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1.0 INTRODUCTION

“PéﬁﬁLmedlai@J‘#P %ensorgfnave beern used Tor attitude
determinstion as an adJungt to an inertial reference
urits, The star sensor urdates the absolute attitude of
i spamacréft wlatform relative to the krnown celestial
mmardinat@s of distsnt ﬁt#fgjthérebw correcting for
long term drift. Solid state star trackervrsy bassed on
charde transter devicesy imrrove Lhe relisbilite and
Lifetime because of the hikh euantum efficiency of
solid state devices and the deometrical redistration
inherent in their manufacture. Another advantade is
the ability to trasck more than one star at a time so
that attitude information irtwrévidvd on g continuous
hasis once the star Lravlep has acruired its first
ahar. }1 ; | I

1 : l
This rerort summari: Pb'the:m@{hmdnlmqu and desig
artions involved in develarxmi g stellar sensor haw@d o
& chardge transfer deviced! Astromomical and orhital
considerations affect lhe} hﬂ]ﬁ‘ of field of views the
orientation of camerass avau1J a8% the comerutationsl
algorithms. A sustem canﬁpwh is rresented and the
characteristics of vnrlous,ehardp transfer devices are
reviewed. ' Both sustemsa hlc‘and vandom messurement
@rrors are discussed and a‘ﬁult&mle halance is
suddesteds The last chartler serves as s desisgn
document sebtting out Obtimhté of sustem rower and
weidght. T sieneraly thﬁ PqBMRTP" given in the text are
intended to illustrate Lh@ v$r1uu" design ortions and
do not necessarily use a cmnéisbonh set of assumrtions.
The desisgn documenty howeverf uses a consistent set of
‘wnerbmon% to estimate sustem revformance.

,{_
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2.0 ASTRONONICAL CONSIDERATIONS
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His numbers will not adgree exacltly with the SKYHAP totals

hecause of small sustema‘iv difference in the old and
modern magsnitude scales v\huh it can be seen that o
magnitude Limit of &6+4° and FOU af &4 sauare degrees gives

a 994 confidence vael of at least one staer detected in the

field of«V1Pw,;f ‘ § ﬁ ‘
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The ntﬁP!CDUth{BbDVE ican likewise be used to assess the
Likelnhood of error in sl starfield identification. If
only Lwo} stars aro in,thé FOV, we have only two
magnitudes and bn angulnp serarsgtion. If the
sracecratt attltudp 1& already fairlyg well krnownsy we
have in addltxnr SOme 1n{nrm¢tuon o the orientation of
the arc aawarat1nﬁ the two stars Initisllus let us-
nedlect thalt ortion, ‘The “hw Fruhlam sl diven one
stary what is the rrobhabilits of finding & second with
magnitude mt £ within ap annulus of width 20 at o
mean radius Fr» where € and § sre the madnitude and
seraration errors, The ares of Lhe snmulus is then 47%5“
and the #rohahllmtw is c?mputed Trom the Foisson
dl&b?lbUtXOH an‘ahowﬁo ,thm le illustrated in Figure

| ! B

.«.. + 1 ° . 4 . i N

i: | AT

| Y ' [ ,
w:th a3 maﬁn:hudo wrtur &= 0.5 snd s rosibionsl error S =
0,01° withs saur an sre }fJF 8 degreesy the annulus is
1.0 sauare dedree, If uwe’ Pﬁ searching for & 6th madnitude

stars the wrmhabllltw}of;p‘vandmm.cnineidene@ is .17,
As soon as three stars ape in the fieldy the situation

”'merov95<3reatlw since the'third astar must lie in &

cireular rateh of rddLUf,y and the srobhability becomessy
with thel same cxrcumstante% bo4E~G w G177 = 1.10E-5.

{

Conseaquentlys a mindmum of three stars will be needed

for rosition identification.

|

2.2 Effective Centres of Lidght

The first rart of this srohlem - freauency of
contamination within the roint srread function bw

faintér stars — is Just auuther version of the randon
star lﬂLPLthlQH Froble ms kwuevb Tfor the eroblewm of

"duuhlo si ars whmch ad? lnmn-rdudmm comronent .
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'Eonaiderzfirst the double-star rroblem. Tt is likely

that most. of the stars ibre multirles but the
serarations are too small to be resolvable with
conventional instrumentatidny sos in facts the
rositional catalosueﬁlgibes an effective centre of
light for these. The bull of bright star shusicsl rairs
have serarations of less| than 30 seconds of are ( their
wadnitude differences and seraraltions are availsble in
machine readable form)ﬂ Recause of these small
serarations ans errors in the formstion of &
cerntre-of-1ight % likelw to be nedglidible, For a8 very
féw mairs (like Alrhe Centauri) rvarid orbitsl motion
rresents another sroblem since rhotocenbre and
barvecentre do not coincide. These could simrly bhe
exeluded,

fed

. ‘ 5 | :
- i . e , \ E | . s
A more serious problem is the clutter from Fainter

field stars, Biven that a'star of madnitude 2.0 has

irelatiaq

0,10 the luminosits of one of magnitude 6,5 from the

; : i I

; : ( : l i
L e m, 2 als ey (410)

where 1 'ls the luminogity and mw Lhe madgnitudey thern s

snift of the Photocentr& by 0.1 ® the seraration is
exrected. I the blur virele haes o radius of &7y then
given 244000 stars with m less than 9.0y the
erobabhility of one fallfnﬁ within this cirele is 0,10,
In the delactic rlaner jthis wrobebilily would be more
than twice as lardge. | The exrected shift due to the
interlorer would be €¢.10 x &7 x 1.414 7 1', Fainter
hackdround stars - jfoﬁ which no machine -~ reasdable
informetion is sveilable would he more numerous bul the

shifts would be smaller - however still obviousle in

excess of 1'y Ultimatelwy the faintest stars
rontritute 8 fairlw uniform background level,

, .
If the roint seread fun@tian is radislly suymmebtricy
shoetocentres could be srecomruted for contaswminants
down to 9.0 but srobaile one would exclude stars whose
effective rrofiles become too Jdissimilar from single

‘stars. This derends on the cenﬁﬁing aldorithm used.

Note also that if the roint seread is rnot radialls

symmetrics the effective blending derends on camners
corientation and cannot bhe srecomrubed,
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2.3 Undesired Imades

[oubhle stars ware discuasa& in the srevious section. A
roush estimate is that wa than 157 of the stars would
have to be excluded due tu.orhital motion or wide'
bright comranions that would render their wrofile too
unlike a single star. | § |

R
Frorer motions are krown for all of the shars with
magnitude less than aoﬁ‘and aimost all of those wilh
madnitude less than ?}Oy\ o the arc serond Level &
cimerle Vinesr chande of rosition vecltor with time is
auite sdeeuaste for Lime ¥ -erxudm of 8 few decadess l.e.

N
.
/K::vﬂlq -+ OC(Z""ZI'O)
; .

!| '

’ !
Ju'thu Frimary catalodue have
sucit small motions (lesa!thdn 0.1"/year) Lhaet for shoert
missions thew can be igrored comeletelw. The tLotasl
uumber of known stars with|larde wrorer motion (Ref. X

sret | 1 ! : '
: | ,g‘
|

!
Almost 311 of the stars

(
i
i
I
i

dreater than ““'pe?r 73 alars
) 1= 2% /kear @ 453 stars
st L%/ near 3061 stars

Pl

! 0
Nate however that aboutl SSZ of these arve fainter than
10th magnltude

3

i
|
t
!
!

Planets can be recodnized bw brighiness alome onlw for
Venus and Juriter (m = -4 and ~2.9 ). Mercurwyy Marsy

Saturn and Upranus would reauire rosilionsl srediction
@lsn. Excert for Uranus (m = 0 &)y the rlanets are
bright enough that a check needs Lo be made only if @
"star® with mednitude 39”& thaen 3 is in the fleld {(which

yeduces the amount mf,ch‘obinﬁ to be done) . Morgovers
For missions which staw nesr the Earth’s orhitsl rlane
Sthe eclirtic) as glmost: all dov 8 check has to be made
‘only when the field is within' 10 dedrees of the eclistic.

Hince the catasloduse mlshl Todgically be stored in

:wvl¢awa coord;paioq ( uwn¢bvl comrutations ususlly
heing doue i aame)y Lhmj wuuld he 8 very aquick cheocok,

i )
i i J
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For a comratation of Plu“@t&?? rositionse Lhe usual

il
i

Formulae would: be h
_ . l @ .
| F - eqnf = al (£=7)
N
where P“Perlodp T=time of reriheliony and
e=eccentricity, This [is \Kerler’s eauations solved

iterativelw for E. Thefbonrdjnataﬁ in the wlanets’

&

Xo a(wE é) |
/ = a /,_,,ea 4,,&[-_: ( a= amui muxéia’z ﬂ/"vb{i)

&t PULdtLOﬁ Lo Lhe flnali omrdlnatp austum will we of
the form ’

¢

A= B)(a ] C{~‘/
Y= AX, ;~|' |
Z CXB 'll ’:/L/\/O

where tha constants Q"H%ara 1un tions of the three
orientation sndles B
. , 1

. o . . li . - . . - .

inclination angle (angle betweern orbital and
ecliptic Planes;

mean londgitude of HPPthllUF

[}

oA = londitude of ducewdlnd rode

i L L § I} :
. oo i i 1 : ;
fAll of Lhe #arameters PﬁeVT arnd A~-H are furnctions of
Lime but thew varw alowlu encugh Lo rresent only &

ielight additional cnmpugailnual load for modest
'rrec151on r@mu:rement (& Fow arc minutes?.

!
{
|

nccultatimns rr@aenb 3 onnt1nu:nq rroblem eweert for 3
setellite orbit luing resvls in the eavih’s ecuatoriasl

oy, . , .
-rlane when 8 camera rointing toward the mrhlt Foles

will sluaws be wnobstruected. The Sun is excluded hw

the Sun sensovr. The moon will sluwaws be rv(mﬁni sl e

by brightness rlus andgulser size (it is onlw Faints thatl

iv magnitude greater than -5y when it is verw rnear the HSun

cand excluded for that Pé&ﬁﬁﬂ)e The dauwlight hewisehere of
“the Earth can likeuise pe redected b brightrnessy but

the ridht hemisrhere is |d rroblem.  Since the orbit of
Fhhe qatnllctw 1b lnuur awwro imstely at a1l Limesy the
worter‘of the lehw PUVOIPd b Lhe Earlh is comrutabley

- with eauations simildr Lo those asbove Tor the slanets
‘.~but bhv nrlvnbatxnnaﬂ @Lumonhn vary aulle raridlu.

i t; / ')"1
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Irn the SRYMAF cstsloduer rrorer motions sre fiven as pid}
K where oland § are the stseris serherical coordinates
(right ascension and dLClLﬁdilOﬁ)oL T seherical
coardinatesy the Powlhsout uddated to a8 time t Trom o
time t, are then ‘ !

of = 0(9_ ¥ ﬁv‘c.l ( f*; *i'b\
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Ts 0 & g Ler 93
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If the rositions are 5tored #% reubansular coordinates
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where XeYeZ are the: nparerraﬁtﬁ velocity comronents
pelative to the centre of mass of the solar susten
Aessentially relative to the'%un)«[ This will be mostly
- for an esarth s&twﬂlite ~}the garth’s orbitsl motiony
which is aPPP 1maté1w 30|Pm/ 0cs Hepce v/oy wherve o is
the velocitly uf TLAHLv(iﬁ Ph@”t}loﬁ“ﬂ radians opr 20
rare seconds. | ; : i | :
' . i ¥ l ; 'y . H
The velocitur' Uy offhhe Larth‘ié given b
. : ‘ 1 ! P
L i ;I "(
= n } ( o
v na d $‘<ﬁ Ces {
Vi mg?! P :E
1 - ‘ i ,
o
4 ‘ i f { b
. ‘ fq S !lg |
- ! . | ‘ -
S owherve 8 MEan dlﬁﬁanc of cprbn from suh = 14%9.6 E06  lkwm
: o= omean angylar motlon of garth
= ] FOLE-7 lPBdlaHb:%PCQHdﬂ :
(hence nd = 29, 79ilm{wvr)
@ = evcoubrleihu of, egrthe orbit = 0.016750
f = “Lrue anomslu® of uarbnv which is the ansiley
moa%uved,at Lho suns bhetween the earth
. and Lthe wurﬁhelxoy of its ornit.
‘ ' i
Therefores the maxinmum dev1aylou from & constant
velocity is of the order ‘ P
o z/m,( L ve > ha| (v 00169 na = 0.5
3'{ﬁr dam@& ; L '
\,whimh,Phoduces an error of 0¢35“ STt ds rossibleyr  in
Cmost cases Lhens tofredard bhe pﬁrbh’v orbit as
“eircglary with at most a ,ma11 corvectionmn. In
Jceaustorial rectandgulsr coorJ:udbec, the veloecitu
Ccomrponents become (Ref.4v }114}
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o The 1eadinq terms in the variations are diven bw Blterne
(Ref. Sy 2) where the constaent E=JR ™ /3 where R is the

[ _
1ﬁf A

J ‘f
i gl | !
e 11 .
R 1 W k
o ] P
; "‘ \il ' .,.-":'j
t Y . i g
I8 1 {l ‘
C):wq true eclirtic ]OHSLtJde of sun
IE = lons fitude of werljeu. "solar arivit® relative
8 to Earth i ¢
Eﬁ@‘[obllaULFH of eclirtic (%1LL of earth’s axis)
- ] ‘ ‘ «l !,
}, '1 I !
. «
_ NS ) — ' mmw "he onQin@ﬁ‘from simrle rouer
‘series in time 1 S S
g . 1 o i l /
Table 2.4 ummari“es Lhe vrublgms agrd suddgested
solutions as%ovxated with Lhw usade of stellar
rositions as aLbLLUQ@ reference roints.
X - f
I] I i “ = .
L2 Secular Peruurhatlong of Gatellite Orhit
. ) v l |v :
The mador chandes iﬁ 3 rear Javth orbkit are caused by
. 9 I 1 N N .
the earth’s oblateness., E cemi %hen the orbit is in
terminal decawr these domluaﬁe the effect of residusl
atmosrheric drad, .j a : h j j - :
! - S ]
. ‘ | ]
Given the usual urhltal elpm@nhb FGP the satellited
: ‘ e -
. i ) [
. & = semi-mador axi% L
woooe = eceentricite | ;
’ i = inelination of urhitgwlane to eguator
i (0ldedrees whelh motion is rarallel to
. rotational motion of an ecustorisl roints
. - 180 dedrees when antirarallel)
B sfl =Y right aseen51mr of GbCQHleﬂ nodey{i.e. roint
- i
: v whmrv the satellite crosses the eauator
i wrmceedlus JU\Lhward)
: efidee ( sndle between eaustor

¢y ="' ardument of ‘
S Cand Periﬁeag meaﬁ$red al. the centre of
the earthy |

f&nuatorial radlus of the earth and' J is the leadindg

¢ harmonic in the dravitstional sbtentials i.e. the
cecoefficient of the P (sin @ ) ledendre rolunomial,
o Neturalley there are hidher order termsy but the

. lardest are about 1,E-3%J.
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“pocultstions by the moon anu guny s this is not

edres
Cdegree belt (roll op vow “amurd)4 Al lowing

;Lhe éshoro CIn the 'extreme c*
of &.5y this Blﬁlﬂa 1080 &tavf\ Field mobtion For the
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The most obvious 5&]9@L10n% flor lcemera sxes are the
Fibeh direction and eLiher'Lne roll axis or the uaw
aris im the snti-esrth direction. The sitceh axis roinhs
toward bthe celestial rolesy anlher of which is &
warbiculsrly rich star 1301dﬁ }d Lhe olther axes lie in
the eauasltorisl elané with Punb@&%un{ feeauent
n@cessarj]” uh jueal chu;pv i Ansumingy howevery 3 10
field of vied for the cenjerass il does reduce
Lhe atar LdLmande to & 100 seusre dedgree watoh ot Lhe
ehesdn #ole (Fiteh csmeral; wTQﬂ @ \30 ¥ 10 sausare

3 T 2
]

ﬁe“rp&'aafatmlmarﬁiﬁv'lhe .uLn% ares of the sky seen
during one das is I"""’()‘i) Jauuru dedgrees or about 13% of
= of & madnitude limit

gaustorial tnmer" uuuld be 13 610 gee/second,

s . ' ¢ . | ’ . s o .
Flecing the camwragﬂat 45 dﬁ%ronu to bthne pilitoh axis
would neve both cemerss ahd?ﬁ the same catalogue of

Cabout 730 stees Foe the sate 6.5 limib (i.e for & shy

Praction of arproximstels 14 edreas x 360 dedraes X
cas{dl u ieﬁreow)/4lﬂ53 anuaqe','3rue~ s ,09) ., :

Dccultatluug{hu the: sun and poon would be eliminated
althoudh bhe sun wuuln still he & #roeblew iF the ‘

._bﬁffliﬁﬁ.iﬁ less Lhau 10074 efficient.

- B i - i
el L Frecessing ﬁolar Ovhit = Sun Suncheanous
Onee again: the miteh-auie s neavrly Tixed: with &

Cwotion on the order of 1 dedree/dawy hence urdsle

freauency Top the mﬁtaioﬁqe'bnulu he slow, On the abihenr
handr, .« i1 the fi@ld“i“'void9~bh@ camaerd would. e

-inmwerative'ﬁmr seversl’ ddﬁﬁﬂJutml orbil srecession

A . . .
brougnt a new Tield JnLo V?HWe Fresuming thst toive

UbaLu]lJLH rohatea onre/r v01utaan sp Lhat il is earth

ariented, & camara in bhe wauxrnlL'wlan& wWwill swees the
sl e/ revulut:on ar about jevery 100 min. so thatl
dmasge wotl ion wL]l he 200 sro |sec/second.

‘Th@=510w'chaﬁﬁe of fiﬁld fortthe #lten sxis cawera need
~not. e a fatel Tlaw if dintednstion times can be '
'urhltrarclu increassed (e ressonsble ostion diven the
cslow field . rotation of the witeh camers). In
»tmmun(muonmn @ fmAanr':at51mﬁu@q

\ ; _ i Timit could be selb.
Moreovere 1T ‘the ‘orbiit Plan@;ﬁawﬁﬁﬁ neasr the HSuny bhe

3rLLth u“L> Camera umutﬁ sllads e free of solar
uhuruvaL1uno i et P
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toward the leading and fallowing
hoth freesmf earth occultation and (for RADARSAT) free
of solar occultation.
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Flacing twe camerass 90 dedrees
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arart with both 4%

is would allow both Lo sweewr

storase would he 730 st#vslmn avers
Herer houevers the
desree/day would reauire urdsates everw daw or two (less
frecuent if the %tmr@ﬂ.haﬁﬁ af shkwy dis widened).
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3,1 The Attitude Imade
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r Homitor CATM)
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Figure 3.1 shouws a blacﬁ daaﬁram of the Attitude ITmade
Momitor, The AIM can h#hd?b more then one smert osmers.
The AIM microsrotessor lﬁn]nﬁib Lthe sroser Camerar
defines the btrack window UJLhJﬁ which & star lmade
Wwill he Tournd: snd 1tbormﬁnw% the camera integration
Lime. The AIM has rrlmarﬁ PUHPOHH!D11J1B for :
w”trechznq g cord of 8 (amorn viceo buiffer snd
rrocessing this leOPMJLlQﬂ lu determine the cenbroid

of the stellar imnsde. ﬁ'vmnrarl}on of the esastimsted and

measured Fositions of hhenwhellar images allows

determination of uhe aagﬁi 1{@ attitude.
A oserisl nLchde sUPFOTLs communication between the
different smart camerasy the other sracecrafl sustems
ghid the ﬁttntudeylmaﬁw Horitor. This interface is
functionally eeuivalent) to the serial interface in the
Frogrammable Imase Cont wurlu# “The ROM yRAM and video
huffer sre essentiallw Lnu same as Toar bthe Prodgrammable
Thmade Gmnnroller<diffcr1na only dn the memory size Lhat
need be slloceated tor PWO&PGW snd variable storage.

O X .
, : i |, i

I
) . it
, “ Lo
|
|

A star galalmﬁuw cnn%xqbﬁ ‘of CHMOS FROM (ur to 70
bbwatas)ds Qit Wil conbmxn;u reference to  all stars
that are of Jmporhane@‘§uv the setellite attitude

"determinestion. The OTQanmqaljon ared menory reaulirements

“rm degcpybmd mare fullw n saection &

"

i

i ' |

Do b . . ;
CArwasteohdosg timer will ounbaln simrle sensing cireuidtrw

Lo checlk for the fPPbDHP“‘h: cbhe camera clooking ard
timing sidnale in order Lm 6110N the AIM

‘microrrooesseor ta talke bhe sreporriate sction whenever

one or more sidgnals are mﬂq>snd The watechdosg timer
sleo determines 1T an stti uudﬁ imade monitor is
malfunctioning and rarorte Lo bhe central status
PrOCRSsEOT on Lh@ﬂ»aL&T!nung % " .

b . . : . s :
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TR - » FACE, : : ) Inertial “reference
; .  System T
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Figure 3.1- BLOCK DIAGRAM A.I.M. {Attitude Image Monitor) 7
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Fidure 3.2 is a uhpm Lxc Hié@ram af the rrogvammahle
imase ccntrollevﬁ The hnavt Uf the Prodgrammable Imsde
Caontroller is the ﬁ1LPOV?DCQ"”GPF uncer control of 8
soTtuware erodramn that is stoved in FROM: the
microrrocessor routes all vortrol sidnals  for data
scauisitiony dats storade asiwell as providing an
interface to the ﬁttitulellmmﬁe ttonitor. The othern
swstem comronents include jan analod sidgnel rrocesssing
hoardy Bn anales to digital convertery asnd o a
synehronization and L1mznq ﬁﬁnvratmr§ The ohsersge
transfTer device is orerated nu s seriegs of olooking
waveforms which armiﬂ@n@rahmd by the microrrocessor
atd amplified hy driver Pionftvuo The swustem also
sarforms guch nnumwknwwnnﬁ Tuuvtznn* g¢ temrerature and
shutter control. AR @1*hU oq sivteen hit CMOB
microrrocessor will be %mWPctod Yo minimize pouwer

consunetion. j J

1
b
’ ‘
) fnslod Sidnal irnv& a6 ind
' l
The outrut of the imase sensor is smelified and
Tittered bw an snslog sidgrel processing ohain. The
rreamrlifier consists af Qn forerational smelifier:
Which is gselected for 1La‘ﬁ03¢“ and banduwildbth
characteristics.s A mm Lmnllu Tlat pllistic Pilter
ensures that anwe roises Cwilth s freeuencs srectrum 3bove
half the $amrle fvoouonvuVofnLhw correlated dounle
samrlery will be @inenuatvh {o an accertable level.
This srrevents the fnldbawk of unuwanted sidgnals into
the signal rasshend, The xeros of the Tilter should he
rositioned at the cuwnrl@ ﬂvwﬂtuwfcu anriinulhcsl(*ﬂ
thereof.

3
K

r
The correlated double sawmdler consists of & discrete
time differentistor folloded bw & discrete time
intedrator and 2 samrle and hold. This cireuwit will
remove resel and clocking noise of the inmage sensor. In
adfition it willgatt@nuatﬁ’tho uncorrelsted low
freauency 1/ nolse of ha Qntwut transistar of the
BYTaY, Th@ QﬂmeP areed huﬂ1 @nqurus that the video dets
14 ﬁLablo:dwrlnd,thﬁ cmnvqrwlun perion of the ASD
converter. '
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The AZD convertaen d1<1bghar “the snalodg signel levels
with sufficient ﬁeﬁoiullmn!and conversion sereed, A
converter must be chosen which minimizes rowenr
consumetiorn while mnlntmlnln% thne desirved resolution
and conversion qppodé

. 1 :
1 i
2
i

The timingvﬁenerator is;vuniln]lod bu the .
MLCTORTQURESOYd it 3@neratem_bhe necessary waveforms to
orerste Lhe imasge sensor. o The clocking cireuits must
he capshle of driving the | arrev’s clocking lines
doegpite their ralative}w ﬂa?ﬂe cerascitance.

The swunt denevator comrdlnatnq the timing denerators
the correlated double mwlwrv the &/ converter and

Lhe MLCTOFTOCREGOD. Tn nhhor wordsys it ie 2 hardeare
interface bhetuween the ”|nrnmpni|uneu sunsysbems .

:‘ Co
0 fther Subsystems | l

N . X
The shuiﬁar control cmnéi%tbﬁof‘a current amesliftier
that converts s controll gl from Lthe microrrocessar |
into a latehing action an ancelegctro- mechanicasl
shutter. Tt also rrovides the microrrocessor with
information on the actukl »iatu% of the shutter {oren
or clased). 3

‘

l
The FROM memorw will (DHLG!H‘LHU microrragran that
orerates the rrodrammeble limadge conbroller. Tha RAN
mamory will be of auffitieht?ﬁixe for stachsy
secumulator and variable storsde. Fower consumetion
will be smaller if bwte wide CMOS RﬁM g used.

; P ,
The vides buffer is arp%o det@1H 1 Khwte in si "P? it
is used to srovide temrorsprwistorage for all the video
informstion abhout & star fmage. Uron comwmand nP the
Attitude Imade Momitory dats will bhe collected and
stored in the huffnr‘ at Lhﬂiﬂ}ﬁrﬂhrlmtﬂ time the
cantents of the huffer arel transferrved bto the Attitude
Image Monitor for Further Frocessing,

N . i g f .
The seriasl interface will send and receive a1l commsnd
gind data that is transferved beltuwean the Frodgrammable

Twege Controller arnd the Attitude Imsdge Monitor, It

could consist of en RE-42R interfsce thset is carable
of sending snd rw<v:v1n% datsd retes ur to IMbhit/sec,

This data rete ;hnuld hu movw than sufficient

to handle the communlvnhxun ﬁetueer the F.1.0. and the
BeTele ‘
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3+ 3 Charde Transfer levices

j . ﬁi ,
The two tures of solid- ntétﬂ:imaﬁinﬂ devices of
interests the CCD and Lne”CIQa are similar in thedr
hasic sensing meohanismy whiCh involves the collection
and storage of rholton-denarated charde under MOS
caracitor 'Tlates on a8 silicon substrate. Thew differ
mainly in the manner ufpcharﬁm detection.  In the GO

. 1 . N 5

the signsl chardge is transferred scross the array Lo

charge amrlifiers for detectiond in the CIDy the charde
!

is detected in rmlace ab . esch sensing site bw en
intregsite transfer. }
, .

o

The circuitry usa2d Lo aeleci»;nd srovide  resdout of
imasge sensors containg & rumbher of Johnson noise
spurees.  The dxthLthoﬁ \en:vhanc@ of the array

lines used Tor signal knnnlnﬁy the line selection switohy

snd the Tirst eresmelifier %Lah gach coantribute
temroral moise to the vtdwn sisnal. I addition
caracitor resel noise (PTL noise) can be aidnificant
when certeain res uuut mekhnﬁvfavn yeed. Hhot neise in
the dark current 'and orl anvbznu lesksde current in the
KOS line select mulut?ln erw fean be significant under
cortsin conditions. Thu lnhnuon FOLSE BouUrces dsuallv
are dominant in larde ﬂPPdU“{OPPPBtiﬁ% at high video
ratess The level of Pf& r01<v referred Lo the srray
can be made asrbitrarily fmn11s nowever:s since dain can
be used between bthe arr"\;mublut_and Lhe olame
caracitors The rarallel indection technieue dows not
sllow comrlete elimination of LTC nmodises  The column
reset trensistors 1ntrnﬂuoo PTP noise bthat is not .
redected, Voltase u01qe an ihn ineut- of the
gresmelifier results 1r‘an eauivalent ineul charde thatl
ie directlw wrmpovtsuns; fo the arras oubrul ‘
ecaracitance (a=0v) . ThemreLLcn] sreamerlifier noise
lavels of & few hundre d4c¢rr49rm resuslt from asrraw
outrul ceracltance levels iin the 10#F redion. kTEO
noise can be either nedlig sible or the sredominant
temroral nolse souTrCes uaﬂwndtnﬂ uron the srecific
arraw design and vuaduul mot%ado

Under low video rate Pmaddnt conditionsy Johnson nolse
can bhe minimized by rectvivt1nﬂ the noise handwidoh of
the video amrlifi LET e A)ﬂu neise oridginsting in srvaw
dark current znd! line ;olmr fmuile]o e Juretdon
leakade can he 1ImJL!ﬁ”’HQ4*T these conditions.
Ruduutlmrljn array orersting tenrerature can hE'uﬁeﬁ 0
control hhﬂb@ th@rma]]wﬂq‘;vqa%od currents . | ‘
and’ eanse&unntlwwthw rnaui Lant hnt neise. i
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Solid ﬁtaﬂe imagﬂnﬂ SENGEORE Can guhinit 2 Tiwed
ronunitorm asratisl baekﬂr@und in the rerroduced

imade. The mador ﬁmuvcﬁsldf fined rattern noise in N
imsde sensors are transistor switehing interferences
rraw shotolithograrhic vurtnl1nury and bhias chardgs
variations., In the case of QIB’&; monuniTorm courling

of the WMOS tranwl stor ﬁcdwneﬁ cutrut voltade to Lthe

video sisinsl resqlLb inta pomronent of fixed pattern
noise that rereats from sdan to scan. For CCN’s»
there e & similar comronent arising from the wultirhase
clocks whioh traﬁﬁfmv charvde [between wells of the CON.
Variations in rou to Coluhul(rn,wnvwr caracitance
arising from either inmuirbor thickness or ehoto-
1ithm£rapﬁic varistions Cm”&@ a two dimensionzl comeonent
pf fived ratbtern noise. Varistions in biss charsge Trom
Eib@ to siter caused bw differences in storese carsci-
Lance or threshold voltedgdy also result in & two

dimensional eomwonent of fined patbortn Moiss.
I

¥

Dark currﬂnL nonunlrurmLLQ Carn e an imrortant soureoe
of rattern noisers PdvtLvny rbw 4t room temrersture.
Low dark current Ppr[nrmance ean be an sdvantage dnder
Lhese conditions., . !

¢
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The orﬂani"atinngend nohde%trnLﬁive reagdout csrabillity
of the CID imader dives rise to a number of srecielized
functions. The X-Y addva#;abWo orsagnization allows
random access to arraw mis olw§ The non destructive
readout Teature Pomhinud Nnth X-Y secess 2llows linesr
mwmb&natlon% of sixel w;ﬁrn]a Lo he sensed giving rise
to sratial transform rﬁadaut. Signele can be rerestedly
read and summed to 1mprnvn dynamic range. While CON'g
do not allow nondoaLructwwe rﬁadmnt thew do rermit on
chir averadging over the rqws«and columns bw varwing the

prder of the horizontsl ard VOerwGT clocking rulees. |
: fi ; :
Fed The Charde Indecltlon Device

is

o . N S !r'\ : .
The mador features of the CID imaders are summarized belowt

& A X-Y addressing carability which rrovides
excertional flexibility in arraw  readout, This
|

' | : i N
carebility sidnificantly reduces clock i
ly:nuoneds PRl %hhi&ﬁ electronicss and dats |
handling lrates.) This fnathoralau makes the
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8 ﬁ:hmﬁhlv??octlvw active ares on the imaste
Flane. There arolno'upuoue areas and bhe

ﬁlDPLPOﬁPH Can ho madm of verwy thin rolusilicon -

bo BUGE 01 the " low clack Trequencu. This allows
broad awecbralg‘rebtonﬁe and high sensitivits
wi%hout 1058 0fi5|§n$| to noise carabllity.
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& No churéo transfen 10%%¢ In the CID the signal
LQ read Jdtr Pi]wlai]thu sensing site.
~ rl
\ !
(W Tnjpran@e ta nPtlnallnvnrlo&df without
comlicating the hn%l& arvay architecture, Iin
- the CIN thm chnrfn is contasined at the storsde

JOOcthﬁﬂ and the He:danvw for excess ohardge to
migrate to uddacpnt q1L0¢ ie greatly reduced.

't
" v ;
o A nun dQQtrucllvo.Wesdnul capsbilitey allows
muro flex Ib?llb”.}‘ThL% Feasture hes peen used
affactivg v Lo rndu ; IOLGE

1
|

0 Coolirnd ﬁenuirnments'ave minimal. Tark ourrent
is dgenerdted onlu[dnithm derletion resgion of the
device ard the doalntod ares is much smaller than
the Whmtqﬁﬁﬁ%lLlVﬂ‘BH@Bg
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The charge ianwbion arproach to solidistate imading

emrlows MOS mler structures to call@ct and store
FROLON SGHPP“LOd ‘charde signalss Charde is indected

from the MOR storage (lnvora%nn) r04|0n thn the
substrate to clear the stovadge redgion andy dn some
Casess tn,wruv1ﬂv A1qnu1\reddouho For an ares
imagers X-Y addressing 3q;nchtwvod ha using two MOS:
carscitors 2t esch sensind site. The carscitors are
courled sueh that stored ﬁhdfﬁe car be transferred from
ene caracitor to the mext by oreating a8 robtential .
difference. Indection ocours when bhoth electrodes are
switehed off. ! o
1

Variouws methods can be used ﬁm courle surface charde

4 hetueen addacent o1wchrodosei Frindging fields are

. created by using & narro w\tnbor@locirmdn ey Dy
overlareping insulated el@th|deap or by the use of a :
cnnnuvt1vw1d1f€n4|0n» Thn”igrtImothod‘1q anrafihjﬁ '

with anndard MOS Pxoonuﬁﬁ‘ Pwﬂure ¢.3‘Jhuwu &
CrOss - qorU1ur of la sens g e &ﬂtﬁﬁ fabricated with | b
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XuY addressable sen31ng site showing

‘h Tocation of stowed charge under; (a) integration,
-‘P: (b) read»out enab1eg and (c) 1nJect10n cond1t1ons,;
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conditions. Use of mverlu}Pzn% gates can reduce cell

size. The structure wanrtod pw Gy contains a8 Tirst
level of rolusilicon e1ecLWOﬁ@ﬁ and a8 second level of
transerarent metal oxidae” PlPLLIOde( Figure 3.4 shows
the cross-gsection of & (Tﬁ imager cell Tabricated with

i

H

overlaPPiqg'elecprode s%rccuuron§
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The charde stored in the Tnvérﬁion redgion oan be
indected into the uhmtf“yp and removal of charde takes
#lace by nevumhanLlun. ILF the seracing bheltween sensing
sites is much less then bhe diffusion lengthe a rortion
of the charge LnJ@cLed st one site will be collected bhw
addscent 51tuc with a ro&qltxn# loss of resolution. In
additions the indection rulsewidth cannot be much
shorter than carnier lifetlime or else rart of the

indected chardge will he\r@uo1lmttﬁd and PQ%MlL i image

lad. Theisolutinn to Lhewo anhjvmw has heen o
fabricate CID 1ma%ers o @Flhd ial wafers. The,
eritax ldliUHCLIﬂﬂ? wh;th[undﬁrlcon the imading arradr
scts 35 8 hurlﬁdvrollthmw Fdr thu indected charsie. I
the thickress m?'thp thuansa! laver is less thans orv
comrarsble to LhQ SRE01NG %wtuvun sensing sitess the
indected charde wa1 hw,t&!lowhwd hu the reverse hiased
gri-Jdunction and sndhchhon eross talk is avoided,
Figure 3.4 shows |the crosg-section of 8 sensing site
febricsted on & erits JBlI]dbwr The dntroduction of
Lhe eritaxial collwclor; Howevery afTects imader
sensitivite. Fant of Lhﬁ:‘h%vﬁ@ generated dn the
silicon between sensing: ¢1lwq can bhe collected by the
epi-Jjunction instead of the dtorsdge carscitors. This
1% sarticularly true Iur fnnﬂ wavelength vad&atfone

. Rk -
3;493 Resdout qethmas il i
o ’ !

The signal chardge stored in CID imaging arrasse can be
sensed hy messuring eitho" the charde that Tlows uron
indection 'or the voltadge cnanhw induced bB'aharﬁ@
transfer heLweeu|tno Lo %tur.do caracitors that
comeyrise bhe X-Y addveqsahle:u%mroﬂo site. Wifferent
readout methods are hrtﬁflu discussed helow?

l‘ :

0 Semu@mtial INJePtlnn (Irive Line Readoul)
The dw:w?ocemmntluurimml Lhub flows in the ﬁubgﬁra%é

wron charde indection nl%u fluwr in the driven srrau
line. ﬁn,arréu d@n:qnon ﬂﬁP&dP1V@ line readoul: is
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shown in Fidure Eéq@ ﬁ‘lmkgé voltade is apelied to
the row of electrodes uhaf to the cdolumn electredes so
that rhoton denersted chaq%e collected at each site is
stored under the' rou el@ctrmde. A line is selected for
readout by setting its volitssge Lo zero by ' means of the
vertical sean roqlﬁt@r AROW BENABLE condition of Fidure
3:3) The Phnrﬁe Qs Lhen anected by driving each column
voltsde tol zerosr in »emu@q&eg by means of the
horizontal scan redister and the sisnel line. The net
indected charde s moabureﬁ ﬂh integrating the
n1aﬁlacoman current in th wlqnal line over Lthe
indection LﬁLQPVdJ» hhmPRP 1n the unselected lines

rema3ins undwr the row cunnwvied aglectrodes guring the
irdemtionlwulﬁa (HALF SELECT | fcondition of Fidure 3.%).
1 ! . i
O Freindection . :
] I L
The sreindection” ﬁouh LPPﬂHlGUP is hased on the

messurement of tn@ vhanohzn chardge that occurs at each
addressed éen%mnﬁ site When 8 comeplete row of sites is
cleared (JHJPCiPd) 1mu]tdnvéur1w+ The schematic
disdram of.an arvay cunIquvod for sreindection: readout
is shown in Fidupe 3.6 Faual row and column bhias
levels are!normallu wsed with this readout method. A
Low inrut dmredance (Lrhusvoudurbun\n) amerlifier is
wsed so thaty duving esch lscan of Lhe arraw columnss
the column erotentials ar@iveget to the reference
voltage, Frior to esch scan of the srraw columnss
during the horizpntal P@tﬁ&c& intervaly voliadge is
removed from the selected row to clear the row of sites
Lo a8 biss charge levels and then reset to its eriginal
value. The rotential of a1l eolunng had been reset Lo
the Pnlumnrrern1enve wnbeutlal during the rrevious sean
interval, Since sidgnal charde was eresent under the
addressed vou elwubrnde dhcn the column rotential wae
resety the’ rummval of tn@§a3§n61 charge nw the |
indection oreration resulis in a8 voltadge bheing induced
on the fLoating column quctﬁode% srorortional to the
indected signal chardge. The induced video signal is
thert read out bw the column scanner.

This rreindection roadoutlmebhod has & number of
advantadges and some 1lm1h0t10UHo Arraw Tixed sattern
foise is automaticallw redected since Lhe onlw netb
change in Frrau charqm 10J01§ Frioe bo each video lipe

1
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scan is the indection
orerations. The main
signal by the co1umr
|

he redechted if uw

{ faralin
|

of charde indﬁvtimn E!
serarated.

nondeitructive‘rmadou

{

1r the
signal cherde will be

column VQlﬁaQEﬁ»a Thi
Figure 3.7 for rows X

g rrevious column sos
Lhe column switchess

IF the vollisde o 8 1
i diadrammed in Fisu
raracitance.
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The rarallel indection

Sidnal onar
sraad during a line scan
time interval 211 of the
can be indected in Pﬁr31101+} It imdection is defervedy
t rennltqo. The rarallel

orne each of the column
smount eausl to the ﬁiﬂnal

of

i

i

rict

techniaue is the nwllchlnc
seanmerd This

Tanctlor

fived rattern noise rereatls
@ 11nnk0ﬂ

)l

sigrial chasrde. The teehninue
is compatible with highhsreed samrling of the induced
column signals as reauired for TV comeatible

advantaﬁo with this resadout

ngise courled into the video
comronent of Lhe
for sach video line and can
v1d00 sthorege s rrovided,
, ,

l i
i . f

b@(hHINUU allows the FTunctions

vhgrq@ detection to be

ﬁP'ﬂvalw can e sensed st hidgh

of
dnd dur:u% the line relbrace
(hGPqP in Lh@;w@lortod line

Lechniaue is well dddwhvd
the sidgnsl is read out ]
Lo random Scan aﬁwlimatdnﬁﬁ¢P
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In an arrvaw of MO couw}mm
rresent charde

indection
o TV sesn formats in that

e by line. It is not adasted
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cgracitor rairsy 8¢ is  used

anﬁttlnn imadersy all of the

>tmqed,nndev the row conmeched

wienlrmdu& if the row vnlt

ades sre lavrger then the

I, . . E .
% vqulvxmm is illustrated in

1y,

\.\‘? ancd X4,
hissing effectively ur@vonhd the chardge
Lihhe row connected elorlrnQOfﬁ From affecting column
voltadges. - The voltade on all
Yde an be set to » vnfurnnvg valuwe either by mesns of

This method of
stored uncer

avraw columnses Y1 Lhroudh

T roadmuby nr through the use of
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7 ifor row X3.
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goltrode ia then switched Lo
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ranesfer from the
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sites. This

The voltage

row . of sensing

lires will then he reduced by an

The signalcen be sensed b
gach tolumn }1nc'tn & v1uﬁn amelifier bhw the use aof &
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Schematic diagrém of a 4 x 4 CID array designed for parallel-
Silicon surface potentials and signal

injection read-out;
s are indicated schematically.
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- i‘ [
anning redister and MOS|switches. The readoul
UF‘PBLlOH consists of resetting the video smrlifier
inrut ta the reference volidﬁe and then sterpring the
seanning POQL ter to the ue t column lirme, After 211

columrs of the arraw hmvo|heen§,eanncdp charge can bhe

. ‘ : [ , )
returned to the vow commedbted electrodes by rearrleing

voltage to the Pneviouslu*selectad rowe  This action
ratains the signsal rharﬁo’for future mrocessings snd
constitules a noq—deqlvhe ive readout (NIRD)
oreration. _ s ¢ h j

Altermatelys st the end of vosdnui of the selected

rows while the row voltede ig maintained a2t zero vollsy
Lhe sigmel onhardge oan he nndectoﬁ from the selected row
to the substrater a8ll sites in rarallely bw switehing
all colummn voltades knlkwﬁa deultan@ouslso This

aekion clears thp sensing sites of charde and allows _
the start of & new QIQHalﬁlﬂdGﬁP ation time interval for
thal rou. ;

ﬂi l“

0 Row Readout ol
s l’ \ .
i . i L |
| | SN
& second charge transfer ieadnut method is diadramned
in Fisure 3.8, Readout id effected be driving the column

connected electrodes to rauqo charde to transfer Lo the
row connected eléetrodnu+§ Thw condition diagrammed in
the ftaure ig with the thlrd irow connetted to the video
ameplifier by the vevLqulia(dnnlnd registers  The hori-
sontal aCSﬁHlﬁQ redgister is orerated st the video element
voate to sequentiallw LDNH@Ch|th column drive voltase to
the srrsy columns. Each n]emmnt of signal cherde is :
transferred to the row ele PLY!ﬁPn axternally samrledy

and then transferved haul to'iho column elecltrode,

At the end of sach linﬁ'sﬁang the selected row and ail
grray columns cen LD drlvnn to cause inmdection. Far
nondestructive readout of th arvaye: the indsetion
oreration can he duFerreue

The advantades of this \whdoui‘method over sreviously

described techrniaues ig bhat the horizontal scanner i
isonlated from the video sigrnals LTC noise can be easila
reJectedy and nondestructive readoul can be resdily .

i

mechanized. f oo | i
| ' \
S+4,.3 Hark (urnﬁnb and ﬁlnom1nq i
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The 1IN aswrmaoh(wwrmlt‘ ﬁiﬁﬁlﬂ;cautlbimorc silicon
sres to be used for Phnin@’bﬁarqe generation than for
charde storade. This rusnbhv’1n an advantadeous dark
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current situst 1un hocnu%w‘Lhé thermal charse senaration
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rate in nondoplet@d hu]l qll

less than in the dpplﬂtad ql

Consecruentlyy each imade seng
stores rholon generated vhor
totsl site ares nut denera LP
ftorede srea. ﬁlsoy i ewo
reauired for image readmuly

contribution frmﬂ this sourc
hies charde in the storade s

Cadditional reduction of dark

thernal 3aﬁerati&n vate, i M
smaller under in@ersiod!cqnd
conditions, ; P
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The eritaxiasl CIH wtructurb
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There are essentislle hhrée

frame transfer iﬁagerﬁ all o
huried chennel. These wre a
deviece (eJ d. EEV 8400y & ith
device (RCA SED);and a virbu
201). Althoush other designs
using surface Phannelw’Lhow
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The virtual rhase concert (F
manufacturing rrocese hu @li
gate electrode structure dom
cessing methods. This gives
simwlified clocking (one clo
clocks)y lower darh eJrrﬁnu

tude lower than other QLDv t
efficiencw with imrroved blu
much lower cost becsuse of &

grevrations duriﬁg_broduptﬂOH
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g overy imrortant | Featurp ot uho virtusl rhase
t@chnnloSB in our apﬁllvatﬁoﬂ is the verw low darhk

current, There dre ?hVPOAMRdOP comeonents im the totel

dark current in & CQCO Lmaser’ a surface comrornent due

Lo the therfdcol tates? a8 derletion resgion comeonent

e Lo Lhelenrrwnt nu:rljeﬁ ﬁu the bulk gerneration

recombination cenhrerymnd; a diffusion comronent due
mirnority carriers frow bhw reutral undersrleted bhulk o
the silicon. ‘ i

Of the threer Lhe %urfageiﬁmmwanent is the most
imrortant one in onormal CCD imese sensors.  Howevers
Lhe V.F, technalu gy the conbtribution of this

surface comronent is nesligible becsuse the $i0R -~8i
interface states are Tilled 'ith holes. In addition i
is also rossible to biss the ‘clocked rhase during the

Lo
.{»‘

in

t

iMtedration POPIQd at & nodai;vv sgate rotential. This

wWwill force holes (to %hovﬁurfwne aver bthe entire imsder

greay further PQGUhiﬁﬁ Lh% Létal gark curvent.Under
these circumstances the dark current is reduted o
SARA/emk %2 an order of maﬁn:tudu lower than for obther
GO imsge sensors. ;

E 1
[ .

1 N
3.6 Oreration of CCD qfam@ Transfer Inassfers
‘ P

& Trame transfer COD lmadq sensor (Figure .00
consists aof an |m s @ lnleﬂr“tp' aress an insede storage
ares and & horizontsl transeart register that clocks

sindle pixel JﬁFOPMdLlOH o };11ﬁa hw line besis Lo an

i

{
nuhrut amp]xfler¢ f
f turical m&eraLional ueauoncw is described bhelow.
Tmitially the shotochardge 1nFLntwﬂhat@d within the
imade ares. NP"t the unL1r@‘Lmaﬁe area is auickly
dumred into the imsde storsse ares where the dals is
read out lime bw 'line bhw dumwunﬁ ane Line at s time

into the horizontal qh3f1110ftstmrﬁ Arn intedgral outeut

amerlifier converts the chardge rackel associsted with

each mixel into 8 discretd voltade. The nexwt imsde
similtaneously collected iw the imsde ares.
. i | i
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The timing constraints for.a;?tﬂ imede sensor avre fTav
mare comrlicated than those guv g GIN dmadere: Decause
the CID can be "ﬁce Ser cf raddum] in dgrours of 4%4 wivels -

whereas the CCD imade ha&itﬁ!hn read out comrletely at

all tlmes.'Foﬁ a star trackoﬁ thereforer a UID sernsor
would have a definite &dvanbs%e because at ang given
time we are onls:intereSt)d ;n 8 maximum of four stars
im-our Tield of view. Translated into CID termsy this
would mearn an access of 4 jErours of 4%4 sixels (in
Lracking mode) ; ‘ ‘
{ k
Hmwever;-de can ﬁeneratb s similar seeuence for a CCD
imader, Ta facilitate comrarison we have to translate
our recuirement to 4 grours of 4 lines and select 4
wixels in each line. The [worst case timing reauirement
far easch sivel is dotermmn rf (b the mindmum intedgration
times the [bime that is reduined to dums the entire
imade section into the 5t0rage gection and the time
et is necessard Tor the;4 LOP lines in the storade
section to be clochked thrnudq 1nLO the serial redgister.
This can &1l be done at%mj 1mum allowashle vertical
clock freauencd.  Once 3 Yine is dumred into the serial
redgisters it is wlochked th &t the maximsum horizontal
clock freauencwy dntil thJflPHi givel of interest is

reached. The horizontal dlock is Lthen slowed down to a
value that is determ&neh e the total number of sixels
of interest (4%4%4 = 44) dnd the minimum intesration
time (10 mseed. i
This concesrt minimizes the réau?red»vid@o handwidth Tor
Live uﬁdlD“ sisgnal Fracessing chain and therefore
reduces associated Johnson FOLGE .

i ! ? ‘ ’
A7 Aralos Sdignal frncoa Sing

[3
. . i \ .
To assess Lhe rerformance of the snslod sidgnal chains
we nave to determine whicﬁ rolse sources a2re sresent
and their contribation to fthe totsl swstem nolse

The circuidtry used in any larraw to rrovide readout
of the individusl rixels mpntainﬂ several Johnson noise
GOUPCES e The diﬁtrimuted;rv%a starmce of the arrag
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. 1 .|‘ ) [:‘ ¢ L | 'H,,,f
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); ' l | ok po
electrodesy the line selection switches and the first
rreamelifier stade willlall cortribute noise to the

video sidgnal.. Furthermorey UanC!LOT resel switoh noise © ‘
(LTC noised)s shol noise| in the dark current snd leakase
current 1w‘tho 13nv mu1%1w1oﬁ suitches can be

5i§hificante ﬁ E
. . ! |i
. . R ‘
. y it i . L f
| | I
0 ~ Reset Noise : '

1
- " 1 . '
1‘ 1 . v

i T W j
Whern & switoh isplused to ﬁétitha voltasge scross the
caraeitors’ the finel voltsge on the ceracitor has an
unee PbﬁLHtH due to the Pirite resistance of the switoh.
The magnitude of this uné@rtaintw i determined bw the
following gauatiqnﬁ .
) n R S
Ul = (&T/m>m$t5! . (Volts)
whiere k = 1.38 E~-33 1! AR (Holtemann’s

cqnflpnt) 3
ared T = Lomw@radnr in dedgree Relvin
aryid C %,outwuu wtpﬁﬂitanm@
| R Sl |
The reset nois N(FTF); e & HUPUﬁ B8 BN PeMeH
fluctustion 1nLnu rumbe i of UBPPIPPb is siven Hwl
; : I . j
N(RTC) =£((MTC)$*0+3)XQ T frme carriers) i
where mqm lLed E~19 (Electronic charge
| i ‘ in Coulombe) |

: i g ! : :
With & turical array outrut caracitance of 10 »F this -
generates at room temperatures

NCETEY = 1261 | (rms cerriers)
5 \ o
This noise however oan be_ﬁuwwreased by measns of the
furrelated doubhle sameling techniaue. The amount of

courrression that can be achieved is determined e the

dedree to which the ftrst;%ample is & measure of bthe
HTC voltade. For a8 video swstem whose bhandwidbh is
determined hy a first ord@v roll of ¥ freauencwy of
folHz) » the samrle voltadge can be detevmined asl

T ‘ ] ' I
: i i
Velemrle = VUsis h (L = exe (~2RriffoRrts)) (Volt)

where ts = JamP}e 1nt@vym1 time
¥ ; i Pl :

. ' o
i i . i

it the samele 1ndervm]}isvah5r

in such 8 waw that
DUeikfokts=S o Lher f o
‘) . H i




In this ceser LTC noise wo

of 1f(1"USBMP10fU%iSHB

i
omuLvelcnt'nmzﬁe;contrl?u‘ Haly! Lu

Carriersd .l

O lrf mwllfjor Noise

Using a8n ulLr 1uw nod
el fect tramsistor like

could achieve thae Fullqwluﬁ gauivalent nolse

I

Nafn Vnlrms)

i

where Vn |
e
Ginm

it

i
In case of the CﬂSﬁOv

) i
|

:
i )
! ! s
i :

i
f
x

a0t noise fidure of amelifier

inrgt caracitance of awsrlifier
(Farad) ’

1 4

Dol !

theﬁm ﬁismvea arel
i V

Undrms) 1= 1.4 nUJ(H“*M4q) L (at L kHED
Cin = 30 ﬁri |
f § ) Z
Therefore?, W
, i ! ‘ |
Naj = 26 (rms, carriers/(Hzik 5)

|

|
{
P
i
!

ujﬂ he surrressed bw a factor
1) = 150 Thiggwmuld reduece the
don b 12617180 = 8.4 (rms
: \ .'t !
h £ L
B@ ’ua - matehed N chennel field
LH@ Lﬂﬁéo from Crustalonicsy we
levaeli
oo [
X-Cinse « (rms carriers/ (Hzp )

) X
If we assume a video hdndwldlﬁ of w.de 10 kHze than the

K 0 l

toatsl contribution of
]

Nal= 24

s

uhelprﬁampllfier would he?l

(rmg carrievs)

3.8 llth]LtB QT’LIH’

flthoudgh CID technmlmﬁw has matured during 10 wesrs of

cdevelorment at General

Electric (GE) under variogus U.B.

lefense and NASA contrectsey the devices are not offered

commercialle. However:s

slace with various reorle fat  GE

of ur—-to-daste CID imad
exrressed willingness
imrortant scientitic a

deﬁailed discussions have taken
redarding srocurement
@rs. The comrany has now
to sell samrle devices Tor
FPJLcaLjuns in order to

an edde over tho*vmmw@lsnﬁ Con techrnolosw. Qut of &

wide variety of LTD i

aJurw that have)beaen develaorady

the “T“dendhv1nqp dovelored [For NASA: larrears Lo he

most suitsple ur the

imeyoved verﬁ10ndnr 87 ”“éul"

shortly. Alrrelimingry
{Table Qv%be i

asothmw\axwli cation. An
Cexrected to be avallable
%PafmftwsLLon ie diven below

estanlish




Tahle d.10 Lharnrtéristiés of the 8T-206 Avray
' , : 4

| 1 o

: | S { 2
Arraw Sise I | L RE6 w206

i o

|| i f i :

i i . , H te . . cy
Privel Size ' : PRO 20 micrometers

i | S R -
Full Nel} . P13 @06

R
g ) } .
Dark Current (/Plgél% ;{1@04’ glectrons/sec at O O

: Y il i sup g .
Fﬁxed Paétern Nplge T [O+8% Full well
i ' .
R@%POHS@‘UaPiQtiQdW | less than Iy 4
! f :

H%rk Curfent Vafiﬁtlun‘lless tharm 1.9%
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Quantum Yield 04

i ' C

Res PDHJQ,rDlnl Spneaﬁ Trarezoidal

: ! i

i sl v
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i N
gﬁiation Tulergnﬁe

{ i :
i | ! +
Readout 9wtionh i F t4 w4 Pivel Subblock with

; i i f }incréments of 2 wixel

RQ”PNHS!VJbJ ‘ | See Fidgure J.11
I
. i
| !E ;
Q Dﬁwice hvch1tectuve _—

The dretherturaf deba:l Bf the 8T-256 d@viw@.iﬁ not
Huwhvaval1ahle howevery the device is verw similsr to =
128 J”S\arrmw develored rreviouslu. Figure .12
sMOWS Lhelqpnqorllawout Df the 128 x 128 arvag. The
arraw can be woloebod by grours of four on hoth
horizontall and vertical axes. The array is desidned
for seeuential readout of imade subblocks selected b
means of scanning registers. In orerstiony 3 logical
‘one" can be entered into each scanning redister and
shiftedr, as reauireds to select the desired SLBE O .
The column drive linesy E |[through E  cen then be driven
to obtain four Parallel}oﬁtput%» Im addition to 138
getive rowss snother row ﬂs available to rrovide
differential <an001]at10n'wr column drqvﬁ intaerferance.
This cumponsatlon row is %viﬁcted Toar every rou
address and is vﬂ ared uhon aveary r0w|:$ cleareds A
twrical Pﬁndouh ae(u@noe éhaHQo the rou and column

i

voltage blﬁ" andwrmnrlmt ‘Pfay“. ]

§| K
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Figure 3.11 Typical CID Responsivity Curve. - _ e e T
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- The column and row hizses are broudght to et

ta elear'the entiﬁe EPPBB of stored changes bhw
iridection. [ ]

K : %

- The row bias is, sﬁt 8L4 -8V and the colunn Lo
~-14Y Tor a read ensble.! The shoton senerated
miporite csrriers |are' s § ored under the column
electrode. I

i
n

I : ‘.
g "

- ~ The column- and row blaqe% are then floated and
lhe column hronqhm td Zero via the E-lines. The
rollerLed charse %s transterred to the row
caracitors and lhﬁ di%Pl cement current causes
a rrororbional row potential change thet is
aameled and hhld qor‘Prncm¢%1nﬁe ’

f

Returning the column bhigs [to ~L$U and the row bias Lo
-3y trensfers the charge Hauv o the column caracitor
and another readcucle caﬁ he,made The scoumulated
charge is not lost and m@rﬁatinﬁ the read srocess would
Froduce the same outruty leuc the signal that nad heen
collected during the first Phdd reriad. This is

referred to ss the Nnﬁolcwkjj o
! | ! i

| | o
| o
Fe® Availabilite of’.con/s

; j 4o

| : | \ i f

Texas antrumunhs has deveﬂopwﬁ'bwo CON imasie sensOrs.
Theas are,currentlu onlly chllah]O as enginesring
samrlesy but according LOLrolo ‘Wwill he availshble
commercialle during 1983, ¢ TI will select devices
their customers snd are, cdrrnub 1w devvinp ng a8n
intesgrated colochk dPLVOP u1rcu1t for these imase
2enE0rE, Tel«’s a8rray are rotable hecause of the
virtual rhase technolodws which enhances the blue
resronsivity and lowers the dark current.

-
o
-

! |

KCA has the hest device as far as euantum efficiencw
and blue resronse is concerned. Howeversy REA has
changed their rroduction Pyrocess and are currently
exreriencing manufscturing groblems. Thereforey there
are no dovxnos availahle a2l the moment.

EEV (English Electron Ualﬁ@) i% a Rritish manufacturer
of commercisl devices d@$14ﬁ@d for television use. The
niddest dr§wback§ af hhebe sensors are their 3 rhase
clocking structure and- their roor auantum efficiences in
the blue. | 4 F ny b
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As aBn examele we can caleulate the maximum veeuired

video bandwidth for & L[ﬁ'dnd1cu ane 2 virtugl shase

CCU imade sensor o K?O?“?ﬁ RJV@]QQ

: M l'

Faor the CCI imaders the‘mn imum vertical clock

frequency eauals 1.2 MHz and tho marximum horizontal

wlochk fr@ﬁuenwu sauals 134 MH ' ,
N : 1A i i

. . | ? P l ‘

The reau1ﬁed minimal v1duu'bandw1dth derends on the

minimum intedration time endlthe Wi 1mallu athieveable

vertical and horizontal c1mek frwnunnrznb ardd can he
caloculated as follouws? i; {

i

i
, | ! .
# videolmin) = S R |

é@/(Tint(min)wQ?E/f@
. i
! . g .

uneret Tint{min) = mlnamdm nboﬁrwtiun time,

FOVimax) = max amum varticsl olnck freauancy

FOn{max) = omarimum hDPL rantal olock Freuaencu.

v(ma "(3?3*390764)/f0h(max))

1
;

i

'
i B

:
In the above casel : ol Lo
, i , ;

f viﬁeo(m&ﬁ) = F¢:H08 Hz

It we compare this with tho reauired minimum video

pandwidth for & CID ime ﬁe*seﬁsora we only would

nave to exemine 3 totaliof 64 mixels instesd of the

comrlete Brrav. The minimum bandwidth therefore wouwld

he ! \ _ ! ‘1' ’ :

| { 3 N I

f video(min) = &4/Tint(mir)
In our case! : |

t 3

Hr400 Mz

:
1

|
f videolmin)

1

The CID technolodw theref@re would meed & factor of
arproximately 5 less video banduwidth and therefore
generate less Johmson noise in the smelifier. The rower
consumertion in the sensor drive circuitry would have
similar constraints. In case of the CCI virtuasl rhase
imade sensor the maximum rower dissirsted in the
drivers’ uau%od hu the Pharﬁiﬂﬂ snd discharging of the
horizontall and vertina]‘n.ncv line carscitances of the
image sensor clochk ti mpﬁ (e hn‘val(ulaLnd as Tollows:

-1 Y! : _-‘ :f
(. * I




. | a7 |
q K L .! ! :
o - ‘
i ¢ i! '! : i "
| b
{ L '
Fom CXfolackX{Vxi2) | }
i [ I
where F = dissirated rouwer .

C
¥}
foelock

i

jclock line rapaujhéxce
clacl dPlVG vo]taq gh-rhk amelitude
elock frhamnvu § ? i
‘ A
In case o'!the v1rtual Phaﬁe
\
l
vart\(vvprtw$ﬁ) R 9”!T:nt(mnn)
e ! b p
where Pveﬁt dissirated sowér 4f vertical clock driver
Cvert capacitantﬁ{of‘vurhjoal clock line
Uvert = vertical drvve 'voltadge rh-rk anelitude
Tint(min)‘ minimum 1nheﬁr tion time.

| 4

i

B

CCD imsgerd

i}

Fvert

HER TR

i

1

®

Gimilar for the horizontal dﬁiverse

Fhor = ChorX(VhorXi2)x ”%PN590/TJnh(mJn) i
> 1 | {
;
ﬂlmSleth PUNE' of honixnntal clock driver
caracitance GF arizontal ‘elock line
novizontall drtvw voltage sk-rk amelitude

m vy mum LﬁﬁPQPwLJOT timg- ]

i

where Fhor
Choy

Uhoq

Timt (min),

t

i

Hi

j
I we look at tne totalidissirated powaer in the drivers
and assume thatlt the verklcal and horizontal drive
voltasdes are Lhe samey L he'r wp Can e&lculﬁtn the totsl
dissirated roweriasi i g i | l‘% :
i i i >' i
‘ : : | ‘
Fhot m( Udrive%h2)*292/Tint(min)v{ﬁ‘vaerK?Oﬁﬁhnr?
Faovr the v1rtual rhase CFBvuhqr@‘Udr1vvfw 17 volt and
Cvert = 7000 #F and Chor = 64 e oand Tor & wmirndmum
intedration time of T1ut(m1n) = 10 meEec we can
caleculate the total driver rower as?

Fhot = Z2¢ wmW. Co

We canmolt 'do a8 similar caleulation for the QI devices
because we 4o not have the necessarw infTormation for
the clock line caracitances. EBecasuse of the vandom
sibility of the CIDr the effective clock Treaquency
ig lover a2s only 4 drours of 4%4 pixels have to bhe
addr@gsedﬁ Based on %hﬁsi act the total worst case
rower dissiretion in the dgrivers is rrobably less than
in the CCI arrmnqemenL§ l . | i '

i ! i ! o
| ! A T B ,
I ’ Coh o
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The. fixed rattern nalaeecan e eliminated bw teling twa
sats of measurements (w1th different intedration

uhdractorﬁ sticsyand bubtvavtnnﬁ the first from bthe second.

fi buwrdcal read wrocevq Fnr the CIN dis illustrated in
Figure 3.13. The mmlhud empln3§ non~destructive
readouts in this case charge .continues to integrate
while it is samrled N times asnd is summed to creste the
first sete Uhardge is dW]dwnd to cantinue intesvating
and once adain sameled aud &ummed to create 3 second
get. This results in a‘dc1F0rencu signal that is
rrororbionasl to NXX2, The tenwroral noise will sum
incoherently ¢o that the readout neoise Pnnbrlbuttnn far
esch urdate is srorortional to N . The aisimal-
to-rmoise ratio isy th@ﬁefdreq srorarbional to NSRIL 5.

The overall diasdram for orerction in the sbove mode is
shown in Figure 3.14 . The double reads subtraction
rrocess effectively ranve]% the unwarited ratiern noise.
Howevery the intedgration timé is halved which results
inm a Tactor of two sidgnal lossi althoudh this loss is
mare than recovered b muﬁmiﬁg the non-destructive
eadout . ' ey q

; ‘ ,

, . ( .
A similar rrocedure can'be used with a G0N bw Torming
two sets of meaburemuan, Lhe first with intedration
time T snd the ﬁecmnd with intesration time 2T, In
this case no imeprovement in temroral noise results and
the intedration time is fo@ctivwla nalvect,

t i
The subtraction rrocess can be eliminated in
aprlications where the rattern noise is lower than
allowed er where suysten time and rrocessing constraints
2llous rremeasuring and storing Lhe pattern noise Ffor
comrensation during oworationQ The second srrrosach is
of rarticular intervest in arrlications where onlwy a
small ared of the sensor reauires high accurscws sinee
rattern noise Ffrom only & Tew rixels would nmeed to e
meassured and stored.

3.11 Ievice Recommendation

i L S |
- . J ! o ; . o . . .
fatle dfsisummargxe the impdrtant eharscteristics of
Col’s and CID‘s. We rcepmmend hh@ use of the CID §T7T-254

heeasuse of its domonﬁtrat 1| wnr?o)mdnwn whereas the
ather devﬂces have Pcrrormanee charscteristics which
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are not as well documeniod« The mador characteristic
that must bP eahab]lshoﬁ @s the rattern noise., Only

Timited dats howuver is avellasbhle, Tho outstanding
difforence'hotwean the two devices is the snti-blooming
characteristic, | P

i .

| | :

.12 ﬁvéilahiﬁits of, Intedrated Circuits

f ; _
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o Prmcessaqg : |

RBecause uP FoHer restr3$t15nr in satellite
orerations it 15.3mporhanq to look Tor low souer
mLCPDPPDCO “Orbo} Therefmrov CMO8 rrocessors should be
our first cheice jand cnmpmblhxlltw with existing NHOS
wramessors;would he an ﬁg%Dto The cholice between an
f-hit or & 1é6-bit rroce ssar has to bhe determined hue the
comrlexituy speed and the;numb@r of calculstions that
have Lo e Perfoﬁmed« i :
i I

| . K
A Frime andidat‘ Tor t@eﬁcontrol ariented P.T1.0. would
e a NGL 800 8-hit erocessor. This is & CMOS CHIF
mquufacbured by Nstional %umnvunﬁuctur which hiss &
turical active rower con%umpttnn of 50 mWe Tt has an
instruction set of 158 LﬁStFUCthﬁ“v 10 asddressing
modes andI”“ intarnal yqz sters and s available with
1.6 microsec dud'l mlc%og@c;mhgtrumtimn cucle: Becsuse
its instruction et is comratible with the rorular
81083 and 280 rracessorsy | it is  an ddeal candidate.
The neceqqaru Ferigher ml Lircuitru sueh as RAM: i
hUHg*b&d;reet:nnsl transce eiverss hus driversy BHOo
aré also available in CWD@¢ This will maske it rossible
to build 2 full m10r0proce%%or sustem that will consume
ahout 500 mW when runnif gt maximum spead.

. L .
A erime candidsate Tor tﬁe Al eMe would bhe B80C8E 1o6-hit
Frocessor.  This is & CMOS chirey manufaciured bw
Harriss which has 8 turicsl rower consumstion of 150 mb
whern running 8t 2 maximum 0]ocb freauencwy of 8MH=. The
hasic inatruction st consists of 117 idmstruction
including pits bwster word dﬁﬁ block orerations and
binarw/decimal mdlt:w]u‘and divide. A varietw of
surport devices like ldcrhzn bus driver y clochk
deneratorsy bus control emﬁvfpvujrammhbje interval
Limevay Pn¢0r1hw‘1nferrywh controlle % v Frodgrammabla
rerirherall interfaces etce ane also Bvsilable in CMOS.
Recause Dﬂz1t% C?mPatLblllh% w1fn bhﬁ'NMU (uunhﬁvrBrT
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of Intel {(hut at 10% ol bHQ roker cansumrtion)sy this
rrocessor ils also an id?&L!Cdndldahu
‘ I o ..

The NSC—BdO is uvan]ah]o n 3 commercial (O U to +70
CYy and an industrial grddo (~40 ¢ ta +85% C) and 8
military ver»;on will be #nnounced.

1 [ .
The B0CB is available in an industrial drade and in
the military grade (—SS”C Lo +1I25 CY.  Because of the
MO8 structure of hoth rrocessors (end perirheral
ehirs) it shouwld be rossible to dset radistion hardened
versions. Harris (unlike National) is currentluw &
suaprlier of radistion hardened rroducts (RAMy ROM and
Lirmear T, Ces) ang it is more eprobsble that thew will
develor & radiation harderned version miCcrorrocessor.

i
t RaM snd ROM

Currentlyy there is a8 varﬂptw of CHMOS RAMy ROM a&nd
FFROM available on the mavPCL¢ The Harrie HM-&6G1by .
@.5, 2@ 2k x 8 CMOS RAM consnme turicslly S50 mW/MH: and ,
has standbwy rower of 250 microwatts. The Harris HM-6616y el
@ 2k o 8 CMDS fuse 11nk*FRﬂN consumes Luyrically &5
m/MHz and hes 8 standby Pawer of S00micrawatts. Tt ig rin
compatible, with the industre standsrd 2716 EFROM. The
National Semiconductor NMQ QICA2 wedey 3 4k x 8 UV
Frasable CMDS FROM consumes turically I mW/MHz. It is
Fin compatible with the industry standard 27332 EFROM.
; L
o Dther Difital Circuitrw
Currentlyy there are aeveﬁ8l panufacturerss (National
Semiconductory Motorolay ﬁairchildy SFIY delivering
L8TTL sreed and rin comratible CMODS lodgic circuitru.
This will allow us to build & comrlete CMOS lodgic
sustemy that will emrhasize the low rFower recuirements
af the totsl sustem. Againy because it is OCMOBy it
should be rossible to dget radiation herdened chirs.

o Linear Circuitry

Generallyr there is &8 trade-off betuween sreed arnd rFower
consumsltion’d linear amelifiers sre  aveileble with

. Fower consumrtions From a few milliwaltlts Lo several
hundred m1111watt5. ihln this range we exrect to Find
many that ‘can be us od 1n Lhw analod 5iﬁnal rrocessing
chain. Harris has se voraﬁ mnsiiriorﬁ'of ateh ur Tree
design thal can stand h£Qh’PadldLlﬁndeHe From & rower

consumetion htsndr01nt 0 Wv1ouy it Hu
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rreferashle to orerate the
rossible readout sreed,]

f

image sensor at the lowest

4} Adﬂ Converters ] |

: il i .
There is an enormous varietw of A/D converters
currently 'on the market’ Although: there is not & verw
strond correlations onel could denerally make the
statement that the better [the resolution and the higher
the conversion sreedy the wore the rower consumertion of
the cireuit will be. Fopr oawr reeuirementsy a 12-bit A/D
converter looks like the best solution. If we limit
ourselves ko a 25 microﬁ@& conversion time then the
Foser consumetion cuuld;he%held dowr Lo about 400 wW.

Tnereasing the converﬁioniﬁweed Lo a&hout 3 microsec
would dounle the rower consumrtion. At this stader we
don’t have information on radiation hardening
possibilitiesy but because most converters sre hubrides
built with birolar and CMOS circuitryy we do not exerect
ary Particylar difficulti@so
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4.0 FOSITIONAL AND QNQULAR ERRORS ”mﬁ
’ : ; . -"—’. ’
4.1 meation;ﬁﬁtimatoﬁ l
i , F

Three different techniaues for locating star rosition
soross the blur circle (on roint srread function) were
considered Tor investigation. The mean and median
locstors are intesral formulstions which use all of the
data in the blur srot imade to define & weishted
centroid,. The least sauaﬁes‘estimatmr‘cmmwaves the
tlur srol distribution with an exrected distribution
arid subseauently deduces star rosition to be some well
gdefined roint on the @xwedteq distribution when it is
slidgned wilth the meagurgd?hldr srot dats.

{ .
The mean and medisn technicues reauire no seriord
kriowledde of the hlup 5#oﬂ distribution bult are
d@ﬁ@ﬁd@ﬁt%Dh the assumetion that the true star position
is coincident with the defined centroid, It this
sssumrtion were not true then the least sauares
estimator would he remuﬁred in order to obtain
realistic lestimates of star rosition. Howevers when
the wointf&pr@ad function [is reasonsbley summetric (as
one would exrect for star images sroduced buw opticsl
plurring technieues) th@nfthe added effort involved in
imelementing the least seures methodolosdy is rnot
Justified»; P

Thare is no comrelling reason to rreferentislly select
one or the other lof the two centroid locators and
indeed they toth wield the5ﬁ3me resullt for & swmmetric
furnction. @ In sdditions. orne would rot exrect the leazst
sauares locstor to be any more rrecise than the
centroids for & simerle nearly symmetric roint seread
funetion (its adventades would be more evident in the
case of a structured functiorn with location information
stored in charscteristic fgaturwﬁ sueh &8 secondary
Feaks) e We have therefore. concentrated our studies on
the mesn locstor under the asssumetion thalt this
techpieue is a suitable indicator of location estimstor
Frecision,. This choice allows Tor the stude of locator
sensitivity to the CTH varisbles and its relestion to
the moise ecuivelent angle. It is rnot exrected that
these investidations will he significantley sfMfected bu
more refimed information on the roint srread Function.

e

'

f
s Mean Locator
: |
The mean locator is analaﬁoua to the centre OF mass
caleulation in rarticle! sustem dunamics with the sisdnal
i
! I8

]
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:’indueed PthS@ dpusxts (sznt sereasd Tunction ) ac&ing
as the weighting func tvon viz
’ } . } ' . o ;

!

: 45 0'0 { . .
x g; / 4 W(/J{,Adc)o//ya/&& (4.1a)
o S |
{ C
! "? f f r;,cw(w,u) ol :J?; (4.1b)

I
‘where wxkrg) ib the normgl;zed roint seread function
whoge intedrsl over ¢ and v is unitw(if Q is the total
induced ‘charde then the [chardge ser unilt area or roint
csrread function is 5impls AXw(xsg) o Aprrorriately the
mean if taken over the complete roint spread Tunction
is inderendent of thelaqlgln location and the
orientation of the coordlnwha sustem, For 8 swmmebric
rointserread Tunction hhu mean oceeurs &t the centre of
‘»Hmmetru. : '
¥
|

!
IF the intasratiwr aover g in the x comrutation is

varrled ouL we obtaln 1

'5 ] q = Lm m/(thz’y/(;) , (4.2)
where L( (linpe spread function LSF) rerresents the

cumulatlve charde in hh‘ g odirection #er unit length in
Jhhe o direction (forlbrev1ia we consider only the o
aoordlnate of the mean»lthe ¢ coordinete exervressions
‘dru clearly identi callln formd)e IT the sameling
vintervals are Tinite the mean calculation becomes the

aumdratnre BFFTOX 1mat10n -a
i R g)cl
o "1" if}" = :‘é. /)(;:j /()a"}z’/@ :
B o{,é(o',./a _ ; ;(4»3‘))

-

1

1

: A

O ) !
ngEPE:dfl “the P1wel widthy % = d (rixel centres)s
and @ 7 is the Lnteﬁrdted charde in 2 column of rixels
-“straddltn ¥ ‘ : :

u. . Lo
] ‘ {

o :y;ilnterpolatlon.Eéror
SIfP the translated coordinate X is meesuved from X then
‘the interpolation,error is simely

E = . ,
I Gogrel -7 '
{M 4{){‘) X /0?

-
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‘reduces the error ey PP@b&an t.o

'fwxpecteq that
lasbly the
“that the

U where

Lettins

Gy

where i,

T+ L(X) 'is

@

Tolded asbout X=0 on
Furthermore the ovurldpi1na of the resulting intedrals

This fu
LﬂtPfPOlBtJOﬂ
‘2 pixel

‘ensuvesi;

'
l
1

nctlnn

there is
~when % is a distance 7 § / Trom the rixel centre it is

aawtooth

ﬁn a?%ernatm

:grSH]DP

sty

(J 0 or

function be
MNote that the error

Ceummetric i '
‘srvead function

B ﬁ

i“ + j x'. ’

.

M ] 1 Lo

e frlo _ (4.48)

3 ' .- ‘ :
Y

d° (4.40)

——

the PlHE column contd1n1n3 ¥y wields

(I“‘J)

£ | gz““’“)-'d‘f Lxyax /&

{2@-’--0 o o
. (4,5)

f Y Lydk/Q =& |

qummehrlval Lh@r bhe intedrals in can be

to the rositive half of the X awxis.

\

1 ﬁ &*J) -

| LxyolX / (48
féﬁva éﬂ‘—-é)d \ ‘ ‘
l

sautefnee CEPtdln basic- Frorerties of the
BETOP
+ 1/2 ﬂ then the summetrs of LX)
1nvatqd ai the same roint. 8Since
ro dlsblhctloﬁ {excert sign) betuween the cases

“Iﬂ “ois at bthe centre or edge of

the function is odd in &= [-1/2,1/21,
reriodicity of the rixel structure recuires

PGPLOdLC from rixel to rFrixel.
Lb not necessarily reaked or
= 1/4, For exsmrle 3 point

3 . . .
R wh:rh tendq towards a deltas function
{the raqe of non blurrlns Gaussisn ortics) sroduces a
error’ cuvve

versus (vertices at .= £1/2 .

1

and us@fu1 fmrm of emuation 4 6‘is the

serles enwmnv1on,“ S .
/’/4 @ ) Qe 8 v Gy 5 sl a7
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o Interpolation Error soed Truncsation Evror
: : g [
. . i
The results of the rrevious section were bhssed on the . ‘

sssumrtion that the entire area of the roint srread
Function waes samrled. In rpractical serelicstions thie
will not be so and hence additional error will result
hecause of trumcation ir the mean comeutation. The
combination of interrolation elus truncation error
can be written as (Por a swmmetric roint srread

.f‘um‘.‘t';lOr-;l) -1 /g (;-.4. -J-é‘);{
Eld= (-;?,, ‘gl Z V4 0\')«:‘?}( (W")/ /’ G)EK - §  a.8ad
- : r-1)

°ﬁﬂ0 : {N oo

w3 {(I—AM)@( o C3-8)d iy (4.80)
= w + M /{ £ (N evaer)
% s1q FO U G hgragd DN

winere it is assnmod th31 ¥ois ulthnn 172 rixel of
the truncated roint seread function., R and L7 ()
rerresent the truncated intedrations for totsl chavde
ard line serread function resrectivelw and N is the ‘ |
totel number of rixel columns in the x direction. (See |
Fidedo1l)y UWe are adain only eproviding derivations for
the x directiony the w goordinate derivations beind
similar 'in forme It is also noted thet if L(x) is
summetric then L7(x) will also be summetric. In the
case where the roint srread fupction is serarable into
product functions of X snd w the error comrutations in
egeh divection sre 1ndep nd@nn of truncation in bthe
rerrendicular direction.

|

Eouations (4.8a3) and (4.8b) were anaslwzed for the ‘

csrecific case of @ Fanr ian roinl srresd Tunction diven (
‘by '

|

L YYag XY agh
Py = e /L o H YAk (4.9)

~The relevant rFarameterization is in terms of the

standard deviation ¢y of the Gaussian roint serread
function and d the rpixel dimension. The blur dismeter
S AFull widih st half waximum) of the roint srread
‘ﬂfunction is ¥ 2,35%4.

-+~ s The results for 2 and 3 rixel columns in the X
. cdirection are rlotted in Figure 4.2 and Fidure 4.3
Arnote that & is teken from the dgeometric centre in the

M
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case N=2 as orrosed to the defirition diven in eeustion
4.4h, The function is odd about the origin and hes the
poriodicity of the arvaw. The fisgure cany therefores
he confined to the rande 0 to 0.5« Imrlicit in the
caleulation is the assumstion that the centre of the
image can he estimated within a8 dgiven sixel be other
techrniaues (e.d. & rriori knowleddey thresholding, or
pw FTinding the rpixel with the lardest sisnsl).

Two limiting cases can ke distinguished which are
turical of the error varistion in denersal. IFf the
wivel dismeter d is not large comrared bd Lhe widbth of
the line srread function (measured as the standard
deviation ¢ ) then the mean calculation becomes
somewhat insersitive to the rosition of the centre of
summetry. This lack of sensitivity dmelies that the
caleculated mesrn lads betind the Lrue mean asithe tLrus
mesn is moved in 2 sarvrticulse direction,  Thus for
small d/6 the sign of ithe ervor in Figures 4.2 and
4,3 is rositive or nedgative derending on whether the
Lrue mean is on the rositive or nedative side of the
geometric centre. In the limit 3s o becomes very small
the Traction of the roint srread Tunction which is
actuslly samrled srrears flat so bhat the comewted mesn
ie the deometric centre of the samrling window and the
@rror is simrly the disrlacement between the centre

of ssmmetrs and the sesmpling window centre (E/d-—>-=4¢ ).
AL lardge rivel diameterd truncation is no longer s
eroblem (i.e. the samrling window collects charge froam
that redion of the roint srread function which
dominstes the wean eslculation) and the anlisummetyrie
Jinterrolation ervror discussed sbove dominates.

The error will sluwaus decrease as the number of sixels
Cin the samrling window are increasedd. Howevers &n

imcrease asbove a samrling window dismeter of 2 or 3
rivels is unaccertable dgiven the rarid incresse of
moise eauivalent andle with sixel number in LCCO asrraws.

C0ne must therefore look to ortimizing d/8 (i.e.
Cvarwing Lhe roint spread function width in the ostical
Cdesidn stade) in order to reduce the combined

interrolation/truncation error. Figure 4.4 shows the
derendencey of the errar&on d/86  for 3 3 wirel column
wide sameling window o d=1/4. It is evident thst s

smdmdmum An the neighbourhood of d4/6 = 2.5 exists
dntermediste to the trunestion and intereolalion

{
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2, TFigure 4.2 .- Interpolation/Truncation Error for 2 Pixel Wide Sampling Window -
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limited redions. Furthermorey the aprroximalte
lingarity of the error (Fig.4,.3) for values of

2.0 < d/6 4 2.5 suddests thet the interrolation/truncation

<

"o Elur Serot Motion

. The ‘mroblem ofhblur époﬁ motion due to attitude chandes

can be simely formuleted as 2 chandge in the standard

deviation of the roint srresd funclion. Consider the
ease of 2 semmebtric roint seread function moving with

velocity V in some direction on the xew rlane. Let
CMye coordinate sustem be trenslsted snd rotated Lo
an ®’'yw’ suystem whose oridgin is at the centre of

Csummetry st tL=o and thﬁe #/ swis roints in the
direction of motion. ¢+ Then the charde eollenbeﬂ in ares

element dudy over tlme gt is diven by . |

6(63 C?w(ﬂz--vz‘, 4°) tz’z‘a/’}faiy- 1

t

CWwhere the intesration mf wéover srace and time s
cunity.  The corntribution rer wnit sres 8t 8 dgiven roint

pver an integration time T? {iems bLhe cumulatiVa
#oint seread function) is

P(/x,g)»« /w(/y “v{, /;;')czz

4

e e E a lv (X )a’)( 411
“:: . ;t‘;, ‘:‘ :_:'_;e . V @,‘VT

“where X% = x’=vt. ' This exrression Cwhich rewrerentr o

convolution of the instantaneous Point.spread function

Cwith a flat rillbown extending from -VT/2 to VT/2§ see
Figure 4.59) is swmmetric about ¥’ = VUT/Z as can be seen

L @error can be reduced gven further by arrluying 8 simrle bias
corrector to the comruted =oint ssread centre.

it we reformulste the limits in terms of X = x/'-VUT/2 viz.

-”

| : Xwyr
P(xj,y;)’—‘ g/ W()(,/g;)z{)x’" (4.12)

X=vi

P(-—X,y)

. where the summairu condxtlon is of course ﬂopendent on
Wt yw’)  bedind swmpmebric. |
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For this exrression one can show that in the X’ directi

] 2 i - 2/
KP = 6}; o/ (VT) //c?., {4 ,13)

wihnere 6? is tie stendard devistion of the velocitw
derendent roint seread functiony 6y is the standard
devistion of the instantaneous roint seread function
and UT/J*i is simrly the standsrd devistion of 8 flat

“willbox extending from ~VUT/2 to UT/2 ¢ The imract

of eauatlon 4,13 is that it enasbles us to ubilize the

results of the rrevious section srovided the velocity

induced chandps in the standard devigtion asre sccounted

-Tar,

The lardest change in stendsrd deviation (with resrect
to the ¥ coordinate) occurs if the velocitw vector is
~alidned with the ovidinal CCD x axis. IT we examine

Figure 4.4 we nate that the wminimum in E/d is located
irn the range of d/€ betuween 2 and Q.J. For- -this rande

S we nave fraom enuatlon 4,13

1 i . e .
| VT & f24adls = Jayaca/e)/cars)
d . Ted/s) Cd76)

Thus for d/6 ~ 2.5 this imrlies thalt motion blur

cshould be limited to .88 risels between urdates.

'
t

'4.3 ‘Uevelopment»qf 8 Noise Model

SThere are two comronents in a noise model of. a
startracker.” The fTirst comronent describes the.
“startreacker rerformance and relates the noise

eaivalent sndle to the rerformance charamteviﬁtieﬁ of

Lhe imeder. The second comronent extracts thos )
‘characteristics of the arrad to asllow os?vuJaLJOH af
“the detectaor slﬂnal to-noise ratio.

CBhar tracker rerformance can he characterized bLw the
“random errar in the imade locator., Our modelling has

bheen confined to the mean locator for the reasons

degseribed abave.

“Tark curevent affects the messurements of ster rosition

by moving the eaeparent centroid. awasw From the true

jwoﬁltlmn‘touard the centre of the track window. If the
Caverade dark current dis mnaaurod and subtracted only

sratial variations effpc* Lho centroid,. To avaid
L gf . iR g ; . . . ' :
- 1 «‘ k r i i x Y Cow 3 : : i
i . l : '

‘ :
l
I

;
i
t
1

Qn

o~
T
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errors of measurement the temporsl noise on anw rixel
should be reduced by increasing [the intedgration time to
bring the dark sidnasl ue to aprroximstelws 1/2 full
well. The averade dark current rer rixel cen then be
ceomeuted. Alternativelw the dark currenl for esch rixel
can be stored and used to bo#redt the star dats. This
ig Teasible for well defined sreas of the srrawle.d,
the track window? srovided these sress do nolt chsnde
freauentls, A tebulstion of nulsw sidels ehould be made
Cbhus allowing defects te be identified and ignored.
CNark current contributes sholl noise and bthe sratisl
Cyvaristion of  the dark current causes s random ervor in
Cthe centroid. ‘ i '

Tahle 3.1 shove is & comrarison of bthe dHeneral
‘charscteristics of CTR/ s, OF the indicaled reraenetersy
hhe . randon noise wmodel is most sensitive to rattern
moise.  Fived sattern nolse usually refers to the
srestial vaviastion of bthe video sidgmnael wien the CTD i
i the dark., | Oeeasionally some authors will refer to the
fived ratltern noise in the highlight rovtion of the
image. We have referved te this noise tevrm as '
cesponsivity variation to distinguish bhe two terms.

Our model swssumes messuremenl and supltrasction of the
gversde dark currentd Lhis: scenasrio is reslistic .
because il reauires & modest video buffTer. & discorets
model is sssumedy viz ; ﬁ

o
T (g =TT

W p '

Wwhere Qx ie the centroid in the x~direction
corresronding o the summation over »J noeorresronds
Lo summation over the g-directiond Irsyn rerresents the
cmessured charge at each shotesitesr 7 is the sverade
dark curvent and T is Lhe intedration Lime. '

The megsured charde ab the rhotosile cen be writbans

' Ao = G‘Pm Wen B ¢ tp T & Rled

o O
¥ i e

X wherw R{L) dﬁ?wribe% reasd, nouise (Ltemporal
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noise such ss smelifiery clocking nolse gbe. ) and has
RETO ONMesns L. rewr 5entf the 'darh .
ey i v F

!
. : (=)
current st s siven vhnLo ite thh mean i v Groen
VEPP&SGHtS the variation in IOhHUH sivity and without
155ﬁ of generality is asanmvd,Lu heve & mesn of 1, @
seresents the total PhoLoLhdqu associated with @

:§LVL|.mt&P and w describes the fraction of the

Ern €;.§ E
i .

pone ‘P*Va)d' wva d

A t?"‘/.ﬂ;d cz\» va.)ck | | a;

Lo
;

where ® »u .define!thE're“tr of‘the star imase,
o O S o

cAssuming uncorrelated  random verisbles we can evaluate
e Pemss. @vror  @GUFY in the rixel rosition and relste

itota o

’ : } /SR S , )
; GLG) the rom.s, vériabidn i responsivite’
" t

uurrent . ;
S " |
q(ﬁ)vtha Poleis PeEY POLse

[

We' further sssume there is s Foisson statistic for
sensing charde which causes shot moise in hoth Lhe
sidnial and dark current.

Ne obtain bhe ?Ullqwiha"rasulhﬁt

S SR ok
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T bho fractluual swubxal varldtnnnlin the didrk
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Cwaint seread function wxew) which is collected by einel
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" The first three bLerms descoribe bhe resrective

UUHuPiUULlDH of the sretisl veriallon in res»unuAVLt
Lhie shot noise in the signel lemd bLhe combined C
contribution of darck current shol npoisers sealisl ndisw
due to dark current varistion and resd noise. Since

Wy \ (~~.::>l
. . | :
Ly S d L
. P :
o f

! 1, : N -
The auentities Ay B and © are diven b :

ST ) - . o 1 ;

- oo ‘
| :

Lhe mean dark current is an averasge over all Pinq}ﬁ‘it&

messurement errvor is negligible comesved to all aobher
Lerms, S ' o N

Note that all summations are over a Lrack uwindow of N

N rinels cantred s bout arv estimate’ (bt v Fa of ‘the
Ceentbroid (Fao Fo )+ o This m@ 115 Lhdb the (o fricient

5:5 '?j - ?:)

WUuHthUv K. deanrib@& hhw [Pamtlon ofltn@ woihb
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The ) Atities AyErC have heen evsluasted for & OGsussian
I point ‘spread, Furthermorey we have sssumed that
;‘\glé(>$ 2This latter recuirement has been addressed in
Lhe discussion of systemalic evror. From & methematical
Fraint of view & two dlmwnblonal GdUb iany

n " _ '
omied-{n b w0 /2 Yy haes the advantede of being botbb
; uxreulaﬁs summetric (as one exrects from the ortical

sustem) Dand serarable slong two sersrendiculsy
directions. The value of AsE  varw considersbls and

1 dre hest describped by an urre - hound. © can e
L. avaE lumbed dLPELfl%c _ : _
' ‘ . : ‘ «H] : :

T
2
i3]

L el e

where o L [ Eﬁ %‘ig B is bhe
where . L G o . ¢ 5

integral rart of N/2 +1. For & well defined serol and a
watened track windows we can ensure bthat K ds dreater
hheanc0.85 0 C therefore incresses rather drameticallu
Wwith-N teking the following minimum values 1y &2 20y 50
for N?é-ﬁ!y?}yfhﬁe ' : <

..(. o

. e , _ o
Gf the bhre> ruantities the last term dominates sll
nouise srocesses since A -and B asre less than 1. While &
Lravh window 2 rixels wide gives a  smaller random
ervror-than & 3 erixel windowr Lhe sustemstic ervor is’

"thav lardger. Consemuantlsy 3 bthree rixel window has

Comeensusede . The urper values for AsB end £ are G 11y

L Rle anﬁ Bed resrectivelu.

 4;4“ “arrlication Qf the‘Noi5m Mudél f'??i oo

5 B i . Y

A molse model has been aerLuu Lo bLhree Jwvztea: Lhe
GE Electric CIDy the RCA CLD,dnﬁ the T virlual shase
- GEIe o These - devices have Deer seloclted because bthew
~repr9mant three twchnolmﬁJual Llau?" - the vapdom-
aceess chardesindection devides ja thinned haubbidw »'”
mlLummnaLed bhrwo whuso hlﬁrﬁot:ouwled device and.
uldﬁ ¢11um;nat@d vmwhndlfwhdbv dnvzue» Fliurw b
v pandodm arvoﬂ {fraction of a rixel) o :
VUPhub ﬂarh_chvmntHfor hh" hhru~\juvices at infinite

&ut-uralmon bimo*ﬂlym )o ; Mh1lb the RCA device has the
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§ resronsivityy the lardge rixel ares (30 o 30
microans? imrlies & #srester dark curremt contribution
thien the other devices., In additions thne ROA device
reauilres lower orerabing temrerature to azchieve Lhis
resal it The resronsivibey pidel size and davk current
fo the GE andg T devices are comsaranles - arrarentl
DI s heve beern wmanufacbared wibkh room Lemseraturs (250D
ark currents in the range of 0.4 - 4 nASondE
windhle the TI device is soprbed Lo oeeraste at D49
rif A omERE JHowevers the LT exbitits smalier
variations in the responsivity which agceccounls FToe its

pwmrraved revrformance.

ut

L

Further comearvison of devices has bheen confined Lo bhe
GE CIO amd TI virtual shase device since the ROA device
i wgrally roorver than bhe other two hacosuse ol Lhe
Tarder davk current at s given oreraling tenrerature.

fs moted sbover apart Prom bhe veseronsivibly vaerdalbicnsgs
e GE oand TI devices are similard conseauenllay the OF
Dvice shows an imerovensnt of arsrrodimatelsw 1.4 In Loe

S

eauivalent andgle wnen bthe Lwo dewvic
shin whiera

@ polse peuivalent

£re L
sreprated at nidgh signsl Lo nmoise ra
consivitw variations dominste L

o
. -

Tive Fined

Lwn dominant components clocking noel
Letions dn the dark current. The model
Have bheen assumed are given in Tehle 4.1 .

it Lhers

Fabbern nolss nas heen node!
zrcd

tamaters

Fainle 4.1 Model FPargaeters

3
B
(341

rh Durrent 4

2 a1l Variation in
Current 1%

sicdusl Clocking Noise
20 e

Amelifier Nolse

~

e T q e
§ G

L Reseonsivity 1
Jariabion (3f O 5w

Sigrnal (Mesnitude &) 1.% EQY plectrons/sec- oM
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of these rarameters cannot be detevmined from

stole data. In rarbiculsrs the COD swstems

ted that the clocking noise is arsroximatels 2000

before amy attemst at sursression. We have L ol
Lhe use of & correlated dounle sameler ocan reducs
Lo PO oefyg, There i data for bhe GE devices

wevery bhids daets is ohbtained after digital signasl

L sing (Double read oon-destructive readoubl, This

ndaue hes wielded similar s

lues of combined
emsaral and Flwed rabttern noise.

The GF rerorts indicsted thet below O desrees T the
Johnson noise berm dominztes the dark current,
Hdpuevers our model d1s not verae sensitive to bthe noilse
source bul only to the tolal nolse.

Lgure 4.7 Lllustrates bthe variastion of sigrnsl-to-noise
rabio with lens ares Ffor bwo different Pocel lengtn
% o The caleculations Tor 2 magnitude A
thaet Tov a8 givern davk ourpendl there ls & me
; sralion time he=ond whiech bthere %@Enm §r
incresses in signel-to-molse raltio. These grarhno
stlustrate thet & design which calls for & 1 ave w
g oeoulvalent andgle recuires s sidgnsl-to-rolise »
wf 280 For o a S50 wmm lensi this sddnel-to-nodise inrlies
srrodntedgreation time of asprprodimatales 10 sec and a&n
arture of /1.4, To meke wose of Lhe difforence

TErise SN G

AP

IR

e bueern the 71 arnd GF devices repouices 3 reduction in
cdark current by & facltoy of i mat DL For

A4 lerns,

Ldure 4,8 dllustretes Lhe nolse eeuivaslent sl

' intedration Lime Toyr a magnillbude & shar For balh
O omm lenses. The swsumebobioc Dehaviour ol Loro
seation times is olearlye showrn. Wil L
tianal use of larde srerbure lenses Lhe vevice
LroWs o surerioribe. Norbe thaet the Lematie grrors ab -
tive 1 oand 24 indicated at the left of Lbs

e by oan o eausl ripntion of the swslemalic
random errors Tor P14 lenses.

1

Hel

Figure 4.9 illuslrates the dntedration reauicea Lo
winld moise eeuivalent arngies of 0% and 1 aro seoonds
i different lenses &nd arertures. The resulls sre
A Terent mesnitude.  Nobts bhastl
raaing the températuare of the CTHD allows oseration

iTonder intedration $OE . For all intesratiocn bimes
i Lhan 50 secondse: dark curvent does not osuse

wgburation of bthe arraw a2t gitiner temraraturs.

£}

sinktedt for stars of

4

IRECR A




.

A...A.._,
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Figure 4.9 INPEGRATION TIME vs STELLAR MAGNITUDE
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G Urdate Time Stratedies

Wi can consolidate thne discussion of sustemasbic andg
rencion evrror o evolve an uedste stratess. The

minlwunm noise sauivalent srngle should not exceed residusl
sublemalic error, This limitaslion of 1 - 2 % intere-
Lobion @rror sels bhe lowsr limilb .an Lhe nolse
vasivalent andley ard therefore the maximum inh
lme Tor 2 s#iven lens.

gration

- 3 % interrolslion eecrvar oan s L

wivnasl-lo-noise retios of 293 and 147 resrectivelwy ko
nabe thst stbtesrting Lo soh rge gidgnsl-to-noive
frationy BNy ds not fruitful. Ay indiceted sbover Lhw
Luw sigral-to-nolse ratics bhat sre reeulred
vesenbialle imrly bhatl

. .
A FEYy BAQ <90 /087N

o el the latler term dw domibizntle Furthernores
ovimd nebed bhslb the signsi-to-noize vebio bendsz

Phmlh

RN

(H5/N) = g
inf
WER T € Lite whotocurrentsares From o given wsban
Lhe lens arex
Lhe averes dark curraent
PFois the fractional vevielion in dasrhk
current dueg to sratisl vaerisbion

W wan adort an urdste slratedgs by settling for
/N =(5/N) A
inf
whore M Ls grrcorimatels 27 Lhis voslue delbersines L
mastimam wseful intedgration Lime. Thoe resuld of this
Cumratation is

A y v e D) )
T “ 2.%?&(Mz,|) | \! L&{f) I(’F“‘

4] . . N :
Wit T 0({”0 resresente 211 nolse bterns whioch do ot
vty with inledgration Limes ey resely cluok
aimslifiery ard swstem noise

TP A

Rl

ANnC St We B mral v Ao Pied M.
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For our model caloulation wiliv M = 2y o= 0,01y

GEOE electrong/secs Q‘({Wﬂ = 52008 T = 1.9 seconds.
Note thet hnalving the dark cucrenby iy doubles Lhe

int fothis corrvresronds Lo T = -8 Cv  Thuw

cgvation Limed
signel to mnoiwe retio

(e Ao

and the rms intervsolstion svror 1S

atp) ~ {C (\Y‘_;;?L
A

Foe L% 2 % intersolabion werur bLhe reauired loans

-y
Al

Sirwas are 149 and  7.29 om recrectivels.

fne lens facsl length. bhen JdJelovrmines the reaulred HEA

q(® %?

WL O %\3 1g bhe ang

ilar s
Lile enelusis indicstes b

shtence ol 1 wi: o Hobe Lbst
M b aft /1L fof, Fig.d4.4) L%
Lhe arsrorriate caremeter Tor piecting CTR s A
tirsageal? of wower versus welgkht Lo reuilred Lo agsaesw -
Lhe cost renslty dncurred by coelinsg and Du inorwidoelnd
Lhia lens srea. For fixed noise eoaivalent ansle znd
rocasl lensthy the ratio of sres to derk cuvrenl ie
Fivad so bthal the bredeoff i1e vlesr.

G Fffect of Motion Rlur

Whern oricital reles sre larsier we abtlemel Lo conbrol
Lhe swshemebtic errors by decressing the update time and
inecur bhe renalbts in nolse equlvalent ongle for & diven
rosding. Rerested mescuvement #llowe estimation of &
bLrasldght line which describes stellar rosition witoer

Ty owabrarolalion or intersolslion and which correcls

for bthe inherent lead or laed.

We exemineg two casesd larde ortrital rates of 240 ave
wausSsaec curecesronding o 8 20 winube low orbil und
winaell retes of 18 are sec/sec corresronding Lo &
HeDsanenronous orbit. Tale 4.2 indicsbtes the
veriformnance of two different ssslem designs orerated
wilh bhe urdate times that would be reauired Por o
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Lionsry
rbiallu
talerable

shar fiela, Note that the star Field

movenent of 0.88 & 3
readings with & mindmun measurement time faoyp
arbit case. This resullts in & lardge MEA Tor |
measuremnsent. Howeverys the larde number of ‘
surementsy Ny reduces bthe effective value
! giving the indicated NEA.
effective whenever Lhe clookid
dominate the CTU noise charac
= oLhere ds no ol ff
aimmation. I

ANl ey

stationary in de

nehronocus arbit. The
@ls reauires a lsa -

ERCAN RN A

teristio
srence hetuwesn on
W Purdher increasing the inltegration
mtntrer of readindgs bive desirved NEA oan e
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Tahle 4.2 Effect of Orbitzl Rste on the Urdate
& Time snd the Noise Eauivalent Andle
{ow Orbkit ' Geosenchronous Orbit
Star HMadnitude 6 6
&
Period 20 min 24 hr
- Orbital Rete 240 arc se/sec 15 arc sec/sec
Lencs Arerture 1.4 1.4
- Lens Focal Length 50/85 ' 50/85
¢ Fixel Angular Subtense 71733 ?1/53
{arc secands)
Star Rate Fixel/sec 2:64/4.53 0,165/0,283
NEA No Movement 1 src sec 1 arc sec
o Integration Time 4 sec/0.3 sec 4 gec/0.3 sec
Star Movement Fiuels
€ in 1 Uedate 10.6/1.364 0.66/.085
Maximum Tolershle
- Movement (rixels) 0.88 0.88
Number of Reading/Meas 1272 1/1

6L

A

€
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Teble 4.2 Continueq
Heasurement Time {(sec) 0:.33/1.5
HEA/HMeasurenent{arcsec) " 3.8/1.%
Effective NEA. (arcsec) 1.,67/1.34

Intedration Time (seconds)
to achieve 1 arc sec ll102/0054

equivalent to

stationary case
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e OFTOMECHANTTAL DESITOGN

r arbomechsnicel design addresses Tour sreez? orbicsl

vonfigurationsy choice of lenss straw light suspression

et s essessnent of bthermal load at the charse
: devics.

seussion in Lhe chaerters above has sssumed Lhatb
#le cameras are rresent. However the a1
ohnices were resteicted Lo one CTH ser camers since
Lides desceripes Lhe essence of the concestusl de
ohiglees, In bthis section we discuss bthe need Tarp
multisle CTR s rer camersy and the punber of camerss
Lhiat are recuired.

Lens foesl length determines bhobth the Tilield of view
and bhe sngular subltense of & single rsixel #given Lhe
mechanicsl dimensions of Lhe arraw. Thers sre & nunber
of oplions available supmariFed in Tabnle 0.1 The
ratic of dark current Lo lens a clete rmines
argd sowery wo Lhal decressed . X { s
apr Qv decressed bhivousheat) osn
rooling the arrew. ITmerovement of
awon factor of 7y osllows stars wesker Lhan
e bracked: & narvrower field of visw
e resolubtion is obbained. Howevers L
star oatalodue increases subnstantiallwe.

"y

Z
i

P
S

Frlgure .1 illustrates the mounting of the lans:
evraw and srinted cirveouillt bDoard. This structure is
chosen Lo minimize thermal concduction from Lhe
seacecraftlt neat sinks )

7

RSN Choice of Lens

ivoenoosing suitable lensesy the Tollowinsg coribecion
. i

wePE ooansideredl

by The hlur size afl lene should be slightlyg
dgeyr bnan the rixel size of the asrraw.

L,

22 : istortion of bthe Far PFilield must
vcharacterized and covrection made Tor

distance of the imasge Trom the ortical

I
—
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Tanle 5.1

Lecidn Ortion

Ortical llesidn Choices

ddvantsdes

Diszdvantades

Short focal lendth
iens

Lonzg focal lengtih

lens

Increased lens
Iiiameter

Greater numbers of
rivels in focal
rlane

Hultirle arrays
iarger Arrag

Muitirle Cameras
(minimum of 2)

Single Camers
with Besmsrlittier

Lardger Field of View
and short time reriod
tetuween emriy starfields

Increased andular

resolution

More light on the
array

Larder field of view

Better than multirle
cameras

High Light level

Tuo orthodonal
lines of sight
defines ritchs roll
% uaw

Necreased weight
ang Fower

Decreased andular

resciution

Small

field of view

and lonsger reriod
hetueen emrtiu starfields

Greater weisght

Lens distortion
more criticsl

Arrags are not
buttable

Custom Design Yield

Weidht Fower

Hechanical alidnment

Hzlf the lidht
level

‘18
)
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Figure 5.1 LENS & CTD CONFIGURATION
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s thereafter the distortionm of tnet rarticular lens
was dnvesbigated,

CTD s heve rixels which rande Trom 20 to 30 microns.
meing Lhet bhidls ortical roint srread is Baussiany
il ogives bhe resullt thel Lhe mooulation tranafer

Funptimny Meis
2t a) /2
e .

ML) =

where  is the sratisl frecuencs snd Gﬂia Line wtandserd
deviebion corresronding to lhe Bsussisn srot,

i

Since we have esteblished Lhet retio of sixel size Lo
standard deviastion varies belween 2 and 2.95¢ then g
showld range From 8 Lo 19 micrans. Figure 5.2 gives 3
diTfTerent curves of MOFY sgeinst sealisl frecuenocw fovp

i T Terent lur sives., A comrscison of Lhese curves with

the NTF informetion srovided e lens wmanufacturers is
gleo shown, The /7144 ~ 88mu was choseén as Lhe belasl

candidate for further test since wulher loenses "shiow mUCh
Midner resolution. In Facly even bLhe 85714 lens
ruauires defocussing.  The distorlion sl the reriFrnery
of bhe OTD is esbimsted to be 109 wicrons so bhat
urtner caorreclion is necesssrs to reduce thds value bo
G.,010 sixels '

it

Lens weidght versus diameter of bhe lens is diven in
Fogure 5.3% , I't verresents deto Toe rhotodrarhic
virdeolbives,

™ ~

U SCraw Light Surprression

For most. ostical instruments off-axis straw lishl
tlluminsgtion introduces messurement error. This ocours

gven when the source is outside Lhe Tield of view

o

recause of lens imeevfections and ceflections within
the ortics. In sracecrafty this off-snrise illuminstion
ie usually from bLhe suny moon or sunlilt warbh. T bthe
minimum allowable angle betweern the limb of these
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sources and the orbtical axis of the instrument is
browrney 8 two shage iAﬁ@ can e constructed to Frovide
Limum redection.s  In our casey since the sun is the
whest obdect onlw the straw light from the sun is
sred,  The desidgn goal of & two stase shade is
Liminste First bounoe reflections. 3Seecular or
di T Tuse lidght canmolt inerinsge on the lens grerture
Lhe britical andgle is reachﬁ"e 'Wu%y the haffle
i the outer stage are nol "seen’ bw the op
v arbicel grerturer fisld of visew and sun an
midredmun Lensti i 2fr b desisned.  F
Lhe length of bthe sunshade lensth Tor a %0 ang B8mm
o4 lens. Large sun are ineffective sincses the
sun is oftern within the trascker Tield of view,

i xiﬁ ST

n ]

Rl MR-

prmined s
n

The rlacement of be FPWun in & sunshade is
L Lhe camers lens s prevented from U
. Liw illuminated w&llﬁ, The resiadusl lignt
srriving &t the deltector has therefore bhe
b owall reflections bw diffraction sncd ba rells
o 1u!Ie pdge or by eoseveral of these atberuabios
TF the atlenustion coefficd
soetion and diffraction sre Ranun:
+hw Maffle swstenm Lhe frechtion of
reading Lhe hottow Lhe haffle
TﬂlvaiﬂPﬂ» The sum over all such raths
attenuation given of the baffle sustem.
atbenuation has heen ¢ imated Tor & F71.4

and a2 20 dedress sun angle sunshade desisgnd the
sfteotive lens area is shown in Figure 5.5

s

LB s

Tive internsity distribubtion after mulli
5 umes to e Lambertians so thatl
lLignt for & Lo oansEle 3
The total solid andle of the &)
lhrh rerresents onlx BFE-03 colls
r P s e The overall asbtenuation
figure.

it

v signel levels ser slxel for the sufe moon and
are given in Table H.2 when these obdects are ima
e The effech of the haffle iz shown
1] Hedy Re & function of ansle of the obdest
of the Tield of view. There 1s LYhe remoles &0 i
Lhal stellay images can e seen Wwilbo the moon on

virnecy ‘of the field IR W T :
carressrond to d wellsa for
rabtion bLime. IP e OFT0 dw used Dlooming
saiomney will mindimize errors in e me

g mert .
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vTable 5.2 Signal Levels of Various Sources on the Array
£/1.4 Lens of Indicated Focal Length

Image Diameter

Angular ' , (Pixels) ’ Signal (e/sec)
Subtense Irradiance Radiance Focal Length(mm) Focal Length (mm)
Body at Satellite W/cm? W/cm2sr 50 85 . 50 85
4 4
Sun 0.5 0.135 5.6 x 102 21 . 36 2.5 x lOl‘ 9.5 x lOl‘
Earth £ills field 40 x 10°° 12.7 x 107> -1 1 2.0 x108% 2.0 x 10*°
of view
- - 1
Moon 0.5 ' 40 x 10 3 12.7 x 10 3 21 --36 2.0 lOlO“' 2.0 x*lO"(-J
Star negligible 1.3 x 10°%° 1 1 1.5 x 10° 4.3 x 10°

Etendue = 1.46 x 10_6 cmzsr

68



Angle

20

21

27

37

58

Table 5.3

Effective lens

cm?2

Signals with the Baffle in Place as
a Function of the Angle Between the
Source and the Optical Axis

Area

2.58x10'15

9.87x10—l6

6.69x10 *°

4.56x10_16

2.54x10_16

Sun
Power (W) Electron/sec
3.48x10-16 4.02x10°
1.33x10 %0 1.54x%10°
9.03x10 %’ 1.04x10°
6.16x10 71.2
3.43x10 %7 39.7

Earth
Power (W) Electron/sec
1.O3x10_16 l.l9x102
3.95x10 %/ 45.7
2.68x10" " 31
1.82x10" Y’ 21
1.02x10 > 11.8

06
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e X Thermal Comsideratioans

L Temrerature Control of the Image Sensor

reduce temrersbure sensitive dark current and
transistor nolse it die dmrortant bto control &he
meerature of the sonsoar. The essiest waew Lo sachieve
i fbw meang of & bthermoelectric coolers whion

neat Trom its cold side Lo its holb side. Thne
dlrection of the heat tranefTer can he reversed by
sversing bthe combtrol current. Varw careful
consideration hss Lo an Lo the ohoilce of bLhe

¢ A mud i i : i o likele bheosuse the
ﬂ’fT(JEHtW of the cocler is nighlye derendent o the
tamearsture difference il bhas to maimbtain angd the
siourt ol heat that has to be transferred, These
Factores will determine the amount of control sower thal

LG NMRCBSGETY.

Mot

The cooler controller consists of & rouer

amElifier that will genevale Lhe neos ard vonbrol
ader for the thermeoelectric cooler. A temnrecalure Lo
: converter sen 2 e temrerature of the
ferabnly) imssge are ar bhe surfesce belbween Lhe
sensor rackadge and the Lthnersoelectric coaoler and  Lhe
microsrocessnr Will oxecute a control sldoeibbhm Lhat
sbapilises the image e temrerature.

t

Vl

. Heast Load st the Chardge Trangfer Devioe

1o rm -3

aesumed thatl the CIH mignt orerale
5 0oand tnat the sinkh varies in Lemes
( +60 dedrees T. Tahle S04 summarid
tranesfer coefficientes L wacuam an
temrevature differences of 200, Wi
vnn]ln“ Pe wrovided be o oa bwo sl
upioen ds ortimined. Qi
a“&ﬁ@&ﬁiﬁ% tove mnumber of thermo-courles dn Lhe second
2obo maximize the coefficient of serformance aod
muatoen the heabt load. Flgure 9.6 illustrates lthe
Limated rowsr consumnsLion

cerature is varied. The ca}vn1311ﬁn
temeravature of &GTIIITENDY. For o ocomeas o e
ircioatad,

L, o
H

Life Lok
Thermn Electprio
mivation resdires

X

4 b

rformance of & single stasde onoler ds
des for two Borg-Warner coolers nave 3 6
dimated as well. Unforturmstelws data is not aveilable
Lo osimulate the swstem revlformance st intermediate
Lemrerabures,
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@ Table 5.4 Thermal Load . G
Part Ilimensions Heat Transfer Poder ()
c/4 < o
- Ceramic Lo
Flande 4,9 cm ID
0.2 com wall 114 0.60
thickness &
4,5 ca long -
X sectionzl ares N
& BFFTO%. 3 CM . ' e
30 Leads Correr &
2,5 % 0,08 x 013 cm 23 : N
Constantin
' o +014 dia, % 0.5 cm 476 ”
Series combination 500 0.14
g c
.. V Scene Neglidible ¢
C : Radiation Emissivits 1 c
wzll arrrom. 63 dedrees C 0.24
chir azrrrou., - 5 dedrees C
{.

Power Dissiration 0.1

e e e A
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LY COMPLUTATIONAL REQUIREMENTS

ALk Fattern Recosnition algorithm

rudimentary Flow chart which combirnes the search and
algorithm with &8 view to mimimizing the star
plogue seayveh bimes has peen produced (Figure 6.10.
y princirle Feature of this aserosch v e concest
a link Llist cornrmecling neldgnbouring ) B
prins the lioks from vai sthar Lo dibts nesrest
iours andd erose dndexing this lislt with the star
atalosue a considerable decrease in sesroh Liwme is
acnieved at the exegnse of some incressed slorsde
sirements.

0 Creating the Htar Catalosgue Organication

sointtls o @

The stars of the shke mew be considered
AT YN The locations of bhese eoints
sansider bhet these roints 3
Fid witht resesect to Yhels rosibtions.
2l loon so thal b tightlye wurars these roinle.
Gl b i a2 doluhedron whiich obews Suler s hbhecrame

praame ]y

Woe R w2

Whoers Yis the numper of verdtices (shorsdye F o Ane numier
& 13

of o {eanmaotions betwaeen mrad)y ang  F bt

vdmner of faces of the srolwhedron.

Lhve worsht cseser esch Faee is & briandles Lheo tie
ifonshis hecomes

e roint of view of storveges 3V - & links sust
are. Howavery since bhe rerresentation wmust he
SLar centreds that ise each star wmoust “koow® 311 of its
anmectionsys easch Llink will e stored twice. The dals
Joture thelt is necessarw for this ds & linked listy
Mo uErer pound osn be debtermdned for the numbers
Links rar astar. T ctructure is illustrated
TlEure AR

The mador rroblem remaining is the comsbtruaction ol bhis
colwnedron or Toonves nuall . finn elsgariths Tor this
ists in the literature and is due to Presarats snd
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SE v X/ delimiters,

Torever:

Take star field snasrshotb?
LT oguidance -~ ervar not sel then
X oonly @ rosibion refinement is

SR the Tled "suidance-arrar® can he

the inertial swstesn on achtuszl
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Fidure &.1 Contimnued

LT guidasnece - ervror then
¥ mow & "blind searcoh" is
necessary rarticowlarlw iF LF
swstam bas not been orerabing
some ericd of time Y/ resel
guddance-arrory JY assame 18 Lrue
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motion information creste &
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Figure 6.2 Lirnk List Organizastion of the Star Cslalodue
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gaoh star there is a8 rointer Lo the list of eddes.
the figure these are diven the values S+3:8. This

tndicates that stars 19v293 have S5+:3+8 neidhbours. The
star mumber for gach of these neidghbors is indicsted biw

Live

t

s odin the fidure. For UV stars in the catalodgue

3
-

Lhere is 8 maximum of 3V-& connections which must he

stared pidirectionallw, Each star slso requires 3
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log

b
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6.2 Attitude Determination from Startracker
Heasurements

The nomenclature and deometrical transformations
introduced in this section are similar to the "Hidh
Altitude Reference Sustem Develorment Studu® (Ref, 10)
which was used as 8 basic reference.

To transform from stellar coordinates to the

local startracker coordinates one utilizes four
cartesian coordinate sustems. Star rositions are diven
in terms of ridht sscension (azinuth sndle) and
declination (elevation andle) in the inertisl or .
celestial reference sustem whose = axis is alidned with
the earth’s axis of rotation., For 3 srecific orbit,
orientations vectors in this coordinate sustem are
transformed to the orbital coordinate sustem shown in
Fidgure 6.3 ’

The orbit rlane is comrletely srecified inm terms of its
inclination i relative to the eauatorial rlane and the
gzimuthal sndlern.s betueen the direction of 8 srecific
star (the first roint of Aries) and the intersection
roint of the ascending orbit track with the eauatorisl
rlane (2scendind node)., For the sske of convenience
when referringd to body centred coordinates (see pelow)
the axes are labelled so thal the Z eaxis roints
redially inward along the direction of the ascending
node axisy the Y axis is rerrendicular to the orbit
#lane (orrosite in direction to the obital andular
momentum)s and the X axis comeletes 2 right hand set.
The bodw centred coordinate sustem (shoun at the tor of
the orbital rlane in Fidure 6.3) is fixed on the
orbitind satellite and oriented such that its nominal
rosition is characterized by the 7 (uauw) 3xis beind
rerrendicular to the orbit rlane (3dain orrosite to the
orbital andular momentum vector)y and the X (roll)
axis comrletes the right hand set (in the direction of
motion for & circular orbit). HNobte that with this
definition the nominal rposition of the body centred
coordinate sustem is coincident with the orbitzal

coordinate suystem at the time of ascendind node
crossing,

Fidure 6.4 shous the seometridal relationshir between
the bodus centred coordinates and the sensor

coordinate sustem whose Z axis is slidned with the
ortical axis of the sustem (or some arpropriate
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Figure 6.3

Inertial, Orbital and body centred co-ordinate systems
(subscripts I, O, and B respectively)
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Figure 6.4 ~ The body centred and sensor co-ordinate
system (subscripts B ans S respecpiveLy)
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reference in the field of view of the instrument).
Sirnce the sensor messurements are essentially angular
measurements relative to the orticasl auis and because
these andles are smally disrlacements in the sensor
{cartesian) coordinate system ave arrroximated bw
arngular guantities (see below)d).

ALl transformations hetween cartesian coordinate
suwabems can be exerressed ss g sroduct of three matrices
resrresenting three Eulev rotetions. This seometricasl
seauence can be envisasded in bterms of three sersrate
rotations of & rigid hode stout its X Wy and @
coordinate axis,

I doing from inertial to crbhit coordinates & rotastion
apout the Z, sxis (Q) and subsecuentle the Xy axis
{inclination andle i) wields bthe bransformalion

Xo ~ A i o —-dind), cod AN o Xy
(F)- (=5 = 2)(am 0 ) (o
o
o : AUV apimn o Zz
-cod i Cog A, con i cod 4 gin i Xz
I N PN | Al o n,  -coui || Y
- AL A, — @it AL o Zz
\
A
°x | 71 (61D

witere the awls orientastions ewrior to Loe rwtﬁtiuns were
Ko with Yo » Yy with -~Z; and Z, with -Xr (chosen For
convenience in reference ta bods centrad«cmur01natvﬁir
A similar srocedure for the tranaformatin from orbitsl
ta boedwe centred coordinastes wields

N o0 PLOE O + din P 4 954‘213. AMY Ot @ - LoV YA O + A Y hin Lo O
Tgg = [~ 9y cnOt Cosland 4in0  Loa y COLP Ay g +LOLY Sing O
Cug P tin O - i P P 020

(6+2)

rerresents @ rotation shout the riteh (Yo ) axisy &
rotation sbout the roll (X,) awxis and 3 rotastion
about Lhe waw (Z,) axis. All rotastions are in @
dirvrection such that o right hand thumb rule roints in
the direction of the sssocisted axis., The nominal bodw
centred orientation referrved to shove is tasken here Lo



o .
mesn bthe case gz/==¢=0; and ©@= ~@ where ) is the
smimuth ansle of the satellite rosition vector in Lhe
rlame of the orpit (():w 20 degrees in Fidure 4.4 above).

The last traznsfTormstion From nody centred to sensor
coordinates s diven tw

“ - ApA &g Lol o
7;6 = [~cudos MP; ~8Ng gy cot Os (&3

Coveg Loty dinons Ao P

where K and By are the aximuth znd elevation angle of
the sensor ortical sxis (Fidure 6.4).

Simce these transfTormations must Freserve vector
lenmgths 811 tramsformation matrices T are umitarg or
gauivaelently

T-'= qirvi-

N
wnere Lhe surerscrisrl L refers to bthe transerose of T.

The coordinate transformation of & fixed vector
rolntbing in the direction of @ given celestial
reference roint (star) is divern by

Pe= Tyg (%, 8) 10(8 6, 0) fr/z',.a) /P (DEC) £A) (6.4%8)

A . . - .
where Fg 1s in terms of the sensor coordinate swstem
. . . . . . ~ .
{the circumflew indicates a3 unit vector). = in terms
of the inertial coordinaste swstem is given hw

A N N
P = ot FA €ou DEC ix + ainPAcdEC ], + 4inDEC &y (&e4h)

kA rerresents the right ascensin of the star (azimythal
inﬁle)y DEC the declination (elevation andle) and ip @y
by are axial unit vectors in the directin;m of the Xp

7 and Zpaxis resrectivelw.

If e and B rerresent the azimuthasl and elevation andles
of the unit vector in the body centred coordinste
system (see Fidure 6.4)r therm the transformastion to

»
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the sensor system is Hiven b
X ~ Loh o LR éx—cﬁ)cauﬁ
)= Tse | aine cop | &| p-a (6.5)
Z A, B |

winere onley terms of first order relastive to unity are
retained. The X and Y comronents rerresent the andles
actuslly measured by the startrachker relstive to the
ortical amis. /

fivern the X and Y cowmsornents as inrut one can sttemmt
to extract @y @y andyfrom ecustion é.4. However it

i clear that for small off sxis andles the sttitude is
very insensitive to the I comronent of % . (0. &~ 1
for all measurements), Thus an inversion of (4.49)
weing date from 3 single star sensor can realisticslly
Frovide only two wieces of information (two andles)

regerding sttitude. A osgood illustration of this concert

is the case where the aortical anis is close to saw the .
siteh exis ard 8 larde chandge in siteh snglefis
reauired before the disrlascement of & star on the star
sensor imade rlene is comrarable to the disslacements
caused by relativelw small chamges in roll znod waw

angle.

IT estimates of attitude sre avesilable from the
inertisl neavidgstion sustem or from rreviouws star
tracker measurements then the retrieval rroblem can ba
reduced to extracting changes in attitude given chandes
in stellar rogsitions on the startrachker imsgse rlane.
Suech an serroach is sdvantadeous in the sense Lbhalb it
eliminates the need Lo rerest redundant informstion
vorncerning asbsolute spdulsr rosition when angulae
chandes from estimated rositions are smasll, Accordinsty
Tor ¢ star of dgiven declination and right ascension we
consider a pominsl or reference rosibion o De given bhw

~ 2~ g = A P
P‘N’ = 7}5 (6{‘) 51) 720 (‘9&’) ¢r) Wr) Tox(’;n)P(DEC)RA) (et

and dts actusl rosition Lo he dgiven by eausalion (&.47%.
Since the celestial coordinetes ard orbits]l rsraneters
are the same for bhoth star sensor veclors we oan
copbine pauations (H.4) and (&:.8) to oblain bhe
difference ecquation
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gl o Ze

¢ oA Fr o t e s
To (0,(25,(#)7’;; s~ 7/;a(<9l‘;¢r)(//r) 7;0 Io-"ﬂ' =0 The7
A A Ao ~# A
ovr rs = 7}.0 72'9 ('91 ¢) 9") 72?0 (5r; ‘ﬁb"s 1/’5«) 7;024' /6_\\—,,«

where bthe unitare rrosertw of the transformation
matrices has heen utilized to reslace inverses bw bheir
Eransiose . T the referencs rosition is suflficientls
tlose Lo bthe bLrue rosiltin we can wake use of Lhe swsll
andle arrroxpations. :

~ ~ 4, B
Coe Oz Ao (O, +2Q) T c6e8, -4 O 48

A O T 4 O, + Lo B, A0 { ¢

2
AR T Y

-
(R
.-
-

with similar exrressions for gend ¢ Eeuation (6.7) 1
thern reducabhle to the form

i

i

A A A o - Foun A R
haid = 7 (00(?)
Fs= fiyr ZB {A'+6V’G@ 7r
where 6 is an sntisymmetbtric matrix which is Firsl ovder
in engsular differences while B is second order in

ansular differences. The rertinenl compronents of T oand 7 ‘
~ !
H oare . ' |

Qg = AY ~stin, Py AO {&. 102
Qvy = AWy DD = HE Lo P LS Yy
D13 5 40 Lo0 ¢ Al Wy + AP Cos e

(A 113
bll = ~40A¢ 44’/9‘-39/V C"G’¢r

biy) = 40aw <0t Pr sinWe +A0AWY LYy
by = 4064¢ cor?yp o 9y

bas

B

A0 AY CoLd, Lob Y, —~ APA Y iy,
ha = “ABAY LoV Hin Py
by, = AONG Ll Un @y

g
W

0o

tn deducing these exerressions terms of third arder were
neglected in comrarison to terms of first order, The
reatter will note that all comeonents are indersrendent af
Lhe miteoh snsgle.
Consider 86 8 relevant examerle & stsr sensor whose
Cerdlnate sres are alidgned with the bodw centred zves
51:?, a cgmmrﬂ rointing flmse.tm the direction of he
ariit radiasl vwctur3«§$m)§;®o).

ol Vi W $ . a2
4 = -&):_' 't ey ‘( oy o o D . L @ .l' L ira (bl‘ O ¥ \Pr Q i
Pl e X oand Y comronents of causbtion 2.9

recdhuce Lo
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XN=Xe-20 + (Vrrap)dy

Y= ~(ke-20) + Yr rap (6.120)

or

AX= WA%’“AB + AP Ay (be133)

AY= = Xp AW +0Q +A04y {&.13h}

where Lhird order terms heve been nedlected relative to
first order (note also thst Zp has been tsken ss unitw
2a rer eadation 4.5). For small andgles ecuations

G128 and 6,120 rerresent s rotstion by a¢ of &
cocrdinate sustem Xe-d40r Yy tapwith resrect to the star
sensor swstem Xy Y (Fidgure 4.9),

ficecordingly the reverse transformation wields (ignoring
3rct arder terms relative to Tirst ordey)

- A0z AX + YAy (6.145)

A= sy X +AY (&.140)

Clearly the 4X measurement is ortimsl for information
redarding Ay AY for information concerning A¢whi1e‘Au’
is only weskly related to the star sensor measurements
through 3 second order rroduct.

- . . & . .

In the cese of a ritch cemera (Ksz 90,05z 0") with the
same values for the reference coovdinates) ecuation
.9 wields :

AxX= VA0~ 2y (&.1%a)

AY = -Xra0 -A¢ (4 :150)

witioh 1s second aorder in terms containing 40 wuhile AX
arf AY are strongly correlated with 4Wand A9
resrectively. '

We cann thus infer From these examrles bthat imssge datas
from two star sensors at right andgles will srovide
sufficient informatiorn to sccurstelw extract asttitude
change informstion. The inversions Tor 48, 4¢y and Ay
using the smaell angle arrroximation will be sccocursate

Cin comerarison Lo more dereralized inversion
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Ye + A¢

> L
>

A XV“AQ

Figure 6.5 Geometrical Representation of Equation 6,13
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technicues) to the order of unity comrared to 8 second
order andular term (sbout 1 arc sec for an andular

rande of 1 dedree),
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7.0 SYSTEM RECOMMENDATION

We recommend 3 sustem desidned sround an 85mm £/1.4
lerns, The use of this lens sllows the flexibilits to
see stars weaker then msdnitucde &y 83 well as rrovidindg
nmcressed angular’ resolution. This lens also allows
the use of 8 sindle camersa pith bwo Fields of view.

The CINs B8T-254y is the recomnmended duvice since il has
demanstrated startrachker rerformence. Although Lhe

JFL star tracker uses the RCA device we believe that
the TI CCIO would be sureriovrsy howevery tihe TI device
hmas ot been used in & startracker,

Estimates of rower are summariced sccorvding to
subsystem in Table 7.1. - & multirle outrul switch mnode
I to DC converter can run at an serrroximate efficlency
uf BOY%., HMess estimates are diven in Teble 7.2  and the
sustem desidn rerformance is Hiven in Table 72.3.

Because one camera can be obscured al any diven time
{e.g,. by the sun)y 3 redundant swustem should consist of
Lwo cemeras and a8t lesst two attitude imade monitors

cshiould he available., The tasbles indicate the rower and

weight constraints for both & redundsnt and non-
redundsnl sustems.
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Tunle 7.1 Fower Consumrtion faonr

FROGRAMMARLE IMAGE CONTROLLER

Freasmrlifier

Max Flat rassbsend Ellistic Filter
. »

Correlated double samrler

frnaelod to didital

converter (12-bity 2% microsec)

(Cimcluding multirlexers

instrumentation amerlifier and

samrle and hold

lrivers

Timing Generator

Sunonhronization Generator

Microrrocessaor (NSC 800 CPU &
serial and rarallel intertsces

Rarm (4l butes st 1 MHz)

FROM {6k butes abt 1 MH=)

Video buffer (2k butes alt 1 MHo)
TE ceooler Controller

TE coolar

Qhubbter control

TOTALS

a Sindle

«10

10

«10

+ 80

10.00

e 10

b

U

W

b

W

W
Y

W

W
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ATTITUDE IMAGE MONITOR

Microscocessor {(B0CB46 + Serial
Interface)

mAaM (8k hutes at 1 MHz)
FROM (12 butes o 1 MH2)

Video Bufler (2k bstes at 1 MHm)

S

Stor Catalodgue (70k butes
standby rower?)

Camers timing dgenerator

Welcoihdod Timer

TOTAL
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Tahle 7.2 Mass Estimates for & Sindgle Camers

Flen Mass (dms)

e G ees e Gee e St eres e Mie m fewe ber GO 4 HRAE S48 0O WS bt mw bree Gowm G0 Gere baas G048 Sere SHiD Bere Gere Sl S04 Seve Sore wm ma Fees Sesw 4N bie e e Mees tmee

Leans (89 mm £/71.4)

oW thermal exeansion

Ceramic Structures
Lrn

Two Stade Cooler
Frinted Circuil RBoard
HE-0C Counverter

Twoe EBaffle
Beamuarlitter

Two Shutter

Coaoling Structures

¢

L00

376G

760
2600
100
1200

500

600




CTH Reasdout

Grwratinsg
Temrearelure
Fingl Size

Shgelar Sublense

GOl i el
Field of View

Irtevreralation

~ - -
[ TR I RS R

Nahdom Toerare

Froowu i red
Paneal Lo neise

e i

cfini bide & sbas

solbmum usefual
sLiorn bl

Deeidu intedgralian
Lime (stetionaru

1 oy
SoAeer

pinimum dnledeation
Lol

Mosml bude 2 atar

Muagimum Lolershle
aolion olur

Vable 7.3 Suslen Design

113

Ferformance

6% mwm /1.4

GE 8T-25

Norn—~destruchive

O dedrees C

= L
P v

20 microns sausre

48.3 arc sec.

Jed3 w3

SEFTOM .

0.5 arc

A5 dedrees

4

GEL

less than 1%

lewvs Lhsrn 9.9 are

wdE O

ERAE S MRV L O

10 ms

43 arc

250

- P
PR N Vi Y

sec/urdate

cioubhle
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Tahle 7.3 (continued)

Madimum design usrdate BFETOR. 4 s20.

Lionary shar

Moss(inocluding
siiablers and halffles)

Non-Redundant 6 K&
Fulls Redundant 12 Kg

Foweyr Dissiration
Mun-Redundant 23 W

Fulle Redundsnt ‘ 44 W

Degrabing Tems. =40 Lo + &% C

Thie slarv calelogue is estimated Lo hold srrrovimatelw
SOGGO wedni bude 6 slars (70 Lilobwbes).
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