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R SPACEG‘.RAFT PERFORVMANCE REQUIREMENTS

The .spacecraft chafacteristics are. summerized in Tables 1.1 and

142 for the two frequency assignménts,:with the resulting designs {1lustrated

in‘Figures 1.1 and 1.2, These'spécifications_apd designs are in response

_to the System Traffic Model &s Stated'in the.Réquireménts Document as dev-
eloped within the framework of system and spgcé segment tradé-offs'discussed

" in Volume T.

The following sactidns of this volume discuss in more detail the

.subsystem eltervatives and fesulting subsystem perf‘di*mance_'specificfat.ic‘;ns.
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TARLE 1.1 - Spacedraft System Characteristios -

| Three Axis Stabilized SpaoecﬁeffA

Size
Weight

Communications

Coverage_

Stabilization

Attitude Control>Sensar>

Nortﬁ South Tnclination Control

Power

Telemetry

Command

Lifetime

‘Reliability

Height 46" Diameter 71“><55"’
1500 Ibs (1ncluding 7646 1bs mergin)

300-400 MHz'TranSponder - Single .
Channel Mulliple Access: 100 duplex,
5 simplex, ETRP: 41,2 dBW '

: G/T- -11,0 dB

A1l of Canada

Double Gimballed Reaction Wheel
Static Earth Sensor
None’ :

Flexible.SQiar Sails with 2'Batter4
ies giving 14% Eclipse Capebility

PM/PCM
PCM/PSK/AM -
5 years :

«695







TABIE 1.2 - Sﬁaceoraft System Characteristios

Spin Stabilized Confighuration -

.Size o
| Weight

f Communications

Coverage

|
i
'

{
i
1
i

‘Stabilization -

Attitude Control Sensor

North South Inclination Control
.Power

-Telemetry"

Command

Lifetime

Reliability

‘Body Array with 2 Batteries giving

- PCM/FSK/AM

8 years

Height 55" Diameter 86"

1500 Ibs (including 118,5° 1bs margin)

1.5 GHz,Transponder'- Single-Channali'
Multiple Access: 100 duplex, 5 sim-

plex, BEIRP: 37.5 dBW
¢/T ¢ -2.4 dB

All of Canada

Dual Spin - Favourable Moment of
Inertia Ratio -

Spinning Earth .Sensor

YGS :

full Eclipse Capability

PM/PCM

660







. ANTENNA DESIGN

2.1 Introduction,

This section desoribes the trade~offs and outlines the design

approach for the proposed aﬁtenha subéystems, examining the single element -

- end-f"ire antenna, arrays of high gain end-~fire élements, electrically deépnn

-antennas, and eircular aperture pﬂraboidids. In all oases, 1no1udnng the 1.

1

_GHz Systems the antennas ate clrcularly polarlzed to avoid Faraday rotation

-effects, WJth no cross-polatlzation for up- and down—llnks. It is expeoted

that no dlff;culty will te experience& in prOV1d1ng an ell¢pt101ty Wlthin
the coverage circle of less then 2 dB. Tt is oonvenlent ‘here to note that .;i?‘
the preferred ohoioes‘of‘antenna‘fnr the:two‘frequenoy bands are~
| 300 MHz 3~Axis Stabilized:. Deployable Quad~Helix _
1.5 GHz  Spin Stabilized: Deployable Paraboloid (Umbrella type)
‘The principal problem in dengnlng the antenna subsystem for a’
oommunicntlons satellite is usually one of mgxlmlzlng the equivalent 1sotno—
pically rndiated_power, cérrying witn it the impiied prdblems nf méximizing
the communications antenna.gain énd-minimizing'antennn-Weight. For practical -
aystéms,.the maximum gain that can be achieved over s. given coverage area is

determined not by the size of the anterna’s aperture but by the coverage re-

‘quirement itself. In other words, in a practical case where diameter is 1inite&

for various reasons, no class of aperture distribution is capable of increasing

" the off-axis gain over that achieved with an optimum simple tapsred aperture

distribution. An increase in aperture diameter over the minimum required to

give e 3 dB beamwidth corresponding to the required coverage can yield, in-

creased off-axis gain if sophisticated apérture‘distributions are nsed, but

AY



butionse. Holland speculetes that higher'gains, up to the sector gain limit, |

aloo makes 'the observation thatiso¥célled beamrshaping techniqﬁesfare not

-7 -

there are imvortant practical obstaclesAwhich militate againsgt this appxoach;
No proof of this as yet exists, though Rebhanj has shown %hat for a cnrcul—

ar aperture, the optlmum aperture illumination to yield 8 m&ximum value of |
off-axis antenna gain is do(r). His analysis 1s inadequate for off-axls

gains between his Jo(r) results and the maximum:sector‘pattern gain achie-
vable from an infinite J; (r)/r class‘of aperture 11lumination. Holland® has
.show%-that the off-axis gai ,achievable froméa Jd(?) aperture iliuminafion

is almost indistinguishable!from that from a!wide variety of different distri-

are not physically realizable without unrealistically large apertures. He’.A::

worthwhile from the point of viéw of increasipg'édge gain for diamétér-limited
antennas, but are very.gseful iﬁ_decreasing éff—axis gain slope and heﬁce the
susceptibility of the conmunications antenna gain to épaceéraftipointingzerrors.:
In order to reélize'improvements in edge géih»from ci?c&lar apertures;
circularly symmetric illumination functions. should be usged. Thé]illumination _ |
from most nrabtioal feeds is sepafable s0 tﬁat the necessary symmetry‘cannof~.

be achieved. When the entenna is diameter-limited-sophisticated feed systems

or reflector-stepping techniques can be used but are not capable of increasihg K

" edge gain above thatl achievable from an. aperture of the same dlameter with a

51mple tapered aperture 111um1nation.

In determining the coverage area réquiféd for a spacecraft antenna

- with'a given pointing error (say * A degrees), it is usually sufficient to

determine the coverage required by an error-free spacecraft, say * 6 degrees,

- and to take the coverage requirement as 2(A4-0) degrees. The antenng must
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_ Y
" then be designed to give adequate gain at A+ 6 degrees off-axis. By making

some simplifying assumptions_it is therefore possible to determine the rela~
tionship between off-axis gain, antenns size and coverage. The 3 dB beamwidth‘

of an optimally illuminated oirbular objective is given by3

- & .
054 = 65.9 § degrees . (2,1)
Assuming a parabolic relationship between the decibel power level and off—axis.

engle 6, it 1s then easy to calculate the off-axis loss in gain.. Next, applky-

ing the commonly used expression for anterna! peak gain

¢ = 22?000 . I (2 2)
: BdB :
it is possible to oonstruot Figure 2.1. Thls diagram shows flrstly (upper solld

line) the practical (1.9. including splllover, illumlnatlon, phase error and

thermal 1osses).mmx1mum gain obtainable from s 01roular aperture, Secondly, the

dashed lines show the practical off-axis, or edge of cover, gainsfés a-funotiqn_
of\antenna diameter, The maximum edge of cover gain is shown by the lower soli&
iine. Thus,.if the coverage réquifement is an 8° circle, the maxiﬁum pfaCfioéi'
edge gain is 23.5 dB. This figure will be found to differ slightly from 1a£§r>
oaloulations of edge gain, the difference béiné'due to the assumptions hade in |-
the cholce of the gain constent 27,000 in (2.2).

These results are crosg=plotted on Flguxe 2.2, which shows the maxl-l
mum edge gain as a function of coverage c¢role dlameter. Teking again the pre;
vious 8° circle as an example, other edge gains for elliptical'bgams can be de~
duced. Thus a h°><8° heam would yiéld a 3 dB inoreése in edge gain to 26.5 dB,

whilst a 3°x 90 beam would provide a further .74 dB improvement to 27.24 &B.

Again these simplistic calculations differ slightly from practical results for

the previously stated reasons.



GIAN AT EDGE OF COVER (dB)
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Figure 2.2 — Maximum Edge Gain as a Function of Coverage Diameter
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In the present proposal the antenna designs are concerned with two

ﬂrequenciee, 15 GHz and 300 MHz, with wavelengths of 8 1nches and AO 1nches

" respectively. Taking Canadian coverage, somewhat arbltrarixy, as an 8 degree

circle, maximum edge gain requires aperture diameter of 9575 A (see Figure 2a 15

or 78 inches and 390 inches respectively. It 1s clear that con31derab1e welght

..penaltles are’ carrled by the %00 Miz design and ‘some compromise must be mede

~between edge galn and &perthre size. Thus, if an edge pain of 18. 7 dB is

| \
|acceptable, the aperture dleeter at 200 MHz.may be reduced to 3 8 A or 152

| ;o
inches. However, 1t is no 1cnger certain that a circular aperture would provide:.

the optimum antenna. Other. considerations euch as spacecraft type, whether
E-amis or spin stabilized, must be taken into account

Techniques used in other spacecraft show that a common choaoe for_ie
a VHF or UHF conmunications satellite antenna is’ a spin stablllzed conflguratlon
with a deplqyable end-fire array where high gain (18 dB) is required (for ;
example TACSAT)Vor where moderate gain (BWdB)iis required, with an.electrlev
cally switched array (for example LES-6)f | |

24 2 End—Flre Antennas

2.2.1 Sinple Element

End~-fire antennas such as the Yagi or helix provide convenient eie-
ments for deployable antennas. at VHF or UHF wavelengths.and it is relatively

-easy to incorporate circular polarization. However, while the helix 1s natur—

" ally circulsrly polarlzed the Yagi requireu, in effect a double array. Fur-'

thermore, the Yagi js bandwidth limited in oomparlson with the helix. Also
the helix is probably a little easier to deploy (as a spring, for,example) than

the Yagi. For these reasons, the helix is chosen as the end-fire element.



for d= 30 inches in Figure 2.3, the maximum length of a 51ng1e end~f1re elev e

.reflector, neglecting feed blockage, Hence, the*éhadow1ng.prob1ems are.roughly '

' ‘where the helix circumferense is approximately 1 wavelength and‘the-pitch angle

‘Although the end-fire element causes no shedowing of the solar j{ o

i

sails on a 3-axis stabillzed spacecraft during the equinoxes, in. thls resPect o

be:ng superior to planar or reflector antennas, the end-fire element will i"

o
cause shadowing (defined by the geometry'of Figure 2.3)at solstice . Thus,

ment'is 69 inches. The appro rimately equlvaleﬁtly shadcw1ng dlameter of a

circular reflector 1s 2><d4-1a" or 72 inches. At 300 Mﬁv the equlvalent peak

‘l

gains may be calculated to be 12. 3 dB for the he11x and 13 dB for the clrcular = . lj

4 . . N P
comparable. i T : '". o B

. |
The 3 4B beamwidth of a helix of 1ength L wavelengths is. glven by

Kraus ' as

BW = 22 dogrees . o (2.3)
JT _ : _

is apnroximately'TSQ. This is plotted in-Figure 2. as a function of L. Kraus
also'gives gain as

Gain = 155 - . . : (\2_11_) .'.' 1.

but this formula 1s based on solid angle considefations only and neglects beam

. p
taper -and sidelobes. Again, a more realistic expression for gain is given by Eq.

(2.2) which, togeLher wiih Eq. (2.4), are also plotted in Figure 2 L

A welght estimate for a,deployable single element hellxjanﬁenna on a

. {
.3-axis stabiligzed spacecraft has been mede assuming a STEM centrai erection

member. The helix has been taken'as a partially self—erecfing spring with =



-1% -

)

|

d |
| 23.50

END-FIRE ELEMENT

* LENGTH 1= —Jd
tan 23.50

FOR d = 30 INCHES
1= 69 INCHES

Figure 2.3 — Solstice Shadowing of Solar Sails by a,Single Element at 300 MHz

SUNVECTOR
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gfound nlane integral with the forward equipment pla%farm. A.minimumawéight,

of around A 1bs for the STEM: ground plane, dieieéﬁribisupquts and stbﬁégét;mmm'

canister gives a weight of 7.5 1bs for a 40 inéh helix at 300 Mz, The variatidnA‘

in weight is plotted in Figure 2.5 together with the 'gain at edge of Canadian

coverage, defined here as a 10 degree circle,

These curves aﬁe orTss—plotted onto ﬁigufe 2.16&to show the gain-
wgight relationship for diffeﬁent antenna conoepts. It will be noted that
tﬁe single helix antenna.offe;s a clear advantége for a 3-axis stabilized
sbacecraft at ZOO.MHZ, for moderate gains. However, the efficiency of the

helix is likely to decrease.as its length is ipcreased,~resu1ting-in a levell~

ing~off of the gain-weight curve.

i
2+242 Quad-Helix Arravs

In order to obtain higher gaih without increasing the length of the

single helix, helices of moderate iength may be combined in arrays, of‘which

the quad-helix array 1s a good example., Figure 2.6 shows the variation of

array nesk ganin ad a function of element spacing S in wavelengths for arbitrary

elements. A range of element gains is shown. Cross-coupling and mismatch »;"

- losses are neglected. In each case the peak gain is 6 dB above the element

gainiat the ontimum smacing. Using Hq. (2.2), the 3AdB_beamwidth-of the quéd—
helix array can be estimated, shown in Figure 2.7, as a function of helix axiai
1e£gth.

Little daﬁa is available on the weight of deployable despun quad-~

helix arrays. However, a Hughes Aircraft Company study5 of a 150 Mz, 20 inch

diameter element, quad~hellx array indicates a weight of 62.5 1lbs for 200 inch
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long elements. Using this as a startlng point, it 15 assumed that a 200 1nch .
long qua&~he11x array at 300 MHz w111 have the' same e1ement speclng in inches fi .
(due to the higher element gain) and henoe essentlally the same deployment
mechanlsm. Offsetting thls, the he11x-d1ameter will be 12 inches thus ymeld1ng3~f
a s]lghtly ]ower weight, or 60 1bs. Rough estimates of the weight of a 1.0 inoh
helix_have been made and the two extreme nolnts connected by a-stralght line. .g
Tnis ig" shown in Figure 2w8; nAlso shown are the element peax gain and “the edge:
|

of Canadian coverage gain, here taken as a 10° clrcle, for g 300 MHz Spln stab—:.“

ilized spacecraft.

A cross-plot shoWing the gain-weight.relation'is’given in Figure 2.15;_

243 Electrically Despun Autennas

Two techniques are available for electrically despinning a circular

array. One-uses phasing networks which set up_an;apprcpriate'wavefrcnt from

all availshle elements of a circular array. This involves heavy and ccmpiex
RF clrcuitry of variable phase shlfters. The other‘USes simple switching net—
works, incorporating devices such as PIN diodes.‘rA tyPical example of the
seconc approach'is the ﬁES-G’antenna'consieting of twc‘circularVanrays,feach of
8 c1rcu1ar1y polarized elements, stacked along the spin axis. 'By"smitching
from three to four to three, etc.,.elements, progressing around the c1rcumfer~_
enoe, sixteen overlapping beams are generated. _Slnce'the elements are sPaced
at hglf-wavelength intervals around the Spacecraft, and the spacecraft dia~

meter is ambout 1,3 wavelength, the equatorialmplane beamwidth is about 500,
o6

actually 5k~ ~, No vhasing networks are used, .all elements being fed in phase.

There. is accordingly a limit on the nnmber of elements which can be fed in this-
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manner, since phase error effects become otherwise pronounced. Similarly, the_f .

" element-to-element separation cannot be allowed to exceed greafly~a,nalf~wave-
léngth. Thus at 300 Miz on & 6 £t diameter spaeeeraff a minimum of 11 elements-ff~
would be required, nevertheless capable ef formiqg'only a 35° B-W beam. On the =

other hand, at 1.5 GHz on a 6 £t diameter spacecraft, 55 elements would be needed'

L4
but only a limited group of perhaps 5 elements could be excited. The E-W beam~

width would hence st11l be around 35°, Further improvements in gain must there-

"fore be achieved by stacking the oircular arrays along the spin axis. Thus,

LES—6 yields apnroximetely 8.5 dﬁiéain from a double stacked>array. 1.5 dB

requires a further two circular arrays 1.5 dB a further four and so on.
Using the Welght estimate of 5 1bs for an 8 dB galn electrlcally

switched array described by Klesling and Maco-7an estlmate of 14 1bs for an

11 dB gain four circular array system has been deduced. This figure assumes ..

aﬁ arithmetic doubling of weight (2x 5 1bs) plus a 40% allowance (4 1bs) for".

supporting structure (it is possible that such an antenna would not need to be

deployable). Any further increase in gain would probably require a deploysble

concept and the galn-weight relation plotted in Figure 2.15 would tend %o flatben.

2ol Deplovable Paraboloid Antennas

2,41 General

Deployable paraboloid antennas for spacecraft ha;e been propdsed and
1n some instances built though their diameters‘ﬁave not been great. In parti-
cular, RCA Corporatlon has built two unbrella-type antennas for the Apollo

progrém. Both of these were manually erected on the lunar surface and have thus

“heen space qualified,
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An importént consideration is the weight~diameter relation of

‘and an RCA ‘estimate for a 75 ft diameter antemma built on similar‘lipes,"
Figure 2.9 has Eeen plotted on log-log paper.fiit.may be noted- that the RCA
wéight figures includg the feed support and feed 1ine'con£ribu£ions. Milli—i

2 kinBOf Hughes Aircraft.Co.-has pﬁbliéhed resuitéﬁof a'compardti§e s@udy of
d;fferénf deployment teéhniqﬁés:whicﬁ show that the unbrella type offeré the

lowest welghts His resqlfs are also plotted in Figure 2,94 -

sis of the proposed. antenna.

2,442 Aperture Blockage
It has been observed in Section 1.that in the present applicaﬁion i
tor feed systems have galn, Go,'between 6 dB and 8 dB: the effective Ffeed

canture avea is then given by

G
A2 o\
A = l.p?T. antilog1o <_-1—O>

or )\2 .
A =i G, G is numeric gain.

Hence the'biocking dbstaclé diameter is given by
D =2yE
T

For G = 6 dB, which might be a typicalrvalue for a dipole/reflector

erectable péfaboloids.' Using'the precise RCA data from the Apollo antéﬁnas”,_-

- A straight line has beeﬁ drawn to pfovide a basis for weight analy- -

aperture sizes in the range 3.8 A to 10 A are requi?ed.- Now:typical reflec- .

feed for 300 MHz, D= .64 Ae For Go:=8 dB, D= .8 As Thus in a 3.8 A aperture,

the ratio of blocking obstacle diameter to apertﬁre'diameter moy range between -
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17 and .24 causing a substantial gain ioss;

Aperture hlockage effeéts hd&g been coﬁputed for a cirquiar aperturé
with central circular_ohétgcles for a rangé of blockage ratios and a raﬁge
of simnle aperture distributions‘of the form (1-r2)N,~with N=0,1 and 2,
These results are shown in Figureé'2.10, 2.11 and 2.2, Figure 2.10 dex#.on-
$£rates the significant beam hérrowing, and hence increased géin slope,.due.
to blockage. As expectea the first sidelobe lgvel increases untii; for large_ 
biqckage ratios, the apnulér-apérturé distribufions.are not significantly
different to cause great variations in sidelobe level. Figure 2.11 plots the
twb cOntribgtions to blockage 1953, thé change in apérture efficienpy s and. -
the fractional power scattered by the dbstacie P_. The total gain loss, hore:

B

malized to the maximum is given by

.Gain Loss = ~ 10.16@;10' [nB“ - PB)/UB' ]
o d=0

and is plotted in Figure 1.;12.

Taking N=1 as a typical'distribution, the gain loss for a blégkage
ratio of .2 is 0.7 dB with a 5% reduqtioﬁ in beamwidth. These résults hav? :
been used in calculating the gain performance of'paraboloid antennas in the .

N
«

following sections,.

2.4..3 300 MHz Deployable Paraboloids

2.4.3%3,1 Gailn
The -edge of cover gain with coverage defined as a 10O circle has been.

-calculated for a range of diameters from 100 to 400 inches., It has been assumed
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that the feed is a dipole/beflectorAcombination with a gain of 6 dB, that
the f/D of the reflector is sbout 0.25 and that fhe'feeder,céble follows
a maximum length route consisting of half the diameter, the focal length

plus 3 £t of spare. A simple parabolic (N=1) illumination function has

been used. Blockage effects on peak gain and gain slope have been included.

The variation with diameter is plotted_in Figures 2.13 and 2.1},

The maiimum gain is 21.1idB, which for an 8° cp&erage cirele would improve

%o avproximately 23 dB., This somewhat low figure (by about 0.5 dB) is due

to pessimistic assumptions on spillover.

. 2ehe3+2 Antenng Weight ~ Spin Stabilized Spacecraft

.The straight iine of Figure 2.9-has been usad to calculate Wéights
of deployable despun antennas. The erection and deployment techﬁique is
eSéentially that shown in Figure 2.22 where a centrél column supports the
collapsed antenna during launch, - Thus for a 25 ft (300 inch) diameter antenna,
a weight of 25 1bs has been allocated for a supportiﬁgzmast. Thg‘gain'and |
Weight curves plotted in Figure 2.13 aré qross{plotted onto Figure 2.15 to

give the gain-weight reiationship for despun 300 MHz antennas,

2.&.3.3. Antenna Wéight - 3mfAxis St&bilized Spacécraft
In the 'same manner as in the previoué section, the weight variation.
of .a deployable antenna has been calculated. Here it is assumed that the
antenna deploys symmetrically from fhe forward eQuiphent platform of the sﬁace—
craft, A welght allowance of 10 lbs is made for the deployment ﬁechaniSm for

a 300 inch aperture. Again, a cross-plot has been prepared onto Figure 2.16,
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24hel Choice of 300 MHz Antenna

For system reasons, the chosen 300 MHz spacecraft is a 3-axis stab-
ilized body and hence Figure 2.15, which refers to a spin~stébilized bbdy, is
not directly applicable. However, although it is pertinent to the 1.5 GHz

system desoribed later, it will be discussed here.

(1) Figure 2,15 ~ Spin Stablé
i
|

quéd-helix appears to offer a‘betfer weight performance than the paraboloid for

The most noteble result of the weight analysis is that the deployable
: I . .

gains-below 17.7 dB. Thé ranididecrease in paféboloid edge gain for low weight .-
reflectors is due nrimarily to increaged blockage effects. The curve might:
otherﬁise be exnected to follow that for the quéd—helix. However, for gains
above 18 dB, the paraboloid is superior. This last comment is felevant'fo thé
1.5 GHz antenna choice for 4 despun paraboloid. |

The switched clrcular array, for the reasons stated in Sectlon 2.3 1s
very suitable for gains below 11 dB but is unlikely to flnd appllcatlon where .
high gain is required.

(11) Figure 2,16 ~ 3=Axis Stable

The curves here show the same generai-béhaviour as désoribed above;
‘and the choice must be for a quad~helix; However, the deployable sinéle
‘helix would appesr to he a very good candidate.provided snacécraft>dynam-
ics and antenna pointing requirements are not adversely affected by a
 very long helix. This is an area which could profitably be investigated.
Very long helices have been ﬁeasured experimentally and show suitable gain'per~

formance for the present application. For example, a 436 inch long helix at 300

9 .

Miz can provide a peak gain of 18 dB and an edge of (8°) coverage gain of 17.6 dB”.
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The following chardcteristics of the 300 MHz antenna‘can now be
listed in Table 2.1.

TABLE -.1

CHARACTERISTICS OF 300 MHZ ANTENNA FOR BWAXIS
STABILIZED SRACECRAIT

Type - | Deployab@e Quad-helix

é Length of helix _ . 95 inche$;

| Element spacing (on side ‘;
of square) 74 inches
Peak gain 19.75 dB
Rdge of (8°) cover gain . 18.7 dB
Ellipticity - Less than 2‘dB

Weight . . 33 1lbs.

2.4.5 1.5 GHz Deployable Paraboloids:

2,4.5.1 Choice of 1.5 GHz Antenna
Following the érgument of' the previou; sections, the.optimum:antenna
for the spin-stabilized 1.5 GHz spacecraf't is taken as a deployable parébploid.
However, the gain-weight variation for the 3-axis stabilized configurétion is

discussed also.

2ehe5e2 Gain
Gain at 1.5 GHz versus diameter has been calculated on the same basis
as previously for (1=r?) illuminations for different coverage circle diameters
(80, 9°, and 100). These, as a function of diameter; are'plotfed in Figure 2.17.
Thus, the maximum edge of (80) cover galin of ZQ;BVdB is achiéved with éﬁ 80 inch

~

v




GAIN AT EDGE OF CANADIAN COVERAGE (dB)

24

23

22

1

20
19
18

17

\

8° COVERAGE
CIRCLE

L ~ 20

L. 90 : — 16 . .

- 1 7

~ 2

i J12 =

L . - .
=

= {8

u 10° 1

- 4.

40 60 80 100 . 120-
ANTENNA DIAMETER (INCHES)

\ Figure 2.17 ~ Gain, Weight & Diameter for 1.5 GHz Deployable Circular .
' Paraboloid Antennas ~ 3-Axis Stable .



’diameter~circular aperture, Shown dotteéd ie the edge of cover gain fon_a

.344.7(1;-r2) illumination. The difference is not -significant.,

2.4.5.3 Weight - 3-Axis Stabilized Spacecraft

Figure 2.9 has again been used to determine the weight variation with

i dlameter plotted also on Figure 2,17, for the 3-ax1s stablllzed spacecraft For
: l
example, to the basic deployable antenna welght of 8 5 1bs is added a 2. 5 1b.
‘ |

allowance for the deployment mechanism - for the 80 1noh aperture,

The gaineweight curve is plotted in Figure 2.19,

. 2.45.4 Weight = Spin-Stebilized Spacecraft
The gain-diameter variaﬁion for only the'BQeooverage case is shown
“in Figure 2,18 Thé weight variation is essentialljAeiﬁilariexcept phat the
weight breakdown for an 80 inch reflector'with,eéploymeat meehanism as showa_
inAFigures 2.22 and 2,23 is now as follows: - .

Antemns 8.5 1bs

Deployment mechanism .3.0 lbs
Support Column 8.0 1bs
Attachment coliar 2.5 Ibs
‘ 22,0 1bs

2.4.5.5 Gain-Weight Relation of 1 .5 Gilz Paraboloids

Figures 2.17 and 2.18 are cross-plotted onto Flgure 2, 19 to give the =
galn-weight relatlonshlp for both spin-stable an& 3-axis stable. conflgurations.

The ocharacteristics,of the chosen 1.5 GHz antenna for the spin-~stab-

11ized configuration are listed in Table 2.2.
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TABLE 2,2

CHARACTERISTICS OF 1.5 GHz ANTENNA FOR SPIN-
: STABILIZED SPACECRAFTS

Type - ' Deploygble Pardboloid;
Diameter 80 inches
Pesk gain. . - , 27.% dB

Edge of (8°) cover gain' 23,8 dB w
Ellipticity | | Less than 2 aB

Weight . - 22 1bs,

2.5 Propoéed Antenna for the 1.5 GHz'Spacecraft

2.5.1 Electrical Design
(a) Feed

A suitable feed element has been- descrlbed by Svennerus1o. This is:

* a circularly polarized two~turn helix with a central supporting column, elpct-

rlcally decoupled from the helix. A conlcal grqgnd plane or shleld gives low
spillover losses. The E and E¢ principal‘plané radiation patterns are shown
in Figure 2.20, taken from Ref, (10)." The slight aifferehce in edge:taﬁér is-
not sufficient to cause a noticeable change in ellipticity or coverage. |

| The approximete electrical dimensions are &also indicated so that the .
blocking diameter would be approximately 6 inches, low enough for satisfactdry
perfofmance. The cenfral column is apprqximateiy.O.B inches diameter.,

(b) Reflector
The feed patterns are suitable for a reflector with an F/D ratio of

around 0,37 which is a satisfactory value for éfficient_illumination; Thus,
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the focal length is approximately 29.6 inches. The secondary radiafibn pat-

terns for two different edge tapers with parabolic illuminétidn are shown in

Tigure 2.21e

2.5.2 Mechanical Design

(a) Reflector
i The reflector is an umbrella-folding surface with aluminum radial

i
T

O . : ! : - ' :
~ ribs of U-channel cr0531sectiin approximately 1 inch deep, The ribs are pre-

formed to give a best fit surface when deployed-~ The reflecting surface is

gold—plated nichrome me sh w1th a mesh hole dlameter of less than .1 inch, A

'stalnless steel ten31on1ng wire around the perimeter allows flne adgustment

to the reflectlng surface focu351ng. . ' {

When folded, the reflector occupies a volume approklmately 4.0 1nches X

i

10 1nches diameter.

(b) Deplovment Mechanism

The deplqyment technlque is 1llustrated in Pigures 2.22 and 2.23,

There are three distinct phases:

(1) Spacecraft Spin-up

The antenna rib=-tips, in the collapsed position, are locked to the top
deck as is the antenna support tube through the despin motore

(11) Antenmna Erection

Just prior to antenna despln, the r1b~t1ps locking collar is removed
and, under the combined effect of centrlfugal force and a sprlng—loaded hinge,

the antenna, still collapsed, 1s’erected Yo its on~axis position.
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(1i1) Antenna Deployment
As the antenna reaches its on-axis position, spring ibaded,latches<

engage the antenna back~plate. The antenna_momenfum compresses a spring-—

loaded end-stop, allowing the drive spring release actuator to release the

deployment drive spring. The drive spring then deploys the antenna fully,
: |

pushing the hinged rib ends against end stops.

The feeder cable is allowed to warp as it is pushed into the support

tube.

2¢5e3 Thermal'Design_

Since the antenna reflector is of mesh construdtion, thermal distor-

. tlon will be kept to a minimum., Tt is estimated that a 1" diameter feed tube’

will havé a peak tip deflection of 0.03 inches in the thermal environment, At

a 29.6 inch focal length, this will cause a thermal pointing error of .05 degree. -

The reflector ribs will experience a similar bending which may cause .a

peak pointing error of .1 degree.

The antenna support tube will cause only pointing errors in roll éf
yaw. Roll errors (i.e. N-S pointing errors) are of no.importance for oversizg
radiation patterns, whilst yaw errors, especially for Cifbular, circularly pol-
arized beams, are of less significance. |

It is expected then ﬁhat the maximum pointiﬁg errér will not exceed

015 de{;‘c‘eeS-
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. 1.3 TRANSPONDER SUBSYSTEM

' 3.1 Types of Transponder

"5. 141 -Generalv

There are a number . of possible transponder conflguratlons that mlght

jmeet the requirements of' the thin route traffic systems These are listed in

v_Table 3 along with the cnaracterlstlcs of each._ Early in the program these

1

»_configurations were given a veky cursory examination and two (Nos. 2 and 3)

1were selected for more detalled study. The reagons why the others were dis—
.oarded-are dlscussed below. Table 3 1 gives a rating on -complexity, indloatesf
‘2hif intermod is present if back~off of the output ampllfler is required and
'1ndioates whether companding, voioe activation and pre-emphasls are possible.;‘
.~gAn-entry of "yes" in these three oolumns means that~the technlque is not only
dposslble but that there is an adventage to the satellite to do s0. An entny
' of "no" means that either the technique 1s not posslble or that no advantage

to the satellite results-

Thé first.transponder conflguration 1s a fulLy channellzed Verslon.

Each of the 200 audlo channels and. b5 radio ohannels has a separate power

-amplifier operating-at 1.5 GHz. These channels are then multlplexed together'

‘in a 205 chammel multiplexer for radiation from the antemna. This is a very

'foomplex configuration and has a very dlfficult multiplexer deslgn problem.

‘This configuration was not considered.further.

The second system i1s a single channel transponder. This is a very

: simple system as no signal processing takes'place on bosrd. There is only a

_single frequency shift from the input to the output. ‘Thus all the audio

ohannels vass through the power ampllfler on separate carriers which must be




S - Back—of £ | Voice Pre-emphasis| Companding|. L
Complexity | Intermod | pojuired |Activation| possible | possible | UOmEents
' Possible
1, Fully Chan-| very | none no  yes , 'Yes1,gf ~ yes  |Multiplexing
nelized high : : - S g is difficult
2+ Single low yes yés - yes | " yes- '-yes'
.Channel C 4 :
%« Three Chan- | moderate” yes . yes 'yeé f_ :_3 yes ; yes.
nel o i o . o
- : - ' — - ‘ 1
4. Single Car- very | - none - no - . yes - yes .. yes ' 1 £
rier (base high ' a . : q
band) : : ' SR K ' : '
5.'Siné1e-Car; moderate none ‘no . | yes . ' yes. B yes - |now FM im-
. rier (doublq" o K o o e L | provement ob-
mpdulation)J ) : o , . S tained

TABLE 3.1 = Comparison of Different Transponder Configurations
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i

backed off %o & linear region to reduce intermod. This reduoeS“the efficiency

of’ the power amplifiers but advantage can be taken of improvement due to

oompanding, voice activation and pre—emphasms. It is conSidered a V1able

.system and has been developed in more details

' The third system is a Variation of the second. There are three

"tvpes_of service required. The raedio channels have a high carrier level

_and‘produoehhigh level interm?d in the region of-the,low.level_carriers.
- g e . al : :

‘Thus the low level cerriers must be raised aocordingly. By separating the

"three sérvioes into three separate‘channels this benalty cen be aVoidedyv'

.This also was considered a V1able system and hes. been examined in ‘some detail.'

The fourth system utilizes a single carrier on the down link so thet

”‘_no intermod is generated and the output power amplifier oan be driven into

. ‘saturation for high-efficiency. The-smngle carrier’ls obtained by-completely

demodulating the endio ohannels down to baseband and then ‘stacking ‘them up for

final’ modulation on a Single carrier. This system suffers from a_high coms.

plexity in.the demodulation and modulation circuitry on the satellite. - It

’_ was not considered furthera

The fifth system also gives a single'oarrier on the down link result-

ing in high efficiency for the output power amblifier. It is also possible .
~with this system to obtain improvements due to companding, voice activation

'and pre-emphasis. It hes a problem with bandwidth however. Because the uplink

Asignal is nob ‘demodulated on the satellite the bandwidth of the signal modulating

the downlink oarrier is wider than the total audio baseband. There are two possi~ :

bilities. One is to use a lower modulation index end the second is to use a .

'higher'doWnlink bandwidth, In the first case the required FM improvement



_.50u—

factors are not obtained and in the second case the thermal noise is in-

 creased resulting in higher required transiitter p0wer.AAThis configuration

was not fully evaluated but tentative oalculations indicated that, compared '

to configuration No, 2, the advantage due to saturated operation on the A

-downlink was more than lost by the increased power required to.overoome

the inCreased.thermal noise, BéCause it was not evident that the extra

' babdﬁidth was ‘available this system'was not conéidered furthera

3e1a2 Sinﬁle Channel

This transponder (item 2 in Table 3. 1) 4is a single translatlon

.type wlth no 51gnal processing on bo&rd. The slgnal in the uplink band. is
,recelved on the antenna., It first passes through a duplexer or 01rculator

'to.isolate the-receiver from the transmltter. A filter is included in the

recelve line to vrovide additional 1solatlon from the transmltter. After
the innut filter is a low noise amplifier followed by a frequency down con-

verter from uplink to the downllnk.band. A second fil}er.removes the upllnk

band, The transmitter‘frequenoy band is then amplified by an amplifier and

driver combination to sufficient power level to drive thefoutput power . ampli-

fier, The multiple device power amplifler is dfiven byha:diﬁiaing'network
(described later) so that every device is driven at the same levels A
similar network combines the output signalss The final element in the trans-—

ponder is a third filter which removes noise in the receive band that may have

been‘generated in the power amplifier. The block diagram of this transponder

is shown in Figure 3.1.
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3.1.3 xChapnelized Transponder

A transponder with three output amplifiers has also been consid=~

- .ered (Figure 3.2), .This has one amplifier for the commercial chamnels,

one amplifier for the private channels and one amplifier for the radib

- program channels, An input and output multiplexer are added to,feed the

'three frequency bands to{their:respective amplifiers and to combine the _

output signals'ihto a single tpansmission line. The rest of the -transponder

I
is essentially the same as for the single amplifier transponder.

Tt was hoped that by sepérating the traffic into three éeparate
amplifiers each of narrower bandwidth a:net feduction of interﬁod-level,
would regulé. :Howe&er, sﬁfficiently accurate knowledge of -intermod iéVels.
in>tranSistor amplifiers has not been availabie‘for this ﬁo-ﬂe accbhplished o

and énly'the single amplifier transponder will be considered further.’

3,2 Power Amplifier Devices

3.2.1 Vacuum Devices

There are three types of devices that have been considered for the

output power amplifier of the transponder., These are travelling wave tubes

‘ (TWT), transistors and beam power triodes or tetrodes. For the higher

frequency (4.5 GHz) transistors and TWI's have been considered”and for_the;' -
lower frequenoy (400 MHZ) the choice has been betwgeﬁ transistors and beam
power‘tubes.

| Travelli?g wave tubes are generally used as powérfoutput devices foﬁf
satellite transponders. For this reason a fund of design iﬁformation has

been built up about TWIs in this application. However, no TWI' currently exists
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for the power level and freqﬁenoy reQuired for the current appliéatién.”Thus
a travelling ﬁa%e tuﬁe to fuifill the requiremént would have to’bé eépeoiallg
developed. "

In the case of beam powef tubes there is no fund of knowledge for
a transponder appiiéatidn in space. The usual ﬁppliqation for'AOO:MHz tubes

of this type is in ground based oscillators and amplifiérs, They afe,usually

‘ repladed after about one year if operation in the course of regular maintain-
“ance. To increase the reiiabifity~df these tubes they would have to be greatly

. derated. In.addition'existing tubes are cooled by forced aif; .However, at least

one tube is available with Be0~conductioh oooiing'(RCA type 8828).< Some

" considerations of a transponder using this tube will be discussed below.,

Datafon a number of répresentative tube typeS'is'given in Table 3.2.

3.2,2 Solid State Devices

Transistors for use in the power output amplifier have the ad- -

vantage of being solid state having no heater powef requirements with

the subsequent burn out life of the cathode, Thé& also have the advantage -

of the high reliability of solid state devices.

Power tpansistors are presently available at frequéncies up to

2.5 to 3,0 GHz with reasonable output power levels and efficiencies, In addi-
tion, this is an area of-rapidly developing technology and one can expect

further advances in the next few years. For single carrier operation the

transistors can be operated Class C at high efficiency. However, the.present '
application calls for multicarrier operation where intermod results due to

interaction between the carriers in the nonlinear impedances of the junctione



Tube Weight | Freguency Power . _

Type ounces Mz Class AB -Cooling
8121 3 400 100w - f - fin
8122 3.5 400 200W fin
8072 2 400 100W conduction
8828 L » 400 | 200W BeO block
7650 12 400 600W

8226 L 400 150W:

TABLE 3.2 - Performance Parameters of 400 Mz

beam -power tubes.

-G -
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This is of major concern and one that is treated in more detail in the

section on iritermod.,

A ligt of representative transistors with major operating'para~~

meters is given in Table 3.3,

3.3 Intermodulation Considerations

3.3.1 System Gonsideration
The intermoduiatﬁon levels produo;d in.the output amplifier are
of’ coﬁcern in the system dégién considerations, The intermod levels assumed ~
in the syéﬁem calculation are lower thah the downlink‘thermal noise contribu~
tion bﬁt are at such a levéi‘that'ény inoreasé in intermod will inofease the
EIRP.required to meet the system performance specification. The level ; |

assumed for the multicarrier intermod level was ~1645 dB. This translatés

to about =24 or =25 dB for a two tone test situation. Two approaches have -

~ been investigated. A push pull amplifier was inveétigated for intermod can—

cellation. It is shown that this was not ﬁossible under ‘conditions where the
fundamental signals were added. A transistor amplifier at 1.8 GHz has been
laboratory tested for interwmod and conditions found which would give low

intermod at high efficiency.

3.,%.,2 Intermod Levels in Class C Transgistor Amplifiers

A number of workers have investigated third order intermod in, trans—
istor amplifiers. Some of these have demonstrated low intermod without be-
ing too specific about how it was obtained. Others have worked at much lower

Ifrequencies than those considered heres



e Power . ' '
, J-GC - - .
Manufacturer | Type No. | GHz Freq.v Class | OG/W “ Watbs dB Gain Eff . 'Gomments
RCA 7991 1.5 A - 2.0 | >0 ~30%
RCA. 799 1.5 | ¢ 8.5 10 | 10| u5%
RCA 7995 | 1.5 A - 2.5-3 |  >10 ~30%
RCA ] 7995 | 1.5 C - - 15 10 | 4% R
rea | osm | o1 | s | - | s 1 10 ~30% | Projected early
: SR PR T o7
RCA 817L 145 c - 25 | 10 | 5% |Projected early
RCA 7706 W | 5 | 3 |5 | sop
MSC | MSC3005 | - 2.5 c - 6 7 B

TABLE 3.3 ~ Performance Parameters of Existing or _Projec;ted Transistors
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Hilling and Salmon(1) have shown that third order products are

related to gain flatness for changes in emitter current. Operating in the

_50'to 500 MHz band they obtained best performance of 25 to 30 dB intermod'“: .

level at emitter currents giving maximum gaih_flatness.
Chang and'Locke(z) show low intermod operation of a class € tran-

sistor operating at 30 Miz. They - obtain low' intermod between the two limits

»;of'linear operation, %.e; at high power where saturation occurs and at low

' : ! -
power with insufficient forward bias. They obtained an intermod level lower

than 30 dB over a 10 dB dynamic range. No special operating conditions were

- specified to obtain this performance at 30 MHz.

Thomgs(E) has oarried out both experimeatal and theoretical work’
on intermod. He shows analytioaliy that the intéfmod produced by oﬁe.nonul
linéafityAin the transistor may be cancellediﬁy tﬂat produced by anothef
nonlinearity since these products are inherently 180° out of phase, Ex-
périménta} measurements confirmed these find?ngs,

(%)

Boag and Newby" ‘ have measured intefmod levels in aISingle 2NBL70 -

coaxial transistor class C amplifier operated‘at 1.8 GHz. When.adjuated  ’

for maximum power oubtput the intermod level rahged in generalxbetween‘—10

and -15 dB., Some measurements, however, gave intermod levels of =26 dB at

high drive level and high efficiency.

Two tone intermodulation level measurements have been repeated

using the setup of Boag and Newby.  These measurements were specifiically

aimed at demonstrating that low intermod and high efficiency could be ob-

tained simultaneously with Class C operation, An additional objective was

¥
Lo . !
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' to determine the dynamic range over which low intermod was maintained. .

By detuning the input and output of the transistor and adding a small

R

amount of bias the amplifier could be adjusted for intefmod levels that -

ranged between 25 and 30 4B below the level of the two carriers. This -

was accomplishéd‘at a slight loss in effioienby of about O 6 dBu Thié

"loss din efficiency has reduced the specifled Class C efflcnency of BQ% at

~.hOO MHz to ?Q%. Currently quoted Class C efflcjencies are A57 at 1.5 GHz

and 35% at 2.5 GHz, and these reduce to 397 and. 307 respectively for low .
1ntermod Operation.

Some measured results.COnsidered tyficaliof the type of operation
considered are shown in Figure 3.3, Here the intermod level, efficiency
.and géin are‘plofted as a fﬁhctibn‘of'the in?uf'dfive‘lefei. Ovef a fourn
dB range, from 52 mw to 135 mw input power, ?he'ﬁeasﬁrements were accom-

plished without readjustment other than varying the input drive level,- For

one .final point, at 200 mw drive level, some feadjustment was necessary to ..

obtain the drive power. It is considered however that this point is one
of the family indicating a tdtal dynamic range.of-very nearly 6 dB where

the intermod is below the required maximum of =24 dB.

3e%e¢3 Evaluation of Push-pull Amplifiers for Intermod. Suppression:

Push=pull amplifiers hﬁve been analyéed by Lambert(5) for seeond

harmonic cancellation. He showed that if the’two aﬁplifiers in push-pull .are
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fed in phase opp051tion the second harmonic components cancel. He éhowed

that a reduction of 20 dB could be realized provided that - second ‘harmonic com~- 

: ponents were within 1.5 dB in amplitude and 5 degf in phases -

For a narrow band amplifier however, the second harmonic is of

little concern since it is removed by subsequont filtering, Instead the>

"third order intermod components are important since they occur ‘within the

. pass band of the amnlifie%. The follow1ng is an attempt to use a push—pull
_ ampllfler to . canoel out 1ntermod products while addlng the desired funda-

" mental components from the amplifiers. It is shown instead that_thls is

nof;poosiBle as the intermod.produotS‘appear'With the same phaseé and in

_ the same frequency band as the desired signals. It is shown however that it

s possible to cancel the third harmonic Componenté while at the same time

retaining the desired signals by driving the‘amplifiersjih‘phase quadrature.

. This is not the same condition for second harmonic cancellation so that the

socond and third harmonic can not be cancelled simultaneously.

Intermod pro&ucts only exist when-tWo_on mone frequencies péss'
Simultaneously through the amplifier. .ThéyvooOur at frequencies 2f¢=f,,
2f,=f1, £44 £ T3, otc. iOnly the two frequency caso is considered heres
After Lambert,a single amplifier has an output oharacte:istic

V = a4v._ +a v Lt e v3 ¥ v
0 Vi ™ 22 3Vin . :

These amplifiers are combined in a push pull ampiifiefishown in Figure 3.k,
where ¢ is the input phase shift and 6 is the oubput phase shift,
 The input voltage is composed of two.frequenCy components

vﬁn==bqoosw1th-bécosw2t
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The output from the push-pull amplifier is

out = Vo1t Vo2t Vo3

_where v _,"is the desired component and v, contains the third order distor-

3

‘tion products. Using Laiﬁbert's notation

v o5 ax[b 1cos(wqt+</>)+b2co.s(w2t+<;b)]

H

o1
+ o5 agy[bycos(wst+6)+bcos(wat+6)]

}

it

' Vo3 .25 'a (b 1008(601t+¢)+bzc!o§(w;t+¢)]3 \

4425 azy[b 1dos~w1t+bzcos¢2‘t;l3e'36
" By expanding. the ‘above and omitting all but intermod terms vo~3
becomes _
Vo3 = = :1% bibz axx[bycos ((2w1—w2)t+q5)+b‘24éos:((2w2-w1 Yt+g)]

o
- -% bbb axy[bicos ((2wy-wz)t+0)+bzcos ((2wa=wy)t+06)]

Thus the intermod products have the same phase as the désir'ed signal VoA and
cannot be cancelled at the same time that the des’ar‘éd ‘s‘ign'a,ls ave added in
the output combiner.
If only the third harmonic components are retained then vo3 becomes
Vo3 = v asx[bIcos (Fwyt+ 3¢) + bicos (Fwat+ 34)]

+ —% axy[bicos (3wt + 6) + bi3cos (Bw.t+6)]

—

The phases of the third harmonic component are not the same as the

a fundamental and it is possible to cancel the third-harmdhic while retrx_ining

the fundementale The two conditions for accomplishiﬁg this _é,rq
¢~6 =0 (addition of fundamental)

3¢~ 6 =180°(cancellation of third harmonic)

(Y
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The solution of these two equations gives both ¢ and 6 equaiAto'
90 degrees. This could be implemented by means of ninety degree hybrids.

at both inpﬁt and output without any.additional comﬁonents, Thié configﬁrg—
tion would cancel the third harmonic componenté-but retain the second har-
monic since the second harmonic requlres 180 degree phase snlfts at both
the 1nput and output in order to give cancellatlon.;‘

'.

'3.4 Power Combiners

élr Faliet Intfoduc%ion
Two combining networks have been q&nsiqsred,-a straight hybrid
combiner and a star coﬁbinigg configuratioé'(RefS. 6,7). 'The hybrld combinlng network
is stralghtforward since it uses nothing but standérd hybrid Junctlons. It
has the disadvantage that the loss of one amplifier of a pair causes a drop
in output of 6 dB rather than the expected 5‘&8.
The sbar is pqt a developed systeﬁ.but promises to have some ad-

vantages in performance and reliability ovér a hybrid combiner,

3.he2 Hybrid Combiners

A typical hybfid combiner is shown in Figure 3.5, This is the net-

work proposed for the CTS UHF transponder, It uses éight transistors which

" are first combined in hybrids to-make ). lines. These are passed through

1solators and then fed to a four way combiner which has a single output
When a single transistor fails- in such an amplifier the output is reduced by
an amount which depends upon the number of transistors being combined., This
amount is shown in Figure 3.6, as a function of the number of transistors.

It is 1.2 dB for an eight transistor amplifier. This is more loss than can be:
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tolernted .uso redimdant units mist he switched in ns soon as the first trans-

\

- istor f'ails. This can be done by substituting the complete amplifier-of

by substituting individual transistors as they fail. " This in general takes
twice as many transistors as are actually operating at any one time. The

static loss also increases as the number of operating transistors increases

‘due to the increased number of hybrids required. The static loss is also

. plotted in Figure 3.6 assuming that .25 dB loss is added due to hybrids and

isolatbrs every time the number of tfansistors'is doﬁbled.

3edred Star Combiner

The star combining network is shown schematically in Figure 3. 7.

' The transistors are arranged in a circle and ‘connected by quarter wave

lines to thg output transmisgion line at the center. The number of tran-
sistors around the circle consists of the number of operating transistors
plus the necessary spares. The spare transistors are turned offiuntil.such
time as one of the operating transistors fails, ‘Then the failed component
is turned off and one of the spare tfansistprs is turned.on. This returns
the amplifier to full power except for the mismatch which may be introduced‘
by the failed unite. |

| If the total‘number of transistors is N then the quarter wave lines
have impedances such that the low output impedance of the transistof is.
transformed to NZo where Zb is the impedance of the output line from the
center. When the N lines are combined in parailel then the cOmbingd ?mpedance
is just Zo. The resistances Jjoining the transisgor outputs are selected.to
minimize the mismatch caused.by the spare transistors and the trﬁnsistors.thét

have failed. When all transistors are operating in phase the resistors carfy
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8

Figure 3.7 — A Star Combining Network with 10 Terminals
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no current and dissipate no power. When a transistor fails by shorting

the transformed imnedance is infinite and a mismatch occurs at the out?ﬁt

- line. In addition, the transistors adjacent to the failed unit diésipate

_ power in the resistors. When a transistor fails open it will present a high

impedance. The resistors then form the source impedance. - Thus decreasing

the resistance reduces the mismatch for the spare transistors or’ transistors

failed-open and increases the hismatch for units that fail shorted. It-is

' necessary to select resistance values and/or impedances between the tran-

sistors which minimize the losses under all conditionse. This is a very

~ complex problém and depends upon the number of transistors in the ring and
‘the number Of.thgse which are spare. This problem has not been solved but -

‘some indication of trends can be obtained if it is assumed that the resistors-

Rﬂ are pure real, and tha£ the output impedance for'aﬁ‘OPen or a-spare
transistor is controlled by the resistars and is qual to RL/Z. Then when a
transistor fails open there is no change in ouéput power and when a transistor.
fails short there is o mismatch at the output line ana also infadjadent tran—~
sistors. The overall loss can be further minimized by matching initially with

some of the spare transistors replaced by shorts. This calculation has been

. earried out for the case of two spare transistors and a variablé number of

onerating units Nop’ The optimum resistance under these assumptions is given
by

Rﬁzop/(w:ﬁ%v’-bf-ﬁj-;)

where ZOP is the output impedance of an operating . transistors

The minimum loss which corresponds to thig resistance is given in
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‘corporates an ideal sparing arrangement in that each spare may be Sﬁbeituted for.i
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fFigure 3.6 as‘a function of N p'- In addition to this loss oaused'by-spafing~a;'

sta+1o loss would also occur with the star but it would be nearly lndependent

" .of" the number of tran31stors :nvolved

Aniexamlnation of Pigure 3.6 shows. that as a general rule a hybfid"

l_oombiner is betbter if the number 6f'tfansi$tor$»i§ 10& and the star is better

- if fhe'pumber is-high.: The cross over point appears to be for -eight opéréting:
.transisfors. This is olose-to;the number of tf;ﬁéistor$ anticipated at 400 MHZ;;.
:anﬂ evép at 1.5_GHz.£he"amblifier could be run with 8 rather than_5 paréliel de~
vices. This would suggest the usé. of a hyBrid Qombinerirathérlthan a sfay, how— ; .1

ever other'advahtagés,of-the stdr must be oonsideréd.‘ The star configuration in-

‘

ahy failed unit and every spare may be usedvbefore the . amplifief musf be oonsider—

ed faileds - ThlS is ev1dent in Table 3el where the 7 and 8 year rellablllty flgurea;
are quoted for the devices in a number of star configurations and for an elght de-;{‘

vice and four device hybrid combiner amplifierﬁ, These figures have been oalou1- u1-

ated for a failure rate of .4k per 10° hours cqrféqunding to-a Jjunction tempera~

ture of 11000. It is seen that reliabilities cbtained with a star oonfiguratioﬁ_.

using one spar are equal to a hyﬁrid obnfigurdtion with a complete redundant ampii~ :

fier. Tn addition the star may have another advantage, that of‘qhanging therpeEA

ating level either up or down by switching in some of thé spare units‘br SWitohing

- - out some of the operating units. In the case -of the hybrid combinervthere'ara.no‘

spare units to be turned on and the penalty incurred by turhing unifs off- is ex~-
pected to be greater than for the star.

In the present system & star combiner is assumed although it 'is recog-

nized that considerable development is required to fully evaluate its oapéuilities.
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TABLE 3ol ~ Rellablllty Estimates. for Devices in -
: Various Power Output Ampllflers at a
Junction Temperature of 110°C.

- Number of Devices Reliability -
Configuration |- : S
. Active | Passive | 7 Years| 8 Years
Star 5 1 990 | .987
 Star 6 1 986 | .982
Star | 6 2 2999 .998
© Star - 7 ] w82 | 977
 Star 7 2| .9 | 997
‘Star 8 1 977 -974
-~ Star 8 2 | .99 | 997
Hybrid 8 8 w062 | .9m2
Hybrid N T 2989 | 986
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3.5 Ppwef Amplifier Performance

'3,5.1 .Beam Power Triede Ampiifier

Suf'ficient information is dvallab]e on a conduction cooled power triode
(RCA type 8828) to allow it to be evaluated as an output device in the transpondex.‘

of the'AOO MHz satelllte_system. Conduction cooling is by means of a BeO block

':approxlmately Oe 83 5qe 1n. in area and. 4 in. thicks. Thermal conductlon for Bel

is 3 Watts/ € for unit area and unit thlcknesq g1V1ng the thermal res:stance as
. . .

H

The two “tone intermod level is also. sp901f1ed for this tube at ~30 4B

ih Class A operat10n4 ihe~oorrespond1ng ‘efficiency is approximately 33% 1nclud1ngv

'heaters.ﬁ.For the 400 MHz satellite the end .of 1ife arfay power available for the
.t'dﬁtput emplifieﬁ is 458 watts. With the expocted effieiency'for the tube this giﬁqs
8 radfated power of 150 watts and a dissipation of 300 Watts. The radiated power'df

150 watts is apnroximately half of that required for maximum channel capacnty result-

1ng ‘in a satellite capable of only about half the maximum number of channels. ,The

_thermal_model for a single tube d1s51pating 300 watts in showm in Figure 3.8. It is_

* seen that if the mounting flange is kept below 100°C the plate temperature Will:not

exceed 155°C. At this plate tempersture end with the heater voltage reduced to 90% of

nominel, the Mil HDBK~-217A gives failure rates'of one in 10 hours, This is .a reason-

able failure rate, however, the weurwout life of the oathode surface is not defined. .

Because of experlence with- TWT's in space ;t is expected “that the cathodes in beam
power tubes would also survive the required length of time. However beCause.of
the low efficiency for Ciass_A operation, tubes are not considered further,

34542 Transistor Power Amplifier

The procedure for derating transistors and. the corresponding relia-
bility expected from the device is given in the handbook MIL HDBK-217A. The

_reliability is assumed to depend entirely on the transistor junction {empera~
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Plate

T, = 155°C
Digssipation = 300 W

' BeO Thermal Coupling
L o
0 ¢ =18 c/w

- Mounting Flénge

Temperature = 1OOOG_" _

‘Figure 3.8 = Thermel model for a conduction cooled
beam power tube operating Class A at
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ture and is related to it by means of a normalized juhction temperature Tn
by the equation : _
= (Ty-T, )/( smaxe ™ Ts)

where Tj is the jﬁnction temperature

Ts'is the case temperature at which power derating begins

ij&x is the maX1mum rated junction temperature.

. } | The rellabillty is related to T by a graph -in the hardbook and

Tj is related to the device dlSSlpatlon by the equation

=T . :
Tj C+9‘,]_:_‘0><P’j

.where,‘ T is the ant icipated maximum case temperature

Pj is the average power dissipation.
0. o ié the thermal resistance from jﬁnction to case,

The manufacturers data -sheet gives'the.maximum value of stc for w
class G operation. For biased operetion the temperature across*theichiﬁ

becomes nonuniform and it is necessary to use a higher value ofOj o corres—

ponding. to the highest expected hot spot temperatures. This necessitates

operation with a lower value of junction dissiﬁétion than for class C opera- '

tion, The value of ej—c can be determined from the derating curves for biased

© . operatione

The RF power generated by the device can be related to the dissi-

pation'oﬁce the efficiency and the power gain are determined. This reiation:_

‘ 51 :
Pj‘Po(n+G"1>

is given by the equation
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where -Po is the RF output power
n is the efficiency (Po/Pd°>
G is the gain (Po/Pin)-

- - Cnlovlations have been carried out for representative transistors

for which sufficient data has been avallable and extrapolated to the mid

" 1972 period. This has been done -for both 1.5 GHz and 400 MHz and for class C

and forlclasé A operation. The results are given in Taﬁle‘3.5 for different
! . : . ) ¢

- junction temperatiures and for an assumed case temperature of 5500.' Two

 efficiencies are shown for each configuration, l.es 25 and'}O% for class A

~6peration and 40 and 45% for class C except that‘at 400 MHz class C dperatibn
is much more efficient and efficiencies of 60 and170% are used{
The. figures in Table 3.5 for power output have been used tb’gener~‘

ate.Tdble 3e7s In Table 3.7 are shown normal and eclipse operation for both

400 Miz axd 1.5 GHz, Starting with the required ETRP and -an assumed antema

gain the required number of simultaneously operating deviees.(Giass-A) are calculeted .
for the v&rieus cenditions. It is seen that at the regquired juncfion tempera~ .
ture of 110% +the number of devices in parallel is 65 at 400 MHz and 19 at 1.5
GHz, Even at a junction temperature of 150 °C (about as high as one can
consider going) the numbers are 37 and 11 respectively. In>additien, reduhdant
units must be ihcorporated'for reliability. It.is considered impractical,
however, to consider power amplifiers with this number of paralleled @evices‘
Turning. to class C operation and 110° junetion temperature fhe
number of'tréneistors required is 8 for 400 MHz and 5 for 1.5 GHz. Thie is a |
more manggeable number of parallel units so class C operation must'be censidered-

furthere
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TABLE 3.5 - Maximum Power Generatéd er Device in watts to Maintain
Junction Temperature (TJ Below Specified Value.

s ;_ :

3,971

61.0

177
.82

" o Y A Y '4,_. 25 _
T C | 410 120 130 440 150
Tadl- o il 625 .89 1,25
rate, S -
- |4 1..', |
_ Eft, n + i i1 . |
1 Py=(Ty=Te)o5g 1 2.37 2.8 3.23  3.66 .09
Class & A 799 | 25 | 3.1 765 .903 1.0 118 1.33
1.5 GHz . 0 = 2% B-OC/W i - . = ; "
10 Volts J-g = <0 | 30 | 2,43 2975 1,45 1435 151 169
T o= 557C Projected = . . 5 o
(6] . Ea,rly 1972 i 25 3‘1 : 1- 12 2.03 2031" 2066 2.9
2,25 % TA 799% 30 | 2,43 2.2 2.59 3,0 3.40 3.8
Py 6.47 7.65 8.82 10,0 11.2
Class C ~ TA 9% 50 | 1.6 L4.05 L.79 5.5 6.25
;‘5;G§§oc 6, g = 8.50/ 55 ) 1,32 | 5.9 5.8 6,7 7.6 8.5
c : Projected’ : o o
Ferly 1972 50 | 1.6 | 9a1 10,8 12k et .1578
2.25 » TA 799 55 | 1,32 14,0 13,0 15.0 17.0 19.1
1 ’ v '.'
_ Py 7.3 8,67 10,0 11.h 12,7
Class A ' ' a
400 N . T%‘;7§%C/W 25 | 3,2 2,29 271 313 3456
10 VOl'b(S) J=0 T . 30 2.68 2-7)‘|' 3023 ,7)07)4- )-l--25 )4-.75
T =557C Projected _ -
c ' mid 1972 25 3.2 : 3.67 )-F',SIF 5.0 5.7 6035
1a6xTA 7706 : 30 | 2,68 Je38 5ol7 5497 648 7,6
Py 15.7 184621k 2ha3 27,1
Class C 8. A 24,5 28,0 3.0
1400 Mz, . TA;7;OEOC/W 60 | .87 | 180, 21k, 2k 8.0 3
T = 55°C J-g = 7* 70 | .63 | 25.0 29.5 34.0  38.0 13.0
) - Projected 60 87 | 29.0 .G 39.0 145.0 50.0
mid_ 1972 . L : * Ld L4 ® -
1.6xTA 7706 70 .63 40,0 L47.C 5L.O 69.0
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TABLE 3.6 ~ Loss Budget

1 400 MHz

145 GHz
VRotary Joint - +35 dB
Transmission Line .1 dB .1 adB
Duplexer | .3 dB +3 dB
Filter .5 dB 5 aB
Switch .35dB -
Combiner . 75dB " .75 dB

TOTAL ¢ 2,0 dB 2,0 dB
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I .- ' ‘
TARLE 3.7 = Performance of Satellites with Various Output .
Power Amplifiers (Projected mid .1972).

).;.00 )+00 1 ‘-5 105 . 205 . 2!5 205 ~. » 205

Frequency Mz Mz | cHz | GHz | GHz iz | ouz | ez |
Device . .| TR | TR R TR ™ | M T Twr |
" .Operation ~ |normal |eclipse ‘normal»eclip:Se normal eclipse normal |eclipse|
BIRP  dBW | 41,2 | 32,75 | 37.5-| 37.5 | 37.5 | 37.5 | 37:5 | 37.5
. Antennd Gain dB |48.7 |18.7 | 25.5 | 25.5 | 25.5 | 25.5 | 25.5 | 25.5 .
Output Power ABW | 22,5 |14+05 4G | 140 | 12,0 | 12,0 | 12,0 2.0
‘"Gonerated GBW | 2heB | 16+05 | 1640 1640 | 14aC : a0 | 140 | . 1440 |
Power - Watts| 282 |40,2 | 3948 | 3948 | 25,1 | 25,1 | 25.1. | 25,1
EFF Trans = 30% » V _ -
EPS - o0% | .27 .27 .27 271 I
|IDC Power q040 | 149 | 148 148
' Power/Deyice - ' . . »
Cl-:,SS TJ - 41000 4‘38 )+.38 . 2.2 2-2
' Number - - 65 10 | 19 19
Power/Device ] _
g =150% 76 | 76 | 2B | 3B
Number 37 6 11 (S
Back-off 4B .6 .6 .6 6 6 | 6 |2 |25
Class C Eff.% g0 | 80 | 45 45 35 35 ’ 31 s
RPS Bff. % 90 90 90 9 . | 90 . 9 | 90 90
Class [DC Power  ° 150 6 | 113 | 113 | 91.7 | 9.7 | 160 | 160 |
c - ~
- [Power/Device
ry = 110°C 40.0 | 40.0 | 9.0 9.0
Numbex 8 1 1 5 | 5
Powarﬁe'gice '
Ty = 150°C 69 69 | 15.8 | 15.8
umber . 5 1 3 3
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It has been shown in Section 3.3 in the disouésion of intermod that

low 1ntermod‘levels can be dbtalned with good efflolenoles. ThlS requlres & “

‘small bias current and some detuning from the Class C power vondltlon suoh

that the losp in efflolenoy is of the order of O, 6‘dB. In Table 397 the class:
C efficiency at 400 MHz is shown as 80%. This is presently quoted for olass c .

operation at this frequency. The detuning brings thls down to 70% and~the

.power oonditioner ‘reduces this tof63% over all, With- thls type of’ output

power ampllfler maximumn ohannel capacity can be dbtalned during normal sun=

-light operation at 400 MHz on a three axis stabilized spaoeofafta However,

during eclipse»oﬁly about 18%.ohannel oapaoify can bé,dﬁtained. .
.Af 4.5_GHZ a olags C effioiency of 45% is sﬁown'requiring-113fﬁatts.

of DC poWer fof the outpﬁt>amplifier. An'effiéieBCy of L45% is'alﬁeady‘being

attalned at 1.5 GHz, however, there is adequate welght capability at 1 5 GHz

and addition&l nower can be obtained if required,

3.5.3 2.5 GHz Transronder Considerations

Also included in Table 3.7 are two examples of operatiop at 2.5 GHz.'V
The first is a oiass C transistor amplifier similar fo that diéoussed for.
400 MHz and 1.5 GHz. The second is a TWT operated with 2.5 dB of back-offs
! To obtain the performance for the TWT. trans~ponde’r the solarf'arra;gr
is increased in size to give the extra DC power required for the  output ‘ampli-

fier. In addition a higher antenna gain is aséumed which is accomplished with

the same antenna aperture as at 1.5 GHz. The extra gain is obtained by means of

an elllptioal ground coverage paltern rather than the olroular pattern prOPOoed for

~1a) GHz. With these two changes the total EIRP during sunlight operation would
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‘neet the meximum reguirements. In addition,fsuffﬁoient weight margin exists

. to obtaln anproximately 100% eclipse operation, In the case of the tran—‘»'

sistor amp]nfler maximum ohannel capacity can be obtained easily during

‘both normal and eclipse operation. The~requ1red DC power for the out~

_put ampllfler is 92 watts. This is less than that requlred at 1.5 GHz

because of the hlpher antenna galn at the hlgher frequency. The spe01f1ed
l

: OlaSo C efflolenoy of 357 is presently quoted by some manufacturers.

While very 1¢tt1e work has been done at 2 5 GHz, it seems. appar-
ent that with elther a TWD or a transistor ampllfler a viable satelllte can

be configured at 2.5 GHz with full channel oapaoityfduring both normal and -

. eclipse operationa

3.5u Heat Sink Requirements

~ The number of.transisfors has been based'on-e 5500 oase temperatufe,ii
however since only integral nunbers of'transistorsfere possible‘thefe is some
extra capability over"and above that indioated in Table 3‘7. Thls can be used
to ease the problem of dissipating the heat Penerated by the tran31stors. Main-
taining the junction temmerature at 110.C the maximum case temperature.oan :

be determined., Assuming a mica insulator between the oase and the heat sink -

the maximum tolerable temperature for the heat sink can be calculated.

The thermal cheracteristics of one transistor for each of the two

frequencies are shown in Figures 3.9 and 3.10. The maximum permiesible tem=- -

perature for the heat sink is very close to 50°C for-both frequencies. It is
considered to be a reasonable thermal problem to maintain the heat sink at a

temperature less th%n 5000.
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Transistor Junction
J 110°C
' PJ =20,0 Watts

Thermal Conduction

0. . = 2,2°C/Watt'

- J=C

Lo

-Tfansistor Case
: _— o
To = 65 C

O0LT Tioa

- "
O g = 0465 C/Watt

Hoat Simk
ey O
TS- =52°C

Figure 3.9 - Therﬁal design of a 400 Miz Class C transistor,
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Transistor Junction
T = 110°C
o

L o= 12.8
Py = 128V

‘Thermal Conductionsv

eJ—C “".-J_.‘e C/W&t'b

SN - | Transistor Case

. . . .— o
- T, =610

,O0L" Mics,

_ O pr oi

6

Teat Sink
(o]
- 53°%C

Figure 3.10 = Thermal design of ‘a 1.5.GHz'Class c transisfdr....
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During eclipse operation the 1.5 GHz system operates at the same
power level and therefore maintains approximately.the same température.

For the 400 MHz system the eclipse operatlon is Ieduoed to 1/5 of the

meximun capacity which maintains a temperature determlned by the fourth '

- power of the tempexature. That is

t . .
min = (02)%

max

giviﬁg.the minimum tempefature during eclipse of %570C.

~ 3+6 Proposed Transponder Configurations -

The block diagrams shown in Figures 3.11 and 3.12 represent the
_ £ ,
proposed transponder configurations for 400 MHz and 1.5 GHz respectively.

- Redundant elements are not shown sepsrately but are included in each indivi-

dual hlock. It is considered that aétive units in the transponder‘chaih

‘are fully protected hy crossestrappéd-redundant units. .The receiver front

end is an uncooled peramp. with & noise temperature of 750K. Resistive

losses in the feed line of 1.6 dB plus. earth radiationlbrings this figure

un to about 290°K. The transponder is all solid state using transistor

bsoillators and amplifiers and e diode frequency converter, The transponder -
at 400 Miz includes a separate low power amplifier for eclipse operation.

Operation is switched from the main amplifier to the eclipse amplifier.at

the beginning of the eclipse and is switched béck again at the end of eclipse.

This is considered necessary because of the very large difference between
the eclipse capability and the sunlight capebility for this satellite. On

the 1.5 GHz transponder, a rotary joint is required to transmit the signals
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POWER AMPLIFIER
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Figure 3.11°- B!Qck biagram of fhé 400 MHz Transponder
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. Lo
—<| ROTARY |— T
: INT |-
ONT 35" |
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Figufé 312 - B:iiéck Diagram of the 1.5 GHz Transponder ~
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1.5AGH2 Transponder
Type _ - Single Frequenoy Conver-
: sion X
Operation : FaDaMeAe ,
Design | . A11 solid sbate
Input : P Unoooled paramp.
Power Ampa : _ Multlple Parallel dev1oes
Combining Network Star oonflguration
Output power 14,0 dBW-
Eolipse - | 100% capacity

400 MHz Transponder

Type ‘ Single Frequenoy Conver-'
. sion .
Operation F,D.M.A,
Design ' All solid state.
Input .| Low Noise Amp.
Power Amp. Multiple parallel units
Combining Network Staeronfiguration ’
Power output 21.5 dBW |
Eclipse | 18% capacity with switcho

_ ed in output amp.

Tabie 348 = Specification of the Transponder Subsystemsa
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‘rtd.the despun antenna. These are the only difference in concept betWeen

fransponders ‘at the two frequencles. Subsystem specifications for the

transponders are glvon in Table 5eBea

A transponder for a 2.5 GHz spin stabilizéd satellite would:bé'

same as the 1.5 GHz transpohder.
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ke ATTITUDE CONTROL AND DESPIN SUBSYSTEMS

" 41 Three. Axis Attitude Control System

L.1.1 Whecon System
The present attitude control_system for,the CTS satellite 1s the
"Whecon" system,  This system, which consists of a biased anguiar momentum

wheel and off'set roll actuated thrusters, glves three axis attitude COntrol

‘ w1thout the need for yaw sensing. This ettltude control scheme was adopted

for the CTS satellite after a detailed trade-off study among three othex can-

a3

dldete systems; the three reaction wheel system, the double—gimballed momentum

Awheel system, and the single momentum wheel with magnetios.

While the Whecon system is quite well Suited for a two year mis~

'31on, as in the case for (TS, for longer life satell¢tes this system w111
'not be setisfactory. There are two major reesons-why this is so. At the

. present time both catalytic thrusters and resistojets have a 1im1ted 11fe.
_expectanoy proportional to the number of firings of about two t0‘three years

. 4n the Whecon configuration., The weight of the fﬁel required for satellite

lifetimes in excess of five years will make the~Whecon control system undes-

irable f'or our purposes.

4.1.2 Double Gimbelled Resction Wheel Control System
For a long life satellite with three axis.ettitude control, it

appears that a double ginballed reaction wheel system will be most suitable (Fig. h.1).

" This is especinlly true, when reliable yaw sensing is not availlable, due to

the - gyroscople stiffness provided by the momentum wheel. It has elso:been

‘shown in the CTS attitude control trade-off study that this system is lighter .
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than the three reaction wheel system as well as being more reliable.
The double-gimballed wheel system could use low thrust level ion

engines or gas thrusters for station keeping and momentum desatﬁration.'Tha

wheel itself acts as an actuator in the pitch aiis and, for small space=-

craft displacements, provides control about pitch which is uncoupled from

roll and yaw. Control in roll and yaw is provided by establishing a fixed

angulaﬁ momentum bias in! the reaction wheel and sﬁee?ing this angular mom-

entum in the roll-yaw.nléne by means of- two giﬁbals{A

The system is thus controllsble in all three axis. The basic

attitude sensor would either be of the horizon scanning type or a microwave

interferometer which produces outputs of pitch and roll attitude. The roll

attitude signal may be used to contpol both roll~and;yaw even if no yaw. sen-
sing is avéilable on thé satellife. Yaw oontrolgis-obtained becauée-bf ﬁhe
fdll-yaw coupling established by the wheel angﬁlar momen tum bias. Yaw motion
is thus 6oupied into roll.such that yaw rate beéoﬁes observabie'from~the roii
outpute Sincq the integration constant is unknown, fhe‘totai &aw anéle banhot
be observed so that the control system can only'provide rapididamping in the 

yaw channel. The steady-state yaw offset, due to external torques (mainly

‘solar rotation pressure), is controlled by appropriate sizing of the bias

angular momentum. This indirect yaw control avoids the necessity of employing

star trackers or rate integrating gyro assemblies whose high cost and quest{

ionable reliability make them unsuitable for long life systems.

L.1.3 System Configuration

The double~gimballed wheel control system consists of the dogble-';
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gimballed momentum wheel, two gimbal actuators, and two gimbal ahgle trans—

ducers. There is also the attitude control electronics which contains the

orbit motion decoupling computer as well as the system compensation néderks‘ _:_%

and associated control electronics.

Roil and Pitch attitude information can be obtéined-either from a .

static earth gensor or aimiorowave interferometer. A careful trade—off study

l

» 18 neoiSSary in order to decide between the tWO on the grounds of rellabilmty,

weight, and amount of ground control required for each system. A static sun
sensor is provided in order to give yaw information, which will be required
dﬁfing east-west station keepinga Yaw information will oniy be available for

two six hour periods per day}

)4. 1.0 Acgulsl'bion
The acquisition sequenoe for the Spaoecraft with the double gim-

b

balled reaction wheel system would be the same as that for the CTS sPaoe—

craft, This has a great adyantagé in that the software and.eiperience deve~
loved for CTS would be directly applicable;to the VHF-satellite;‘ |

' The satellite hardware required for acquisition and re—aoquisifion-
afe e spinning earth sensor, a three axis rate gyro package, and a nutaﬁidn

damper, as well as the appropriate roll, yaw,vand pitohthx'usterss..i

Laleb Wheel Sizing Trade-offs

A significant weight saving results when the spacecraf't pointing

accuracy is relaxed from the demanding requirements of the CTS spacecrafta.

The size of the momentum wheel is completely specified by the maximum dis-
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allowable yaw attitude error.

T
i.e. d ..
max
h = E_E-—-
o max
where: h = wheel angular momentum
Td . =, meximum disturbance torque due to
“max  solar pressure
| zwmaxlz maximum allowable yew error
| wo'= orbit frequency

In our caset Td =

Therefores h

1.5 x 1075 1b—Fft,

7429 x 107° r/sec

(o)

=7

= 1468 1b~-ft sec,-

' This size angular momentum would allow us to choose a small reaction wheel

of the gize used in a three wheel control system.

4.2 Spin Stabilized Setellite

. The attitude control system for the UHF satellite will consist of

a spinning body with a desnun antenna. Control system stability is ensured

by having a favourable moment of inertia ratio as well as a nutation damper '

on the sninning sectlon of the satellite, The despin system only'givesvclosed
loon control about the nitch axis. Roll and Yaw stiffness are provided by

the tyroscopic motion of the spinning satellite. Attitude errors, which are

" allowed to huild up to a dead band value, are corrected open loop by ground

control of the axial thruster.
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- This type of attitude control system is Quite standard and is.

presently being used on a number of successful satellites.

he? Attitude ControI.Sﬁbsystem Specifications .

Parameter . Value

; ' Spin Stabilized Satellite
l ‘ s —

Beam Pdinting Erroy

£ 0,52 NQS'Sjog
| | + 0,5° E-W (30
Snin Rate Capability 75 < 125 RPM
Acquisition Time - | ' <15 min.
' Attitude.SenSing o Eérth Sensor and Sun Sensors
Reliability : . .920
| Weight - 40 1bs |
Power B 1348 Wdtté sunlight

1348 watts eclipse

Three Axis Stabilized Sateliite

Beam Pointing Error * OQSS Pitch -
+ 065 Roll .
+ 7 Yaw
Attitude Sensing | Static Barth Sensor - Pitch and Roll
_ Sun Sensor - Yaw :
Reliability E 900
Weight - 56 1bs
Power - 30 watts sunlight

30 watts eclipsé
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5. OTHER SUBSYSTEM SPECIFICATIONS
. The following pages summarize the performance specifications -of

those electronic subsystems not:diséussed in detail élsewhere in this volume. -

‘Data regarding other subsystems such as structure, apogee motor, etc. are

- found within the spacecraft budgets of Section 6.



POSITTIONING AND ORTENTATION SUBSYSTEN

“Parameter

Fuel

" No. of Tanks

Thrust Level -

Axial Thruster

RadialvThruster

Dry Weight

Tuel Weight
Reliability

Power

Spin Stebilized Satellite

Value

+_Monopropellant Hydraszine
L
5 1bs .

Pulsed - Attitude Control

Continuous - N.S. Inclina-

tion correction

. Pulsed = E~W Station Keeping
2l 1bs

125 1bs

970"

.5 watts sunlight
5 watts eclipse

Three Axis Stabilized Seteliite

Fuel
No. of Tanks

Thrust Level

Dry Weight
Fuel Weight
Reliability

Power

Monopropellant Hydrazine

3

Axial 5 1bs
. Radial 5 1ba
_ Roll .1 1bs

Pitch .1 1bs

- Yaw .1 Ibs

36.7 1lbs

57.7 1bs
,960

9 watts sunlight

.2 watts eclipse
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POWER_SUBSYSTEM

Parameter

Solar Cell Array
Type

‘Poler End of Life’

Weight — Array Plus:
Array Structure

Bat‘tex__'x.

~Nunber of Batteries

Cycles

Max Normal Depth'of Discharge

Weight

Power Control Unit

‘Weight

_ Power

Total Weight
Reliability .

) - Value

Tollite -

. Spinning Sabellite Non Spinning Sa

Body Mounted ‘

21 watts sunlight
8 watts eclipse

167.8 1bs 197.2 Ibs
950 70

2 Solar Sails

217 watts 521 watts
67 1bs : 1081
22
90. per year | 90 per year
6ok S 6o
81 1bs 69 1bs
19.8 Ibs 19.8 1bs.
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_RF.Freqﬁenoy

ETRP

‘Modulation

[

Encoding Systep
Tracking »
Antenna: Type

- Coverage
'G'a.in

Polarigation.

 Reliability

‘Weight (Hardware)

Power

TELEMETRY SUBSYSTEM

V@luel

2250- Milz

0’ dBW

P

PCM

By Residual Telemetry Carrier

:' Belt Array

+ 20°
0 dB within coverage
Linear N-S

.965 5 years
o9l'|-5 8 years

1349 1bs"

18- watts sunlight
10 watts eclipse
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COMMAND SUBSYSTEM

Parameter

Carrier Frequency
Receiver Noise Figure
Modulation |
Ehcodiné System

Antemns: Type'

. Coverage
- Gain .
-Polarization
Reliability
. Weight -
Pcwer

" PCM/FSK/AM

Yalue

2060 Mz

<10 dB

PM

BeltoArr&y
+ 20

. 0 @B within coverage
" Linear N-S

.980. 5 years

~ .960 8 years

9.8 1bs

3,6 watts sunlight -

3.6 watts eclipse
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6. SPACECRAFT BUDGETS

6.1 Three Axis Stabilized Spacecraft - Weight and Power

The configuration of the VHF satellite is based on the CTS space-
craft' Three axis stabilization is‘found necessary due to the amount of
DC ‘power required as well as the large size of the communications antenna.

! In determining a weight budget for a three axis stablllzed space—
i

-craft ﬁhe lifetime of the CTS SDacecraft was extended with Sp301a1 attention
';being given to the pointing accuracy required by the VHF. satelllte. It
' quickly became eV1dent that 1t Would not be p0331ble to extend the lifetime

“of . the CTS sPacecraft beyond f1ve years withln the present welght limitation

of 1500 Ibs. It appears that 1500 1bs is right at the lower welght 1imit of

ja.thrce axis controlled communicaticns satellite. Table 6.1 shows a weight

.'_and power breskdown for the case of the VHF satellite with a 5 year lifetime

and 14% eclipse capability.

Tt can be seen.that some means of reducing the spacecraft weight to

- meet the launch vehicle capability is necessary.

A possible qolution would be to ellmlnate the fuel for the inclina~
tion correction, The fuel alloted to the N~S inclination.control-is based on
the nssumption of a 4 year dead band in the saiéilite'“slot". ﬁy increasing
fhe deadband to 5 years we can take cdvantage of the eitra'power available

at the Beginning of 1ife in the solar array and thus mancge without the need

- for ‘any inclination control, This may result in c slight degradation of com-

munications performance near the end of life time at 5 years.

The vossibility of having some fuel for an inclination correction
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Year Life
. Weight Power < i
SubSystem‘ C1bs S Folipse Notes
" Struoture 18,0 | - - OTS Structure -
"Thermal 21.8 | 10.8 - Modified CTS (take
b ' away SHF)
'Electrical Distribution 2.3 4.0 4.0 CcTS ' :
TT&C Har&Ware 23,7 21.6 13.6 CTS (Excess capacity 9
o : ' -be used to im-
' i . | prove rellability
: - : for 5 years) =
' " Antenna 7.0 - - CcTs , '
Power Array " 39.3 - - CTs 520 watts end of
‘ o : - 1life
Ayray Structure .. 69.1 3.8 - cTs
Power Cont. Unit | 19.8 21.0 8.0 - CTS
. Battery 69.0 - L. 2 batteries .
Attitude Control 56.0 30.0C 3040. Double gimballed reac—| .-
' o I ‘tion wheel . :
P&0 lardware 36.7 .9 .9 CTSs : :
ABM Case 69.1 - - CcTS
-P&0 E-W, ACQ. ATT. 57.7 - - - 0TS A'b'bi'bude Sfudy
, N-8 Inolination 18.6 - - 4 year drift
“Balance 15.0 - - CTS
Contingency 5% 7540 9,2 5.7
. Sub-Total Wh2.0 [ 101.3 | 62.2
iaunch Vehicle Capab. 150040
Payload 58.0
Transponder L0, .565,0 8640 . 14% Eclipse Capability
‘Antenna, 3540
Design Margin -17.0
Array Power Required 66623 End of Life Power '
Battery Power Required 148.2




- 99 -

Wouldvstil] be there; if less fuel is ﬁsed then pfedicted in theiacqﬁisition'

phage, or if any surplus weight at the time of launch, due to the 5% contin-

: _éencyi is used to £ill up the fuel tanks.

The resultant saving of fuel is 18,6 1bs, This leaves a Spaceoraft :

design mergin of 4 1,6 lbse

6.2 Spin Stabilized Satellite - Weight and Power

. the Canadian Domestic Communications Satellite and the CTS spaoecraft. The
relatively low-power;required, compared to the VHF configuration, allows. us

: to go to a.spin.stabilized configuration with a despun antenna.

-'A.number of:significant weight savings are realized.by going to a
sPin stabilized satellite., The main areas are:

(a) The simplicity of & body mounted solar array results in a
large saving over the complex solar sail system of the
three axis spacecraft :

- (b)' Thermal control in a spinning satellite is much simpler
than in a non-spinning satellite.:

(¢) The attitude control system for the spinning satellite 1s
' ‘much simpler and lighter then the complex three axis atti-
tude control system. The hardware required for acquisition
as well as the acquisition procedure is very much simpler
for the spimning satellite.

(d) The Positioning and Orientation Control System is lighter
mainly due to the lighter tanks which take advantage of
the fact that the satellite is spinning. .

Two major areas where the spinning satellite is more complex than

the non~spimning configuration arei - o

() The requirement for a.rotary joint to transfer the commu-

| The configuration for the spin stabilized UHF satelJite is based on
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TABLE 6.2 ~ Spin Stabilized Satellite = 8 Year Life-

T Weight Power = o o
Sut.“bsystem. . " 1bs Sun | Belipse ~ Notes - N
| structure 90,0 - . 86" diam., 55" long
’ . Th.ermal » ‘ 15.0 3'5 . 7.5 : ) \.
Electrical Distrib, 17.0 4.0 L0 o
T8¢ Hardware 23,7 21.6 13,6 CTS (modified)
. Antenna. 7.0 - - CTS ’ o .
Power ‘Array 67.0 - - 252 watts end of life
_ Battery , 81.0 - - 2 batteries
‘| Power Control Unit -19.8 21.0 8.0 CTS -
Attitude Control 40,0 13.8 13.8 _ _
P20 Hardware 24,0 0.5 0.5 .Can., Dom, Com, Sat.
| : : Study '
ABM Case 69.4 - - CTS
Fuel ABM 21,6 - - TS
P&0 EW-ACQ-Att, - - 50,0 - - ‘
| N=8 Inclination 75.0 - - o
Balance 6.0 - - 2X CDCSS
"Contingency‘S% 75.0- | 12.6 1.1 ' '
Sub-Total 1391.5 | 77.0 ' 5845
Launch Vehicle Capab. 1500,0
| Payload 10845
Antenna & Structure 2540
Tfanspondér L0.0 | 14040 14040
Design Margiﬁ +4345 A
Arrajr Power Required 21740 End of 1ife ‘power
Battory Power Required 198.5 ‘
. e
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nications signal between the spinning satellite and the
mechanically despun antenna, :

(b) Due to the large size of the communications antenna, the
antenna will have to be folded up during the launch and . .
transfer orbit phase. Once the satellite is on-station
the antenns will have to be deployed. While this would
"be quite simple in a non-spinning satellite, with the
spinning satelllte a great deal more care Will have to
be taken Whllexdeplovlng the antenna’ so as not to upSet

‘ the basic stability of the satellite.
|

t L. »

6 3 Rellabllitx
A rellability budget has been compiled (Tablc 6.2) glving reasoneble

‘egtimates of the reliablllty that can he obtained for each subsystem;.These estlmates ~

wefe made taking iﬁto account the information available'from the TeleSat

.study as well as the CTS rellabillty estimates. It should be possible to meet

these ectlmates, Wlth a reallstlc amount of redundancy, and ~still remaln W1thin
the weight estimates shown in Tables 6.7 and 62. It can be. seen that the relia—
bility for the complete satellite in each configuration is about the seme even |
though the satellite lifetimes are different. This is & reflection of the

basic s1mp11c1ty of the spin—stebilwzed conflguratlon.

The estimates for the reliability for the communioations qubsystem

are based on the information presently available on hlgh power RF transistors.

When more information on these devices is availeble it may be possible to

achieve a higher reliability in this area.
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| | Reliability
Subsystem : e -
: Three Axis (5 years) Spin Stabilized (8 years)
Strudtﬁre and Thermal ‘ «995 : : «995
Eleotrical Distribution| +980 4960
Telemetry . 965 1 s
.Comma.nd 3 ‘ : 980 N .960
| power- 970 e .950
Attitude Control : .900 w920
PO 1 .960 ) 970
Conmunications .900 »' 1,900
" Total ‘Spacecraft +/95 ‘ .685

Table 6.7 - Reliability budgets for the two spacecraft
configurations, T
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7. PROGRAM COSTS—SPACE SEGMENT
| In developing the budgetary estimate%ffor the space segﬁént of thié.i.t
system; a large number ofAéssumptions have had to bé-maﬂé end some'gtqundt_ R
'rules deve¢oped the most important of which are discussed b610WeA“

(a) The costs are based on available data adjusted for factors

: considered to be program peculiar,

| (b) The figures quoted are budgetary cost estimates excluding

i  profits and incentives. The latter factors are too depen—
dent upbn the form of contracts and the contracting pattern
to. permitvsatisfactory estimation. As a rough order of

: magn1tude these may be estimated at 10-157.3 ¢

(¢) The estimates are based on a program whloh-follows_gqod.
‘ commerclal spacecraft practice procurements. In this re—
- gard it is assumed that the procurement 1s to a Spacecraft
verformance snecification and that prime_contractqr control
‘15 to that level. Tt is further assumed that no specisl
financial or technical visibility or reporting is required.

(d) Tt 1s assumed that all the required technologies are avail~
" able but that most subsystems require development to the'
- extent that normal design reviews, breadboard and.éngineer~
' ing models are required during the~pr6gram. Thus,.for
example, the CTS technologles ére ansidered as‘provéntat'
the +time of the program implementation but that no subsystem
.can be a direct reprocurement of'an‘uhmodified desigh.. How~
' ever, when appropriate the costs do reflect savings which
result from off-the—shelf—units;qr devices where such savings

‘commonly occure

(e) The program is cogted on the basis of a ZA—BO month flrst
launch ARO, with the second &t an 1nterva1 -such as to phase
with good continuity into the integration and test facility.
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' "The basic program consists of the appropriate models: o
' mechanical - thermal; engineeriné and prototype all within

" the nonrecurrent costs., For economy it has been assumed

that the prototype is refurbished and tested to flight
levels to act as launch back up to flights 2 andih.
(Launch 2 is back up on 1, L on 3). The reburbishing and

retest cost eSﬁimate on the prototype is shown sepasrately

in as much as they are discretionary and likely to be im~

plemented only on a launch or early failure.

Cost estimates do not include duties, sales taxes or roy-
alty peyments. Allvfigures are in Canadian dollars and

do not permit unreasonable varlations in exchange rates

~ on units, subsystems or components likely to be of foreign
corigine -

While every effort possible within the scope of this study

has been made to develop accurate figures, the accuracy of -

the forecasts of costs, inflation and influence of other

programs- is such as to make these estimates liabie‘to con=.

siderable error. Within these constraints and limitations
it is felt that an overall accuracy of 10 to 20% has been

achieved, with the expressed hope that the former is appli~
cable to the ‘total spece segment. costs, while the latter is
more likely to apply to individual subsystem or phage cosisy

Table 7.1 gives the oost estimeteu for the 1., GHz spaoce segment

while Table 7.2 glves those for the design at 300 MHz.



TABLE 741 = Spin _Stabilizéd Satellite ~ Estimated Cost

Ttem ' Non—RecuraProfotype Unit Refurb, Non '.To"tal B
: - Jring 4 , Flights/C| Proto | Phased
System & Subsystem 2.5 ol -
Bog. | | |
Communications 2.5 || 1.5 1.0 | . o 1
Anfenr%a .75 .25 2 -
T » CREEE 5
ADaDd | N EEII R .5 -
Power ~ " 8 75 | .6
Elect, Dist. 1 .3 5 .
B&0 , | 1.5 «35 o3
Thermal 55 .2 «15
Apogee Motor o +55 | o2 «15
Structure | »75 5 «5
Integration & Tes{: ol » 145 ’ 1.(5
.ARa.nge ;)ps : - _ | 15
Program Manage | _ - heb
¢.S.E. S | 2.5
lTOTAL COST 12,7 7.25 5.60 1.0 7.0
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TABLE 7.2 -~ Three Axis Stabilized Satellite — Estimated Cost

Ttem Non-~  [Prototype| Unit kefufb. Non~ Total =
. Recurring Flight S/C|  Proto | Phased | . .
| System Eng. 340 ok o2
Commmications .2.5 | 145 140 .
Antenr:ixa, 1 5 5 3 :
mec | .5 .55 .5
Aftitﬁde Control 2.0 1.0 .8
. Power 1.0 1.25 1.0
Electrical Dist. o3 15 1 ,
P&0 1.6 ol o3
Thermal .75 o3 .‘2
Avogee Motoxr .55 o2 .15
Structure 8 ) 5
' Integration & Test ol 146 1.0
GeS.Ee 2.5
» Range Opse. 145 |
‘\Program Manag. ; Leb |
y
TOTAYL COST 14490 8425 6420 1.0 7«0
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