of. 25 deg, 
~'l•·rainimua ouepue ae beea equal eo zero is 3.5V per sq ft. This outpu~ 
is 1.4 eimes the. ouepue of ·the· four-panel array (3: S/2-.5). In ·ocher 
words, oy ehe silllple rotaeion of· ehe-saeelliee every 37 c:Uys, the size 

:· : ~- .... .. \--· ~ '. i 
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of the solar 2rrays could be reduced by 30 percent. Since the ar."C"ay
cost is 70- to 85· percent of the power subsystem cost, this would 
reduce the cost of the subsystem by 20· eo 24 percent. 

The problems with ·ehe yaw-around system are:-

o lequired yaw control 

o Required yav~around technique 

o Required con~rol.software 
.... ~ .. 

The required yaw control-refers: to the yaw control capabiliey of the 
spacecraft·. The spacecraft muse be orient~:d toward e.'le right or lef-:_ 
wieh a +/· 20 deg orientation. The yaw control can be this unre· 
strained becau.:Je a+/·. 20 deg variation -will not have much effect-for· 

- t.he low bet:a angles. Also ..,hen the beta angle_-is large the- proj e-::ed · 
_ solar array will be_ red~ced, but the array OUet'Ut _ C~pabilit)' is large. ~ 

Stnee the array would be deployed a..~ci orientE=d such that its long di· 
rection is in c.~e satallita velocicy--· direction, the array •.rould tend-~') 
s~abilize the spacecraft in yav. 

Th' required yaw-around tach.~qu.• refers· to the means of causing the 
-s&~all~:e t:o rota~• 180. dag in yaw avery _37. days.~ .This ·could be 
aceo::f)li.:Jhed by pl*:ing a wheel on the saeelf!:~e. widl-:.its spin 'axis 
oriented ~dir. The wheel vould spin approximately avery 37 days for a 
cej~in r.u:::,er of revolutions (dapendin& upon .. the final satellite 
we1ght and .. ,lo-.hysical characteristics). The wheel would then be shut off 
a~.!" the S'leallite would rest at t.he new yaw pos-ition. The on/off use 
of the 'wheel would greatly extend the wheel's life, and its design 
would be much simpler than t:h&t for an at~itucie control wheel. Rota· 
tio~ of the satellita could ex~end for days because rotation is ~eces· 
sary vh~n the beta. angle n-ars ~•ro ~g impact. Th1~ wheel should also 
cost much less ~ an atti~•1e control wheal. If the wheel cost $50K 

··-·-------and the--may savings vera- 22 pe-rcent--of a $400K-pove.r-s~seam~the. _________ _ 
satellite could save $40K. 

Tvo other option. exist for yav•around: 

o V1th a pit~ wheel 

o V1th a magnet 

!ich of these opti~a. provide• a viable approach for yaw-around .. Hov· 
aV.r, more analysis i~ necessary to· define the amount of neework 
procasaor control necessary to produce the procedure. The pitch wheel 
cost would be the $30K di~c~sed for at~ieude -control. The. magnet 
would sL=ply be a wound electromagnet ~~at should cost approxim~~Pty 
$100. The on/off spin wheel cost is therefore in the middle. 
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The yaw-around sofeware refers co che added capability· required of the 
ne~~ork processor. which wou1d.be required to time. :he approximately 37 

. days ~eeween rocation5 and then command.and.cou~:.che wheel rotations. 
Figure S -46 shows the. array output as shown in Figure. S -45 vs .. days (Ai 
- 57 deg and. the SUo%'. ar che equator) with tl:.e beca angle in 10 dog . 
steps. The beta an&l• would increase to ·57.-deg ma.X·

4 ·or· 18-. S days> The 
•err's• on Figure .S-46 refer to the .. fact that the Sun angle is limited 
t~ 57 de g. t.."'hen the eccentricity of the Ear~. orbit is ir.cluded, _ the; 
nu:b.er of days becween rotations will vary;· but-as seen in. Fi~.1re 5-46. 
the allowable •rror·is in terms of days, not·hours. 

A sida benefit of the yaw-around is the satellite thermal concern. 
Since a particular side of the spacecraft is al·~ays fac!.ntt: the Sun, :he 
other side will be facing cold· space. This. will allo-., better· control 
~f the spacec::aft. thermal surfaces. This. fa~tor· would ease the ~esign 
of thermal surfac•s ~~at radiate -heat from. the. hot components oft~ 
sAtalli ta, such as· the power amplifier. . -If._. louvers are ·used on· ·the· 
spacec:-aft, they would be ·placed facing out the cold side ofthe 
spacecraft. The solar panels would have a defined cold and hot side. 

-- - · Conclusion .• • '1 

-.;.,(: < _: ........ ·-:Jc - ' . < • < 

~ .• Table 5-3 pres1nti ·the· ··possible benefit,~i~- hetii~et~·o£ the ... •y·aw··. 
· ~- around • technique. As stated previously,' this~ technique is _presented 

as a trade for the MSSP. It : has been used on a large spacecraf: • ..,i th 
., larger solar ~ays, ·and -~· cost savings was,considerably greater . 
...., The MSSP savings will not be as great and muse-be traded with. the other 
·· spacecraft operation considerations. A clear-cut decision regarding 

~~e viability of ehis. approach for HSSP caruiot be made until both the 
amctmt and final cost of attitude cot:ttrol ·are determined. However·, it 
does not appear ehat the savings ·is sufficient to warrant additional 

•4 

desi~ .. cost~ .. ·--~ .. ---- ... ________ _ 
5.1.4.2.2 LARG~ SPACECRAFT BATTERIES 

This trade imlves the· u.s•·· of larger spacecraft batteries with. the 
yav• arotmcl approach d.iscussecl in Section 5 .1. 4 ~ 2 .1 to reduce the size 
of the solar arrays~ If lar&er .baetaries vera used ancl ~~·batteries~ 
were allowed to discharge to 60 percent depeb of discharge during the 
periods of the bet&• angle' close to Azaro· dag,'ehen.the solar. arrays •' 
could be designed for a higher output in watts per square foot. Since 
the cost of batteries (commercial type) is less than t.~e cost of solar 
arrays, a total system cost savings might be gained. This trade proved 
not to be feasible. However, since the. tracla, .vas;. analyzed,; and. since 
other parameters in the future might allow this trade to be possible, 
it is presented. 
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* AR.~Y EFFIC:~CY· -

more v~.tts/sq ft 

'* D£.1:"!~ THEi.'iAL INT!XFACES 
cold side for thar.=al dissipatio~ 

* YAY CON"IROL 
solar array o~iented to help y~~-

* SMAU..ER. SOLAll AD.AY 
louver launch cost 

-- \ 
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-~.- !. 

•· ABBAY DEPLOYML'fr:·. -
cocplicated deplo~ent· 
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* ROTATION DEVICE ... · 
Wheel needed to rotate 

* YAY CONTROL 
proce•~or needed to 
·ti=e yaw·al"ound 
+/~ 20 deg 

* SPACECRAFT YAY 
_ L:pa~t on communication 
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The solar array ·output presented .. in· Figura S·~S- showed., that the· array 
oucput increased with .larger beta_" angles ... Also, 'as. shown -i~ f.~gur_e· 5-
46, the amount· of tim£. spent·: at·~·-the: low beta angles is relatively sma-ll __ 
because of the sine fun'!:ion .. of . the. beta angle. variat;ion. ~ _I_f .larger 
Sateeries were. used. and. the. · depth of · discharge of the baeteries ~as· 
a1.lowed to increase during ":low~ .. beta .. angle.,. the array could be designed .. 
with a snaller si:a~ for.~ .. the~:~- larger output rate. 'nle periodic large 
depth of discharge of the batteries could aceually help condition the 
batteries and vou!d.noc greacly degrade battery liiatime. The batter· 
ies would go through. a large· dapch cycle rata once- every -37 days- for. a 
57 cleg inclination,,. or· about .50 .. cycles in five 7ears. As'" a baseline for 
a trade disc~sion,· it is assumed thae the spacecraft power needed is 
75Y with· SO percene conver~or efficiency and. a faceor of 1.2 for 
array jbae:ery charge efficiency. Or, ehe .. array power needed is: 

1. 
*"1.2 - 112'-1 

0.8 

, Figu.:a 5-47 shows solar array cost. vs.. arr~y ouqJue wich an assumed 
. ~rray cost of $7K per. square foot. _These numbers will vary wieh the 
fi~l satellite design and. production cost varia_tiOtl-J, but. che shape of 
the· c:~ and ehe ~elusions should be valid.::_ A\,$ol~nown in Figure :s. 
47 is the rata. of c_ost change ·. vs •. ·array ouepue~ ~··ne item to note 1~ 
tha1: e."la impact of power ourput change from 2. 5- to 3. SY per sq ft :=.s 
locacad jll-'C aoout at the lcnee of the curve. Increasing the ou~ut to 
4q~ight be an improvement. but. increases beyond 4q .will not produce 
great: savings. --_ · · 

_Using ehe da~a from F1gur3 S-46, a ll2V array. and a bat~ery depth of 
discharge of 60 percene, the bat~ery si:e necessary to replace the 
power from the solar arrays can be calculated by integrating the da~a 

• 

'' ,.- •• ,. ,,.._~ .• , ,.-,. ,.,._ ·A • 

·. I ....... ,. ... •_- .• -· 

• 
.. 

• 

•• 

• 
---------in .. Figur.a __ S-46. Figure 5-_4,8 _sho~~ __ ~.__ ·ba~~!Y ~~ze needed vs. solar 

ariay ouepuc for a yav-arouncl sys~em with t~lt angl8s~·zs~ -an·a-·J·s · -·------·----·-----

~: ... 

~~·. ·. ' 

c!eg. Tha 25 clag tilt, for array oucput of lass· than 4. SY per sq fe, 
require3 ehe least bactery complemene. However, the battery size for 
evan a 4W/ft ... 2 ouepue ia large: 33 · ~/hr. Thia .. gn1euc1a of baetary · 
~ld·produce bo~ battery and vaight.increaaa costa thae would exceed 
~ savinp of tha solar arrays. 

Concl\Uion 

The arr&.y savings ~ill be outweighed by eha cost of tha bae~eries and 
therefore is not a viable t:ade. 
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5.1.5 PCTJU SU!SYSTE!i CCJNCLUSION 

The power subsyseem. is t:he main cost: driver f~r- the· .saeellite. bus. for
·'ehe hSSP. This point was seressed: throughout: the-.Phase. I study.· !he .. 
~in cost: for eha power subsyscem was · shown· -to. be· the. solar array in 

~=t:arms of both base cost . and additi'!»nal. cost: fo~. launch. The finai 
··power ~equirement for. Che MSSP wa~ concluded to · be · -7 Stl. \Ji th this 
·power level the final parametet'~ ~: the power subsyst:e:n are: 

.. 
'iio.i·<··· 

..... : .. 

Power level 

Array type 

Array size 

Dept:h o f--discha:-g• 

Battery si:e 

Power cont:roller 

75V ·.-. 

f~ur-panel Mar.sard; 55 deg til: 

8 .1 sq ·fe 

5 percent: 

36 amphr 

Current limiting 

siveral eechniques to limit the ·size of the solar array ~ar~·analyze~ 
to reduce the saee1.liea· system cost. The ~.t\s:Fcf sotar _arraf design, 
wtrich maxi:li:ed the array confiauration for· p~wer oueyuc~ was •1ery 
~lneficial. Trad&s of battery size and saeellite orieneation for·re
dilced sol&r array si:e ·.rere analyzed, but: did net prc'iuce c·ost savings. 
HCwever, these trades may be considared again-if the requirements of 
the MSSP mission cause future chang~s in duty factor or a:eitudg 
control. 

- The cost of power for a 7STJ MSSP sae-el'lite is about $3K per watt for · 

& 

---------~-e p~we~ sub~ysters collli'onents. St%\lcture, test, and design cost •.Jill 
:;aise ehis value to-about: $5K·. w1'ien 1-aunch-of-the-power-subsy-s-tec-is. ---- . 
also considftred, t:he total cost of power would be about $7Y. per watt . 

• 
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5.2 SAT!LL!~! AT!!~~~£ CONTROL 

'r.'le satellite attitude contt:ol su~sys:e!1l lllUSt provide a stable platform 
co :- -.-chieve ~ommunication ··.which is:. che· main·~·· mission , requi:-emenc. 
Se~ction of the ~t~itude ·u·· control subsy~t:ell . des.ign . is -~i~.roc:a!. in ~ 
n~ar of tr1deoff £t:u:lias with c-c.,er subsyscams (.such as al.t&.4&a, 
powtrr, th•r.:.al, and · orbi.t cVtt:ermir.ation) in .. establi~hing the cost 
eff·c~ivenes£ of the. overall mission- desi~. Previou. MSSP sy~cam 
scuclies by ES!. (Technical Me2crar.d1.A No. ~L·'nfl632, ·15 June 1983) have 
found gravity gradient seabilizaticn systems to be most cost eff•c:ive. 
There are, however, a vida ~~ieey of g:aviey· gradient systems 
a·ta!lAblt=. 'n:a studias ,r~sent:ad in t:."lis section help to quantify :he 
cost and perfor.:ancs of the vario~ g:-avt~r gradient st:abilizac:ion 
s~•stams. 

·-S.2.l GaA"li!Y Gi"..ADl~ POL'r!l~G ER..T:tOR SO~CES 

'nle Sasit: gravit:;• grad:~en: s:tstem consi£ts of & passive d~ing device 
~d an ~xcendabl~ bo~m chae is ~~ed eo separata ~~o end ~sses. !he 
sepa~ation of the end casses ~JPically produces transverse-to· 
long!cuc.irul in•r-:ia :-a:io~ in the range of 10 to 100. This resc.lts in 
gravi!ty gradieue torques thae re~tore t:.~a· longitudinal axis. toward the 
local_var~ical. . The ~.ic ·system does not provic!e~r .. res1:raint about~ 
the l~ngi~..uiinal axis so thae yaw is ur,controllecl ... --- · 

3oom~si;n technology developed rapidly during the· 1960s ir. L~ effort 
. t:o mmi:Uze ther.ul bending ef~eccs.. Thenaal bendir,g '!G.n result in 
1nseabi!i~ies that degrade pointing performance. !his was pa:~icularly 
~pparen~ ~n the &arly systems when long booms (20m or more) were used. 
Tha-- ~SP design should r.oc be s~ject to thermally induced 
instabilities s!nce a shor~ (10M or less) rigid boGm is planned co be 
used. 

the ~ing device is required to damp · out roll and pitch· libratien .. 
!he s~last pas~ive damper (hystere~is rods) consist~ of a triad of 
orthogonal 3agnac:icslly permeable ·rods. ~oeation of the triad in the 

- !&rl:h' s :aagnatic fielcl produces hysteresis losses. A masnetic ball 
noacin& inside of a ccnclu:ting sphere is the ocher comz:aonly used 
damplar (eddy currant c:Samper). ·The magnet follows the Ear~h' s field .. 
The Tot:ation of ehs · spherical shell, with res~ect to the ma;net, 
produces eddy current ~oases in the conducting material. 

The eddy cu:rent d&aper gives better performan~• than· the hysteresis 
bars·~ but is 12ore· exp•n.siv•. B~th eypes of dampers produce disturbance 
torques on the spacecraft due to the changing. directions of the 
magnetic field in ~~· orbi:al reference frame as ~~· ~pacecraft goes 
•~ound in orbit. !he disturbances vary inversely with the damping time 
c~ns:znt. A ~ical value for the eddy currene ~er 1~ one degree of 
di~~~~ar.ce wieh a or.e day timM constant. 

-151-

• 

••••• 

.. 

• 

• 

• 

• 

• 

• 



2·~·~~---;-
~-. 

... 

•• 

.. ~ .· c i; ~ .. : ·. . ""- : ~:-. 
c '=: ~- ~:. ~ ~ :x:. : !' "l: . ~·-:.. - c .:,.:. < -

A. vic!• variety of· <"ther ·d.ampini ·mechanism's ha~e been: proposed. Some of 
:~•~~ vera buile and· ftowr. · on- ·early gravity···g:-adient: satellites .. One .. 
d.l!ll'er· that: flev on·· ·fcur APL: satellit~s· . in the. early l96Qs was :!'le 
lossy sp.-ir.·& be tveen :he ::end~ of -·the~ b~_o01l :-and:~· the :ip 111ass .~" The:· ti:e ·. ---~ ·· 
varyi:tg cent:-ipe:al :force, rea.ulting f:oaa tibration, cat.Ued th4. t.i? · 
zaa•• to move itt and O\.t:, therebv absorbil"~ ':he libration energy_ in .the· 
mechanic.&l h~sr.aresis of· t:he ~··spring. '111• ·.lossy _spring was u.seQ in 
co~juncr!on vi~; ~yst~resis :ods·~ . Th•· use . of the lossy spring was 
disC'on:inu•d afeer :-eal·izing th£r. thev- rods used alone w•re effe:t:ive. 
All of :he o~~er. ~ampers. •xcept hyseeresis rods and ~ddy curren~ 
c:!.amper,, have also heen .discontinued and are not: coaraaerc:iall7 avail· 
able. 

Sost graviey g:-adi~nt sys:e~ are designe4 to op~rate in r.early 
circular _,r~i·ts. 'the time ·varying C'rbital -rate in an elliptic orbit 
tends ::o pump ·librati-on in· t:he -orbit plane. The- orb!.tal eccen:rici~J 
(•) pr..Jd•.tces a· once per ·orbit sir,u.s~id&l pitch oscillation wi:~ an 
&ml)lieude of .. 

2• 
I • ----

('RAD) h (!x • Iz) 
v ere ay - -----.-----

~1. . . . ·. ~ .: ~·. __. ~ 

For a t:y;~ical sravi:y gradient s-.tellite, . .,__the. ~cll.--(-Ix) .·and pitch (!y)_ · 
inert:ias a:s appr.oximately equal and at· lea~t one· order cf. =agnicude 

. ,: '-: .... :~ ·:.z. ~-

\;•:.'.·::; 

7 . : .. 

- g:eater e..'an t~.s yaw { Iz) 1nert:1a . y-1. The eccentric!.ey of. -MSSl'. ·•'!.1:. 

• 

· ... 

• 

~e less e.~, O.COl5 .to keep a reasor~ble altitude_variacion be~Jean 
satellites. !his results ~n a pitch ampli~4e_of less than 0.1 d~g. 

Two potential diseur~ances to the at:itude~ ~f a graviey ~radienc· 
stabilized spacecraft can be minimized by careful configur~:ion 

control. Bo~ ehe. aerodynamic drag and· solar radiation pressure 
torques are st:cngly dependent: upon configurati~n. · The following ·'~ 
das-1-gn goals-are gi-v..en- to __ help llinilliz.e_ .. _ _:he_e_ff_e_~-~---_Q_L th~~~- ___ ..:_ ______ -. -_.;:·~---_ 
diseu~b~ces: l) The· reGU!red boom lange.~ is mini=!.:ed by equally · 
_di"tidi~g the ~s of tha spac:acra.ft: be~een the e-"o ends. 2) The area· 
t:o•m&a$ r&tio~ of the evo end5 should oe tha·sam~ to mini=ize aerodyna· 
mic dis t:u.rbanc• torq...wa. 3) 'nl•. encl .. II&Sses should oe . of a convex 
cylin~ically :~eric design ~liminating variations in torq~e as a 
functio~, of yaw. •eeituda. t.) n1e surface proper1:1es of the ~..ro ends 
should be si.Ailar. :o minilaize. · solar.. torque. · '111•·· ic!aal confi~ation, 
fr~m an at1:1eude cont:Ql viewpoint:, voul~ con.ist of two identical 
spheres &S end masses. 

BI.SO hu exami~ed a. m.u::aber of clifferene spacecraft configurations with 
~eak solc.r radiation and aerod~ic tor.ques -:e 625 lea altitude ranging 
!ro:. 5 x 10· 1 Nza. t~ S x -=10· .. 6 Nm.,.. . nasa are of:en the. dominant 
d!s~rbarce torques for configurations at the high end of this range. 
aesiaual ~gneeis~ i~ us~lly the do2inant disturbance for :he 
ca~efully configured spacecraf~ at the low end. 
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The aerodynamic torque decreases with aemoapharic densi~J at higher 
altitudes, b\.:.t.· i: will s~ill be significant. , at .. 625. km. altitude ... The. 
:i:e~ vari~cions of the cUseurb~nce~ torques may. 'lead co resonances. The 
ziaximu:a aer:ld)"':\amic torqce variation will be ~ due to the diurnal bulge · 
j.n t:.'le at::OS?here Caused by-~· csolar~ heating.:- K.axi.=.uzl density OCC~rs at·. 
<!bout :.4:00 hr. ancl minizlwa clarwit:y at' . 3:00 hr ~local solar- time. The 
torc;u.s vill appear primarily U~··· & biased sinusoid &t the orbit rata 
about the o'rui:-nor.aal. This torque· can causa~ -pitch oscillations at 
orbit ra:as :ha.t ue several .. degrees in~· amplit:wia -inc .. low. altitude 
orbits. However. ~is torque is not the main concern. Smaller.t~rques 

may produce un.ch .l.a1:ger. attieu:ie respons&s if . they appear at. the 
resonant f:-equencias. /3wo in pitch or 2wo. in.roll. Wo·is the crbital 
f:equency or 2Pi/p~ri~d or approxi=ately 2Pi/96 minutes. 

.. ~. . . . 

~e pi:ch aerodynamic torque is a function. of the yav.attieune for 
.co_ne .. ve cc-.nfigurations .. T.1a deployed· solar arrays shadow each other 
~and t.he :u.in body· .by_ . ui{{er~nt a.mount:s when vievec;l ~rom different: yaw ~ 
&agles. ~. aa~odyn.mic r.orc;ue in free molecular flow depends directly 
on t:he ar~a projected int:o ~. wi~d. Consaquent:ly, tha pitch torque 
will es~illate &6 the =pacecraft rocates in ya~. Tha critical yaw 
roe.ae.:.on rJ.ta is 3/4 vo for a t;yl)ical configurat:~on vit:h 4 deployed 
-~ays. Thi~ yav rata pr~duces a pitch disturbance t:orqua £t the 
r~or~: frequancy _in piech. !ha· propensiey of the sa:ellita :o 
ui~t.&i:i t...~a c~:i~i-..L yaw rate (about: 0.0266·-:··deg/sec·-· fo.r MSSP) is ~-. 
de~e~cent ~?on the coniigurat:ion. · Some confi~at:ions result in almost 
n~ yaw torque. Others, vieh cant:ed arrays, have y•v torques that: varJ 
V\~~ pitch attitude. G•~erali:at:ions on this potential pitch resonance 
sq-ould be avoided since it is so strongly dependa.nt·ut)on the details of 
t..."ie configurat:ion. 

__ ~olt is also subjeetad t~ a naturally occurring forcing function at 
rasonan~ frequency~ Solar. radiat:i~n pressure has·a co~onent at the 
seca.,d ha~nic o!. or~ital frequancy for eclipsing or~its. The 

--------amplituda- of the- . second- -harmonic · rol-1--t:o-rqu•-is-a--f\mctiol'l--4-f--ehe ...... ---· 
locat:ion ,,f the. &$Cenciing ncda vith raspect to the sun line. 
Ccnse~nt:ly, ~~e duration of the maximua resonance conditions depends 
~~on inclinat:ion ~gle. which det:arsines the nodal regression rate. 
J.M. •:h!~nant and O.K. ~d refer to a 9 dag libration amplitude being 
prad:rU:ed by th1• res:mar..ca in an engineering note ·on pages 743· 744 of 
~· June 1~68 Journal of Spacecraft, Vol. S, No. 6. P~esumably, the 
second haaonic ol-an. aeroc!ynaaic torque in··yav could C:Out»l• into roll 
throug:.'\ the yav rata. 

I~ should be observed ~~at one of the ~rlncipal reasons for adding a 
con.s:&nt Sf'eed.pitc!t wheel to a gravicy·gradiant•st~ilized·spacecraft 
is to break up t...~e re~onanc~s described above. The wheal provides yaw 
restr~int. This prevent:s a conseant speed yav rotat:ion that may 
prod~ce pitch ciseurbar.ce torques·at the pitch axis naeural frequency. 
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The wheel also changes the.:~- riatur.al .... frequency in~-. .-::. roll ~ so.-.,;.·thac. :he 
naturally occurring· second har.:aonic:. discurbances will noc. be in 
resonance·. .!e-.is a coa:m~nly held... miaconcepcion·:.:that~ a ~heel is added 
only to iCl)rove yaw pointing. Significant improvement in pitch and .. roll 
ca:1-- be achieved· by ::he addition of a whee i. Pitch and.-roll amp·li tudes ·. 
can be li=i:ed to che order of one degree for a carefully confieure~ 
design that includes a pitch wheel, such as GEOSAT·A launched in :tarch 
1985. -.. ·- .. ' ·:'i: 

The folluving· table gives the documented pointing perfor:ance.of four 
ba•ic: gra•.·i:y gradient systems. The ~ta for --QSCAR.-14 and. GEOS. II· is 
actual flight data a.s presented by O.K. ··Anand in the Journal of the 
!rit:ish Inte~lanetary- Sociecy, Vol:.. 26, pages 641·661, 1973. The 
~~SIT SA fligh: data is from a ?aper by F. ~obley and R. Fisehell at 
the S~rosi~ on Passive Gravicy Gradien: Stabilization which-was 
published in SASA SP 107, 1966. The more recent GEOSAT flight data is 
given in J. Hc.."'t:' s p&per AAS 86-052 which was presented at the 1986 AAS 
·t;uid.ance and Cont::ol Conference. .. 

. ,.;. 

..... 
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}· 
TABU: 5·4 

PEIU.OR!iA:~CE OF. BASIC· GRAVITY. GRAJ)IE.'lt. SYSTEMS 

Spacec~af: Poincing 
3oom 

· Semi·M&jor. ··. Eccancr~cicy. . Tip 

3a· 
CSCAa-14 Roll 10 dag 
30.5 

P1ech30 dag· 

~~SIT SA Roll 6 dag· 
30.5 

Pitch. 6 deg 

··Axis. 

1.169 lta 0.004 

1.117 R.e 0~003 

- CtOS·II 
8._6 

Ver-e~c:al--7 d-1-g · l. 208 Ra · 0. 032 

CZOSAT 
'6 
-t 

R.oll 1 cS.g 

Pitch l cieg 
~ 

0.003 

· !iass .. 

Hysteresis 1.3 kg 

Bars 

Hysteresis l. 8" kg 

Bars and 
Lossy spring 

- Eddy 

Current 

Eddy 

3. 2 kg & 

45 kg 

:-~.· 

----- -·-·-----·-·---------·· .. _. _____ ··-
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Table 5·5 is copied directly from Anand!·~s~paper, ment!.onecl .. previ.ously. 
It. shows the· percentage of time. ·that the boom ax5~s of GEOS II ·.ras 
within a specified.i&ng.le of. :nadir. 'nlese. ent~ies are based upon 434 .. 
data points taken: during cwo · separate· c:ime.·· inc:ervals •.. 

TA!U-.5 • S .. . .. .. · .: ·· -:;. :;: ~ 
QUA.~ITATIVE FLIGHT PERFORMANCE OF~GEOS~II 

: ..... i. 

Nu:her.·-:-of ... ... Frequency :Cumulative· 
vert d&u.~.points* ··- '·-~~-; frequency, ' ,_¥ ...... : 

0 cleg-1 cleg .. 7 1:6 ·1."6 
1 deg-2 deg 62 14.3 15.9 
2 dag·l deg 130 30.0 45.9 
3 deg•4 deg 140 32~:3 -78.2 
4 deg-5 deg 78 18.0 96~2 

5 deg-6 deg 11. .. 3.2 99.4 
6 deg-7 deg 3 0.7 100.0 

*Data points recorded at .. one·minute 
·255, 

inte~·als nn days 135.;138, 254 and 
1968 . 

~-·_,..·_ 

.. ! ~; ' 

i .:·<"~~-~ ..... }~-~~-- ... "~-~#:':_ 

.. ) 

. ·- ~ 

. . . .. 
. - ........ "1"~·<¥ .;. ~-./1!·'·~ 

• _ ... 1.,.. ·.> 

.,.. . ··- •-... 

... 

.. · :'r -:: 

--~-------------· 

-----·· 
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CRA VITY CRA.D tENT· StJBSYS'I~ . COS'l. ESTL'iA'IES '_ . - -. ·... ~ . 
...... ·~ '- ... . ...... 

. : ~ ,: :; 

!he: coc:~l eosc:- of., c:he: ac.eic:ude. sc:ab·ilization .. subsystem .-includes. 
hardware and launch cosc:, cosc: of-providing electrical. power on-orbit., 
pl.us design. integration, and test costs. !he last three ltems-.·depend 
up_on c:.~e specific design c:onfigurac:ion selecc:ed &ncLmust· be priced on a 
cue by case basis.~ A first approxi=&tion. _·of. cost can·be made .. on. the. 
basis of hardware, laun~~. and power costs of generic components of 
gravity gradient stal;,ilization syset~ms. Table S-6 gives the eseimaeed. 
si:e, mASS, power, and. cost. of .. various components for gravity,.. gradient 
subili:aeion of MS~P class s~acecraft. The cose.figure includes c:he 
~sti=ac:ed prica from the vendor plus $3;4 K/kg for launch cost plus 
$5.0 K/\1 for.on-ot:bit power;; 

The certa!.ney of t.he cost~- numbers in this cable varies greatly. In 
genttral, the costs have been adjuseed by the _potential vendors to 

__ ~a£lec:t purchases·of seve~~l hUndred units in 1990 dollars. The co3t 
notable exception to chis -is the eddy current- damper where the 
po;•ntial.vendor cnuld only quote a single unit price. Th~ other 
significant exceptions are the hysteresis bars &.."'ld~ torque rods. It·- is 
anticipated that che extreme simplicity of these elements will permit 
dr~tic re~eion.s in. the vendor prices for these co!Dl)onents. If this 
aas~tion is incorrect, then the price of a ~orque_ rod ~~uld be as 
mueb as $3CK more t.Ur. that shown in the cable~ - __ ,_ . .,..,.... --- ~-

~ote ~~at the attieude dete~ination equi,mene has been included in the 
eab+e for the :taka of coz:pleteness. Attitude sensor telecetry will be 
desired during the prototype demonstration flights to verify pointing 
perfor:ance. No attieuda sensors are planned for the operational phase 
·of the program. 

Four different configurations of ADCS compo~ents for a gravity 
gradient-stabilized spacecraft are given in Table 5·7. The cost 

-------mmbers-fo't" each- · system· de-s-ign-· are-· summed--from--the-component -coS-ts
given in Table S-6. Consequently, the system cost r.umber2 given in 
Tabla IV include launch ' and pover cost but do not include desi~, 
ineegration, and test. .: The pointing · performance entries are derived 
from d~gital simulation results presented in the next section. The 
four entries under performance are deviation from the local vertical, 
rail,. pitch, and yaw, respectively. The deviation of the boom axis of 
the· satellite from the local vertical is aPl'roximate.ly the square root 
of. the sum of the squares of roll and pitch. For small angles, roll is 
the angle about the velociey vector, pitch is the angle about the 
orbit-normal, and yav is the angle about th6 local vertical. It should 
be.emphuized that pointing performance depends upon the satellite mass 
distribu~ion, boom length, and environmental torques. These particular 
results are for the specific parameter values described in the 
following section. 
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TABLE 5 • 6 .. ·· . .-·~ · .- ., '? -,· 
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• 

ADCS COMPONEYr. CHARACTniSTICS 

COMPONE.~ SIZE . 

Bi·Sr:em Booaa 11c::a x 11cm x 1Sc:m 

Hysearesis 
sec:eion.s 
Bars 
•~1ar 

0. 6cm c:11ameeer· 

4.4 Tot&l Langen 

.;!ddy Cunene 13c:::a tigh 
-c:=· sec 
_D~er 
Constant 

Constant 

S_p~ed '-1leel 
- ·\ . 

Sc:anwheel 

·€~ 

's·ci...-nrheel 
~lec:tronics 

. _ Torquerod 

15c::a diamt.ter 

M"uneing Flange 

1Sc::a.cliamecer 

lOc::a lengdl 
... .. , --

'l7c::l diameter 
18c::a leng-=h 

l5c2 x lSc::a x 7.Scm 

2.1c::a di&meter 
56c:a lengeh 

MASS POYER COST CO~~S 

1.0 kg 43K <20·:Extanded 

1.0 kg SK. · 8 ·55 em. 

embedded +n 

anays 

3.0 kg 140 K 70,000 Dyne· 

Damping 

2.5 kg 8.0~ 125 K 1.0 Nms 

1 . 6 kg 2 • STJ __ • Included with 
Scanwheel 

0. 9 kg 0. 7\1 lOK 30Am2 

~-, . 

------·-· -~c.w-Sensor ll.Sc:a-diametar 
2Sc:m lengdl 

---- 3--ks---JY---_ .. 75X-4.~_x __ 4~ _ F.O_Y-____ . _________ ·---------·~·-·-

.. 

..... 

4:2· 

t~.~- -~-- . 

M:~etometer 7c:m x 7cm x llc::a 

:U91atomater l4c:m x 14c:a x Scm 
El~ctronics 

··~- -------··---·--·---... --·------------- .... 

0.4 kg l.4V SlK 3-axis sensor 

o.s kg 
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TABLE 5· 7 • ADCS SYSTEM DESIGN COMPARISON ..... ,.;.._ 

CO!lFIGt'RATION .PEllF.OR!iA..~CE MASS POYER COS!* 

A) 

B) 

C) 

· · '_'":>~~(Deg-) 

Local Vertical, 
7 ~11, Pitch, Yav 

Booa, Hystaresi• -.. , ·.19.4, 17.8, 7.8, 
Bars 180.0 

.;_:~, ..... t-;. ;._ ·-:- ·'"~'~ ' 

Boca, Eddy 5.3, 4.5, 2.8, 
Cunent Damper 180'.0 

Boom, Hysteresis. 2.3, 1.0, 2.0, 

2'kg 

4 kg 

4.5 kg 
- ~ars, Const&nt 2.5 

D) 

Speed l.~eel -:-e Boom, Eddy 1.8, 0.2, 1.8, 6.5 kg 
Current Dazli'er, 0.4 
~ns e&nc Speed 
l.~eel 

j;.". 

~sc inc~udes ·;:.. barcbrare, . ..-l~unch, 

.. 

·-------- --------------
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5.2.3 SL~IION RES~TS 

!ASD has developed a digital computer simulation ·of . the.a::itu:!e 
dynam~es of an ~SP class graviey gradient-stabilized spacecraft. This 
-simulation has .. been used extensively for preli::1ina:y design and 
performane3· prediction. In. gen.aral, the· simulatad res~lts· correspond·· 
closely with the· wealth .. of c:!ata on gravity gradient .. s:-·stems that· has· 
bean published in conference ·papers;· journal. articles .. and technical. 
reports over· the last. 25. ·years. 'n\e. ~jority __ of··:·: -:.~is dat.ll is. of 
interest only to detail design· engineers·· and .. will_ not be recounted 
here·. Instead, four specific simulation runs will. be presented that 
support the pointing performance predie:ions that were made in the 
preceding section. 

. .. 

The orbit ~ed. in these . four eases was a circular orbi~ a.: 600 lcm 
altitude with an inclination of 80 deg. ·The· magnetic field moc•!l used 
-i~ t.'le si.mula.tio-:1 was th.l ·tenth. order Sl)herica.l harmoni·c· ex?ansion • 
gtven in the 1985 ICBF r!odel. 'n\e at:=ospherie density.model included a 
diurnal bulge 2 x lo-13 kg/aa2. Tha peak-aerodynamic torttues resuj,cing 
from the diurnal bulge vera 7.4 x !o·6 Nm and occurred once per orbit. 
Iha ascending node of the orbit ar~ time of year vera seleeted·to 
pravide an orbit vieh 25 percent eclipse .. ti:la .1. Thi• resul~ed. in solar 
torqlie componenu that: were nearly·· sinu.so'iaa~tf...,-i-t:~h:··anci of1-;.off st.ep ~ 
sh_.;»ed in roll. n.is phasing was delibera-tely selected to m.uimize the 
cabtant of the second harmonic .of orbit rata in-the roll diseurbance 
forque. The amplitudes of the· pitch sins wave and.roll step solar 
t~·rques was ·(\.6 x ·1o·6· Nua; Note that tha.~~ndit:ions given above 
represent a wo~st case combination of environmental disturbances. 

The simulated spacecraft had roll, pitch, and yaw mo~ents of iner~ia of 
~· Ix,• Iy- 198.8 k~2 and Iz - 17.3 k~2. For aerodynamic and solar 

radiation pressure torques calculations, the spacecraft was modeled as 

-: - ·JO - ~ -:. .. :;!'·.-

' •; .... ";::" J'~~--..,..·-·~---
~.n .... ·~ .... l.Qro~ .... _! 
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• :th ............ . 
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tvo •!!d b~dies sep_ar~ted ~y-~ boom -~;__neglig~!_e_ area. 'n\.a ~~'!~r body ___ ·----~· 
----~.had a cross sactional area of. 1M2 displaced ! em from the center of -----

;·4- -~· . --····· ~ . 
~--··--

~s of the syst•m. The. up~er body had a cross sectional area of 
0. 02m2 .and vas di.sl)laced 7. 3M by the .. boom from the~ system's aaals 
'•nter. In all- four wtmulated cases, a residual mag.netic dipole of 
O.lAa2 (100 Pole-em) along the bona axis vaa -included. -

Figu:e 5·49 corres-pcmda to confi~uaticm A . !n :-: Table 5~ 7 which is ehe 
l~ut expansive gravit:' gradient stabilization systaaa. The. hysteresis 
bar damper in this configuracion consists of.thre~ orthogor~l rods of 
AEM 4750: each rod is 0. 75aa long and 2.Smza. in diu:o~ter.. nts saturation 
magnetization of the rods is Is - 10·6 Tesla.· ~.primary disturbance 
to the pitch and roll attituc:le- is due to the induced magneeisaa· in the 
rods. This disturbance. varies considerably during the course of • day 
aa the Earth's magn .. tic poles rotate in and out of the orbit plane. 
Yaw is unrestrained and rotates through ~~irteen revolutions in ~Jenty· 
four hours at an average rate of slightly less than one revolution p~r 
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orb!.e. The ~ximwa·deviaeion of the· boom axis froaa.the local. vertical 
is 1~.4 deg. Z: should be noted thae this large error is_due t.o a 
~orst case see of environD'ental eorques. and thae .. design. opti:nizac:ion 
ma~ rosule in app·:-eciably beeeer pointing performance. · ~-~=· .. ~ .. -: 

Figura 5-SO corres?ond.s. to configuraeion a i:t Table tv··which uses ·an 
edciy current da.=pc r in i) lace of the hysteresis bars. The eddy· current·· · 
cta.mt:er si=ulaeed in chis case hu a .damping const·ane of Kd-o. 0014 Nms· 
(14,000 Dyne-c:a-sec).. The pitch ancl roll errors are greatly reduced. 
fro11 the preceding case.· resulting in a ma.ximwi poineing error· from~ 
ver~ical of only 5.3 deg. The yaw attieude is still uncons:rained; 
however ths average yaw raee is nov reduced to approximately one 
revolution per lay. Once again noee thae some pointing perfor=ance 
improvement is possible by opeimizing the system pa~ame~ers.-

Figure 5-51 corresl'onds to configuration C in ... Table 5:.7. This 
con£igur1tion ~es the same hy~teresis bars as configuration A and adds -
a small constant speed piech vhe•l. The simulaeed angular momentum of 

_the wheel is 0.25 Naa. The adc!ition of the wheel has coupled che roll 
ancl yaw moeion vieh a nutation frequency. of approximately 5.2-~o. 
tJitho~t th~t wheel, the roll. libration freque~cy was 2wo .. vhich was in 
reson.a'nce with ~"te secon.cl harmonic of .¢• ~is~.b~~--tC?rqua~ ~~L ... 

F~e 5-52 corresponds eo configuration D ·in. Table 5-7. This 
corifi~u:aeion ~es the. s.'Uie eddy . current damper as configuration B and 
ad4s a 0 .. 25 Nms p!.tch wheel. · The pointing performance in roll and yaw 
is ::app.:-oxi::&tely five times more accurate than for configuration C. 
g-ovever, the pointing performance in pt"tch is only slighely bee~er. 
Consequen~ly, the 24Xi=um deviation from the vertical is not 
significanely better for the momentum bias system with the eddy current 
damper than it is for the ·mo2eneum bias system vieb the. hysteresis 

------b-ars·.·. ----·-··- . 

·:· . . 

5.2.4 CONCil1SION 

The purpose of the· analysis of the satellite attitude eonerol system 
vu to establish the perfonaance capability ancl the· syste11 cost. The 
performance of a graviey graclient syste11 can be enhanced vieb the 
addition of varioua components. The performance is obeaine~ in 
di•crate steps with increues in weight ancl cost. 

The coarp\6ter simulations have shown that ~e· pointing errors with a 
vorse•case e~ronment can be as. large. as 19 de& with ~controlled yaw 
or as small as 2 deg with less than O.S deg yaw control. The important 
factor to be traded is the cost tradas of at~itucle control vs. pointing 
compensaeion via ~· spacecraft antenna. 

Analysis by the Phase I ancennA team m-.mhers has shown that the ant!nna 
and nec-.rork processor can compensaee for ehe at:ieude error (Secei·on 
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S.S) .c. relatively low cosc.s. !he final working ;rour -mee.ting· 
_ esci::aa:as for che. ~ayload • radio and anter.na ~~s $lOOK. to. S200K. .. 

··- ; • •. . :· :.... : l' 

.. ... . .,..<t .... · .. 

The antenr•s can:coczpensace· for che u.r1coneroiled.ya~ .. by thei: requir .. •e 
·- •=i=~th scan ~apabi~icy ;· n.e· anc•nna designs presenc.ed use th'! 

elevacion scan capability. of 't~e crosslink ancenna ;o provide c:o:;-;..ete 
_ u-p/do~ lirtit cover•g• and reduce t."le si:e of che up/down ancenna. and 

therefore, the ... di.a=ater of • ·:he spacr ·:raft~ These b·3nefies • cosc, 
per!or=anc• &nd ~i:e • direc~ th•. conc.:.u.sion tha-c .ehe at .. cieude contr.ol .. 
s:rstem be a ~raviey gradienc. boom vich- a eddy cur:.ent da:per .. 
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A ncr.:al. =>:.: .tcec:ra!~ cen:%:!and and te :e.Jet=:: s~bsys :em 'fs necessar:t :o 
recor.f!.gure :!1e spc.c~craf: .tnd ga:her i~Zorna:i:n on the s:.a:us o£ .. :~e 
.. ?acec :-aft. Hoveve r·. t!:~. Mssp· s?ac.!craf: · i' ·-not, typical .. · :!'le 
s;:acec:-ct.f: payload fs :he ar.:enna. -: .Jdin. and r.e :-.1ork· i)rocesso·r. ~e. 
pay: :~ad ;; ro,,.ides t~e · satell!. :e c.oa:=..; ~-!.cation. ~os t coac:aands . or . 
:ele:et:y 1~..:.· ~r.ut!.on .is resonant ~i :hin the nee-.tor~ processor. Ac:Ual 
s;:ace-::-.1:=: recon.fig\lrat:!.on coacanC.S were not: id~r.tif!ed during. the 
~A!'e I .!'~.Jd)' bu: ·,· if' needed, could be s~ly provi~ed via an interface 
vi :."1 t~e r.'! :vurit processor. . ·spacecraft: tele:=e t:y which is :nainly 
~e~l:.~ ~oni:ori~g of :~a spacecraft: and payload can be proviaed also 
~:a an interface vi~~ :~a r.e~•ork processor. 

:·- lfec~aft :a l~::e try, -:1ainiY eonce r:"":ed ~i :h ~.rol tages a·nd teope ratures. 
:~~~e~e~sa~ to :=or.i:or t~e s;·s:ea ar.d analyze spacecraft failures. 
~-.~level 'l; telemetry will be dependent upon the state of spacecraft 
-cevelor:ent. ~rin~ the breadboard and prot:O~fPe phases, ~ore 
c.e!.:e~et::y will be :equi1.·.ed th3n flight modal spacecraft. 

- .,_ 
s,·.J,e~al fac:o:s, such .as t..~e magnitude of the teleme_cry; _i2.:reasing .:.~e 
~~·r of char~els ~~ be =onito~ed, &n~ grc~~~ st:at:iori capabilities, 
-~:l !~crease ehe cost of ~~e system. The ~;pe of eelemet:rj eo be 
=.crfto~ed wi_ll · also af!ac t :~e :o5t. '!'e:pera:ure data ":o~i th 
c.;,ti!:i.tioning circui:s ( :o de·.relop voltage for. ___ t:he ther.nist:ors) and 
a~alog/digit:al conver~ors are the most eX?ensive, analC'g data (vol:ar,e 
·or :u' power :noni:ors) requiring ar:.al:>g/digi:al convfl!rters are second . 

. _ar.d serial digital and bilevel or l/0 t::"".Jt:h dat.£ are leas: e:<?ensi·,e. 
re:peraeure. voltage. ~r.d si~at tevels are g~r.eralty :ore i~or-=an: 
for tro·.l.bleshooti~g t:.~an bilevel d.a:a. 

!able 5·8 is a preli=inary tele=etry data list: and dependent on 
acceptance by radio and anter~a rersonnel. 

~ore telemetry char~e:s ~ay be desired but li=ic~r.g ~~e nu=ber to 40 or 
320 bits (8 bit •nalogs) ~ou!d er.~~le ~t:~ res~ric:ion to one mess3ge 
packet from ~~·- sat:elli te. Another adva.n~age !s ehat: no changes would 
be.requ!red·be~.teen·~~· br~a~oard, proto~~·· and :llg~t =odels when 
tes~!ng in tee t~•~~l vac:u~ cha:~er1 is d~ne. 

The fir.al t&mou~t of t:ele:atry will depend •.1pon vhat: is needed, in 
ad~ition to perfor:ar.ce and health tele:et~'· by ehe radio a~d ant~nr:.a. 
Th~ ADACS subsyst:e2 has a celecetry listing for roll. pitch, and.ya~ 
at:~ieuda senso: t:ele:e:ry which is only ~e~ded on =~e breadboard ar.d 
protoey'Pe uni :s which have se!Uors to •.terify t~e a:~i :".J~e control. 
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Anter.r.a 
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Power. 
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TABLE. 5.-8 .. · 
. PRELI.~INAllY TtU.'iEn.Y. LIST -~ 

Ba~tery current 
Bac:~ery · ee ll. balance.: · 
Batteryvol~ge 

.solar array current 
. . R.ttgulator voltages·.·· 

Battery temperacure 
Solar array tempera~~ras· 
Heaters 

Ther.ul. . (in s~systeaa.s) 

S ;::-w:~a (in subsys cem.s) 

s.~~ork.processor temper~eur· 

~~rwork ref bi:s(?) 
~·~~rk proc:~ssor inj~~ti~n 

·soc~ ·position 
.. w1le4l'- !;peed 

'."heel Power 
t.."heel Tea:perature 
Roll Atti~..1de 
Pitch Attit-..1de 
Yav At~i~da 

Analog ... 
• • .... 
• • 
• • 
• • 

4 bilevels 

Analog 
8 !ilevels 

:.Ana~og 

·Analog . ·• . .. 
.. .. 

.. .. 

.. .. 

.. .. 

·~:: ~ ·: -"';. ~-~ .. 

- '" . ~ ..... ~ 

·.·.~~ '!' • 

-.:'• :-~ ~· 

.. 

_ U?l~o~ contro_l_l_a_r_s _______________ S_.bilevels 
----- ·------. -------------

Te=Peraeure ~or.itor 
hc:iio AGC 
!F power ~onitor 
PA cur=ent monitor 
PA. t•=P•raeure 
c~ci!l~tor temp~raeure 

Ante:-.na te~era:-..1r• 

A.~:snna reference bits 

-168· 

Alulog 
.. .. . .. 

.. . . .. 
• • 

3 Analogs 
S Bitevels 
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!he spacecraft telemetry· is gathered by an · interface ~ox. within :he 
S?acec:rafc stored. in the nee-Jork processor _ me::o.r;. . . The. process for 
reading perfor::a-'lce data such as the radio AGC which is onl:t •.ralid a:. 
c:e:-~a!.n ti:zes will have :o be , deteained. The analog data ~ill be 
converted into an 8-~!.t. 0 to 5 volt by a 0 to 511 count analog-:o·· 
digi:al cnn•.rer:ar. The telemet:-y can be t:.ken by the i:.c.r~.ac:e ac .1 

relatively slow race &rici scored into· the:- net-..rork processor memory. 
t."'hen a determination has. been made that the health of a ~t-acecraft is 
of concern, the ground station can call the·net:Work processor which 

· sends data sc,..recl vi·ehin the processor memory simulating traffic data. 

~e-nee-Jork processor could a1so ~rocess the telemetry data. The 
health data in t!1e spacecraft will have nominal levels for all of the 
~ta c:hanrels verified during the breadboard testing phase. Thereforo. 
l!.::i:s +/· will exist for the nominal levels for the perfor.nance and 
~1l~vel data and df.finitely- exist for the voltage· and temperature 
(heilth) data. These data ranges could be stored in the nee-,.,~rk 
professor :e~ory and :hen verified by the nee-Jork processor that all 
data.:-ead is within stored nominal liQits. A health bit lor 0 stating 
~~a:: a!.l checked parameters are within predeteained li.=its could then 
be l;l.Serted in t..'le overhead of any message. from the satellite. 

-~-- ...-. . ~ .; ..z--:- ·: __ ::...:....- . .• - ~-, . 

:'he for:at: for· adding :.infor::l&tion to ~h• overhead.. such as health data, 
vill"have to be dettr::ined; however, inc:»rpf)rating such a for.u.t: would 
g=eatly eliminate the amoune of g=ound staeion· support: needed to 
:a!..'1E1.in. t:.'-1~ sy~em c:eaeing a larg'l_ control -~_ose . savin& and more 
aut:o~~=ous system. ·· 

5. 3. 2 . S?ACEOAFT CC~'IDS 

Coac:aands external -~o tha network prc•:""essor are not envisioned .. Upl!.n~s 
______ t_!L;he ·~~•craft s\:c-_h as ep~emeris ~~~..!._;_~~---~~·L~~--~~-q~~st for 

spLcecraft seaeus would be ha:tdled i:tternal t~ the nee-..rork processo_r. __ _ 
Any external commands would require an exeernal 1nterfa~e with 
telemecry for confir=ation and would .degrade system au~ono:y. If 
requi~ed. by the radio or antenna, the coa=and funceion could be 
41Ccomplishecl by t..'la netvnrk processor and an 1ntar.face t:ircuie which 
would ir1va latching·typ• relays. 
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5.4 S?ACEC~\FT CARRIER. CONFICL1tATION 
· ... _ This •nalysis was. performed as . a means of generAting an approach: eo 

.deploy the satellites at ehe desired altitude and identifying any cos: 
dri .... ·ers which would ir.xpact: t:he: satellite desi&n.. ·The primar:-1 
conclusion is that as ehe satellite size inc.reases: the number of 
satellites per launch decreases and the. total system cost increases. 

·' 5 .4.1 Sl'}.CECAAF'r CARRIEll CONFICL~TION 

The canier provides the· means for launching a group of MSSP spa~ecraft 
on a single struc:ure, ehereby eliminating the need for in~ividual. 
propulsion syste~ on each spacecraft. The Orbiter Maneuvering-Vehicle· 

· (C!iV) places e.'"le loaded carrier in the proper orbit. The,Q:-N .then 
-reeurns the ecpey carrier to the orbiter to be reflown-at a later ti~e. 
_Launch costs are reduced by flying as many spacecraft as practical .. on a 
carrier eo =ini=ize 'Cbe number overall of. flights·n•eded to place ehe & 

syste:l on orbi:. 

Various cor.fig".lrations were considered to err· to optimize e.'le packing 
-.. density capabiliey of e.'le carrier. The best configuration uses a 
hexago~l·shaped str~ture rae.'ler than square. If,. however, :he hex 
struc:ure shows by· analysis to be: marginal·-· -ip,_ capabiliey or ·eco. 
difficult :o p:ope:ly :anufa~ture to ctha ~equired tolerance, then the 

.. ~uare·based concept will. hav~ to be reconsidered.· 

i.ach of the fi•te ·:--.:.:r!ars shown in Figures 5·53 -~hrough 5·57 occupy-the· 
same amount of cargo b'y length and are all fabricated W.ing five·inch 

~ squa:r:e alu:ninu::a tubing. Concepts 1 through ·4 can carry 13, 16, ·17 and 
~ _l9 spacecrafc each, respectively. '!though the 17·hole carrie= ~ould 

be e.'"la obvious choice, loads analysis may again dictate one of the 
'smaller versions • concept 2 or 1 • be •aed, as their structures ecploy 

-----·--better-load paths --e."lroughout -the. pri.maq.J.truc...-ure ·----___::._;;_:_~--
-----·.·-------··-----~ 

The most efficient carrier, the 19·hole hex struceure and spacecraft 
were in~tia1ly selected as the spacecraft carrier configuration 
base.line. However, since a 28-inch antenna became a possibility, a new· 
carrier vas configured and ia :shown in Figure 5-57. · ·- ·-

Launch costs per Sl'&cec.raft are increased as the maher· of~·-spacec·raft 
per carrier are decreased. 'l'he .impact that ~nte_nna diameter has on··· 
launch cost as •. result of carrier volume being consumed by the· larger 
antenna follows: 

Antenna Diameter Spa~ecraft per. Carrier· 

18 in. 24 
24 in. 19 
28 Ln 12 

-~ 1_70-
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J:STIMATEO CONFIGURATION TO ACCOMMODATE 
S/C WITH 28 in. dia. ANTENNA 
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Figure 5-57 Configuradon to Accommodate SIC with 28 in. diameter Antenna 
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aftcl.:.S-59 ·present t:hre• -~.point:. CUrieS,. based .. -- upon··t:heL:&nalysis. of .t;he"·_., ..,..,..,...,_ .. ,.,. 
three possible spacecraft diameters. .· •. 
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Fi9ure 5-58 Power Cutout Versus Outer ~eLTilt Angle 
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S.s·· RADIO/A.'f!~~A- INTEltFACES 
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!he.: analyses of che spacecrafe ineerfaces wieh the radio .. and a:rietsnna
su==arized in chis, seceion were conducted to eseablish aneenna si~e • 
aneenna shape, ac:ieude-:c~nerol v~ .. aneer.na poinein! ··and the concern· of 
ope,...t~.eion of the -antenna· and· -:radio . ae.-.:,.. high.· _power~(lOC~) in 'Space.-. 
These analyses were performed-- easier . in._; ehe.:. Pt.as• ·I s:udy. effort: eo 
idcncify concerns. The analyses provided in~ues. for a saealliee 
serawman which w:1:s·presenced ac.ehe.early working·group~meeeings. ~any 

of ehe erade considaracic;,ns were modified · or - · ehe:- perfor:Dance and 
ineerfaces of e.'le radio and aneenr.a ., were refined- by chose .eeam.members 
i%1 ehe lae:er seages. of ehe Phase I s_eudy . 

. ~ antenna poineing/aJ:eieude c;o-nerol _analyses idene~fi_ed ar~ .ineerface 
problem which was .resolved by elevaeion scan capability i~ the cross 
link aneannas. The anal~lses of ehe possible aneenna-·size- and· sha~e. 
enabled a discussion wieh.ehe aneenYU~ eeam members and:an early star-: 
on eh_e configuration analysis . of the spacecrafe -solar .arrays. The 

~ · analyses of the - raciio/aneenna .. high . power operation demons:rated the 
capabiliey of the spacecrafe eo operaee with RF peak power averaging 
an~ ideneified ~eher· concerns of high RF power operaeion. 

5 -~-1 . A.~A POINII.~G ERROPS. ANI). Al'TI~"DE CONTROL-.. 
~- .. . . 

The,objeceive of this seceion- is. eo -identify---:ehe· aneenna poinei~g 
errors . and the resultane aneemuw .. poineir1g loss. M .. ehe error
p-arameeers are defined, a. cost eradeoff of.aneenna pointing loss vs . 

. . at~ieude conerol can be eseablished. 

!ased on aneenna ·~erience from other s~acecroft, ~e have eseablished 
---1~.10---requkements for--· saeelli-ee - aneenna-poi-neing-;-----1-}--se.a..ea-.po.inting

errors and 2) show aneenna gain, loss vs. •rror. The_ lase reGuiremP.ne, 
less vs. •~or, will daeer.mine the ~act of the aeeieuds.control. 

~;. 

j1:. 
~ ... 
i 
~~- ~ 
.t'\. 
~:.-- .... 
~, .... 
., 

Errors.associated vi.eh pointing the. antenr~ have been determined.as the· 
following: 1. antenna .. mechanical error, 2 •. antemia;pointing error 
.3. pointing calculation . error, . 4 • ._, at:it'.Jc1a control enor, 
spacecraft move .. !1t. the.-. errors can. be ~defined .. ;~follows: . -'-l -,~ 

l) 'nle aneenna 11echanical . error is_ the_. physical. 6.-lignment of ehe ·. 
antenna eo ehe sp~cecraft ateituc!e zero. . Ihe v&lue +/· 1 deg vas· 
chosen because ~~--\~an,,_ be.". obtained. vi thou: costly·:~ clignmene 
procedures. 

. ' 
I ~;! ··- ,:·:~~: •. : . ' 

2) · The aneenna poin1;ing; ~r;~-~ is.,._ -ehe real_"aneenna,poincing error or 
ehe design capability of the antenna alone-.· 

3) 
._... .· ·,·. 

·The aneenna poineing ~alculaeion error is ehe· error· of",ehe: digieal 
processor to deeermine where co poin~ ~he antenna beam . 
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4) . n&e &e~itude: conerol. error~· is ·. ehe saeelliee plaefurm' s a~iliev· eo : . · · . · _ 
_}.'correcely orie_n~_a:_e~.r:;he:.aneenna~.· ·::; :~:,~.r"'-:.. -.:·lil·':.~}·--..:?::..:::.;. · ;].::..:;_;.:;;-:::i'..:;i,~ ~ -..._::. :~ ;~ -~,-:.:z--a-rl:t:n.f 

~) The spac:ecrafe =~~~~.~~~ ~;~-~r !s ;.dependene· u;~~-~-,~~:.: up~l~: c~::~--~~:: ~ .-, .·;. ~ ·;-::.u~ 
:~_ c.'le. &neenna, poineing ;~~error:···( espeei&lly :·,a ~- s eeppt~tci: .. ·· beaar) ; I:':! i:S~;:.:;; ,. ,_·:~ 
esseneially che ·.grandulariey·-of ·the.·aneer.na beam:-posieions .. : ·· ·· ·"'·· -~ .- .. _,_.{,_. 

:::i.~-i~·:····.,~.~-.~~- . · .... ~"_:.:·.::.: ···,h~ · ... -:.. 

The errors do not. ad4·· to-:-··a·J·;.,,'Orse·- case .. '·····-A---~.~realistic·meehod.of·· 

calcal.aein~ the eotal .. error: is~eo~calcul•ta the' root·of che sc.m·of the 
errors squarecl. 'nle -pointing error ec;uacion can· be W""L"itten:·-

.. 2 2 
le SQRf .. (~_t.l· +_ :.(~2) 

:::·. •-..11 

2 
+ (#o4) } '. 

' ,., :· :;_. ' 

~ith ~areful fabricaeion .and. design· the· zu.gnitudes .of ·che mechanical, 
t:."te real antenna poincing error, and. the c&lculacion ·error ~hould be 
&bout l deg each. Therefere, 'the err.ors which are· che main concern for· 
_th•-~tenna and spacecraft are· the attitude control errors and the 
anea~ grandulariey -err11rs·. , 

.. ; --1' 

The· affect of an· antenna pointing error is to raduc•L the C:om"Jlunication 
~ys~em ant:enna gain. This •~or loss vtll increase-for· higher· gain 
~ten.~ wich narrower beamvidehs. Assuming a 60 perce~e efficient 
aneena& vi~ a parabolic .. radiation beam shape, F~e 5·60 shows th& 
max~. sy.tam gain vs. the poineing error. For higher _antenna gains 
•.1i:Q na~ov'!r beamviclchs. t.'lan those shown in· .. Figefre 5·60, the final 
sy~;em gain with pointing losses will actually be lower~ Figure 5·61 
shows the system gain loss (d3) vs .. poineing en-ors from 6 to 16 de g. 
Sine• the MSSP antennas. will have gains. of 18 to 20 dB the pointing 

-------~or .. ::us-:-be lass- c'lan.,..6 cleg--.-------

-

The two i=por~anc erades for ehe· MSSP are t:he ae~itude conerol and ehe 
antenna granaulariey to obtain systa. pointing errors less chan 6 deg. 

-The ante~ grandal4riey is the cal)abiliey of·. the, antenna .co poinc a 
beam in a par~icular. direction. The:· MSSP aneenna is an electrically 
steered or svitchsd ant•=-· rather tbazLa -c:banic&l.ly sveepecl antenna. 
the antatma l:ill therefore point . in::.- stepped. 1ncreMnts .- The pointing 
loss vill be the v•lleys baeveea the beam steps as shown in Figure S· 

.. 

62. the. clepeh of the:~:~vaLiays vill. be.~...:.-.:c!ependene upon the ·-·number~ of::~·.: :tt~-· 
sta~a which are depencian: upca the . physical.· sua of the antenna.- The ·· 
atei:wio control. error .. .,.,_is ~ .. :dapenc:!ent ·upon: the·k'' complic£tion- of the·· · ::;..:;,., .... 

.• • .. ,• ;....._ ,j...r-

ac:titucla cont:rol systea. For the simple gravity graaient boom, the , .... -· ·· 
attitude control voulcl . be · .mconerollecl in yaw (azimuth) and nadir· 
prJinting (roll ancl piech). within .10. :··:deg (3 sigma). If~-. 11011entum·bias 
vneel is added, the attit:ucle woulcl be . controlled .-: in'yaw,ancl nadir· 
p,inting (roll and pitch) within 2 deg. Thus, the capability of the 
~t~ituda. pointing is also. granclular·.-- .:·--:: ,~ ,.,,,·t-::1 •· .~. ,. .. ,_.~:;?'?";: ',~·,-<~·.:~.:;;;:).,...:~. :·'" -oJ·~~"-!._~~"' - .··:·>'-:: :';'_£:i' 
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!n::addition· co the. trade. of' antenna. grandularicy and·. attitude. concrol' 
is the possibili.ty of .using· elevation scanning. of the antenna and 
processing·. ca'Pability of the. ne~.rork. proces·sor. Analysis by ehe or:her· 
team.members determined chat: the. network. processor could determine :he· 
yaw·, .. roll,.. and· . pi~ch· orientation of ·.·the, incoming RF· signals. The 
scanning, .. elevacion·.- and azimuch capal:ility of the~. ancenna could :hen 
be:.used co .. compensate· for·~-· t:ha ·'· at.citude ... errors less· chan ·10. deg (3 
sipa)~ roll,. pitch,. and 360 c!eg,-yav. 

Yit'l t:he ancenna .. scanning collq)en.:aacing for·ateitude conl..:ol errors, the 
error~ ... e·C:i\iat:J.Oft: ,can,. be:> rewri Ctan:. . "'1:'l>A""-',.... ... Y· .J ~ ~ .• L~~:\~hic~ :·"~"""'"j'.JJ;r:~ . 

~ .. ~:-ur;. ..... .l ..... ·-L. - -·· ..... ~ 
' ·~ 

~- 2 ,. 2. 2 2 
· sQR.""~l'--( •rr + < •2 > + (•lY:r., .. :+:--(•5) ,. 

~ ::-:'t. 
!he. error due.· to attitude concrol (~) is eliminated. Since the e.rrors 
or:har than r:he .. ancenna grandularicy are approximately l deg each, the 
e:1u.1t!.on •Jould be: 

... 

Table 5-9 shows ehe system pointing error with antenna scanning to 
ccmpen3ate for attitude ~rror. The antenna grand~laricy is the angle 
be~Jeen individual stepped beams.. The cable;. shows that: when the 
a.r.tenna grandularity i.s g:=aacer than 2 deg, the ~.error will be driven b'y 
the g~andulari~J. 
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The conclus-ion of this analysis is that communication system pointing 
errors IIUSt be -less than 6 deg for. an .. :::z·antenna gain of 18 to 20 dB (60 
percent efficiency). The main error concerns are spacecraft attic:ude 
error and. antenna~ ~-grandulari-ey:~" < ·However·-.>·· analysis· ·by:..~ other team_ · 
members has show·t.ha~ t~e .attitude~ erro~-- can.be compensac:edby the 
elevation anCl.;'"a7i.JP'it-h·•caiming· ·of. the ·antenna-.·, :·The·rafore·,-· ~he. main 
error co_ncern- is ::the. antenna scanning· grandulari.ey· or· beam step size •. 

The calculations of e·:ror/loss were. performed assuming 60 percent 
ant•nna efficiency. If ·the antenna efficiency is less than·60 percent 
anc:Lnarrower be&IIIVidt.h3. · are.. used to obtain. the· requi:ted gain, the 
impact of ·dle pointing·err'lr will.inereasa~ 

3.5.2 ANTE:tNA SIZE 

The follo~ing analysis vas. performed early in the. Phase II study to 
obtain an estimate of the size of the MSS antenn&. ':he ._ize. impacts 
c:he required attieude. control and the antenna· pointing as shown in 
Section S .1. ·Also, oy· estimating the ·size of the· antenna, the analy•is 
of the spacecraft configurati~n and· possible solar array configuration 
could proceed. 

To create."& parametric pt·esentation of the antenna size co determine· 
spacecraft s iza, ~.ro assumpt!otU vera made: .. 

: ..• 1. ~e ·antenna is mounted on a cylinder r and the ant3nna arrays ar·e 
switc~ed in seg=ents around it. The grandularity of the switching 
around the cyl~nder was assumed to be l/4 . 

. ·-~ 
.i· 

2. ~ an inc~easingly wider antenna i~ used, a phase error occurs 
(Figure 5·63) due to the displacement _of. the end elemenc:s off a 
flat plane. If the antenna were a multifaceted surface racher 
than cylindrical, similar considera~io~ vou!d have to be made. 
The maximum displacement vas as~umed to be l/4. 

• • • ... <. : ~ 

.l~ 

.. ·.·· 

·_-:~~ . 

• !)t-• 

• 

.. 
..... 

....... 

. _:::·.t~~~~, 
·-··:~ 

••• 1.1..'",:· .. 

'iaving astablished these assumptions, the equation for-:-the-numoei·-··of ___ -------.--
antenna beam steps vs. the antenna rad1u. is shown in Figure 5-64. 

•. 
Figure 5·65 shows the antenna seep angle or the number of degrees per. 
st•p of the antenna beaaa vs. ant:enna radius-. 'nle proJected antenna 
array length ~canna radiua is demonDtrated in. Figure 5·66. 

Because of the· allowable phase error ·of l/4- at 
~~- projected 'antenna, the antenna JdB. beamvidth will 

the edge of the 
be broader than a 
of the clas:~ical classical uniform array. However, with the use 

extJression 
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Figure 5-63 Antenna Phase Error 
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A. /4 ANGLE STEPP1NG OF AN"TCNNA POIN'TlNG I.&.. ANTENNA POINTlNG CAN BE 
ST'EERED AROUND TO POINT TO CIFFEnEHT SPAaa:tAFT lN A/4 STePS 
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an .. approximacion of che:·ancenna baamwidch vs .. the·. antenna radius can: be 
obtained ~~d:.is. s~own. ~n Figure -S-67. · .,,.c: .. ·. 

~.~.'. 
.._ .. ·· .. 

~oced on Figure-s ·s-6S and~·:·:_5·-o7 ---'are,· i:h·a .a~cenna··-dimensions· .. of·l.S~. 24 .. .". 
·~-~and- 28 in.; for: ch .. : .. fr.~tt_l:!.~.r.~!~9_H~:.!;..;.;.Th~L .. ~P..t;~~)•,..,siz.e_~~sWDed..--for;;. the."· 
=spacecraft'. analyst's .. ..,as~ .ra: ... in.,:·. Thl1· dimension.·: waS,::;;laeer:' •Jeri.fied · ~Y 
'··ehe. caam. antet'.na·:: tmembe:rs. :. The . ~ smaller_- dim ens ions :provided .a lower 
satellite .launch cos.c.-: r;. ·: . ~-- · · · · . 

:~. .· .. : : · : .:s~ 1~ ... ~·-4:,....... _ ___.;~-~~ .. ----"~--~,..,..~ ... -·~'--'': ... ...,~-.. :-:~~~~---~~ 
.. ~-5. 5. 3. MSS.P ElF POllEll CO~CER.~S . ~ ~ · :~ 

,. . " . .... •, i ~ 

. ... 

:. . ~ . ~ 
. i 

.. The major topics. co be --~~!-~~sed . J.ncluda .the:.;. effec.c~.of-power- averaging 
·on the sacellita.,--:·RJ' ·power·: and. test consideraeions. receiver,'PA turn-on· 
conce--n.s, ancl miscellaneouS i tema such as ... the R.F limi cer-, and PA 

·- the n:1al. .. -~~ 
~:~~·. "-·.:· -~""...__..,~t---·-----·-~~--.: ........ ....-:- ~"'......,~~~-~-~~:-;-."'VIt"'~,..-,.:. ..... ~~~:~""'~'~ ...... &-Uo<r"'-~~~ 

POw~'AVERAGINC~(PA)/SPAC!caAFT· POYER 
.. 

ro· vary spacecrafe"""4ange , ... --1 e~ ..... may ... ,- be ....... necessarJ-to··-vary-~he· duty eye le 
and peak power of: .the daea packets. Thls. requires that the bat:erJ · 
si:e or the ratecl depth of_ battery discharge be· increased. (The 
b4ltt:ary life. !s -dependent:· upon dept~ _of ,...; .. discharge ..... :.ancl ..... number of 
._cycles. ) .- -··~· .. - -···-.··· · --- · · · , .. 

. _.-.;.· -:.· .... ~-··· ., 
-· _.; .:/' ... ·:."!·~,.: 

~ .. -~a power sub:aystam is driven- by evo· 'fai:tors£; _:··!.: · ~--.•. ~ :'.~· · ---~·"· 
•. :. ':. ·.~- .. :._ 4••~-~ • ..;- ........... ~--··-....;~~--~il~ ...... _, :r---"!t " ..... _ .... "ft~ .. ;..ltt'~J!~~ ... f'.n.....-r":u. .. ~-It-.%'.1'1'4'~:- ...... t ... -.s.:.:·-""''- "!7"f 

:,;. (a) . '·· ... 
'(b) 

Solar array is sized so that orbitai. power input. is equal to 
orbital power required . 

. ............ ----~. 

~ -.- -~ ~. 

!he batteries .are large enough so ;h_e drain during periods. of 
charge below the bus. .. requirements does not. dra-in the ba:terie!' 
belov ·the specified depth of discharge. ·.·--·· __ , _ ___. ..... --~---··-- . ... . . ... 

· •.•. i~' 

·,~ ·.·· 

~: 

~: 

• • p _ ... """-\ ........ ~ .. ..,...,..,.,., ........... _ --~ ·--·- ......... • • • " • ••• 

. . 
_____ ~"'hen· the __ ?~ -~_er _!_~-~~~easecl for· shore periods ·of time, and the 

orbital average bu.s requirement remains the.· same.:-t"iCtc»'r_Ta)_ab-ov'ill.s __ _ 
not affected, buc, factor (b)- 'Wi-ll - require ·- th.At the;.hi'gh powar time. 
parioe1S be ·controlled. Eiehar the : high povar periods can be shortened 
or tha d~pth of discharge of the baceery DIWIC ba allowed .to increa·se .. 

Tha pover generated by ~c."te· -solar::: arrays vill .. ·be dependent ul)on the 
solar. array configuration, the. •un angle, ancl orbic po•ition .. However·, 
a siJ21l'lif1ad case of battery di•charg•· ·can ba dorived. when the Earth 
eclipse period 1• considered./~: ·tor"':, 'tha-;.:;at't:reuc!a·~c;f;.:·concam~ the orbit 
period will be- about ... 96 ain. with .. 32 __ min of eclipse. The equation for 
the· req~irecl bact~ry c:apacicy because of ~clipsa 1• :.: 
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Other power: 64ti 
. •(.--·.. t?' ... .• •'t"'-4 -· 

74Y/O·. 75 98.7V· (75. percent c:~nvertor 

efficiency) 

or-'a-.:36 ·-amp~hr-.~,--b&.e.tery. vould 
(DoD) would be j.2 percent. 

work and. the final ~~?~h of. ~ischar~e __ , _ ,_ ..... _ 

~ The,.,lOY · PA. is .. -based on: :. 

lOV peak. RF; 30 percent ducy factor: 30 rercent efficiency: 
. .. " . 75"·p~rce_nt :de ·de -~convertor·. ef~~c!e.~cy. .. .. . . ~..:., 

.. ._:.·.;· .:.10-:.x 0.3,(0.3' --·lO'J.,.average or··l-3 .. .'~3Y .wtch .. dc-dC · :·-- ~'-~_:...;._'-.' ~:~._.!;:-~ 2 -~-
o • o , .. ,, • ,w•''~,# ·, -"~ ••-:-I,'§.'·?"'!~J ~··_;;, .. \.~-'S..O...<O~~-. 't;!.J • 

. ... .... -.-:-~ .. :_~·-I ~ ·. -~;,~ .. _:·:-~-- .. -. _ .. _ ~--· 
For ivOV ~perati~n tte PA power is: 

• • ~ :.. • ' •• "'t; 1 :~ ••• ;~~ ,• .... ~.: ' :- ......... ~: ~ .- ·:; •• :i"""-

lOOV~peak; lQ_percent duty factor~~Q 
75.percent d~·dc efficiency. 

100· x 0.1/0.3 - 33.33V avg. or 
efficiency · · 

. ' 

percent· efficiency; 
.... . ~. ~ ·.: : ... " rt..-- .. 

including ·cottVertor 

.,,~..,, 

·>if•· .. 

·. ';. -~·-

The bus requir~d powe = during ·~ hlgh power operation: would be ( 64 + 
33-~-)1()-;-7-5-• ];2-9--;-afJ-• .,..---'l"he-impac~ o~ig,h-pow.er_o__p_oration would _be co: 

--------------=-·~----

1) 
·~·)" 

~- . ' .... . . •"' ' . ·. ~ 

allow the depth of dischsrge (dod) to increase 

129.8 

28' 

32' 1 
_, 6 .·9 pe~cenc _. 

--- :'-" -:"# 

....... # 

' .t·~ .. -.... ._ .... 

. " : ' ·;.~· .. 
• ~ ~· _.,,J.- ,J.· ~-.. • 

· '1 .~ 2 l' or':·rec!uca :~the trsnsci t time · 
-. - -.. .. :· . . _.. ·-~- · ~- ~,~~::~-~- .J~,Sa:?~:-~~ -~~-~ · AL~~-~fjl\1'~~ ~~ .:::.t~~ ~t":r:.-~.:t.: . · · .·:-

. :: . . '::: -~:~ >' -·~ :_ r~ .. •, - Y:· 1,• +. , , ' .:;~ :," 1 , ,. .. 1 i. • , • ~ ~ <"'' .. • ~jl,;. ~~ ', • -- ;, 

. '~~l~E::~;~~~i;~-7 itt: :~i;~:!~!~! __ ._;:!,_!fiJ·._-:_:,_:_·_-~c.~.-~ ·:-~~. :~.· .. ~_:. __ ; .• ~.:-~---~;i:: ~i,t~·:::~~:2i -. -- -;~ -- -·•·. -
- ~i-"<i • - • ' .. 11~~ \t;~-:r.~. ; !!~:t--~~ ~-~·~itl-~~~ .. ~ ~ :~ 

~···:···:;-;c··?2:·_._!..-._e __ ~-""i-_· -~--.. ••·• 1.11,· .• '· ......... !'i't·«-·a ""'~ ..:....,..... ~ • . .. 
... .• • .• ~.-. ",. ... ..;t...-~....r. •• • ._..... • .t~.~- ~t:.:."'";:~~- . ;-.+:~;.\r.:!· ~ l~ !_· ••• .;..~-~~":."' ... -i .... ~ ~ "·~: ·: '"1 .-:. ·")· -:.. .. .,.,.,,_: .. - ., •• 

.. :.tt?,:;>·~zt~ther .of.·these .. options;::-:- are," ~cceptable co~ro~ises .. ·-~ ... ~~: 1mpa~t 1s 
''~~·::,:·lover~ ·t.'aft: first· expec·ted becaus• the. _bus- power has increased to where 
.:~-".::;the:.~er.centage effect of.t .. ~e :: P~:~·P9ver- is :lover;_ :_Thivs analysis is 

-c._'!:.:;·· ":opeiaistic:-.;becau.se.:~..-the.;r. orbital-~~~~t·F.s•- +~- .- io~_evha_t, _J,ika a. _sine wave 
rather than an on/off eclipse/c}.,._rge .. period:·_: ~The"' period.s·. of solar ,. 
array ou~ut l•ss- _- th&n, _ spacecraft . power · requir~ement 1irill be gr-eater---
than·"_the eclipse period (tiepend1ng upon· arra}•- orientation). tf :.the· .... ,. . 

---~-.-~'t·hi-~.~·pover -··operatton--were:~t07'-Star.t:-~·:,-at#..;2the,...end:.....Of.....:.:.&n...;.eclipse:,: _when -_~h_e-~~~.::~--~~ ..... ~~c~:.::.~--
. ,>----~~~->;··? :;:- ;: :::' ... ·:.> ~- .• . . < -.... '· 'i . ~>:.. . :···. --~~ .·· .·· .-:: ·.:' . ..; ·.' ·_· ' .. : .. :· . . . ' .- : .. _·- . ··. - ....... -.. - .·· . . 

. ~ .f·$~~~?-

~--: .. ~ ........ ~,~~.;.,~/"~~~··;;'"~~-~.~r::~~·:~ :~.-~ ·~.~ :- : ..... ,,:.. \.·! •. ;. .• -· ..... ..-.:.:..: .•. ~ ... , ... ·. /. • , ··. ,_ • ·.:.' 
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. r..:._· __ _ 

·• 

batteries. have alr.eady discharged. during. normal eclipse operat:ion, and . 
. the array· output has~. not ... yet· increased, c:he operation· at high ?ower;. 
coulJ drag tha battery dod ~own c:o 8·10 percent. 

- . .: ... -:·.-"" -~ "'";-. .''-'/. -~-. ,~:."!.~-:.:;:. ...:··t:,::~~;·,;~ (.; . - . . ~ ... : .,. . . . 

!ransmic:cing for. 24. 3 'lin vi t:h high power will affect c:he amount: of lOt; 
t..c£ns.:ait time.· Dead .. time or ~eriods ~·of no transa&ission will be 
required.· 

'the len6t:h __ o_~~ ~e dead time is given by: 

{33.3 • 10) * time (high power) - lC * dead time 

··.-daad .. ~time- • 57 min da&cl time· • 2.33 • timt ·high 
power 

Tvent)· four minutes of high power operation will·shorten low power time 
•· to only _lS min. 
-~ 

;. 

.... 

I!.bae~e'C'iet~-vith lover allowable. dod are used,,tha:pro~lam is·worse 
because a la.rger dod is 11Ult1plied by ehe power difference.·. This could 
be solved by spending zaore 11on•y to .. buy larger batteries. 

·n,e impae1:,of th•· high po~er operatio~ "ill be dependent Ul'On rilAny 
orbital par~tars, but .the· design could proceed in either of ewo 
methoct.: 

a) state powers required (74Y to bua) and high power· operation. 
c:ime·limitad to 10 11in P/A power • JJY. Dead time - 24 min. 

"ace raquire<r1ii&h-·povtfr -o-pe--r-a·tton--t1-m.-requ-i-rad-(-t30-minutas-33.Y_ 
P/A anytime) and ·t~e. average _power 74~. The satellite designer 

· will ·"l)!rad.a the· power systes to accot~pl1ah the desired UoD. Dead 
till• • t!D. 

!ither c••• would define a baaeline 1nt.rface and deaigns" so that 
trade• could ~roceed •. 

Another concern of \)ealc power averagins· 1• the systea· themal design. 
Th• low power o9eration of lOV average power will diaaipata an average 
of ~ wieh 3V average tran.aitted. Th• h!gh.powar operation will 
dissipate 23'J and trana~~it lOV· average. · -· · During •-~·~ perioc11, tha PA ... 
vill di.saipata no power. The ther~~&l design · will be.· required to 
control the satellite_ te~eratura for all of these vide dissipated 

. power swings •. the .Vi.n~s of· .. 64\1 bu.a•pover to 9.7V or- about ·50 percent 

.variation, iniep•ndent of orbit,· say- r•q"ire 110re sophisticated for11s 
.. ~.of t.'ler~~al control, such· as thel'11Al l~~vers, vhich ca~. be expensive . 

. 'n\e final. datet'Jiin&tion is dapea'ldent up.,n the· 'thenal: .interface a of the 
radio, antenna,. and satellite. 

• ,· -. _ ....... ·.'~- • . .! .. ' . - ·- .. -~-:.::;;;..·.·.:'· -~ 
- ·,;;:~ ."~ . ...,_' : •'• 
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Th• ~:~~~~::~i~~ ~!::ti:~r:i'"~:~~~e.~~s~~:_:~~f:7~1;~::et::~~:~;r:;> ~ · .· · · 
be· subjected. to·J accep.tance level..;.-··eha·rma'l;~_vacuW.: testing in l'.ieu::ot · "· ~-~ · · :-~- .. · 
ther:1al cycling. tests. if.. they meet . any-- o(. :-. the thju:ma'l. vacuum c·es: .··~· .... ·~ . : · · · · ·. · · .. · 

c r it~;i~~~!~1!~:~:::~o~~~~~.:~::.~~~~1~.~:1~-::~.~~i~&.?: :i·~~~:~~:~~;t;;:::: ~·-~;~;~r~·-~~~~~~~':;::::.,-~. ,•' 
··a:. ·-~"·~·.:.r.atziai; :extlosed· to1

· ~~cuu.a~&~ci·~e:--&iiytns--~:.;.r~··5ov ..• ;·7'"-·. "';'_l-;,~z d·~": · 
_ ; :..; . ..,a- , ;.l:l':l~V~t'i:~ . ,::,'.:OJ...;~ ... ~..,. ,. - ::-• • _..:... ,.;,,,~;_.. :.tr;;.;..t :;q·~,_ ~·· .-... -.~,;;.....- . ~ ';J.X.:.."~.,;,;~:;:~~ .• ;.;:.) ·.:· .< _: :..:r>rr 
·•c;;~;par~~- noi~~.r.a~e!c~ily .~&lecf-~Ci- '~an7fng::-~v81t';~'500V"'::-,t~ -~~!lir;1.!!;;;r K~;;:z;;.:: <--- . 
.. . . -:~~~~~·~:~~~- ·~:i~ ~-; ~.:,.:,~,· .... ;'J~, ~-~~·- ;.,:~ ·~~ ·:;:~ :.·:·'·--~ · .. ~·-~~~:.'":Ml~'?: ~·:-.' :~~": . -~.-:~-~~~'.: .. ,,...·.~ ·: :·: 
· o .. · parts exp~sed to"vacuwa, · dissipat'ing -···,over 30 ·percent of ~the·ir ··· · -· · 

· ... ,;:_ 1n·;.air·:;rai:!ng·;·&nc1··,-for whh:h ·a· the.nul eoleranc• ·anii.ljs i_s· :·c;·ti' ·thi ~'1. 5~;!·.·: 
... componenc-';iao\lnt~ng doe~ not· ti'ils·t. : ·~ r ~ ·:~.,~~..:.! .. r·:·:-~~~-;_ .. ~_.;·~.~- '~.,_···;_~_.· .. <:_ .. ~:-·~·----~:~=·· 

~ ... ·- .> .:•«> ...... . -.r.~ .. ~.~;_.r,~~ ::·~:. ··. ~ .. -,- . -- - - -. ~ - ----

Above 50~ RF (actua!.ly 30~- vi.:h 2:1: VS~"'R.-Voltage Standing ~ave Ratio) .~· 
t:h• spacecrafe;r.&neanr.a·, · anci ·radio · 11\.LSC: be .thermal' ·v-acuum· teseecf. ·rn~r. 
U tr·an•iseors:...:~e:-b·e· .. -analyzed· And test:ed to· ensure tha.t· their ·chetZJal~:- · \#~~ 

.. -~ \ "l; • . ·~ • • • .... •.. - ••• . ". .,.·~~-

ti:;e constant~ is ··such;. ·chat· t:he.. lOOY .. operati·on will: .. noe exceed 'the~ · · ~-
t:~er:aal ·raeing--in··vaeuum. ·· · 'n\e tran.i~tor··junction· tefllt)erature must. be 
designed for a MT'!F o! five years minimum~·:· ni ... th•rul propa·r.tie's of~:;;··:; 
hi~~ pover pin diode switches and phase shifters ~t be analyzed and 
tesced~ .. ~.:..-.:;:.:;...:.::·.:.r:.:: ' '""~' :::.. -.. ·. ,_ · · ..: ... ..;.r.s: ... :;. . -;-: ... .... , --~ .. ,,._.:::." --:~1 · 

~;. u c~;:~:~~::;' o; ~~~--:'o::~~:;;-~. -:~o.~c ~;;'_' . ·'~:i:~{ .. ~;~:~ ;,f:~;~~ "'~~~ 

--, .. ~·· .. 
·f 

-~··· '·of 2:1, t:he saxt=um pover would ue 40~. Th•~•fore> ~C type conneccors 

.•. 
:·-

{circui:ou.a dielectr1c· tneerface) vill be·.: ... requ1rec1. Also,· to ~ensure 
ra?ic1 bleeei·dovn · ae-··vaf:uwa, the connectors--liu.sc:-~be vented· (drilled); 

.. . ~-~ ... ·: .. ~·· ..... , :.:: .. ~.:·: ... £.~~.:- .... ·.:; ~·· ....... : .. ; .... ~::.. ~- _-:~. --~-:-.:: ; .w ; • 
: :~;: ::-~ .--

* ~~~ ON/OFF ~lTCHI~G TI~S 

n:e d.iscusaiotU !or· protocols and rouc:ing has assumed time ltnes vith 
; ... Ct'an.a:.isaion p•rioda and. rece[ve · p•rtod.8 · but' no~·- avitc:hing- tim• in· 

_ ____ . . be:-veen. . Svitching t1ze vould b•·- p•riocb of tran.ition becveen 
----- t:rwait--·and- receive-.--Ther• are concerns about tn.-fot~vtng-an-a.-o-~------~C...:..:..... __ 

• 
/. 

~ ,_ • • 
r. 
i: 

··-

~ 

~ 
,. 

Oi'erae1on vhich would c:awae switch ti .. , delaya . 

o~rP/A operation 

. o T/ll. svitc~ ·. ~g 

o · Antenna .,1 tchin& 

. .;., .... 
·.:. '"tl 

.· ;.•;fi;:iJ.· 

···*)t~;-·.··. 

P/A operation:- The circuit for the -·operatin& PA is ahovn, l.n ·Fl.'gure 5-~-::,··::.;~ · · 
68. The turn on of the PA- vill requ~re. very lov l.nductance ln the .. ----~-
bae~ery; -r•·sulatot ~··--vt·r·ins and-P/A;-<, ,-:.:· A .. ~lsolut·i·on ·•t·ght···be~a.to ·:place' ·a·;,.-··.t_t;-. 
large capacitor •• close to the P/A ••-pos-sible. However, if'"'the"-P/A -· ~,~·: 
on/of! switch ts before the capacitor, the turn on vtll be slowed due 
:o char;ing of th~ ca9acl.t:o~. 
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Anoeher solueion wou.ld be to . cum· ehe · P/A on co'!ein~ou.l.y,. charge::·all .. 
cal)acieors, and· be ready _for. ehe- eransmiceer on/off. The. impacc· of 
chis .. will· be _small.~be~ause~ehe -~P/A~.is-.~c:lass C and~should.-clraw ;lowf'power· 
(-lY); :~~£;.~-~-~~~--~~~~~~.1- ·b·~~~~~-n:·~-~~~~f~'if~n" ., ~~~--- _,,~-~~~~-~-~-.~~~-- . -~·:;.: .. ;;,:~;~: ~ ~:;.~. ·· ••. ;: · 

-~ _·-.-:y,~ ~v~v._,·.: . .., ·~~.,.:, ~- .t ~.._1">·;..~ .. ·.~· · .:~ .··::_ -:-r..:. ·.-t:~\S, --~!5!·;?:~·,. ··:· .. ~~~.~ ~.,; . ;.-.i.~-1:~~-t :~ :><;:_·· ~: w,;;.:-·~.'; .,- .... ~"?" ...... , .. 

T~- swi.'tchlng·;··. -r...Fo .. possible lU" ··confiruraeions are sh~'!'ft-;i~~!~~~es ~s~.~; ~~-:;;. 
69 anct.5-7o.--· nt• syseeza·· is-~ half ... c!upl•x transmi.eeinganci. recei.ving· on · 
the same iraquency· ... _l-1len. tr~mi.eei.~g-.JOOY .(i~or.ing,_.~ilt_!r.Josses for 
nov), a circulator would provide. 20+ dB of isolaeion. However, a 2:1 
vs•'"R.· .aneenna would 4provicla-._~nLy .. ,_.~.lO ~~dB?: .of:: refl.ac~ion .loss... ~il"'!:oeher 
words, lOY, if peak power, would be reflected back to the receiver. A 
T/R switch may· be 1:1eeded eo. proeeec ~ the. receiver_ front end •. ~, Also, for 
eha avfcched -b•aaa 'oi :. pha.sed ~ ariay ·-- ··an:eennas' .~ "enc: ... of .. lifa;,ciegradacion 
tai;he cause VS·"R.s·· much .. higher for cer.ea.i·n beams and- eherefore ., che. T/R 
swiech might be required eo handle higher powers than lOY. 

!he ques.ci·~~- v eo be answered include: ~'h..:c_ will. ehe ·switching .. ei::a of 
t~e T/R sw_iec_h -~e?. --~na; wil:. . be,: the isolation cf. ehe swicch? ·If .. the 
reeaiver .upP.~r d}rnamic range is.~O. clam, .. the refleceed .lOY will. need: 40. 
d3 of sviech isolaeion. Even then, che. -receiver may require -time :o 
recuperate from eha ~ d.Sm signal •. 

t· ~t•r~ switchi~g: The. aneenna 
~ 
~ This specificaeion st.at•s thae a 
'\ the prot~col .. ~: · . 

is . ··specified at <lus s..;i cching ti!lle·. 

l-~ dea~ ~-~ ~~- -~~,.appor_:io~~~ to}·· 

~e switching speed of a p1n·diode switch is dependene upon 1) on: the 
U power through-puc. £nd. insertion los• • large·currene t;o.offset ch• 
RF power, 2) off: the RF power and isolaeion required • high voltage 
eo shue off diode and offsae RF power, 3) che diode package design and· 
switch package design eo handle cooling of diode (due to de and RF 
loss) in a vacuum, and. 4) . the swieching speed of eha switch driver, 
which •u~pliea.ehe voltage• to eha pin-diode. The l~,svitch time for 
~SP vill be ehe·. swa of the pin-diode svitch and 1wiech driver t!.:~a. 

··---------·-- -·P"ravioua exl)ert·•nca hu ahown··-·rapt-a--one-svi-tc·h·tn·g-o·f-p·tn-d·i·odaa-tbuc--ehe-- --
off can be lon;•r ciepanding on ayaca•.l1ne capacitance. 

A su.ury of switching concern. can be -ansvarecl by ·the-following 
queaeion.: 

PA on o~ off continuou. 
If of!: on-time 

T/lt on/of!-ci.Jie 
Aneenna awl:ec:h eime ... , ... 

u.ec 
uaec 
usee 

·1 :, ~iu.aec ...... :·· 

• I • ~ • • 

. .... . ~-~ 

Since all. of .these ti.Jies occur . .:-in.;;:parallel.,- the.longast.tim•Jnvill.be-,,. ~ 
the syseeza. -dead time.· , , , , - . _ 

.l .:.: 
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6.0· Conclusions· and ltecommenda.t ions· · 

'nie MSSP Phase-··l study .~·is .·no.t ... a .-pr.esentation of. 4 single point: sa:ei
lite design. bu-: .. a ~·'combi.nation .· of .. :.~t:ades~ and. analyses leadin~ to ::he·.:· 
preliminarr design of· a. low cost- satelli.te e~mmunication system.. !he '·' 
s:ud.y •JJas--baseci upon the~ interaction · be~1111een the Ph~s:e I te.3JD ::embers; . 
antatu'a,. radio,.: and satellite· integration ·.~uch ·. ~ha·c ·an~.op~~um .cost·. 
effective design;: could be obtained. · · · · 

··-. ~--. -. 
During this. stuciy several,_ generst conclwaions we.re. obtained:-. 

o Orbits.:>. The. ~•atdllite orbits should. be -at. a high inclination for 
the. view- capability by the Northern HeClisphere ioihere :nose:· of the 

0 

0 

0 

.system users would be loca1:ed ... ·- A.··sat'ellite altit:ude of approxi
ma:ely -675 ·m vould cre.ate a suftic:ient orbit lifec:!..oe ·.thile pro
viding lowftr launch cost and lower radiation levels. A :-achnique 
h,cs·also been-presented for satellite djspersion·using nodal re· 
gression ·which ·could save consid~rabl~ sys·tem· cost:~ ·· · 

- • & 

Ground Us.er: The iJ:~r?act of the .. system design· c~st due· eo :he :nul-
tieude of ground users can be great. - If peak power for high ele· 
vation angle satellites is used, the syseem cose and complexicy 
could be.reduced. 

Satal!.ita Coccunication Range: 'l;'ha, s~tell.ita- ,desi~n .s_hould be 
capable·:.·of maxi~ communication J:ange~ .. -- .. !his. capability- increases 
co~CWiticaeion prob.:~biliey and system;eliab~lit:y. 

Power: Satell" :a power requiremencs are the largest sa:elli:a 
cost drivers. The analyses show-~he impacc of cost per wac~ 
(-$5000 per wae-:) and how the solar array c:onfigtlration ·•as ana
lyzed to maximize the array orbital a?erage output. 

... 

·-.~~--. 
-. 

~ . ·': ..!': ·. :""'~ . ~. '· ... 
.-

·;-...'i' 

__ I -__ ·_ -- --0 -

~ 
At~i~~de Control: The at~itude contr~l necess•ry from ehe sacel
li:e is dependent upon tn• antenna cap~bility apd cost. !he pri· 
ra.aey concern- addre •••d- in--the--amrl:yrls--t-s-the-·c:-onfl-1--c:-~b~een 

at:~itude control and the antenna pointing requirements. The cost 
of the dual scan, elev&tion, and azimuth crossl~nk antenna esti· 

.:: .L 

I 

. ~~--

r--~· 
If.:~ I 
~:-·. 

~~::. 

=ated by the an::enna team me~bers di~ected the result ~f the ana· 
lysis. The at:itude control would be a simple gravity gradient 
boom sysr.em vich. a eddy curran~ damper. · 

.... -.;.,J:;.·~i"..:~r:;::·*~"·'"· r·..:::~=> ... ,'l. ~-:.··#·····- - .:.~-·: 

Figure· 6·1 1'llU.,t:r•t•~ a final conceotual satellite for· the MSSP and 
!'able 6·1 lists features of'.the-.,:.S&tellite design. It is not a Jingle 
point design because if -will.depend. ,upon final trades performed in the 
!~ssp· Phase II seudy. 
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~~-~~: . TABU~.~. 6 ~-1-
PR.OMI~DT SATELLITE~ OESIC~f ASPECTS~ 

Power: 

At:~ieuda Conc:ol: 

· S true t:ure : 

?referred Launch Mode: 

Coc=and .11nu.Telemetry: 

!her.:Al Control: 

•.· 
.; 

- t. ~ •. 

7SV~ syseem of 6 panels· deployed for ma:-:im• .. 1:~. 
orb:i:al~-- power·._· 36 · amphr bat~err for. 1 y.-i 
depth ·of·:·· di~.:ha~g~ -···~!"d-. current-- ti:ni :~ :".; ·__ --··· 
power· concrt~l. ·: ., 

Gravity gradient: . boom vi eh eclciy .:ur.rent ·:: 
., · c:!.amper for: na~ir·pointing 10 deg Jc ____ ,..;,...::_;~_-· .- .. · 

• . .......... "$ .. ~··*""- . . . . -- ..,_ 
. . . ~--'t----~~-.... , . .-r~ ~-~.:. ... :.-. : 

Tubul~r ·frame, low .... ct.st. construccion, wi:h 
thermal blanket walls. .,;-~.__,...;,.· 

!ihutcle· launch wi:h OMV for. final orbi:s.;. 
satellites e!•p~oyed. for ·nodal ·ciispersi_~n:_ 

Command and t-elemetry provided • through_-_---· 
interface with nec:work processo~. ·· · 

~, .... _., ... ,::f 
thermal .. heater·· COJill)en.ating ·for no· tt::ansmi t.· · 
period.s. Passive titermal . olankets. and 
raciiat~;s·. · 

r· .. ~-- .. - .... ,¥ 

.•.. _ .... !" 

... ' . 

• ..l'~.:l • . ·.-

:_ ~~-:':.::..-~- :' ., ·-·· . . . . ~ . 

·------------------------ ________ .;,..· __ ._,_. '-

... :_ 

. ·. -~·~-~ ~-7~~--~-; -~~~~-~~-? . 
• , -·· ~~ .. ~·.;;r. .... -.. i''t. : .. 
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Figure 6-1 .MSS Sateflite C.Jr:cept 
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:. :-X 0 ~ c 

AAS 

ADACS 

AGC • 

Al 

AO • 
Ap 

A1'1. • 

A/M 

BASD • 

Cd 

C2. • 

CMOS • 

dlS· 

~: des • 
FJ:v 

_j 

ER.BS -

ft -

FOV • 

CEOS • 
------_ ·-·- -·-CHz--· 

CSA'l' . 
:e-.::. hrs -

·IC:a. • 

IGU 

kg -
~:. _;~ 

~~ 
b . 
UiC . 
min . 
!iSFC -

• 

C·: - ... - =. "'::·· f -: : · .. · , ·Cc . ':' .: 

Acronym Li!tt 
-~....: .. :~;-:·;:~·~:·'".::;:--~a:.~~'-;· ~- . .,. __ ~~ ... ~- ~-~·~)~ ~:..::~"-·-.:.:/':":,. -

·~: /.;..~--~ .::_:r':::~.:.. ~·(·· ... 1:._:t~.'- . .'~~· ·:::.·t::;-.. ~;··, 

~eri.:an·-~1.5-i:ron&uctcal· Socieey· ::;' ~:,:io;:::~-, "':: :· ·. 

· Attitude, o~t:.:~in~tion :ancl ·c~~~-:~1: syse~m-' 
· ,:;·, · Aui:aiu.tic Gain' Control 

Aluminum 

Atomic Oxygen 

Geomagnecic Indices 

Applied Physics Laboraeory 

Area,r.iass ratio 

Ba~l. Aerospace Syst:ems Division 

·· Coefficient· of Drag 

cent:imeter 

Complementary Metallic ~~ide Semiconducear 

decibel 

de~;ee 

Ex~endable Launch Vehicle 

Eart:h Radiat:ion Budget: Saealliea 

East:arn Test Range 

feet/foot 

Field of View 

Geodet:ic Earth Orbit:ing Sat:allit:a 

-- GigaHertz----· ·- -

Gravity 5£tellite 

Hours 

Integracecl Circuits 

- _ _...,;;.. ...... -~-

International Ceoaagnetic·k•ference Field 

Kilograa-· 

Kilometer 

Left Hand Circular 

11inutas 

~~rshall Space Flight Ceneer 
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:·.· 
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~-

..;,~-
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MSS 

MSSP 

MTrF 

NASA. 

NF'~· 

Nic.&d. 

nm .• 

nmi 

CMV 

rad 

RF . 
R..'i.S . 
ltCM 

'? t ·. : e .., 

~>tAcr;~~ ci!t:~· (cont> 
,.. . ~. ·;. . .l~-~'~.·-· :>.·? .;:, ( ~~ 

·., .-.... ;;·,-.. ·: . ·'; ' ·, r'- ~ 

. Multiple Satelli_;_~_,_.!rs~~,~~.~/-· .. ~~-~ 
: .. ~ultiple Satellite System. Program 

Me~ Time to Failure 

.~·., 

-
!~-~~-:-J. 

.-r· 

I 
~~t~~~~ .• -~ • 

.... ~r· i· 
:: ~t_ •. ;' 

J. ~ ... ·~ . 
.. ; -~~::.: ~~-~~::.. . 

.l~c~~~;.;.'"f-i 

National. Aeronautics. and. Space. Administration 

Noi~• ·Figure 

Nickal· ... C.cbaima:";" 

-~~tical mil:·< 
nautical mile 

Orbital, Maneuvering· Vehicle 

·radiati·on-·unfts 

Radio Frequency 

R•mota Manipulator System 

ltead Only Memory 

:: c"l!t - p 

RSS ltoo.e swa Squar.~Ci · ~-'".""~"'~"':··;:::.~·:;;-:;~·:~_·:~~-·~~-~:"· .. ·;;\~:·~::'~·· -.~·;-~'::·.~{:~·~· 

sec • second ·-l: --

System E~gineering Report 

SHIELDOSE ·Radiation Calculation Program 

SEa -
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