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1.0 ii\iTRODUCfION 

I! 
1! 
1; 

' 	 I 	- 

I• 

. 	I 
SPacecrafti stellar sensors, have been used for attitude 
determinat,ion as an adjUncit to an inertial reference 
unit. The !star sensor U,Pdates the absolute attitude of 
a spacecraft Platform rela'tiVe to the known celestial 
coordinates of distant sta'rsI th 	ng erebv correcti 	for 
long terni drift  Sol id stet..(  star trackersy based on 
c•erge transfer devices/ ImProve the reliability and, 
lifetime because of the high:auantum efficiencv of 
sol id state devices and .  the geometrical registration . 	1 	1 
inherent  in  their manufactmre. Another advantage is 
the ability to track more 'Mien One star et a time so 
thet attitude information 0.s1Previded on a continuous 

	

basis once the star traekeIrh 	
i

as,acQuired its first • , 
star, 	! 	I 	Ir 	III 

	

H 	 . 
This 	e

I 
s report summarize th methodology and design ! 	' 	I 	- I 

oPtions involved in develo-ing a stellar sensor based on ,r . y 	. 	. 	. 	. 
a charge transfer device. Astronomical and orbital 

1' considerations affect the ,ehoice of field of views,  the , 
orientation of cameras as ';[well as the computational . 
algorithmS. A system Conept iS presented and the 
characteristics of variousi cherge transfer devices are 
reviewed,' Both SystematiC, ai llid random measurement 
errors are discussed and e sUitable balance is 
suggested 	The last chaPtierserves as a design 

h 	.1 	1  document Setting out estimatcs of smstem power and 
weight, In generely thé (WamleS given in the text are - . 	, 	. 
intended te illustrate t h e .  vàrieus design art ions and . 	, do not necessarily use a consistent set of:assumptions. , 

	

The design document  y howeàry i 	a consistent set of 
assumptions to estimate system performance, 

• 1 
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2+0 	ASITRONOMICAL CONSIpERATIONS 
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2:01 	OF)Itimum FOV vs LiMiting Magnitude 
II 	! 	!,I 	 . 

P 	. , 

U•ilizing the Skymap star caialàgue (stel).ar magnitude 
• 9.0) wel have reviewed theiproblem or 	determining the 
minimum field of view with' respect to the probability 
of finding, one or more sta,rs ofappropriate magnitude 

1! in the startracker field of ‘,iew. 	In addition, it is ! 
convincinOm demonstrat l,ed tht at ].est  three stars are 
renuired i'h order to unamb'llgUouSly correlate a given 
image with'i corresPonding data ip the star catalogue. 
Since the kulboard staricalaiàgue will necessarily be 

1 , 	! 	L 	.k, 
restricted: to only the prightest sersy the problem of 
replacing i•he radianee icontribution du tu the weaker ' 
stars bm effective star, cebtes,!was addressed+ We have 
shown that this procedU lte4àt be utilized for stars 
weaker tha Pin those in the briht'!star Catalogue 
(magnitude, < 6.5> or ïerrery of the order"of a 	 • , 
sizeable firaction of the blui ci'O‘cle would result+ 

I 

J 	, 

	

, 	• 	y 

Table 2.1 1 gives the nU,mbers ofstars Per magnitude 
interval in th (= visual! magnitudeffective wavelength 
of 550 ntri. The data has ben etracted from SKYMAP  bu 
Hirshfeldnd,Sinnott ('Ref'. 	)d 	' ! ,  
It is conVenient to not ie that the cumulative' star density r 	 , 	1 
dOwn ta magnitude 8.0 gives about 1 star per, snuare 
degree. USing a Poisson' diStibUtion as a first 
approximatin 	 i i o one obtans 'the probabilities for there . 	! 	1 
being n stars in a given field àf view (Table 2.2). 

0 	 , 	1 

It must be noted that these 'ai des are whole-sky 
probabilities whereas the "actual distribution of stars 
is a strong function of, ga1a4tic latitude. The 
Preferenti'al occurrence near•the galactic enuator (0 
degrees) becomes stronger  as the stars become fainter, 
No recent literature was Pound on the distribution of 
bright stars (but this couldibe'derived•from the SKYMAP. 
tape) Going back to PanekoelY.sq924 paPer , (Ref.2)y we ! 

i- 	I 
derive saPle star denities'!'(Table 2e 3  ) far various 	: 
magnitudee,,y mp and gall-icl:latiiudes in star/(degree**2). 

1 
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Probabilitm of FindinM Stars versus 
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Number pf starsi,in  the Field of View 
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Densitm versus Galactic Latitude 
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His numbers will not agree exactlu with the SKYMAP totals 
because of small smstemair ic difference in the old and 

•:,. 
modern magnitude scalesybut it  cari  be seen that a 

magnitude limit'of 6-Lan4 FOV of 64 snuare degrees gives 
a 99% confidence level of at least one star detected in the 

; 	1 	1 

	

field wrview. J 	. ,  

o 	Figureef Merit 1 

	

II 	I 
, 

The star1countsaboveican likewise be used to assess the 
likelihoed of error in arstarfield identification. 	If 
Onlm twoistars :ere inthe Fpv, we have onlm two 
magnitudes and an angular s'eparation. If the 
spacecraft attitude is aireadm fairlm well knowny we 
have in addition someinforation on the orientation of 
the arc separating the two stars. Initiallmy let us - I 
neglect that option. !Then ,the  problem is given one 
stary whet is the Probabilitm of finding a second with 

. magnitude m± am) within an annulus of width 2S at a 
. mean radius PP where E and S are the magnitude and 
separation errers. The #;reb of the annulus is then 47Tiocr.  
and the Probabilitm iS cemputed from the Poisson 
distribution aSabove'. .This is illustrated in Figure 

' 
2+1. 

; ' 

. 	Î 	I 

	

; 	 e • 
With a magnitude error E; = 0.5 and a positional error c) ze. 
0.01' 	withy  saur an arc::1 	8 degreesy the annulus is 
1.0 snuare degree. If we'r'e searching for a 6th magnitude 
star y the probabilitmofla 'random coincidence is 0.17, 

. As soon as three stars are ln the fields,  the situation -
i 	

.
mProvesgreatlm since the third star must lie in a 

Circular Patch of radiusiy and the Probabilitm becomesy* 
with the;same circumstanCelT 1  6.4E-5 x 0.17 =. 1.10E-5, 

Consenuentlyy a minimum Of three stars will be needed 
for Position identification. 

i 
2.2 	Effective Centres of Light 

The first part of this Problem - frenuencm of ' . 
. 	. 

	

. . 	contamination within thel  point  spread function  bu 
fainter stars -- is juSt ancilther version of the random 

'....;.,, star distribution probleMy' lexcePt for the Problem of 

	

' 	C 'double stars which add Windn..-nandom component. 
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Angua,ar Rings of Uncertainty about 2 & 3 Stars 
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Consider first the doUbl‘-star problem. it is likely 
that most.of the stars ,are multipley but the 
separations are too smal'll to be resolvable with 
conventional instrumentatieny SOP in fact, the 
Positional cataloguesl gies an effective centre of 
light fer these* The bulk of bright star Physical Pairs 
have  sera rations  of lesst than IO seconds or arc ( their 
magnitude differences and separations are available in 
machine readable forM).) àecause or these small 
separations anv errors In the formation of a 
centre-of-lightek likely to be negligible. For a very 
few pairs (like Alpha. Centauri) raPid orbital motion 
presents' another Problem since photocentre and 
barycentre do not coincide. These could simPly be 
excluded. 

i 
A more slerious 'Problem is the clutter from Painter 
:field stars. Biven thati a'star'of magnitude 9.0 has 
0.10 the luminesity of one of magnitude 6.5 f' rom the 

-relation 
• 

Yn ashy, C)edia) . 	• 	.• 

where 1 1s the.luminosity and m the magnitudey , hen a 
shift of the Photocentre, bY 0.1 x the separation is 
expected. If the blur nircle has a radius of 6'y then 
given 244000 stars with :in less than 9.0y the 
Probability of one falling within this circle is 0.15. 
In the galactic planey Ithis probability would be more 
than twice as large. The expected shift due to the 
interloPer would be 0..1d, x'6' x 1.414 " 1'. 	Fainter 
background stars - Yor which no machine - readable 
information is available would be more 'numerous but the 
:shifts' :would be smcller- however still obviouslY in 
excess Of 1'. Ultimatelvy the faintest stars 
contribute a fairly uniform background level. 

If the point spread funétion is radially symmetricy 
photocentres could be Precomputed for contaminants 
down to 9.0y but probably one would exclude stars whose 
effective profiles become too dissimilar from single 
'stars. This depends on .the cen*-ing algorithm used 
Note also that i? the Point spread is not.radially 
'svmmetricy the effective blending dePends on camera 
.orientation and cam-let be PrecomPuted. 
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2.3 	'Undesired Image 

Double stars were discusSed in the Previous section. à 

rough estimate •is that ress than 15% of the stars would 

have to  he  excluded due tca !orbital motion or wide 
bright comPanions that Would render their profile too 
unlike a l  single star.' 

, 	I 
Proper motions are knownj for all of the stars with 
magnitude less than 6, .5 MO almost all of those with 
magnitude less than 9.0.1 lo the arc second level e 

simple rinear change  of  i>oSition vector with'time is 
ouite adeouate for tieeriods of a rew decades, i.e. 

, 

I • «.(e- e0) 

. 	
. 	

. 	, 
' 	1 	' , 	' 

Almost ari 1 of the stars in ithe primarm catalogue have 
such small motions (lessi than 0.1u/mear) that for short 
missions them ca r be 'ignOred comPletelm. The total 
number of known stars wi)th ! large proper motion (Rer. 3) 
are: 	i 	 1 	1 	• 

I 	: 
i 

• . , 
greater than i 2n/Mear 	73 stars 

•, 

	

1"-.2'imear , 	453 stars , 
.5n- ln/ear 	3061 stars 

• ! 	, 	
. 

, i 
Note however that  about  .,, 3 5% of theGe are fainter than 
10th magnitude 	n 	: 	I 

1 	, 	. 

'Planets  cari  be recognized bm brightness alone  on]. m for 
'Venus and Jupiter (m ,e.. -A and -2.5 ). 	Mercurey  Mars y 
Saturn and Uranus would 'recuire positional Prediction 
'also. Except for Uranus (m = 5 .6)1e the planets are 
bright enough that a check  needs to be made onlm if a 
"star' With magnitude'I 

 less than 3 is in the field (which 
-reduces the amount of; checking to be done). Moreovery 
for  missions which stem 1.1ear the Earth's orbital plane 
(the ecl liptic) as almost'' all dos,  a check has to be made . 	. 	, 	. 

	

'onlv whep 	s to. the field ithin 10 degrees of the ecliptic. 
Since the catalogue might rogicallm be stored in 
ecliPtic; coordinates .',i( 4bita1 computations -ucsuallm 
being don  in Same)y thifi Wouid be a verm ouick check, 

•

. 	•, 

. 	I 	

- , 	T 

''. 	,, ,I.' 	':• 	'4 	1 	.J. 	„ 	: 	. 	
. 

. 	' 	

. 
, 

. 	 , . 	 , , 	. 

	

1.' 	 . 	. 

	

,- 	!. 	')'•i 	'' 	1 , 	• 	• 	• 	.i 	• 	' 
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( a 	anaiia aevi4) 

system will  Le cif 

For a computation of planetarm positions  the usual 
, 	, 	' 	i; 	.• 	. 

1 	. 
, 

• F - edlea,F =, a ir ( i - T.) • ' 

1 	' 	' i 	P 	. , 	 . 
where P=Iperiodp .  T=time elf perihelionp and 	. 
e=eccentricitme' Thisepler's enuationp solved 

iterativelm for Ee The :coordinates in the planets' 

or bit. Plane are 	f1 
, . 	e)( 	e) ,--- a (c4e - 0 

, . 	'Y . a iiI.P4-41,... 
0 

. , 

. 	 . 

, 
. 	 . 

A rotation to the final .coordinate 
the form 

where the constants A-Hjare functions of the three 
' orientation angles 

= inclination angle (angle between orbital and 
ecliptic planes) 	• 

w = mean longitude of perihelion 
='•lengitude of aScending node 

, 
All of the ParameterS PelepT and A-H are functions of 
time but them varm siowlm enough to Present onlm a 
lightradditional comPutational load for modest 

Y Precision renuirements a few arc  minutes)e 

, 
Occultations Present a continuing problem except for a 
:satellite orbit  lin g nearlm in the earth's enuatorial 

H plane  when a camera pointing toward the orbit poles 
will alwams be unobstruCted. The Sun is excluded bu 
the Sun sensore The •moen will alwams be recognizable 
bm brightness plus angular size (it is onim fainty thet 
is magnitude greater than -tip when it is vert near the Sun 
and excluded for that reason). The damlight hemisphere of 

the  Earth can likewise 4e rejected bm brightnessp  but  
the right hemisPhereis[a Problem,. Since the orbit of 
ythe  satellite is known,aPproximatejm at all times 	the 
portionklf the!skm càveed:bm' the Earth ,is comPUtabley» 
with enuations similar to those above for the  planets 
'.but theorientation4elementS verm nuite rapidlme ,  

, 

formulae would'be 

	

IGX,, 	CrY0 '  

	

Ye. Mi‘o 	 ' 

C;y, 



te: 

m. 
I ll  

trî' t 
where 

X 

â 

c, 

21. j <rit à 

, 
Correction to Star  Cd.alos!Ue Positions 

1 	• 

o 	Proper Motion 

In the SKYMAP catalemuey proPer motions are siiven as tld 

1-1Swhere Gand  1 	the  stars spherical cooydinates 
(pied ascension and declipation), In spherical 
coordinatesy the Positions uPdated to a time t from a 

time t o are then 	
( 

1 

t 

..... \ 
. 0 	

. 	. 
• , , 

. 	• , 

If the positions are stored as rectan ,Aular coordinates r 

	

with Proper motion components 	
e'Le  e b the uPdated Position's would ble 

' 

* 

,., 

* , 	1  r- Jo 

2 

' 	[ r L 7 

% `lr° 

! 	; 
If thesrectanularOoordinate ls are'eduatorial • • 	, 
rectansWiar coordinatesy theij are related to 
• Ç4, 	bmy , 

cs cos d 

C.DS î 	Ôt , 

S% 

. o 	, 	,Aberration  -of StarliFet 

Here.the corrections are 	, 
' 

›Ç  

:à 

• j•! 
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Eliven bm 

, s f 

; e 	, 
i• 

Q  cos IQ C_ese 

• 	., 	, 
. 	I' - 	L 	• 

f 	11 . 	li 

I 	' I 
i 	. 	i, 	I 	.•• . 	, 

' where' XyYyZ are thespacecraflts 'velocitm components 
'relative to the centre  of Mass Of the solar smstem 
• (essentiallm relativ ie to the Ii n).' This will be mostlm 

, 

- for an earth satelllite --1 th b earth's orbital motiony 

'which is approximatelm 30 kmlseq. Hence vicy where c is 

the velocitm bf liÈh ltyis Ilbo ill0 1.E.-4 radians or 20 . 
1 	

'r 

	

 •--- seconds. i ' 	:, • 	. 	, I  

	

. 	 I 	I • 

n 	i V -= 	ee. 	, 	/ 

	

tr-71 	. , 

	

1 	. 	. , 1: 

, 
, 	 I 	• ., 

	

. 	. 	 . 
, _ 

	

. 	. . 	. 

	

;. 	' 
• :where'a =. mean distance of clartn from sun = 149.6 E06 km • ,. 

	

 

• 	
1., 

	

. - 	: 	n•= 	mean  an 	mci,tion of earth .1 , 	. . 	,  
= 1.991E-7 iradians/SecondII 	, 

	

.• 	 - thence na = 29.79 km/1'1,sec) 
e = eccentriCitm of, earths Orbit = 0.016750 
f = • «true andmalm' or  leai'th which is the anAley 

measured at thé s'Uny between the earth 
and the periIhelion of • ts orbit. 

_ 

;• 	 I' 	.,. 	i 	 . 
» •Thereforey the maxiMum deViation from a constant 	 . 

i 
.. . velocitm is of the Order 

( 	i *e
l 	

) ..- ,;',10, 	:,i A-,  
‘ i 

- • • 

_whic h . produces an error' of 035'!. :It is Possible v 	in 

most 'cases theny totreAard the éarth's orbit as 
'circulary with at most a Sma1,1 Correction. In 

..Heouaterial rectanÉular coordifietes, the velocitm 
• components become (Ref.4y p11,4) .  

(D 

i; 

arc 

'The velocitmyVy of ithe Earth 

/sec 

0 CO S 	 t-- 
%) t,\ 
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. 1, 
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Tr , 	ri.

'a v'be obeained from simple power 
•series in  time 	1 

	

il 	1 
ÎI 	• 	4 "k 	

, 	n 	11 
. 

	

i 	_,I 	! 	, 
,Table 2.4 sumMarizes the probllems and suggested 
solutions asS'ociated with 1,11 usage of stellar 

positions as attitude referenlee'points. 

•

• 	-, 	, 	, 

. 	1 '. .1 	2. 	. 

2.5. 	Secular Perturbatïpnsf of Satellite Orbit r, 

The major changes in a'near cearth orbit are caused bm 

the earth's oblateness.'Exceïn When the orbit is in 
terminal decamp these domina te Ëheleffect of residual 

	

' 	I  atmospheric drag. .1 	2 	. 	I 	1 	• 
. 	 i- 	 j 	1 	..Î 

D ivan the usual orbital elements fôr the satellite: 

•
, 

.,. . a 	::..: 	senti-major axi?j, 	, 	. 	• 
. 	. 	, 

• . 	‘:: 	e 	= 	eccentricitm 	1 	; 	.. 

:. .. 	i;;,-- 	inclination of'orbit• ,plane to eouator 

	

Î 	ii  
Wdegrees When motion is Parallel to 
rotational Motion. of an e(uat,orial pointy 

180 degrelï e whan antiParallel) 	: 

	

' I 	7 	' 	, 	 7  
rightiascension or aacending nodey(i«e. point 

where the siltellite crosses the eouator 
Proceeding northward) 

argument of 'peiligée ( angle between eouator 
n 

'and perigee,' measured at the centre of 

	

Î 	, 
the earthy 	1 	, 

- 

.1.1. 
 

,..) .A 
true ecliptic longitude 
longitude of p'erigeeof 

to Earth . 	; 
obliouitm of 

1 

„ 

of  sun 
"solar orbit° relative 

of earth's axis) 

, 

' 

. 	

• . 	
. . 	 . 	 . . 	. 	. 	. . 	 . 

The  leading ternis in the variations are Aiven bm Sterne 
5, P 122) where the constant B=JR 2-'73 where R is the 

, 
eouatorial radius of the earth and J is the leading 
.harmonic in the gravitational petential, i.e« 

 

'coefficient of .the P (sin 0, )- legendre polmnomial. 
Saturallm, there are higher ôrder  ternis , but the 
. : largest are about 10.7....-3*J..  
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Variable mage 
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Cs 1%. --:EMPe:> e5 mage 	* recognize  in  coarse search 

brightness threshold 
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- 	Table 204 Ambiguous Images 
..- 

	Occurrence _ 	_Solution  

ProPer Motion 	ce 100 > 1° per 2ear 	* simple liner expression 
- 	- - - 	 update_ 	• 	- 	' 

_ . • 	• 	- 	 — 

i.•-_:_4•2_::-:.-_:: ::',,Liii-,-_-.:::7•77 . :----:.::,,,-:•: Aberration of:  Starlight. a 11-stars- 	simP1e-ana12tica1 correc-  
tions9 periodic uPdate - 	.r._ 	.: 	. 	 • . . 	. . 	 . 

.Double Stars -. . 	ce 15% of star catalogue * recognize in cors  e search . 	. 

- . - - --- 

. 	 . 

- 

e 

.Plenets - 

- Star .  Clutter m 5 star catalog limits effective centres of light 
froc; star catalog - 
otherwise weak- stars - form 
uniform background 

„. .* star catalog flag and data 
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• 11 ,  

Mo ,..st of the variations arerPe lriodic and of limited 
. "amplitude.• Generalluy for close. (a(1,3R) orbitsy 

the followimi.statements cari  be l made (Ref.'6): . 

. 	_ 	 . 

1) ' ''.. Lori Ei Periodie (greatee Lhan 5 hours) ! 	. 
' .perturbations" averae 	about + 500 m alon-À track? - 

+150m radial and + 50 m acros's the track; 
. 	• 	.1 	 . . 

. 2) Short; periodic terms.'( less than 2 hours) 
averae, about one-tenth asmuCh in amplitude as 
the lonEt -periodic terms. 2  

	

!. 	..l 	• 	ll 	
. 

. 	. 
Howevery the nonperiedic (secUlar) terms (those with 

. 	, 	., 
 the tPUe anomal 	as l ar 	n 	i Aume ty 	n Sterne's notation) 

cause continuous chanes in - and 	. These  arey 
..!. 

• 1 	,r,1  le 
,.

9 
. 9 

.. 

	

uç.. 	• 

- e-) 	S7 C.05 

: . 	. 	. 
l . R =-6379 kmy so that ify fer exampley we insert the - , 	, 

numbers from. the RADARSAT exWmpley with i = 99.49, 
deArees and aititude= 1001.3 kmy  

. 	0.986.,de£1reeS/dau = 360 derees/uear. Consenuentluy 
. 	the l orlbit Plane Pree(?sses abo 4ut the• earLh's axis at 1 
_ ..rev/vear so that  the  orbit plane iSy on avera:gey fixed 
...: rmialiye toltpe sun#C e.)  ,..., ilsy »u , the wamy.,undefined 
• c;1-nce.'.lthe "orbit is effectivellou circular).  

'.--:.,' 	. 
'... 	1 	. ' 

.. 	., 	- 	..- 	. 	. 
l. ...F...,ffebts:.of the orbit' and oybi,..t variations on camera 
- ..L - ..POSitiOn-and 'star cataloMue: 1 , 

 1 , . 	: 	... 	, 
.,. o .. .. 	Geosunchronous Case l 

. 	. 	 . . 	• , 
. .0eneralluy the orbit will be selected, and activelu 
, . corrected if necessaruy to  maintain a Position near a 

. 'Point .in the :enuatorial Plane fixed relative to earth 
... stations. 	Slow librationt... (euasi i - periodic 

dIsplacementS) about the c'prqtatinei Point .are expected 
oven in -the rtiost naLurallustiable orbits with 

... amPlitudesv mostlu in lon4tude er a-fev.Hdegrees ç 	1 	-1. : 	... 	. 	„.....,• 	.... 	, 	,,; 	ii 5 	. 	
' 	' 	" 	: ' 	:. : 	''' 	

. 
• . 	. . 	. 	. , ., 	. 	. 	 ,': 	1 ' 	. 	1 	̀; n 	. 	 . 

. 	 d 	,-: 	' . 	
• ' 	i i 	

. 	„ 
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I 	il  
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• 
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The most obvious serections tor!cemera axes are the 

Pitch direction and either the roll axis or the maw 

axis in the enti -earth direction. The pitch axis points 
toward the celestial -  polesy nither of which is a 

•aTticularlm Tich star fieldp, ard the other axes lie in 

the eeua•orial plane with conSeduent freeuent 
occultations'bs the ;imoon anesuny so this is not 
necessarile the ideal choiCe.' Assumingy howe r 	0 vey a 1 ,  
degree field 'of vieW for the :eatlerase it does  redue 
the star catalogue Uo a 100 seuare degree patch at the 
chosen pole (Pitch eamera)!Plus a 360 x 10 seuare . 	 I, 	il 
degre (  belt ( .r oll  or  saw camera)* 	Allowing a 4. 2 

: degree .  safetm, margine the toljal area of the ski  seen 
during one dam is 5200 seuare' degrees or about 13% of . 

	

	.  
.,the sPhere. -  In the Hextreme case of a magnitude limit 
of 6..5i this :eie1ds -1080 stes. Field motion Por the 

: eeuetorial camera wOuld be: 15 arc Sec/second.: , 
f. 

Placing the cameras Hat 45 AegTees to the'pitch_axis 
weuld:have both cameras shar the same catalogue of 

: '-about:730 stars fer 4,he sale %.5 irmit ( i .e. for a skg 

' 	fraction of aPproxiMet(?lm 14 4egrees K 360 degrées'X 
, 

cos(45 degyees)/41253 seuare'degrees ,r; .,09). 	. 
... Occultations:bm theHsun and Moon would be eliminated 

. elthOugh the ':-.1_1n MoUld still be e Problem if the :: 
.... baffling is less than 100X:efficient. 

 . . 

.. 	.  
-e: 	:, : Precessing Polar Orbit - Sun Senchronous 

• . 	, : 
•Once againe ;the Pitch-axis•rs nearly Tixede 	with a 
motion on the order ,of r,degr!pe/daey hence update - 
freeuencs foe.;, the catalogue:Would pe slow  On the other 

hand,, ,  if the' fieldHis voidy Htli e camera would.be 	• 
in o p e'r a t i v -,., for several " cii...-es ' 1..11-itl... I. or hi t p recess  
brought a sieM field :into  vie. PreSuming that the' 
_satellite Totates once/revolL,tion so that it is earth 

.-: Orientede a! Camera in the Sawlroll• plane will sweep•the 
- sky once/revolution:or about every 1 	m 00 in* GO that .. 	. 	- 
'image ,  motion mill  be 200 arc sec/second. 

, . 	. 	 . 
 The  :slow 'change of field f,Or' [ the Pitch axis camera need 

-not.pe a fata1 flaw ,if integflation times can  be  

'arbitrarily increased (a reai4onable option given the 
:slow 1field  ',rotation of the prtch camera). 	In 
-:eonseeuence e fcinter«cau.,»IcAueViimit could be set. 
Moreeyere iCtheorbit Planelpasses near the Suny the - 

.• pitch•axis•camere would a:12wes be free of'solar 

	

, 	. 	: , 
HobscüTatione t 	' YU 	 , i 

It  ; 	I . 	. 	. 	' 
; , • 	, 	i..., 	1; 	1J 	' 	' 	}4 	1 	,i1, 	, 	1 	i, q 
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I 
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PlacinEl two cameras 90AeÉreés apart with both 45 
deÊrees to the pitch axis woUld;allow both to sweep the 
same zone in the sky with  ii a,e motions of 150 arc 
sec/seocnd+ A void fïeld would be by passed in 10 /360 
x 100 min = 3 minutes and l th e reeuired star cataloAue 
storaLle would be 730 stars] ori; averaey as in the , 
meosynch+ case  + Herey hoWevery the precession of 1 
deree/day would 'recuire lipdates every da Y or two (less 
freeuent if the stored band of ski  is widened)+ 

PlacinÊ the cameras 45 deMees from the pitch axis 
toward the leadinÉ and fotlowing roll axis would keep 
both free '.of earth occultation and (for RADARSAT) free 
of solar occultation+ The moon could not be 

J. 	1 1 

i ; 

t, 

.1 ! 

; 

, 
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3,0 	SYSTEM DESCRIP1 OP:1 

, . 	 . 	1 , 	' 	• 	1 	i 	. 
3.1 	The Attitude imager Monitor (AIM) 

, 	! , 
, 

Figure 3.1 shows a block diagram of the Attitude image 
Monitor  The AIM,can handle more  than  one smart camera. 
The AIM microproCessor Isele(1.,;ts the proPer cameray 
defines the track windOw 'within which a star image H 	• 	, 
will be foundy and determilnes the camera integration 
time. The AIM has primarm.' rpsponsibilitm for ! 
extracting a  coew  of. a era video buffer and , 	, 	. 
processing this information to determine the centroid ' 
of the stellar image. AHcomparison of the estimeted and 
measured Positions of thelstellar images allows 
determination of the  satellite attitude. 

A serial intérfaCe sup
.
pOrts Communication between the , 

different ',smart camer as tihe ' other sPacecraft systems 
and 'the Aftitude : Image Monitor.. •This interfece.is 
functionally eeuivelenthtO, the Serial.interfece in the 
Programmable image Controlàellse  The ROM TRAM and video 
buffer are essentialim the saine as for the Programmable 
image Controller 'differing only in the memory size thet 
need be allocated for p!rograM and variable storage. 

, 	4 	, 	 • 
. 	, 	h . 	— 	• . 	. 

i 	. 	[ 
A star  catalogue;consists 1of CMOS PROM (uP to 70. 	- 
kbmtes); :,it will contain  la  reference to all stars 
that,are of importance for the satellite attitude 
determination. The organietion and memorm reoùirements 
are described more fulls in  section 6 . I 

; 

A watchdog timer  will  contain simple sensing circuitry 	' , 
to'check for the 'F, resence ..pf;the camere clocking and 
timing signals in order td allow the AIM 	. 	 . , 

microprocessor to take the aPPropriate action whenever 
one or, more signals are mi Issing. The watchdog timer 
also deter,mines if an  attitude image monitor is 
Malfunctioning and rePorts to the central status 	. 	. ..1 	-..  
processor ,on the i -Isatoliltei,. !J 	 ' 

I 

, 	
. .. 

i: 	,j 	• 	! 	 . 

li 	'II 	l'.. 	.,1' 	. ' 	, 	, 	, 	H  
',

• 

- 	1 	. 	'1! 	' 
 

'!1 	i"i 
. 	! 	' 

' 	, 	• n 	, 	• 	. 

' 	 : 	 • 

, 
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- 3.2 	Programmable Imager Controller 

. 	1 

Figure 3.2. is a schematic diagram of the programmable 
image controller.. The hea0, of the Programmable Image 
Controller is the microPrdceSsor; under control of a 
software Program that is Stored in PROMy the 
microproCessor routes  al :1  'contrel signals for data 
accmisitiony data storage 	as providing an 
interface,to the Attitude 11 mage.1onitor. The other 
smstem components include 'an 'analog signal processsing . 	, 
bordy an analog ,to digital convertery and • a 
smnchronization and timing generator. The charge 
•ransfer device is operated bY a series of clocking 
waveforms which are,gener•ïjted bm the microprocessor 
and amplified bm driver cicuitrm. The smstem also 
Performs such housekeeping functions as temPerature and 
shutter central. An eight! .  or sixteen bit CMOS 
microprocessor will be Selected to minimize POWer 
consUMPtione 	1 

, , i• 

o 	Analog Signal ProcesSing 
• 

The outPut of the image sensor is amplified and 
filtered bm an analog signalProcessing chain.The 
Preamplifier conaists of an 'operational amplifiers, 

 which is selected for its li noise and bandwidth 
. 	- characteristics. A maximaliim j flat elliptic ?liter 

ensures that any noises, ' with'a freouencm spectrum above 
half the Sample frenuenemk)flthe correlated. double 

' 	1 	P samplerywi  11  be•attenuated to an  acceptable'level „ 
This prevents the foldback o 1  unwanted signals into 
the signal passband.' The geros of the P11 ter  should'be 
positioned at thé sample •Oreduencm •and multiPles 
thereof+ 

• „ 
• 

The correlated double sampiler consists of a discrete 
time differentiator folloWed bm a discrete time 
integrator and a sample and hold. This circuit will 
remove reset and clocking s• .soise of the image sensor+ In 
addition il will,.attenuate the uncorrelated low 
freeuencmi,l/f noise of ,,the output transistor of the-
arram. The sample and hod nsures that the video data 
is stableAuring:the cobversion Period of the AiD 
converter4 	„ n 

t 
•i 

' 

' 
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The smnc generator coordinates the timing generator 
the correlated double samplery the A/D converter and 
the microProcesser 	In  other wordsy it is a hardWare 
interface between the aforementioned subsystems. 

o 	Other Subsmstems ' 

The shutter control consists :of 'a current amPlifier 
that converts a control'signal from the microProcessor 
into a latching action on  Han'electro- mechanical 
shutter* It alse provides the microprocessor with 
information on the actual ; status of the shutter (oPen 
or closed). 

i' 

The PROM memorm will containythe microProgram that 
ope rates the programmable ':i i mage controller* The RAM 
memorm will be of suffidient!size for stacks.: 

0 	1  accumulator and variable storage. Power consumPtion 
will be sMaller if bmte widelCMOS RAM is used 

. 	. 
, 

The video 'buffer'is apPro>;.imatelm 1. Kbmte in si ::e 	it 
is used te provide tempOrrmstorage for all the vide() 
information about a star r,mage. : Upon command of the 
Attitude Image Monitory.data i will be collected and 
stored in the buffer; et thelappropriate time the 
contents of the buffer arei transferred to the Attitude 
image Monitor for further:processing* 

The serial interace will send and receive all command 
and data that is transferred,between the Programmable 
Image Controller and the Attitude Image Monitor* It 
could consist of an RS-422 interface that is capable , 	. 
of sending and receivind Ipta rates UP to 1Mbit/sec., • 
This  data rate  should 1.1 !e More than sufficient 	, 
to handle the coàmunicaticin between the P.I.C. and the 1, 

I 	, I 	, 

1 

' 	Il 	11 	F  , , 	. . 	i 

e 
p 	1 

The A/D converter digitizes  the  analog signal levels 
with sufficient resolutior» and conversion sPeed. A 
converter must be chosen which minimizes power 
consumption while maintain,ing the desired resolution 
and conversion speed. 

- 
The timing generator is, controlled bm the 
microprocessor; it generates'the necesserm waveforms to 
oPerate the image sensor. The clocking circuits must 
be caPable of driving the arram's clocking lines 
despite their reiativel lae capacitance. 

! 
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3+3 	Charge TPansfer , Dévides 
, 

, 

Ihe two tYpes of -..mlid-state,imaging devices of 

i•teresty the CCD and theClt.i9 are similar in their 

basiè sensjng mechanism's,  which involves the collection 

and star age of photon-genOrated charge under MOS 
capacitor Ygates ,on a silicon substrate* They differ 	• 

mainlY in the manner oecharge detection. In the CCD 
the signal'. charge is traneerred across the array to 	: 

charge amplifiers for detection; in the City the charge 

is detected in place at,each sensing site by an 

intrasite transfer+ , 
+ 

The circuitry used to select !and provide : readout of ' 
image sensors  co nti n s à number of Johnson noise 
sources. Ihe distributed:Tesistance of the array 

, 
lines used for signal senSingy the line selection switchy 

and the first preamplifier stage each contribute 
temporal noise to the video Signal. In addition 

capacitor Teset noise (kTC .  noise) can be significant 

when certain readout mehedsare used 	Shot noise in 
the dark currentland orjqnctiop leakage current in the 

MOS  :Lin  e select multiPl 	an e s exersic 	bignificant under • • 	• 
certain conditions. The Johnson noise sources usually 
are dominant in large arrays l operating at high video 

rates* The level of kTp neise referred to the array  

cari  be made arbitrarilYsMally however9 since gain con 
be used between the arrayoutput and the  clame  

capacitor 	The parallel injection technieue does not 
allow complete elimination of kTC noise. The column 
reset transistors introdude 13.TC noise that is not . 

rejected. Voltage noise at the'inPut-of  the 
 Preamplifier results inian emuivalent input charge that 

is directly Proportionq to the array output 

capacitance (e=cv). TheeretiCal preamplifier noise 
levels of a few hundrer4carriers result from array 
outPut 'caPacitance levelsiin'the 10PF region* kTC 	• 

noise can be either negligible or the Predominant 

temPoral noise  source  y deP,ending UPOD the sPecific 
array design and readout Method. 

• 1  

Under low video rate readeut conditions Johnson noise 
car;  be minimized by restricting the noise bandwidth of 

., 	1, 	1 
the video amplifier. Shot noise originating in arraY 
dark current andline sele'ptImultiplexer junction  , 

leakage can be limitinglunder these conditions. 
, 	. 	, 

Reduction  jin arrw opertil:ngtemPeratiire  cri  be'used te 

control these thermallYpjeneated currents 	 i 	- 
., 
,1 

and'consem l,Uently,Ilthe re,mertant S hot  neise.  
1 	1, 	1 	:•, 	, 	: 	,'!: . 	. 
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Solid stee imagl:ng sensor,s can exhibit a fixed 
nonuniform' spatiai beckgremnd in the reproduced 
image. The major' sources 	fiXed pattern noise in 
image sensors are transistor switching interferencey 
erram photolithographic' vàriationsy and bias charge 
variations 	In the case eif CID's, nonuniform couPling 
of the MOS transistor scarlÎner output voltage to the 
video signal resUlts in!a coMponent of fixed*pattern 
noise that repeats from se'anto scene For CCD'sy 
there 'is a similer comPonent arising from the multiphase 
clocks which transfer Olage between wells of the CCDe 
Variations in row to ceWmn!crossover caPacitance 
arising from either insUlator thickness or photo-
lithographic varilations cuse a two dimensional component 
of fixed pattern !noise.' Çariations in bias charge from 
site to sitey caUsed bm!«fferences in storage caPaci-
tence or threshold voltagey also result in a two 
dimensional comPonent of ilixed pattern noisee 

1 	1 
Dark current nonliniformity can be an important source 
of Pattern noise partfcullariim at POOM temeerature. 
Low dark current  perfortïiaricecan be an advantage under 
these conditions.' 

Î 	. ! 	! 
The organization land nondestructive readout capcbilitm . 	! 
of the CID imager gives rise!to a number of specialized 
functionse, The X-Y addreSSable.organization allows 
random access  ta  :arram piXelSe The non destructive 
readout feature combined Wk.th X-Y access ellows linear !. 
combinations of Pixel signals to be sensed giving rise 
to spatial transform readot. Signals  cari  be repeatedlm 
read and summed to imerove dwnemic ranges.' While CCD's ! 	! 
do not allow nondestructive readouts? them do,permit.on 
chie averaging over the re,wsland columns by .  varying the 

 order of the horizontar and Vertical clocking pulsese 

The Charge InjectiTin;Device 

The major 'features of the 'CID imagers are summarized below: 

An X-Y addressing ,capabilitm which provides 	, 
exceptional flexibiliAm' in arraM readout. !This 

• .1 	!' 	 1 capability signifIeant1M reduces clock  ' 	k » freeun ecy perkherl eiectronicsy •and datal :1 
handling ?retest:0 Thi.:. feature , also makes the 
device cOmpatibje 'with .--fficropr cessors and A/D 
cd,nverterse 
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I \m 	1 	 1 
o A 'highA effective active area on the image , 

Plane. 	There are Ilno[opaeue areas and the . 

el"ectrodes  cri  be „made of ver m thin polysjlicon 
P 	P 	1 

because of the . low clock freeuency. This allows a 

broad spectral ''resPonse and high sensitivity 

' . 	wiihout loss ofY,silgnal to noise caPabilitme 

, 
o No  charge trane:fol .  loss. 	In the CID the signal 	

. 
- 	I 	,' 	 . 

ig read 'directly 3t the  sensing site. , 

o To:lerance to opt 1 c
1,3

1 c .iverloads without 
, 

complicating thé basic 'arram architecture. In 

the CID the charge; iS contained at the storage -- 

location,' and the Itendencm for excess charge to 

-' 	'.-. 	.,.› 	...:; 	..., 	..c 	-, 	'...k. 	. 	.. migrate i,o adjacert si 	ie e'reltl. m Ted Iced 

, 
..1 

o › A pon-deg i tructi've ireadout capability allows 
,

.. 

more fleXibilitY. ' This 'feature has been used 
effectively to reduce noise. 

o Cooling renuiremen Its'are minimale Dark current • 
t 

ig generàted only .1n the dePletion region of the 
device a rd the des*eted rea is much smaller than 

the photosensitiv aleae .  

•
. 

3.4e1 	OPeratiod of CID Umagers 

:[ 

I I 

! 	 . 	
. 

The charge injection app-roaci' to solid;state imaging 

emPloys mqs caPaitor strdctures to collect and store 
Photon generated charge signalse' Charge is injected 

' 	
. 

from the MOS storage (inversion) region into the 
4 	!! 

substrate to clear the Stdrage region and  in some 
cases to,Provide signal Iredoute 	For an aree 

imager, )(-2 Y addregsing is liachieved bm using two MOS' 

capacitors at each sensing sitee The capacitors are 
coupled sdeh that stored c. i hage.can be transferred. from 

one capacitor to the next ',1:.Iy'creating a potential 	. 
difference. injection occura when both electrodes are 
switched Off. 	, 

_ 
. 	- 	' 	• 	I' 	' 

•I 
Various methods  cari  be used to couple surface charge 
between adjacent electrodes. Fringing.fields are 

created by using a narrow linterelectrode gaPp bm 	. 
overlapping insuIated elecitrdeS, or 1°..1%- the use of à 
conductivel diffuglone  The 14tmethodIis compatible 

with standard MOS procOgsq 1. 1 ',i.gpre,3.3ishows a 
cross-section•of .a sensing' silte:), fabri)cated With 
conductivdrdiffuion, Li inder Various gate veltage 

r 	i , , 	' 	• 	!, 
. 	 . 

c 

; 

I 
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1.• 	' 	!: 
• Cros&-section of X-Y addressable sensing site Showing• 

locatlon of Stored ilarge under(a) integration, 
(h) read-outenable and (c) injection conditiOns. 
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conditions Use of overlaPping gates can reduce cell 
Size, The structure repoted by 6+E+ contains a first 
level of Polysilicon elect«oces and a second level of 
transparent metal oxideer,ectrodes+ Figure 3,4 shows 
the cross-Section of a op: idiager cell fabricated  w. th 

 overlaPping 'electrode StrrtUres, 
; 

!I 	1, - 
The charge stor•d in the -Inversion region  cari  be 
injected into the subst'ree and removal of charge takes 
place by necombiation+ IT the sPacing between sensing 
sites is much leSs then the diffusion lengthy a Portion 
of the. cha'Tge injécted at  one site will be collected by 
adjacent sites with a resUlting loss of resolution+ In 
addition y the injection.puisewidth cannot be much 
shorter than carrier lifetime or else part  of the 
injected charge ,i 1]. beLrepollected and result in image . 

 lag+ The solutiOn to  tee ›i;,roblems has been to 
fabricate 'CID imajgers 	(iPitaxial wafers, 	The. 
ePitaxialijunction. y whirh underlies the'imaging!arramy . 	m   
acts as a buriedlcollector fc.‘ the injected charge+ If. ! 
the thickness of 'the.epitaxial lamer is less than  or 
comparabLe to the sPaci4 lbetween sensing sites, the 
injected charge Will becCilected by the reverse biased 
epi-junction and Injectic.H cross  talk is avoided+ • 
Figure 3+4. shows the cross,-section of a sensing site 
fabricated on a e+itaxialliar .6 The introduction .of 
the epitaxial coilector .p howeverp affects imager 
sensitivity+ Part of the rharge generated  In the 
silicon between sensine . sites can be collected bm the 
ePi-junction instead of the Storage capacitors+ This 
i's• particularly  truc- for 1ong wavelength radiation 

!

s 

' 

' 

3 42 	Readout Methods 
I 

The signal charge stored 
[ 

, ln CID imaging arrays can be 
sensed bm measuring eitheiï, the charge that flows uPon 
injection  or the voltage Change induced by 'charge 
transfer between i the two torage capacitors that 
comPrise the X-Y addressaijle!storage si te 	Different 
readout methods are briefi'm discussed below: 

o 	

I 	. 

Senuential InjeCtion (Drive Line Readout) 
, , 

The displacementicurren that flows in the su bstrat 	[ 
uPon charge injection also flows in the driven arram 
line+ An arratd designed fOrArive lin readout:is ' 1 

! 
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„ 
•Sensing

1 	
Site  Cross  Section of an overlapping gate CID 

structure fabricated on an epitaxiallayer. 
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Figure 3,4  

1 

1 

1 

.! 1 



11 

11P, 
, ( 11 

1.  

‘II 

T1! 

I 	[ 

i, 
I' 

I 

tir 

shown in Figure 35 ,› A:ljrger voltage is 	plied to 
the row  of • electyodes than  tO the Column electrodes so 
that photon generated charge icollected at each site is 
stored under therow electrode. A line is selected for 
readout by setting its voltage to zero bm'means of the 
vertical scan register ,.ÇR9,t,J plADLE condition of:Figure 
3.5) The charge i s  then'inljeCted bY driving ea ch  column 
voltage to) zeroy in seeen'pess, b‘e3 means of the 
horizontalscan register and:the signal line. The net 
injected charge is meesureld by integrating the 
disPlacement current inthe signal line over the 
injection 'interval. Ch'ier0 in the unselected lines 
remains under the row cennected elect  rodes  during the 
injection 

tulse (»ALF SÈLE''.[7,TIcondition of Figure 3.5). 

Preinjection 
1 	I 

The preinjection - readout t'echnieue . is based on the 
meaSuremeht of the changelin charge thGt occurs at each 
addressed 4ensing site When a complete row of sites is ' 
cleared (ibjected) simul.tanecjiusly. The schematic 
diagram  of en  a ria  y configured for preinjection;readout 
is shown ib Figu're 3.69, Efflial row and column  bis  

- 	• 	L 
levels arenormally used With this readout method* A 

• 
lo i inPut imPedence (transconductance) amPlifier is 
used so thaty during eaCh scari of the array columnsy 
the column.  potentials are 4seset to the reference 
voltage. Prior to each seen of the arram columns ,/ 
during the horizOntal retfiace intervely voltage is 
r•moved from theselected r'cJw to clear the row of sites 
to a bias charge'levely and then rese •  to its original 
value. The potential of 41,columns had been reset to .• 
the columnreference potetial du ring the Previous' scan 
interval, 'Since Signal charge was  prescrit  under the 
addressed 'row eleCtrodes .When the column  potentiel.  wes - 
resety the  removal Of the Isignal .charge bY the 
injection Operation results, in a voltage being induced 
on the floating column electrodes proportional to the 
injected'sjgnel charge.' The induced video signal is 
then read out bm the column scanne r+ 

1 

This preinjection readout method has a number of 
edvantages,'end some limitations, Array fixed Pattern 
nbise is automatically reJected since the on :t net 
change in erram Charge let/els prior to each video line 

q [ 

, 	t 

1 m 

, 	•• 

- 
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SCAtane7G rIZGITIEt1 

Schematic diagram of a 4 x 4 CID array designed for pre-
injection read-out 	Silicon surface potentials and signal 
charge locations are indicated schematically. 



scan is the injection of Signal .  charge. The techniouè 
is compatible with highj , sPeed sampling of the induced 
column signals as reaui I red for TV compatible 
operations'. The Main disadvaïtage with this readout 
technieue is the ,switching nodse coupled into the video 
signal by the column scanner 	This component of the 
fixed pattern noise repeats  for  each video line and cari 
be rejected if orie line:of videe storage is providede 

o 	
I 

Parallel Injectior 

, 
The parallel injection Leebnieue allows the functions 
of charge injection and Warge detection to be 
separatede., Signal charge Ile4els can be sensed at high 

speed duri Ing a line scan ê ind v,during the line retrace 
time interval all of the charge in  theIselected.line 
can be injected in Paralieleï If iniection'ie deferredy 
nondestructive'readout reFitse:, The parallel injection 
technieue ds well adapted Itc0TV scan formats in that 
the signal» is read out 1.1Ap by linee It is not adaPted 
to random scan aPPlicatdose ifl 

! 

In an array of MOS couplea; caPacitor pairs& as is used , 
in the prescrit  charge dnjIection imagersy  cil of the 
signal charge will be storledIunder the row connected 
electrodes if the row voltags are larger than  the 
o umn voltages 	This ordioni is illustrated in 

Figure 3.71  for rews  Xi y  X2p 	nd X4e 	This method of 
biasing effectively preVen'ts the chargé stored under 
the row connected electrodesfrom affeeting column 
voltagese :.The veltage on 	array columnsy Yi through 
Y4y cari  be  set to a reference value either bY meGns of 
e ,Previous: column scan I:reaI.riouty or through the use of 
the column switchesy Si throgh 84. 

If the voltage on a row electrode is then switched .to 
ze ro  y signal charge will . trarliSfer from the 	. 
row connected electrodes t Io the column connected 
electrodes in the selected row.of  sen  sing sitese This 
is diagrammed in 'Figure 3,I*7y1for row X3. 	The voltage 
on each of the column lines will then be reduced by an 
amount eeual to the signal, charge divided bm the column 
capacitance. 	 . 

. 	. 	i , 
. 	. 	. 	. 	1 

' 	I 	! , 
The signarcan be sensed by seeuentiallY connecting . 	, 	, 
each colum

1
n line Ito a vldeo emPlifier by the use of a 

I 	H 

' I 	1 
, 	r i; 

.1 

!!, 

. n 

1, 1  
!! 

; 



Schematic diagram Of 
injection read-ou t . 
charge  locations are 

1 	' 

a 4 x 4 CID array designed for parallel-
Silicon  surface  potentials and signal 
indicated schematically. 
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sca•ning register and NOS:s+ches. The readout 
oPeration Consists of resetting the video amPlifier 
inPut to the reference ,:oitagep and then stepping. the 
scanning register to  te  next cOlumn line* After all 
columns of the arram have . been jscannedy charge can be 
returned to the row conneCted electrodes bm reaPplying 
voltage to the previouslm.aelected row* This action 

1 
retains the signal charge Tor future processingp and 
constitutes a non-destructive readout (NDRO) 
operation* . 	 h 

j 	r , 
AlternatelM,  et the end of 1 readout of the selected 

1 rowp while the row voltage is maintained et zero voltsy 
the signal charge can be ibjected.from the selected row 

, 
 to the substratey all Sit 	
I es ln paraliely bm switching 

el 3.  column.  voltages to 1Zer 10 Slimultaneousim. 	This 
action clears the sensiing,sites• of charge and allows 
the start Of  e  new signal . .integration time interval for 
that row* 

o 	

, 	1  
- 

[ 

ROW ReadOut 	! 
,1 

P 	r 
A second charge transfer readout method is diagrammed 
in Figure 3.8* Readout iS effected bm driving the column 
connected electrodes to cause charge to transfer to the 
row connected electrodes* j The Condition diagrammed in 
the figure .  is with the thi 1TdhTow connected to the video, 
emPlifie• bm the verticalscanning register* The hori- , 

zontal scanning reAiste'T fs Operated  et the video  e]. mutent  
rate to seeuentially connecUtho  col umni  drive voltage to 
the erre m columns. Each eleffn ent of signal charge is 
transferred to the row ,eleptrodey externalim semPled 
end then transferred back 1to the column electrode. , 

, 

[ 
At the end of mach line' sCan  the  selected row and all 

1 	. 1  errem columns can be driven to cause injection. For 
nondestructive readout of  th 1.s  arramy the injection 
operation can be deferred*1 

The advantages of this rei!..,doOt method ov'er previously 
described techninues is that  the  horizontal scanner is 
isolated from the video si1gnaly kTC noise can be easilm 
rejectedp and nondestructiverreadout can be,readily. 
mechanized*  

' 	

. 

3.4.3 	Dark Current arid F.ilobming 	H 
: 	1: 	:, 	‘• 	': 	

. 
: 

$: 
The CID ap:ProachiPermitS S,iiiiiiflicantimimore silicon 
area to bel'used for photoiq' chaHAO ÉeneratiOn than for 
charF.#e sturae. This rârmitglin an'advIntacleow ..; dark 

., 	- I - V" 	.' 	• ". 	-- " 7 
current situatio becausellthe thermal charge generation 

1 	1 
1 	,,• 	n 	1 : 	, 
.:, 

' 	M 	11111HH, 1 
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Row read-out array diagram i 1 1 ustrating sensing of the 
'.• H . 	third row, second eel umn. 
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rate in nondepleted bul.k sIlicon is orders of magnitude 
less than  in the ',depleted tsterage region. 

f 

Consenuentlyy each image slensing site collects and 
stores pheton generated charge from.essentialls the 
total sit e area but generaiteS dark current onls in the 
%orage area. Alisoy ne sepaate storage area is 

reeuired for ima:de readouty So that a dark current 
i 	 n 	I, contributi:on fro!!! this source is avoided. The use of 

' bdaS Charg le in the storage area results in ah 
'additional reduction of dairk current since the surface 
thermal generatiol n rate, inI MOS structures is much 
smaller under inersion, cànditions than under depletion 
conditions!.  - 	, 

I 	 1 , 

I 	 , 
The epitaxial CIO structure is resistant to image 

' 	1 	C 
blooming since each sepsing site is electricalls 

• isolated from its neighpodrs.: 11 Charge spreading in the 
substrateIis minimized (rlative to devices without an 
epitaxial 'lamer) bs the' un'derlsing charge collector, 

! 
. 	. 

3.5 	. 	CCD Techhologs ' 	I I 	 il , 
, 

There are essent ialls three different tsPes of CCD 
frame transfer iMagers all. of which function with a , 	 . 

, 

buried channel. These iareej,front  si de  illuminated 

	

, 	, 
device (e.',g, EEV,8600) 	aithin backside illuminated 
device (RCA SID) 'and a 'yir'itual phase device (T.I. TC 
201), Although other desfmnS have been completed 
using surface channels 'thdm rrform more Pooris:than 	. 

	

the buried channel devicer . i 	I ,•. 1 . 	1 	• 	
. 

, 	 . 
The virtual phase concePt "(Figure 3.9)'simPlifies the 
manufacturing process bm eliMinating the overiaPPing 
mate electrode structure omMon to all other CCD PrO -

cessing methods. This sies,manm added advantages of 
simplified clockinm (one C'[ lock versus two to four ' 
clocks)y 1,owe •  dark current hi ch  is an order of magni-
tude lower than other CCD I tèchnologiesy high euantum 
efficiencm with improved blue response  and a potentialls 
much lower cost because of a minimum amount of masking 
ope rations  during:Production 	' 	 1 

Because the number of depesiied clock:levels  cri the[  
devices  surface 1. as ben, reddced to  on ey the;oceurritfflce 

n 	
I  i.  

of surface damage ad Shorts sl,redc 	 m ed to the sae' 
, 	; 	

u
! 	.1 

. . 
high degree of reliabii!itS a i; fn the Standard mps .; 

technoloMm4 This, redur2es',the nUmber of column defeets, 

• .' 	II. 	A', 	',H 
• 1. • I 	- 

. 	 1 	i' 	À 	'1, 	4 	
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A veru importantifeature df the virtual phase 
technologv! in ou r1  aPplicati.iorli is the very low dark 
current. 'There are three ImaJor comPonents in the total " 
dark current in al  CCD imager: a surface comPonent due 
to the interfacelsttes; aj depletion region component 
due to the! currerit suPplied bu the bulk generation 
recombination centres ;and i a diffusion component due to the 
minerity carrierd from the neutral undepleted bulk of 

j 	• 
the silicon. 

Of the threes,  thé surface c.comPonent is the most 
J 

important one in :normal CCD image sensors. Howevery in 
the V.P. technoldgmy the Contribution of this 
surface component is 'negligible because the 9i02 -Si 
interface states  are f,illéd t),dth holes. In addition it 
is also possible ,to bias the !clocked phase during the 
rntegration period at  a  negative, gate potential. This 

will force holesito  the  surface over the entire imager 
areas! further reducing theli  tOtal dark current.Under 
•hese cireumstadCes the ddrk'current is reduced to 1 
.4nA/cm**2 an order of magP

itude lower than for other 
CCD image sensorS. , 

1 	- 
3.6 	Ope ration of CCD Flsame Transfer Imagers 

A frame transfer CCD image sensor (Figure 3.10) 
consists of an image integrate areay an image storage 

!  
area and a horizontal transpOrtregister that clocks 
single pixel information on 	line bu line basis to an h 
output amplifier. 

, 
d  

A tical  operational seeuenee is described below. . 
Initiallu the Photocharge is4ntegrated within the 	

• 

image area'. Next the entire , image area  is ouicklm 
dumped into the image storage area where the data is 
read out line bu line bu duming one line at a time 
into the horizontal shift reiistcr. An integral outPut 
amplifier converts the cherge Packet associated with 	• 
each pixel into a discrete' vditage. 	The next image is 
si mu ltaneouslm collected 	the image area. 

! 	; 	! 
• 

j 
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The timing constraints for a ! Uri image sensor are fer 
more complicated ! than those fi. or a CID imagery because 

the CID can be acceJed rarkloriilm in ËrOUPS of 4*4 
n 	A 

.whereas  th  CCD image has.to!be read out completelm at 
all times.' For a star fraCkery thereforey a CID sensor 

would have a definite advantage because at anm given 

time we are onlmlntereSted :1:n a maximum of four stars 

in.our field of view. Ir nsl'ated into CID termsy this 

would meanu  an access of 4 groups of 4*4 pixels (in 

tracking mode). , 
1 	1 

Howevery•We  cari  generate a similar seouence for 8 CCD 
imager. To facilitate CoMparison we have to translate 

our reeuirement to 4 l roups of 4 lines and select 4 

pixels in each line. The worst case timing reouirement 
for each pixel iS determinedbm the minimum  integration 

timey the !Itime that is l yeauired to dump the entire 

image section into the !sterage section and the time 

that is necessarM for the ;4 ti 0F,  ii nies in the storage 
section to  be clecked through into the serial register. 

This can  ail  be done at' màxilium'allowable vertical • 
clock fremUencm. Once a llinè is dumped into the serial 
registery it is clocked  oit  at the maxiMum horizontal 

clock freauencm Until the ITirst pixel of interest is 

reached.  The  horizontal c'lock! is then slowed down to a 
value that is determined tM the total number of Pixels 

of interest (4*4*4 = 64) andLthe minimum integration 
time (10 msec). 

This concept.minimizes the renuired-video bandwidth for 

tbe analo£i signal processing !chain and therefore 
reduces associated Johnson noise. 

3.7 	Analog Signal ProdesSing 

To assess the performance I,of the analog signal chatny 
we have to determine which noise sources are present 

and their contribution to Iithe  total smstem noise .  

The circuitrm used in an m arram'to provide readout 

of the individual pixels contains several Johnson noise 
sources. The distributed u-eSistance of the arram 

I! 

! 
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j t 

electrodes', the line se1ecti6n switches end the first 
Preamplifier stage willail contribute 'noise  ta the , 
video signale FurthermoDepi capacitor reset switch. noise 
(kTC noise), sho noiseqi 1  n the dark current and leakage '  

current inl the line mu1tiike>1; switches  cari  be 
1 	 ' significant. 	, I 	H 	, 

ll 	
h 

1 
o 	Reset Noise 	, , 

..‘ , 	p 
When a sWitch isdused to  st thevoltage across the 
capacitor,: the  final voltage on the caPacitor has an 
uncertainty due to the finite Desistance of the switch. 
The magnitude of this unCertainty is determined bm the , 	, 

following enuatidn: 	1 
1 	

:I 

VW = (kT/C)*e.5 . 	(Volts) 
where k .= 1 4.38 E-23 p : (J/K) 	(Boltzmann's 

, 	cOns'dant) P 
and 	T I= tempe rature in degree Kelvin 
and 	C = output (- apoitance 

, 	, 	b 1 

The reset 'noise,S(kTC›, MeaSured as an r.m.s 
fluctuation inthe number of carriers is given by: , , 	, 	... 

N( lkTC) =''''((kTC)**0.5)/e 	' 	(rms carriers) 
where (.41= 1.6  E-19 	(Electronic charge 

in Coulombs) 
' 

; 

With a tical  array output capacitance of 10 PF . this 
'generates.  pt room temperature: 

, 
N(kTC) r-li 1261  i 	, 	(rms carriers) 

This noise however can be ,supPressed by means of the 
E"Orrelated double samPling techninue. The amount of 
suppression that  cari  be achieved is determined by the 
degree to which the first sample is a measure of the 
kTC voltage. Foi- a video system whose bandwidth is 
determined by a first ordeD roll off frenuencY of 
fc(H.z) 	the sample voltage can be determined as: 

. 	. 
i 	, 	1  

. 	. 	Vc:I1amPle  1 
where ts'e. sample 1 

. 	
'l 	

Y 	II 
if the saMple interval J.s, 
2*pi*fc*ts=5 Y ten 	H 1  . 	. 

11 

 Vstample/Qsignarl = 

' 	1 
, 	1 , . 	:• 

' 

-.! .,. I 	1 
, 	' 	n 	 1 	P 

1 	. :.1h ' 

-,exP(-2*Pi*fc*ts)) 
interval time 

(Volt) 

1 
in such a wam that 

i 	LI . 	, 

1 
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Na = 26 (rms carriers) 

!( 

I , 

11 ' 1 

! 

In this  cas ey kTO noise womid be supprossed bm a factor 
of 1/(1-Vsample/Vsignal) d 130. :  Th iF lwould re duce the 

., 	.. 
eouivalent' noise..contribution to 1261/180 = 844 (rms 

Il 	1 	.1 	L carriers).! 	, 	t 
' 

o 	Preamp14 	
r

lier  Noise 	, , 	1 
1 1  

Using an ultra lOw noise dmal•matched N channel field 
effect transistor',  like the'CD860 from Crmstaionicsy we 
could achieve the followingui 	n eovalet noise level: 

I 	, 
, 
i, 

NW= Vn(rms) *-Cin/O 	(rms carriers/(Hz**45)) 

I 	
. 

where Vn, = SPOt noise figure of effiplifier i 	1 

	

. 	Cin = input capacitance of amplifier 
(Farad) 	, 

1 1 	i 
) 	, 	I I. 

In case of the CD860y thesle figures are: 

Vn(rms) 	...--. 	1.41nV1/(Hz.**.5) 	. (at 1 kHz) 
Cirl 	= 30 PE  

	

Therefore:, 	
, 	r 

• 1 	-1 Nw= 426:, 	(rms, carriers/(Hz(*.5) t 	! 

If we assume a vïdeo bandwidth of e.g. 10 kHz!,  than the 
total contributin of the i->reamPlifier would be: 

' 	1 	1 

3.8 	Availabi“tm of'CID's 

Although CID technology has matured during 10 Years of 
development at General Electric (GE) under various U.S. 
Defense and NASA contractay the devices are not offered 
commercially. Howevery detailed discussions have taken 
place with various people at i 0E regarding Procurement 
of up-to-date CID imagers.1 ,  The companm has now 
expressed willingness to sell sample devices for 
important scientific appliCations in order to establish 
an edge over the•!competine,; CCD technologm. Out of a 
wide varietm of CID imager's that have!been develoPedy 
the ST-256ftdevicey develoPed.for NASA:HaPpears to be — ,  
must su table for

1,
, the specific.application. An •1 	'..' 	1, 	'1, 	, imProved versionjof STn6 ise

,
xPected to be available 

shortly. A4, relimlnarm SpeifIdcation is eiven below 
(Table 3.1).  

ill 	' ! 	!!' : 	,•.'.' 

( 	
• ' 	! 	: ,: i' 	1 1 	• i-  ,, 	• i' ! . 	
•i 	,I 

.j! 	1!! 	!f• 	H • 	!I.! 
!.• 	'4 	!; 	h i 	e 	: !,•H 4, 	, 

1' 	. 	'1 , i 	, 	,À 	, 	'!,-' 	1 	 u 	• 



Ta le 3.1 

Size 

Size 

1 	L 
, 	. 

Characteristiàs of the ST-256 Arrau 
, 	r 

1 	' 	. 
, 	 . 	. 	 . 

' 	1 256 x 256 Ar'rav 

iPi x el  

FUll Well , 
H 

Dark Current (lPixel), 

Nixed Pattern Noise 
1 	I 

RdsPonse Variation 

Dark Current Variatien 
y 

Quantum Yield 

ResPonse!Point Spread 

Radiation ToleranCe 

1 . 	. 	, 

Readout OPtion  
1 	H 

1 	1 

1 

ReiSPOnSiMitM 	• 
1 

x 20 micremeters 

e06 

'< 1e04 electrons/sec ct 0 C 

10.5% Full well 

1 less than 1% 

s le s than 1.5% 
"" 

Trapezoidal 

greater than 1E04 Rad 

x 4 Pixel Subblock with 
increments of 2 pixel 

See Figure 3.11 

o 	Device Architecture , 

.7f. he,architectural details (:) .1> the ST-256 device is,not 

Vmet :available howevery the device is very similar to a 
128 x 128 arral,e developed ,I..reviously. 	Figure 3.12 
shows the Jsensor:lamout of the 128 x 128 array. The 
arraY can he selected by groups of four on both 
horizontalî  and vertical axes. The arram is designed 
for seeuential readout of image subblocks selected  bu 

 means of scanning. registes. In operationy a logical 
none' cari  be entered into each scanning .  register and 
shiftedy as reeuiredy to select the desired subgroUp. 
The column drive linesy, E through E  cari  then be driven 
to obtain 1four  Parallel; oLtputs. In addition to 128 
active rowsy another row  s available •o Provide 
differential cancellatiOn ofcolumn drive interference.. 

1 
This compensation row isselected for everY row r  
address and is cdeared :when eve'rY rowis cleared. A 
'i irai radout Seeuenc le change the rWl and column , 

voltage bias andlconsiaIsHpf;1.: 
' 	H 

' 

i 	"1 1  
• 

I 	. 4  

: 
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Figure 3.11 	Typical CID Responsivity Curve. 
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The column and row biases are brought to Zero 
to clear!the entire array of stored changes by 1 - 
injection.  

! . 	! 
The row bias is set at H8V and the colum to 
-14V for a read' erable. The photorrgenerated 
minority.,carriers  are  stored under the column 
electrode. 

 
H 

, 

i  

.. 	i. 
The column.and row, biaSés are then floated and 
the column brou« tcl.i Zero  via the  E-lines. The 
col liected charge  is  transferred to the row 
ca'pacitory and 'the" diaPlacement current causes 
a •,proPortional  ro  W Potential change that is 
sampled and held fior,processing. 	, , 	, 

1 	- 	" 
Returning the column  bis  to -1 14V and the row bias to 
-8V transfers the chargé ack' t)o the column capacitor 
and another readcycle car. be:Made. The accumulated 
charge is 'not lost and +eating the read Process would 
Produce the same  output 'y plus  the signal that had been 
collected during'the fi'rsti read period. This  is 
referred to as the NDRO cycle,» 

HI 

' s 

, 	n ; 	II: 	I I'. 
Texas Instrumenta has devlopedltwo CCD image sensors. 
These are ',currently onlY lvailable as engineering 
samplesy but  according to 'T.I.,','Will be available 
commercial,lu during 1983 9 TI Will select devices for 
their customers and areicd,rrentlY develoPing an 
integrated clock driver circuit for these image 
sensors. :Tel.'s array are notable  because of thé 

I virtual phase technologmy mhich enhances the blue 
responsivity and lowers the dark current. 

) 
RCA has the best device aS far as nuantum efficiency 
and blue response is concerned. Howevery RCA has 
changed their production Proceas and are currentlm 
exPeriencing manufacturing problems. Thereforey there 
are no  devices available at the moment. 

, 
EEV (English Electron Valve) is a British manufacturer 
of commercial  deVices desl,gned for television  use 	The 
biggest drawbacks of these sensors are their 3 phase 
clockilmg structure and•their PÔOV euantum efficiéncy in 

, 

the blue.  

, 
, 	!I 

I, . , i. 	• 	,! 	i 	; 	„ 
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3.10 	COmParison of CID 'Ivs'CCD Readout Speed 

As an exam'ple we  cari calcuIlate the maximum recul rd 
video bandwidth for a CID 1,deVi ice and a virtual Phase 
CCD image sensor i of 390*29'12 PI'ixelse 

• 1 	. 
For the CCD imager, the maximum  vertical clock 
freeuencm enuals 1.2 MHz and the maximum horizontal 
•clock frenuencm 	ials 15 I MMie ,.. 	. 

I 	
, 	, 

The renuired minimal videQ bandwidth depends'on the 
minimum integration time a,nCthe maximallm aChieveable 
vertical and horizontal clock, freeuenciés and cari  be 
calculated as follows: 	 , 

" 	I 	. 

! 	. n 	! 	,, 	. 
f video(min) =  

64/(Tint(min)-292/f0v(Max) - (292*390764)/f0h(max)) 
1 	- 

where: Tint(min) = minimUm integration time, 
f0V(max) = maximLim vertical cloCk frecuencm 
fOh(max) = maximUm horizontal:clock freeuencm. 

In the abdve case: 

f video(min) = 297509 Hz 

If we compare this with the r'enuired minimum video 
bandwidth  for a CID image 4;enso7 we Onim would 
have to examine à total)ofi 64 pixel s instead of the 
comPlete array. The miniffium , bandwidth'therefore would 
be: 	 • , 	1 

i 	» 	 11 	11 s 	 , 	, 
f video(min) = 64/Tint(Min') 

i 

In Our case: 	. 	1 

f video(min) = 67400 Hz 	, 

. 	. 
The CID technologm therefgre would need a factor of 
aPproximatelm 5 _less vided bandwidth and therefore 
generate less Johnson noi4e in the amplifiere The power 
consumption in the sensor drive circuitrm would have 
similar constraints.  In: case of. the CCD virtuel phase 
image senSor the .maximum Power dissipated in the 	. 
drivers . caused bM the char,ging and disCherging of the 
horizontaË and vertical clock  ii rie  capacitances of the 
image sensor clock times cari be„Icalculated as follows: , 

1 	r 	. 
!L 	 . 	 - 1; 	I 	 . 	 ' 	 - 	 , 	 i. 	• 

q , 

1 1 	, 

(
1
,  



,•! 1 : 

1H 

I 

P = C*fciOck*(V**2) , 

1  
where P = dissipated powerj 

C =iiclock line caPeCitence 
V = .clock drive voltliage, pk-pk amPlitude 

fclock =clock frecm:InCY 1 
. 	, , , 

In case  of l the virtual phase CCD imager: 
1 	, 

Pvert = CVert*(Vvert**2.)* *292/Tint(min) 

where Pver:t = dissipated  poker  of vertical clock driver 
Cvert = capecitanCe fraf  vertical  clock line 

	

Vvert = verticaldriive 'voltage pk-pk. amPlitude 	
. 

1 	1 . 	, 
Tint(min) 1  = minimum integration time. 

i 	I 	1  
Similar for the horizontal drivers: 

I 	: 	. 
Phor = Chor*(Vhor**2)* : 292*3,90/Tint(min) 	I 	• 

, 	 P 
where Phor i  = di.sipated po 'wei  of horizontal clock driver 

nor = capacitance Cf orizonterclock line 
Vhor = horizontalLdrIv voltage . pk-Pk amplitude 

Tint(min), = minimum integration time. I .  
n 	. 

If we look  at the totaldissipated power in the drivers 
end assume that the vertical .and horizontal drive 
voltages are the sanie y thel n 1,,e. éan Calculate the total 
dissipated powerFas: 	

: 
i 	1 	i 	

1 

Ptot =( Vdrive**2)*292/Tint(min)*{2*Cvert4 - 390*Chor:1 

For the vi,rtual Phase CCDhereydrive!= 17 volt and 
Cvert = 7000 PF and Cho' = 64 pF and  for  a minimum 
integration time of Tint(Min) 	10 mseè we  cari 

 calculate the total driver' pOwer as: 
j 

1 Ptot = 329 mW. 

We cannot 'do a similar  calcula tioni  for the CID devicey 
because we do not have the necessary information for 
the clock line capacitances. Because of the random 
accessibility of the CIDse the effective clock freeuencY 
is lower as only 4 groups of 4*4 pixels have to be 
addressed 	Based on this 'fact  the  total worst case 
Power disSipation in the driVers is probably less than 
in the CCP arrangement .1 	• 

1 	1 	• 	. 	I 
, 	- 	•.' 	I 

I 	i 
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C) 	Readout Mode 	. 

	

, 	
. 

i 	
• . 	, 	 . 

, 	i 	• 
The. fixed r atterri rois  ei' can be eliminated hm taking tw: 	, 

i 
5ets of measurements (wi th different integration 
characteristics)and subtracting the first from the second. 

, 
A typical :read process for the CID is illustrated in  
Figure 3.1i3. The method employs non-destructive 	 . 
readoutD in this case charge !continues'to integrate 
while lt 4 samPled N times and J.  summed to create the 
first set 	Charge is allOwed to continue integrating 
and once again samPled and sUmmed to create a second 
set. ' This  results in a difference signal that is 
proportional to N**2. The'teMporal noise will sum 
incoherentlm so that the readout noise contribution for 
each update• is proPortional to N . The signal- 
to-noise ratio isy thereforey! proportional to N**1.5. 

• • 
The overall diagram for. oPeration in the above mode is 	• ' 
shown in Figure 3.14 . l'hq double ready subtraction 	

. • 

Process effectively canCels the:unwanted Pattern noise. 	• 

Howevery the integratio'n time 4 halved which results 	. . 
in a factor of two signal loss;.although this loss  ris 	• 

more than •recovered bm suMming the non-destructive , 
readout. 	• , 	. 

• ! 	d 	
• 

• ' , 	! 	, 1 	. 	
• 

A similar procedure can»be uSed with cl!CCD hm forming 
two sets of measurements: the first•with integratidn 
time T and the second With integration time 21. In 

1 
this case .no improvement in temporal noise results and . 
the integration time is effectivelm halved. 

	

' 	i 	 • 
, 

The .subtraction process.  cari  be eliminated in 	. . • 
aPPlicatiqns where the pattern noise is lower than 
allowed or where system  time,and .  proCessing constraints 
allows premeasuring and storing .the pattern noise for 
compensation during ope ration. The second aPproach is 
of Particular interest in :applications where onlm a 
small area of the sensor reouires high accuracmy since 	. 
pattern noise from onim a few Pixels would need to be 	. 
measured and stored. 	 • 

3.11 	Device Recommendation. 

n Y ' 	„ 
Table 3.2 summarizes the impOrtant characteristics of 
CCD's and (:‘,ID's.'We rec temMend the use of the CID ST-256 
because  of  its demonstrated performance whereas the 
other devirees have perfrManCe characteristics which ., 	. 

!, 
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Qualitative Comparison 
«Between CCD 	CID Technolog 

•Directx7v_.:_access tp_data_ 	Serial_(_bucket!_brigade)_:. 	_ 	 
Pixel 	• 	•. access to data pixel - 

Destructive or non- 
:=-dest.ructive readout. 

• Destructive full frame 
---readout 

3 masking - process 

1E6 carriersg tmicaI  

- 5-12 masking Process 

5E5 carriersp t2pical 0 

CID CCD 

r- 

.5% 1% 

1% 1% 

Local. Response 

Local Dark 
Current Uniformit 

Item 

Addressing,scheme 

Operational 

Fabrication 

'Charge Storage -  .- 
Capacit2 

Quantum Efficiencv 
(.4 - 1 micron) 

Dark Current . 

7 	Temporal Noise 

.Read Noise  

.15 A/Wg t2pical 

•1 nA/cm2g tical 	. 

30-300 carriers tupical 

200 carriersg t2pical 
(at 10 fr/sec) . 

036 A/W (RCA) 
'0185 A/W CM- 

• 04-5 nA/cm2 

50-200 carriers tapical 

60  carriers  p t2Pica1 
(at 10 fr/sec) 
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- _ . . 	16 Crosstalk 
- 	Sensitivite 

Effects 

18 Power g. Video 

, 	 I 

Onle reeuired pixels are 	Full arrae is read at 

Maturite 
_ 

; Implemented in tracker and 
" - tested . 

r: 
17 

20 Availabilite 	. 	Custom made Engineering and 
. commercial samples 

1 MI • OM MI MI MI ell BM INN 111111 	 MIMI I I I I I I UM I I I I I I lb NMI UNII 

)•,* 

10 Clock-Feed Through 	5000 carriers tepical 	7000 Carriers  tical 

" 	- 	12 Pixel Size 
. 	. 

' 	- 	- . 	13 Transfer : 
e 	- .-- 	• inefficiency 

- 	.• 	_ 	.. 	. _ 
14. Optical Overload ' ,: Blooming confined to 	Blooming Propagates 	. . 

C",.: 	--- ' - • 	: 	--.,-- Tolerance - ... 	 '.' 	local area 	don  column 	. . .._ 	. 
• __.10r0001_1.) 	.. 

	

- -15--Defect Tolerance 	"..'" Defects confined to-  - 

	

. 	 - 

	

- 	. • 	- - 	adjacent pixel . 	 , . 	. 	. 	,, 	._ 	. 	.. 	. 	•- 	 .  _ 	• 	_ _ 

..renfined_to adjacent pixel 	Occurs over several 
pixels 

11. A rra  v Size 	" 256 x 256 tePical 	328 x 245 tepical 
_ 	• 	• 	_ - 	_ 

- 20 microns seuare 	2404 microns seuare 

One transfer 	Full arra2 transferred 

. ---- Defects - propagate down 
column 

Efficience of onle_one 
'transfer is affected 

Effects on transfer 
efficience  propagates 
down columns 	. 

ImPlemented in tracker 
and tested 	• 

•• Bandwidth 	• -" 	• - read at reeuired update rate reeuired uPdate rate 

fr.  

(7: 



aT' e not as! well documented. The major characteristic ' 1 
• hat must be established is the pattern noise* Only 
limited data however is aVailable. The outstanding 
difference between the two devices is the anti-blooming 

J 	1 	p  characteristic* 	 ,  
1 	! 

, 
: 

, 
3.12 ' Availabiliity of i Integrated Circuits 

, 

. 	 : 

o 	Processors 	- 

! 	1 
, . 	, 

Because of
, 
 i power restrictions in satellite 

oPerations it is i.ifiportanti  to look for low Power 
microprocessors. i Thereforey CMOS processors should be 
our first choiceiand coMpatibilitY with existing NMOS 
ProcesSors would he  an sSet. The choice between an 
8 • bit or à 16-bit proceSsOr haS to be determined by the 
complexityi y sPeeà and the Humber of calculations that 
have to be performed* 

Î 	r  
A Prime caîrl didate for the , rontrol oriented P.I.C. would 
b'e a NSC 8.00 8-bit processor* This is a CMOS CHIPy 
manufactued bm National Semiconductor which has a 
tmPical active pOmer consU imption of 50 mtsi. It has an 
instruction set Of 158 ,inS ltrUctionsy 10 addressing 
modes and . 22 internal regiSters and is : available with 

'I 	, 
1.6 microSec and 11 micro

,sec iinstruction cmclei Because 
its instrùction çl''et is Compatible with the popular 
81085 and 'i280 processorpH it is an ideal candidate* 
The necesSary peripheral circuitry such as RAMe 
FiOM!Hbidirectional tranSceivers, bus drivers y etc. i y 

q' 	rl' are . also available in CMOS* Ihis will make it'possible 
to build a full Microprecessor sYstem that will consume 
about 500 iit4 when running at  maximum  speed. 

' 
A Prime candidate for the A.I2,.M. would be 80086 16-bit 
processor* .  This :i.i.i a CMOS, chipy manufactured by 
Harrisy which  ha S a typical Power consumPtion of 150 mW 
when running at a maximum clock frenuency of 8MHz., The 
basic instruction set consists of 117 instruction 
includine4 'bitp butey word and block operations and 
binarmidecimal fr+tiplYarà àivide. A'varietv of ' 
support devices like latcing bûs driversy clock 1 
generators bus dontroller isy !programmable interval 

,J. 	, 	1, 
timersy PrioritminterrûPt controllersy Programmable 	, 
PeriPheraeinterfiaces  4c *.  ere alsoi.pVailable in CMOS* ' 
Because ol, its cOmpatib4r:jtm  w& hi thd HM 

!

OS coun t erpart 
[ 	„ . 	. 	, 	,•; 	, 

i  

, 	) 
1,1 11. 
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I 
; 

of Intel (but at 10% of  thle Power consumption)y this ; 	. 
processor is also an ideal.; candidate. 

; 

The NSC-800 is available ..1)n 	commercial (0 C to  1F 70 
; 

C) and an  indust  rial  gricde, (-40 C to +85 C) and a 

military Version will be announced. 

The 80086 is available in an industrial grade and in 

the military grade (-55 C to +125 C). Because of the 
CMOS Structure of both Processors (and PeriPheral 
chips) it Should be possible...to g et  radiation hardened 
versions. Harris (unlike 'National) is currently a 
supplier of radiation Wardened products (RAMy ROM and 
linear I.C.$) and it is mure Probable that they will 
develop a "radiation hardened version microprocessor. 

o RAM and ROM 

Currentlyy there is  a vari ietm of CMOS RAMy ROM and , 
EPROM available on the market. The Harris HM-6516y 
e.g. a 2k x 8 CMOS RAM ConsuMes tyPically 50 mW/MHz and 
has standby power of 250 microwatts. The Harris HM-6616y 
a 2k x 8 CMOS fuse link'PROM consumes typicallm 65 
m14/MHz and has a standbY Power of 500microwatts. It is Pirl 

compatible: with the indUstrm'standard 2716 EPROM* The 
National Semiconductor NMQ 27C32  c. 	s'  a 4k x 8 UV 
Urasable CMOS PROM consumes tYPically 5 mW/MHz. It is 
pin compatible with  the  industry standard 2732 EPROM. 

o, . 	Other DiitalCiréuitrm 

Currentlyy' there are seVeral manufacturersy (National 
Semiconduétory Motoro:ta  Fairchild SPI) delivering 
LSTTL sPeed and Pin compatible CMOS logic circuitrm. 
This will allow us to build a complete CMOS logic 
systemy that will emPhasie the low Power remuirements 
of the total system. Againy because  if,  is CMOSy it 
should be possible to g et radiation hardened chiPs. 

o Linear Circuitry 

Generailmy there is a trade-off between speed and power 

I 	
. 	

consumption; linear amplifiers are available with 
power consumptions 'from.a few milliwatts to several 
hundred mOliwatts. witpiri this range we expect to find 
many that  cari  be used in the  analog signal processing 

II 	
chain. Harris has severaf amPlifiersof latch UP free ... 
design that can stand high ,  radratien Aoses. From a POkier. 	. 

. 	consumptién stand,point of vijmy it therefore would be  

II 
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, 
preferable to oPerate the imaMe sensor at the lowest 
possible readout speed.i 

A/D Converters 
'1 

There is a,r1 enormous variety of A/D converters 
currently 'on the market Althouepthere is not a Very 
stronm cor'relationy onecOuld Menerallm make the 
statement k:hat the better the resolution end the hiMher 
the conversion sPeedy the. (more the power consumPtion of 
the circuit will he  For omr're(Ruirementsy a 12-bit A/D 
converter looks like the best solution. If we limit 
ourselves 1,t.o a 25 microSeC conversion time then the 
power consUmption could,be held down to about 400 mW. 

IncreasinM the conversion ,speed to about 3 microsec 
would double the power consumPtion. At'this staMey we 
don 't have information on "radiation hardeninM 
possibilitiesy but because' most converters are hvbridsy 
built with bipolar and pmos circuitrmy we do not expect 
any partic'plar 

: 

., 
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4.0 	POSITIONAL AND ANdULAR ERRORS 

4.1 	Location gstimatori 

Three different techninueS for locating star PosiIion 
c r oss  the blur circle '(oïl'  point spread function) were 
considered for investigation. The mean and median 
locators are integral forMulations which use all of the 
data in the blur spot image to define a weighted 
centroid. The least seuares'estimator - compares the 
blur spot distribution with an expected distribution 
and subsemuentlm 'deduces star position to be some well 
defined point on the  exPected distribution when it is 
aligned wi4,11 the Aeasureeblijr spot  data  

1 	, 

The mean end median technnués recuire no aPriori 
knowledge  of the blur spot distribution but are 
dePendent ',on the assumption that the true star position 
is coincident with the defined centroid. If this 
assumption were not true then the least snuares 
estimator would be renured in order  ta  obtain 
realistic iestimates of Star positiôn. Howevere when 
the Point Spread function  is  reasonably smmmetric  as  
one would :expect.for star limages produced bm optical 
blurring techninues) then the added effort involved in 
implementing the leastsnUres methodologm is not 
justified.; 

There is no compelling reason to preferentialim select 
one or the  other  lof the  tWo centroid locators and 
indeed them both mield  the  same result for a smmmetric • 
function. In addition e'. one would not expect the least 
snuares locator to be  an m more precise than the 
centroids for a simple nearim smmmetric point sPread 
function ( i its advantages would be more evident in the 
case of a Structured function with location information 
stored in characteristic features such  as  secondarm 
peaks). We have therefore_concentrated our studies on 
the mean locator under the assumPtion that this 
techninue is a suitable indicator of location estimator 
PrecisiOn. This choice allows for the studm of locator 
sensitivity to the CTD variables and its relation to 
the noise enuivalent angle. It is not exPected that 
these investigations will be significantly affected bm 
more refined information on the point sPread function. 

4+2 	Melan Locator 	• 	i 
• 

1  

The mean locator :is analogous to the centre of mass . 	. 	..., 
calculation in particlelsMstem dmnamics with the signal 

! 
1 . 	. 	. 	. 

A 	, 
1 	q , 	• 1 	
, 	, 
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: -.- induced charge denSitM (point sPread function ) acting 
as the . weighting • unction vizy 

. 	. 

• ' 	i 	
ig . f f lIt' W(.4(izeil oby 4-4 

• 

(4.1a) 

	

. 	. 

,c, / co i 

	

. 	. 

).. 	) , liv(1/1.4-) AI el 	(4 1b) . . 

	

:, _ aa 	, 	— o 

	

1 	' 
"where w(xym) is the normalized point sPread function 

	

... 	whoSe integral over wand m is unitm(if 0 is the total 

..-. . induced:charge then the charge Per unit area or point 
spread function is SiMPId 0*W(XYV) )e. Appropriatelm the 

	

*. 	Mean if taken over the Complete point spread function 

	

_ 	i5 independent of theoliigin location and the 
orientation of the cobrdinate smstem. For a 5mmmetric 

' pointspread function the mean occurs at the centre of 

	

, 	smmmetrm. 	. . . . 	.. 	.1  , 
, 	• 	

- 	‘ 	l '  'If the fntegration overm in the x computation is . 
:carriedout we obtain 	I 	. 	. 

_ r 

	

r; n 1?4/. PO eie /0 . 	(4.2) 	1 

	

. 	_ 	. . 	1 
.. 00 

	

- 	- . ,, 	. 	n 	1 	 , , 

	

i' where L(,x) (line sPreacLfunction LSF) rePresents the 	, 
. 	, 	 d 	 , 

-., :cumulative charge in the m'direction Per unit length in 
',.the x direction (for previtm we consider onlm the x 
icoordinate of the meanyJthe m coordinate expressions , 	P 

• are clearlm identica in fprm). 	If the sampling 
'-., ,;:intervals are fi nite ',the mean calculation becomes the 

	

' ouadrature approximation 	. 

	

. 	_ 
 feî.Dcl (iv) d'  / a 	- . - • 

. . 	.... 	 (1--.11cf  
• ., 	 ,; 	 ..;:,;.:::. 	 e 	!' . ' 	, 	- 	•'. -..' 	= 	. 	i tYs• / e) 

	

4 	. 	. 

:. - :where ,dris the Pixel 'width, x = d 	(pixel rentres) 	
. 

, r is the integrated • charge in a column of pixels 
S traddling w,: --,',. 	:- 	',-. 	. 	1 

. 	 . 	, 	
. 

iInterpolation Error 
- 

:If the translated coopdinate X is measured from x then 
.:the interpolation error is simPlm: 	• 

I` 



( 4 . 4a ) 

(4.4b) 
f 	' — 

where  i 	is the pixel column containing xy mields 

ÉM 	(
!
1"-- f iztt -deidzexl di( 747  
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n 	Zlx) ci0( 	
(4.5) 

1°7 
If L(X) is smmmetrical then the integrals in can be 
folded about X=0 on te the Positive half of the X axis. 
Furthermore the overlaPPing of the resulting integrals ; 

- reduces the error expression to 

• - ti--1.--iqd 	
. . 	, 

i 	 - 	1 
• ., 	. 	.•• 	' 	i 	 ' . 	• 	il 	1 1 	' . 	. 

,This function satisfipscertain basic , ProPerties of thé 
interpolation error. ,';,:t1 x , is at the centre or edge of 

:a pixel (6-  =0 or 1- 1/2 	then the smmmetrm of L(X) 
ensuresix will be located at the same point. Since • , 	i 	n 

there iS no distinctiOn(except sin) between the cases 
Twhen x is a distance / 6 ii ‘ from the pixel centre it is 
:expected that the functionis odd in 6 
'Let-0,1m the periodicitm of the pixel structure reouires 
•..hat the function be .:periodic from pixel to pixel. 
Note that the error iS not necessarilm peaked or ' 

f :smmmetric about , 	S. =!1/4. For examPle a Point 
SPread function which' tends towards a delta function 
,(the caSe ofrion'bluring Gaussian optics) Produces a 
saWtoeth error'icurVe 'versùs 	(vertices at e= • ±1/2 ). 

i 	- 	• 
A)n alternate and usefulform of eouation 4.6 ls the 
•Tamlor series exPansionr 	. 

.,- (4,2, a + bi.). a + . , o, 	,: (  4 . 7 ) 
,• 	

,, 
• . 	 Q ' 	. 	Q n 	Q 5" 	.. 	.. , 	. „ 

Qd z LI (aA-odki • 	., 

derivative of,0e(dz) With''rea'Pect 

7e- it.451  
(4.6) eht e : '.,' 	 . 	 . 
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, o • 	Interpolation Error and Truncation Error 
; 

The results of the previous section were based on the 
assumption that the entire area of the point sp'read 

function was sampled. ,  In praCtical applications this 
will, not be so  and  hence additional error will result 
because of  truncations ir,  the mean computation, The 
combination of interpolation plus truncation error 
can be written as (for a smmmetric Point sPread 
function) A. ) , 

• , li-e-dme(46ex ov-i) 
-7O 

re4i1  

11() 	( 4  Ba)  
(N odd) 

41.2 /U-t 1-d) d 	; 	twee nef 	e  ( 4 . b 
7,17, 	eldaff ealde 	( N even) 
(If tz.• 	«..:4›.4)4 	 r?(%, 

a 
where it is assumed that x is within 	1/2 pixel of 
.the truncated point spread Yunction, 0 and  L' (x  
represent the truncated , integrations for total charge 
and line, sPread function respectively and N is the 
total number of pixel' calumns in the x direction.  (Be  
Fig04.1). We are again Jonlm providing derivations for 
the x diTectiony the y coordinate derivations being 
similar  in  form. 	It  is also  noted that if L(x) is . 

symmetric then L' (X)  will also be smmmetric. In the 
case where the point sPread function is separable into 
product functions of x and m the error computations in 
each direction are indePendent of . truncation in the 
perPendicular  direction . 

Enuations (4.8a) and (4.8b) were analmzed.for the 
:specific case of a Gaussian point spread function given 

. 	r 

'1 . 11c, relevant parameterization is in terms of the 
standard deviation ey of the Gaussian point spread 
:junction and d the pixel dimension. The blur diameter 
(full width at half maximum) of the point spread 

.furictiori is " 2.35*(5% 

*T. 1-1e results for 2 and 3 Pixel columns in the 'x 
.direction are Plotted in Figure 4.2 and Figure 4.3 
,(note that cr is taken from the geometric centre in the 
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Fiepre 4e1 Point spread Yunction and the samp1ins1 window Ceee 4e8 ) 1 

ps F 

• 

" 

---> 

LLL A/ even 



. case N=2 as oPPosed to the 'definition given in enuation 

4.4be The function is odd about the origin end has the 

periodicity of the arram.. The figure cany therefore? ^ 

be confined to the range 0 to 0.5. Implicit in the 
calculation is the assumption that the centre of the 

image can be estimated Within a given pixel bm other 
technieues (e.g. a priori knowledgey thresholdingy or 
bm finding the Pixel with the largest signal). 

1 
Two limiting cases cari  be distinguished which are 
tmpical of the error variation in general. If the 

pixel diameter d is not large coffiPared Ud the width of 

the line spread function (measured as the standard 
deviation  6 ) then the ,mean calculation becomes 
somewhat insensitive to:the position of the centre of 
smmmetrm. This lack of .sensitivitm implies that the 
calculated mean lags behind the true mean  as the  true 
mean is moved in a particular direction* Thus for 
small d/6 the sign  of the  error in Figures 4.2 and 

,4.3 is positive or negative depending on whether the 
true mean is on the positive or negative side of the 
geometric centre. In the limit as d becomes verm small 
the fraction of the point spread function which is 
actuallm sampled aPPearS flat so that the comPuted mean 
is the geometric centre of the sampling window and the 
error is simplm the displacement between the centre 
of . smmmetrm and the samPling window centre (E/d---->°6" ). 

At large pixel diameterS truncation is no longer a 
problem: (I be* the samPling window collects charge f' rom • 
that region of the Point spread function whiCh . 

 .dominates the mean calculation) and the antisummetrie 
.interPolation error diseussed above dominates. 

The error will alwams decrease as the'numberof Pixels 
. in the sampling window are increased. Howevery an 
increase above'a samPling window diameter of 2 or 3 
Pixels is unacceptable given the rapid increase of 
noise enuivalent angle with pixel number in CCD arrams. 
'One must therefore look , to optimizing d/6 (i.e. 
.Varming the Point sPread function width in the oPtical 

- .design stage) in order to reduce the combined 
interPolation/truncation error.  Figure 4.4 shows the 
dePendenem of the errork3n d/6 for a 3 pixel column 
wide samPling window .  Qt Sze 1/4e It is evident• that a 
lisinimumin the neighbourhood of d/6 = 2.5 exists. 
.intermediate to the truncation and interpolation 
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:/nterpolationnruncation Error for 2 Pixel Wide Sampling Window 
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INTERPOLATION/TRUNCATION ERROR FOR 3 PIXEL WIDE INTERPOLATION WINDOw 
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Flutire 4.4 , 

Truncation limited 

3 pixel samiàinq 
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, Interpolation limited '• 
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limited .regions. Furthermurey the approximate 	. 
linearity of the error (Fig.4.3) for values of 
2.0 < d/6 < 2.5 suggests that the interPolation/truncation 

,-,error cari  be reduced even furtber hw applming a simPle hies 
 .corrector to the. computed Point spread centre. . 

___ 	 , 	 • , 	 . › 	 . . 	. 
'o 	Blur Spot Motion, 	 • , 

, 
- The 'Problem of blur spot motion due to attitude changes 

* 
 

cari  be Simplm formulated as a change in the standard 
,deviation of the Point spread function* Consider the 
.case of 'a symmetric Point sPread function moving with 
velocitm V in some direction on the xym plane* Let 
the xym coordinate sstem be translated and rotated  tu 

 an x'ym' smstem whose origin is at the centre of 
symmetrm at t=o end  hose x' axis points in the 
-direction of motion* Then the charge collected in area. 
element dxdm over time dt is given bm 	1 

q t;, (01- I, 	 ete  _ 

	

. 	. 
,where the integration of clover sPece and time is 

• -unit m. The contribution per unit area at a given point 
over an * integration time .r (i.e. the cumulative 	

. 

point spread function) is 	
/7- 	

. 

•
. 	

/. 	 % 	..,, 

. .. 	. . 	. . . 	1 ::-• g ) IA*/ ( /Y -Id, In elt  , 	a . 	. 

	

. 	. . 	. 	. . 	. 	. 	' , 
. 	.. . 	. 	. 	. 	11 . 	...,. 

e , 
-- 	kl Orl iy)17« ( 4 .11) 

.  
where X'.. =  x'-vt. This  expression (which rePresents a 
convolution of the-instantaneous point sPread function 
with a flat pillbox extending from -VT/2  ta VT/2 see 
Figure 4.5) is smmmetric about x' = VT/2 as can-be seen 
if we reformulate the,limits in ternis  of X' '=. x'-VT/2 viz, 

, 

	

P(4') -e.--  e ( 	
«4.. 	1 ,,, , 

wo6-ete4 (4.12) 
V /el-vr 

.1 

=  
. 	. 

'where.the symmetrm condition is of course dependent on 
-w(X'yme) 	being sMmmetric.  f• 

• 



- -Blur Spot Motion Figure 4. 
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For this expression one can show that in the X' direction 

	

a 	i 	a 

	

op 	04 6/7c2 	 ' (4.13) 

where 61„ is t hee. standard deviation of the velocitm 
dependent Point spread functiony &;,, is the "standard . 
deviation of the instantaneoLis point spread function 
and VT/ert is simpim the standard deviation of a flat 
pillbox extending from ---VT/2 to VT/2 	The imPact 
of eeuation 4.13 is that it enables us to utilize the 
'results of the previous section provided the.velocitm 
induced changes in the standard deviation are accounted 
.for. 

The largest change in standard deviation (with respect 
to the x coordinate) 'occurs if the velocitm vector is 

-- aligned with the original CCD x axis. If we examine 
Figure 4.4 we note that the minimum in E/d is located, 
in the range of d/e between 2 and 2.5. 	For.this range 
we have :from enuation 4.13 . 	, 	. , 	 • : 	. 	. 

vr et 17476 	ce traTel (dbe)/étil  in 
.---- - 

(d /6) . 	 . 	d . • 

Thus for d/6 " 2.57 this imPlies that motion blur 
should be limited to .88 Pixels between updates.' 

4.3 	DeveloPment-of a Noise Model 

f,There are two components in a noise model of:a : 
.startracker..The first component describes•the. 
'startracker performance and relates the noise 
eeuivalent angle to the Performance characteristics of 
the  imager. The second comPonent extracts those 
•characteristics of the arram to allow calculation of 
.the detector signal-to-noise ratio. 

Star tracker Performance  cari  be characterized bm the 
random error  in the image locator. Our modelling has 
been confined to the mean locator for the reasons 
described above. 

..'.Dark current affects the measureMents of star Position 
bm moving the apparent centroid.awam from the true 
•Position,  toward the centre of the track> window. If the 
;average dark current :is measured , and subtracted onlm ; • 
spatial variations affect  the centroid. To avoid 



;! 

• t 

• 

• 

errors of measurement the temporal noise on anm pixel 
should be reduced ba increasiinglthe integration time to 
bring the dark signal UP to apProximatela 1/2 full 
well. The average dark•cu'rre'nt PGP Pixel can then be 

•eomPuted. Alternativelm thh (Jark. current, for each pixel 
C ai  be stored' and used to Car:Peet the star data. This 
is . feasible for well defined areas of the arraa(e.g. 
the' track window) provided .  these areas do not change 
''freuuentim. A tabulation of n loisa pixels should be made 
-thus'allowing defects to be identified and ignored. 
Dar!'..current contributes shot. noise and the spatial 
variation of the dark current causes a random error in 

!the Centroid.' 	. 

. •:fable 3.1 above is a compariSon of the general 
- 'characteristics of CTD's. Of Ihe indicated Perametersy' 
'the.vandom noise model is most sensitive to Pattern 
noise. Fixed Pattern noise 'usualla refers to the' 
spatial variation of the video signal when the CTD is 
in the dark. , Occasionall some authors will refer to the 
fixed pattern' .  noise in thehighlight Portion or the 
image. We have referred to this  no 	term as 
resPonsivita variation to distinguish the two terms. 

Our model assumes measurement and subtraction of the 
. avep-age dark current; this»scenario is realistic 	. 
because it reeuires a modest !video buffer. A discrete 
model'is assumedy viz, 	. • 9 

. 	. 
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where -tx is the centroid in the >--di rection 
corresponding to the summation Over P; n corresPonds 
Le summation over the a-direction; Ipyri rePresents the 

. measured charge at each photosite; i is the average 
dark . current and -a. is the. integration time' 

The measured charge al the Photosite car  be writteny 
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the  fractional SPatial variation in the dark 
,current 	!.! 	• 	• . 
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iy(R) ,the reM04. read noise 
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, 
noise sUch es amPlifierp olookinÈ noise etc.) and has 
zero meanp 	i, 	rePresents the !dark  

	

. 	. 

, 	 ..•.› . 	 . 

current  et a eJiven Photosite with mean i 

 represents the variation  in  rlesonsivitm and without 
loss of Eleneralitm is assumed te have a mean of 1. 0 
:represents the total photoehar5Je essociated with a . 

	

!. 	i 
,..Li.ven star and w 	descrlbes the fraction of Lhe 	: 

P 7 11 '  . 	 ' 	• 	' 	11 	. 

point spread function w(xy.9) which is collected b ,...; Pixel 
pyn. 	. 	(  

4 Va)il i 	(ift4  ‘,12) ct . 	. 	. • 

'M cl 	(e° '12..) ct. 
- 	' 

i 
where x p ,3 .define 'the'cePtre Of the star imaÉe. 

0 

. 	. 
.AssuminÉ uneorrelated•random ,yariables we  cari  evaluate 
the r.m.s. error C ( P) in the  Piel position and  relate  
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. q(G) the r.m.s. variation In responsivitv:. - 
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We fUrther  assume  there is a Poisson statistic for 
sensin àharÉe which causes shot noise  in both the 

1.1nal and dark current. 

We obtain the followind'results: 

tYl: b 2  + ç (R)  
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The first three  te nus  describe the respective 	. . 	. 

conLribution  of the spatial variation in resPonsiVitMy 
the shot noise in the siSnallend the combined 	 , . 	. 
contribution of clerk current'shot noisey spatial nOiSe : 
due Lo dark current variation end:reed noise, Si ri ce 
the meen dark current is an avereEle over ell pixels'its 

measurement error is nei.J1i(Jible compared to all other. 	. 

Lerms.  . 	. 	.. ... 
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Note that ell summations are over a ..„, ack . window of N x . . 
N»,, :ù:(els c:ultred,about• arrestimate (Pe  P 1::4 ) of ,. the 

lm 	oui  (P's 's,  P- 	),,;Thir... . mo-n‹. 	that, thecoeffièlents AY 
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The.uentities AyDyC have been evaluated for e Gaussian 
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1
5 
 uointread, FurtherMorey• we have assumed that 	• 

4.This latter reeuirement has been addressed in 

: 

	

	the diSeusSion of sustematic ,error. From à mathematical 
point of  view a two dimensional Geussiany 

-› 	- 

	

.:. 	. 

	

,eXp(.-.(x  4. m 	)/2 	)y has the adventaAe of bein4 both 
circulam svmmetric . (as one exPects from the oPtical 

A - smste0 and separable clon two Perpendicular 

' directions. The value of AyD varm considerablm  and  
ere best described bm,.an uPper bound. C can be 

: 	, 
: - .evalliated directlm. 
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• • ..t,..the.re!. 	. .*. 	T *4'. 	 i5 the 	.., 
-. 'interal part of N/2 +1. For a well defined  spot and a 

matched'track window, we  cari  ensure that K is !Jreater 
.. than'::0,,S; 	C 	theref  ore  increases rather drematicallm 

with:N takinÉ the:followinÉ minimum values ly 6, 20y 30 
• ..for W=.2y3y4y5. 	.... 	, . 	•. . 	. 

. 	 • 	. . 	. 	. 	.,,. 
• Of the'three ouantities the last term dominates all 

-.  noise  Processes since Aand F.( are less than 1.. While a 
, track window 2 pixels wide ;.1ives a smaller.random 	. 

error -than a 3 pixel window . y the smstematic error j.,5', 

. ,. rather larpr. ConseouentlUy a three pixel window has 
beenused,., The tipper values for  AB. and C are 0‹,11? , 

•.. .,..0,1e)..and 8.6 respectiyelm. 	 , _ .• 	, 	, 	, 	. 	 . 	-• 	.• 	. . 	. . 	. 
.. . 	. 

APPlication of - the •Noise Model 	:: : 	-::'' ...... 	. 
. 	. 	_. 	. 

' 

• A  no 	model. has been applied to three devices: 	the 
OF.Electric CIDy the RCA CCD ,and the TI virtual phase 

• CCD. ::These.devices have  been selecLed because them 

. -.represent three technoloE1i'cal classes - the random. 
. access c na r.:.,1e..• 	la :thinned back L, I  Ut • . 

Phase:cltaràeeouPled device and -fa•- • 
• - 

front:side. ËluMiPated virtualLphese .device; , 4, o , 
.,..:_el:vt'.imates'therandoir'errot.feraCtiOn Of a Pixel.) 

sus•dark c:urrentror .the.threo ,,devices at inrinite 

	

- 	m, , 	, 
Y'While the RCA device  ha  s the' 
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largest responsivitmy the large pixel area (30 x 30 
microns) implies a greater dark current contribution 
than the other devices. 	In addition? the RCA device 
reouires lower operating temPerature to achieve this 
result. The resPonsivitm? Pixel size and dark current 
For the GE and TI ''ces are comParable - apParentlm 
CID's have been manufactured with room temperature (25C) 
dark currents in the range of 0.4 - 4 nA/cm**2 
while the TI device is reported to oPerate at 0,1 
nAlemla2 .Howevery the GE CID exhibits smaller 
variations in the responsivitm which aceounts for its 
improved performance. 

Further comparison of devices has been confined to the 
GE CID and TI virtual phase device since the RCA device 
is generallm poorer than the other two because or the 
larger dark current at a given operating temPerature. 
As noted abovey aPart from the resPonsivity varlationsy 
the GE and TI devices are similar; conseouentlyy the OE 
device shows cn imProvement of appro•imatelm 1.4 in the 
noise eouivalent angle when the two devices are 
oPerated at high signal to noise ratio where 
responsivity variations dominate the poise eouivalent 

The Fixed pattern rio: se  hure  been modelled as ir there 
re two dominant comPonents clocking noise and 

variations in the dark current, The model parameters 
that have been assumed are siiven in Table 4.1 

Cable 4.1 	Mode ].  Parameters 

Dark Current 	 4 E03 e/see 

Fractional Variation in 
rark Current 	 1% 

Residual Clocking Noise 	70 e's 

Amplifier Noise 	 20 

Star Signal (Magnitude 6) 	1.5 E03 electrons/sec -  on  

Local Responsivitm 	TI 
Variation 	GE 



:n.n Vt 

Many of these parameters cannot be determined from 
available date. In particular, the CCD systems 
indiceted that the clocking noise is aPProximetelY 7000 
e's before  arc  y attempt at suppression. We have assumed 
ihat the use of e correleted double sampler  car  reduce 
t hi  s to 70 e's, There is data for the GE device 
howevery this 	tais  obtained efter digital signel 
processind (Double read non-destructive readout .). 	This 
technioue hes Yielded similar values Gf combined 
temporal and fixed pattern noise. 

The GE reports indicated that be:low 0 degrees C the 
Johnson noise term dominates the dark current. 
Howevery our  iii de].  is not very sensitive to the nuise 
source but onlY to the total noise. 

Figure 4.7 illustretes the variation of signal-to-noise 
ratio with lens aree for two different ro .1 length 
lenGes,› The calculations for e magnitude 6 star shows 
thet,for e Aiven dark current there is a max:imum 
integration time beyond which there %!,i.e.- no practice] 
increases in signal-to-noise ratio. These grePhs 
il3ustrate that a design which calls for a 1 arc second 
noise eouivelent angle renuires a signel-to-noise ratio 
of 280 for e 50 mm le ris  this signal-to-noise implies 
in integration time of approximately 10 sec and an 
aperture of 1/1,4. To make use of the difference 
between the TI and OE devices reouires a redution in 
A•ie derk current by a fectel: of epproximately 2,3 for 
Uhe  f/1.4 lens. 

i.gure 4.8 illustrates the noise eouivalent angle 
versus integrction time for a magnitude 6 sta; for tioth 

d5 and 50 mm lenses. 	Tho asymPtotic behav',our at long 
.ntegretion times is clearly shown. 	With the 
additional use of large aPerture 1. anisas the OE deviee 
shows suPeriority. Note that the sYstemetie errors at 
the land  2% level indicated at the left of the graPhs 
Tiply en eoual distribution:of the systemetie and 

 random errors for f/1.4 lenses. 

Figure 4.9 illustrates the integration renuired 
yield noise eouivelent angles of 0.5 and I are seconds 
using difeerent lenses and epertures, The results are 
10 Lied for stars of different magnitude. Note that 

deereesing the temperature of the CTD ellows oPeretion 
at longer integration time. 	For all integration times 
les than 50  seconds y dark current does not cause 
seturetion of the array at either temPereture, 



Noise Equivalent Angie 

(arc sec) 
1 

TI 

10
3  10

2 

10
2  

o 
F 

te 
o 

10 
te 

1 

__I_ _L. 	_ 
2.8 	2 	1.4 	1.0 

50nun 

2.13 	2 	 1.4 f/ 
135auU 

Figure 4.7 

1:73 

I 



FIGURE 4.8 
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u • 	Update Ti me Strategies 

We can consolidate the discussion of smstematic and 
random error to evolye an update strategm. The 
minimum noise eouivalent angle should not exceed residual 
• stematic error. This limitation of 1 - 2%  inter- 
pulotion error sets the lower limit ,o ri  the noise 
ut.Auivalent angley and thereforË the maximum integration 
Lime for a given lens. 

Sinea 1 - 2%  interpolation error corresponds tu 
signal-to-noise ratios of 293 and 147 respectivelsy we 
note that attempting to achiev• lare signal-Lo-noise 
vilYtioy.S/Ny is not fruitful, 	As indicated abovey the 
luw signal-to-noise ratics (,hat are renuired 

imp:Ls that 

A ci(o)y B/o 	C/5/N) 

• that the latter term J. 	dominant. 	Furthermorey 
havin noted that the signal-Co-noise ratio tends tu 
limit 

n I 

(S/N) 	= eA/ri 
inf 

where 	e is the Photocurrent/area 'rom a Aiven star 
A iS the lens area 
i is the average dark current 
I  is the fractional  variation in dark 
current due to spatial variation 

We ean adopt an uPdate strateg 'cm.: settling for 
S/N =(S/N) 	/M 

inf' 

where M is approximatels 2; this 	determines 	the 
maimum useful integration time. The result of this 
cumPutation is 

4 	t 	Lt.e011- 1) (i lqt ,c) 

T 
aie no' GUA represents all noise Le ras  which do not 
• with integration timey 	i.e.y 	resety cluukingy 
wmplifiery an'd smstem noise 
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Fur  DUr model calculation with M = 2y f = 0.01y i - 
/1E03 cc ], c„ c t ron  /See, es 1 (4‘A 	5300; 	= 1,5 s C 	d 
Note that halviroii the dark currenty iy doubles the 
interation time; this corresPonds to 	T = -8 C. The 
sinal tO noise ratio 

(e# /Jet) 
and the VM5 interpolation ut ru  is 

ecn (
tu e 
e 

For 1 %.7 2 % interPolation errur the reouired  lais  
- 

areas are 14.5 and 7,25 cm 	respectivels, 

The lens focal len:LetWthen determines the reuuired NEel 

ÛD 

is the anular subtene or 1 pixel, Note  that 
this anal‘Asis indicates that 	2111/ri (cr, Fi,4.) 	is 
the aPpropriate parameter for solectinÈ CTD's, 
tradeoff of Power versus weiht Ls reouired LO ases-› 
the cost penalt:c incurred b ,3 cool in and bs increasilA 
the  Lens  area. For fixed noise eouivalent an:fle and 
hical leroiAhy the ratio or area to dark current is 
fixed so that the tradeoff is clear, 

Effect of Motion Blur 

When orbital rates are lar:7Àey we attempt to control 
the s ,.cstematic errors  ha deoreasin the uPdate time and 
incur the penaltle in noise euuivalent 	for a :flven 
readiw3, RePeated measurement allows estimation of a 
straiÉhL line which describes stellar Position eLther 

extrapolation or interPolation and which corrects 
Fur  the inherent lead or laÉ, 

We examine two cases; larfite orbital rates of 240 arc 
corre'spondin 	to a 90 minute low orbi t; and 

small rates of 15 arc sec/sec corresponding to a 
.ieosmnchronous orbit. 	Table 4.2 indicates the 
performance of two different IL-:;stem desiE:Ins oPerated 
with the update  tutus  that would be reouired for a 



/ 

stationary star field. Note that the star field is 
essentialim stationary in geosynchronous  orbite  The 
tolerable movement of 0.88 pixels reeuires a larger 
number of readings with a minimum measurement time for 
the low orbit case. This results in a large MEA for 
each measurement. Howevery the large number of 
measurementsy N7 reduces the effective value by the seuare 
root of N ivin e  the indicated MEAe Note that this 
mode is effective whenever the clocking and amplifier 
Hoise dominate the CTD noise characteristic since in 
this case there is no difference between on chie/off 
chie summatione 	BY further increasing the integration 
t'ime and the number of readings the desired ME ....'art  be 
achieved. 



I am ma am um 	 um ram im 	RIIII 	Mal mar an ow am Li4-  

Table 4,2 	Effect of Orbital Rate on the Update 
Time and the Noise Eeuivalent Angle 

Low Orbit 	Geosnchronous Orbit 

Star Magnitude 	6 	6 	. 

Period 	90 min 	24 hr 

Orbital Rate 	240 arc se/sec 	15 arc sec/sec 

Lens APerture 	1.4 	1.4 

Lens Focal Length 	50/85 	50/85 

Pixel Angular Subtense 	91/53 	91/53 

(arc seconds) 
Star Rate Pixel/sec 	2.64/4.53 	0.165/0.283 

NE A No Movement 	1 arc sec 	1 arc sec 

Integration Time 	4 sec/0.3 sec 	4 sec/0.3 sec 

Star Movement Pixels 
in 1 Update 	10.6/1.36 	0.66 1 .085 

Maximum Tolerable 
Movement (pixels) 	0.88 	0.88 

.Number of Reading/Meas 	12/2 	1/1 
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Table 4.2 	Continued 

Keasurement 	Time (sec) 	0,33/1.5 	ecquivalent to 

NEA/Measurement(arcsec) 	• 5.8/1.5 	stationarg case 

Effective NEA.(arcsec) 	1.67/1.34 

Integration Time (seconds) 
to achieve 1 arc sec 	11.2/0.54 

t_ 

(*• 
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OPTOMECHANICAL DESIGN 

rhe oPtomechanical design addresses four areas: °Pt:teal 
eonfigurationsy choice of lensy stram light suppression 
and an assessment of thermal load at the charge 
transfer device. 

The discussion in the chapters above has assumed that 
multiPle cameras are present+ However the design 
ehoices were restricted to one CTD Per camera sinee 
this describes the essence of the concePtual design 
choices+ In this section we discUss the need for 
multiPle CTD's per cameray and the number of cameras 
tai;  are renuired. 

Lens focal length determines both —the field of view 
and the angular subtense of a single pixel given the 
mechanical dimensions of the arraa. Thaïe are a number 
of options available as summarized in Table 5.1,. 	The 

ratio of dark current to lens area determines weight 
and powery so that decreased light levels (smaller lens 
areay or decreased throughput) can be eomPensated bm 
cooling the aeram. ImProvement of system performanee 

. be  a factor of 7y allows stars weaker than magnitude 6 
L  be tracked; a narrower field of view  car  be used an 

higher resolution is obtained+ However, the si.2.e or 

the star catalogue increases substantialla. 

Figure 5.1 illuStrates the mounting Of the lensy 
errai 8nd Printed circuit board. 	This strq ..icture is 
ehosen to minimize thermal conduction From the 
spacecraft heat sink. 

J. • 	Choice of Lens 

ïn choosing suitable lensesy the following eriterion 
were considered: 

1) - 	The blur Size ofthe lens should be slightla 
bigger than the pixel size of the arraa. 

2) 	'Dfstortion of the Far field must be 
eharacterized and correction made for angular 
distance of the image from the optical axis. 



Design Option Advantages 	Disadvantages" 

Long focal length 	Increased angular Small 
field of view 
and longer period 
between empt2 starfields 

Increased lens More light on the 	Greater weight 

Greater numbers of 
Pixels in fbcal 
Plane 

Larger field of view 	. Lens distortion 
more critical 

Better than multiple 	Arra2s are not - 
cameras 	buttable 

4 

Multiple arravs 

r 	ma or 	r 	r mon 	 cm Nu 

Table 5,1 ,  Optical Design Choices 

Short focal length 
lens 

Larger Field of View 
and short time Period 
between emPty starfields 

necreased angular 
resolution 

lens 	resolution 

Diameter 	arrav 

Custom Design Yield 

Weight Power 

Mechanical alignment 

Larger Array 

Multiple Cameras 	High Light level 
(minimum of 2) 

Two orthogonal 
line's of sight 
define, pitchy roll 
8 2aw 

Single Camera 
with Beamsplitter 

Decreased weight 	Half the light 
and Power 	level 
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Lenses whieh satisfs the first-criterion were selected 

and thereafter the distortion of that particular lens 
us  investigated. 

UTD's have Pixels which range from.20 to 30 microns. 
. ssuming that this oPtical point spread is Gaussiany 
then it gives the result that the modulation transfer 
functiony Myis 

-Ç cr )1  /2 

where r is the sPatial freuuenes and 	eis the standard 
deviation corresponding to the Gaussian spot 

Since we have established that ratio of Pixel size  Le. 
 standard deviation, varies between 2 and 2.5y then er 

should range Iront  .8 -  Lo'15 microns. 	Figure 5.2 gives 3 
different curves of M(f) against spatial freuuencs for 
different blur sizes. à eomparison of these curves with 

the MTF information provided  Lis  lens manufacturers is 
also shown. 	The  f,]. .4  - 85mm was ehosen as the trial 
candidate for further test - since ùther lenses"show much 

higher resolution. 	In .facty' even the  5 5/1.4 lens 
reuuires defocussing. The distortion at the Feriphers 
of the. CTD is estimated to be 1.5 microns so that 
further correction is neceSsars tu reduce this value to 
;)..01 pixel. 

Lens Weight versus•diameter or the  :Lens is given in 
Fi ire 5,3 • rt rePresents data fo,7 PhotograPhic 
objectives. 

Stram Light Suppression 

For most.optical instruments off-axis straY light 
illumination introduces measurement error. 	This occurs 

even when the source is outside the field of view 
because of lens imPerrections and reflections within 
the optics. In sPacecrafty this off • axis illumination 
is usualls from the suny moon or sunlit earth. 	Tr the 
Ii inimum alloWable angle between the limb of these 
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sources and the oPtical axis of the instrument is 
known./ a two stage shade can be conStructed to provide 
optimum rejection. 	In our casey since the Gun is the 
brightest object only the Stray light from the sun is 
c;idered,, The -- ciesign goal of a two stage shade is 

ta eliminate .first bounce reflections. 	:7,Pecu1ar or 
diffuse light cannot- impinge on the lens aperture until 
the 'critical angle is reached. Thusy the baffle edges 

in the outer stege are .Mot "seen" by the optics. Given 
L: oPtical aPerturey Field of view and sur engley a 
minimum length shade can be designed. Figure 5.4 shows 
the length - of the sunshade length for a 50 and 85mm 
r/1..4 lens. 	Large sun angles a,re -  ineffective since the 
sun , is ofterc.within the star tracker field.of view. 

The Placement of baffles in a sunshade is determined so 
that , the camera lens is prevented from l'seeingu  art' 

directly illuminated walls, 	The resi.dual light 
arriVing at. the detector  l o s  therefore beer attenuated - 
by wall. ref].ectiony '1:1s .  diffraction and im,vreflection at 

e knire edg•  or bY-seVerel of these attenuating 
•rocessesn lf the attenUation coefficients due ta 
reflection and diffraction'are knowny for e  L 1. 	LIt' 

down the baffle s.iesten 	f. raction of the incoming 
light reading the bottom or the - barrle can bu 
determined, The  sue  over  al I.  such paths is the 
attenuation given of the barfle system 	Derrie 
attenuation has been estiMated for a f/1.4 85mm lene 
and a 20 degrees  suri angle'sunshade design; the 

effective lens area is shOWn in Figure 5.5. 

The intensity distribution after multiple refletions 

is assumed  Lobe Lambertiany so that the 	onl 
collects light for a solid•angle defined by  .1. La  angular 
• btense, The total solid angle of the array is 8,3E-(Y3 

sr and this represents only 2,7E...03 collection 
efficiency. The overall attenuation is also s'iown in 
L he figure. . 

lite  signal levels per pixel for the surly moon and earth 
,::;re given in Table 5,2 when these objects ine2 imaged 

on the arraY. The effect or the•barfle iS shown in 
a function of angle of the object out 

or the field of view. 	There is the remote possibilitY 

that stellar images can be seen with the moon on  Lie 

periPherm 'of the field of viewy since signals of 2E10 
eSsec corresPond to 2E4 full wells for a 1 ,.5ec 

integration Lime. 	Ir  a  CID is used blooming 
suPpressiony will minimize errors in the measurement. 
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Table 5.2 Signal Levels of Various Sources on the Array 

f/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/cm2 	W/cm2sr 	50 	85 	50 	85  

Sun 	0.5 	0.135 	5.6 x 10
2 

21 	36 	9.5 x 10
14 	

9.5 x 10
14 

Earth 	fills field 	40 x 10
-3 

12.7 x 10-3 	1 	1 	2.0 x 10
10 

2.0 x 10
10 
 - 

of view 

10 
Moon 	0.5 	40 x 10

-3 
12.7 x 10

-3 
21 	- 36 	2.0 x 10

10 
- 2.0  x - 10  

Star 	negligible 	1.3 x 10
-15 	 1 	1 	1.5 x 10

4 
4.3 x 10 -  

-6 2 
Etendue = 1.46 x 10 cmsr 
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Table 5.3 Signals with the Baffle in Place as 
a Function of the Angle Between the 
Source and the Optical Axis 

Earth Effective Lens Area 	Sun 
Angle 	• cm2 	 Power (W) 	Electron/sec 	Power (W) 	Electron/sec 

20
o 	 2.58x10

-15 

21
o  

9.87x10
-16 

27
o  

6.69x10
-16 

37
o  4.56x10

-16 

58
o  

2.54x10
-16 

3.48x10
-16 

4.02x10
2 1.03x10

-16 

1.33x10
-16 

1.54x10
2 3.95x10

-17 

9.03x10
-17 

1.04x10
2 2.68x10

-17 

6.16x10
-17 

	

71.2 	 1.82x10
-17 

3.43x10
-17 

	

39.7 	 1.02x10
-17  

1.19x10
2 

45.7 

31 

21 

11.8 

o  
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Thermal Considerations 

TemPerature Control of the image Sensor 

To r • duce temperature sensitive d8rk current and 
transistor noise it is important to  cent roi  the 
temperature of the sensor. The easiest way to achieve 
this is by means of a thermoelectric coolery which 

..11 .f07, 	heat from its cold side to its hot side. The 
direction of the heat transfer can be reversed by 
reversing the control current. Very careful 
eonsideration has Le be given to the choice of the 
eooler. A multistage design is most likely because the 
efficienc e  of the cooler is highly dependent on the 
LemPerature difference it has to maintain and the 
amount or heat that has Le be transferred. These 
rectors will determine the amount of contre]. Power that 
is necessare. 

The cooler controller consists of a POWV.fl* 

amplifier that will generate the necessary control 
power for the thermoelectric cooler. A temPerature to 
voltage converter senses the tempe rature of the 
..preferablv) image area or the surface between the 
sensor package and the the.rmoelectric cooler and the 
microprocessor will execute a control algorithm that 
stabilizes the image sensor temPerature. 

Heat Load at the Charge Transfer Deviee 

We have assumed that the CID might operate as low as -5 

degrees C and that the sink varies in temPerature rrom 

-40 to +65 degrees C. Table 5.4 summarizes the thermal 
ir,....msfer coefficients in vacuum and the heat load 
temperature differences of 70C. We assume thal, the 
eooling is provided by a two stage Thermo Electric 
i;ooler which is optimized. 	Optimi s ation re ,..Auires 

inereasing the number or thermo-couples ‘ in the seeond 
to  maximise the coefficient of performance and 

mateh the heat load. Figure 5.6 illustrates the 
estimated power  • onsumption as the cold side 
temperatue is varied. 	The calculation assumes a hot 
side temperature of 65C(33SK). 	For comparison ,  the 

performance of a single stage cooler is also indicated. 
Values for  'Lw::  Borg-Warner coolers have been 
estimated as well. Unfortunately!,  data is  "sit  available 
1,D simulate the sYstem Performance at intermediate 
temPeratures. 
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Table 5,4 	Thermal Load 

Part 	Dimensions 	Heat Transfer 	Power (W) 
C/W 

Ceramic 
Flange 	4.5 cm ID 

0 42 cm wall 	114 	0.60 
thickness 
4.5 cm long 
X sectional area 
approx. 3 cm 

30 Leads 	CopPer 
2.5 x 0.08 x .013 cm 	23 
Constantin 
.014 dia. x 0.5 cm 	476 

Series combination 	500 	0.14 

Scene 	 Negligible 

Radiation 	Emissivit 1 
wall approx. 65 degrees C 	0.24 
chip approx. - 5 degrees C 

Power Dissipation 	 0.1 
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6.0 	COMPUTATIONAL REQUIREMENTS 

6,1 	Pattern Recognition Algorithm 

n rudimentarY flow chart which combines the seare:h and 
traek algorithm mith a view to minimizing the star 
catalogue search times •has been produced (Figure 6.1). 
The principle feature or this approach is the concept 
of a link list connecting neighbouring stars. By 

numbering the links from a given star to its nearest 
neighbours end cross indexing this list with the star 
eatalogue a considerable decrease in search time is 
achieved at the expense of some increased storage 
rec,kuirements. 

o 	Creating the Star Catalogue Organiation 

The stars of the sky may be considered as Points on a 
The 10CatjAWIS of these Points are known. 

Consider that these Points are inside a balloon and are 
rigid with resPect  tri  ',heir positions. 	Now shrink the 
balloon SO that it tightly oraPs these points. The 
result is a :Iolyhedron which obeys Euler''; 
namelYy 

V 	E 

where Vis the number of vertices (stars) ,  F is the number 
or edges (connections between stars )y and F is the 
Humber of faces of the polyhedron. 

In the worst casey each race is a triangle ,  then the 
relationship becomes 

...rom the Point of view of storagey 3V - 6 links must 
be stored. Howevery sinee the rePresentation must be 

centredy that isy each star must  kn;ow  ail  of its 
eonnectionsy 'ach link will be stored twice, 	The data 
structure that is necessary for this is a linked listy 
...ince no upper bound can be determined for the numbers 

or links per star. 	The data structure is illustrated 
in Figure S.2. 

The major problem remaining is the construction o  this 
polyhedron or 'convex hull'. An algorithm for this 
ex nets in the literature and is due to PreParata and 



I. else 

Flgure 6*1 Search and Treck Algorithm 

/* note that comments are enclosed in 
/* 	*/ delimiters* 	*/ 

Repeat forever: 

Take star field snapshot: 
if guidance - error not set  than  

/* only a posiLion refinement is reckuired*/ 

/* the flag 'guidance-error' can be set either bm 
the inertial sYstem on actual breakdown; or by 
the code below (signalling an ambiguous 
situation) */ 

if stertuP cmcle then 

perform a linear search of star eatalogue 
for  all  stars  in the field of view 
predicted by the inertial 
smstem's position information 

we have pas -J,  posiLion ür s-i, *ciric stars in 
image and in ceta]ogue; 	*well as as 
spacecraft sPeed and Lrajeetorm Hsing this 
information; we  cari  predio1 new 
field of view location* 	Ft'jr e4uh sLar in 
past FOV; search links for stars in neW FnV 
and thus create a list of sLars expected in 
FOV 

create image - specific search windows for each 
star in list; create coarse image from real 
image; threshold and use to remove noise in 
original. For each Predicted search wjndow. 

verify star presence and magnitude if all "stars" 
in original image are not accounted for then 

if have 2 or more stars verified 
then ignore the rest if have 1 or 
fewer stars verified Lhen 

set guidance errors /* this 
is just a flag for the ne:.A section 

if guidance error  rot set  than  

return true star positions from 
catalogue  t. c: guidance smstem 

n 1 
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Figure 6.1 Continued 

if guidance - error then 
/* now e "blind search" is 
necesserm particularly if the 
smstem has not been operating for 
some Period of time */reset 
guidence-error; /* assume if true 
inertiel system errory this wi]] be 
set egain */ - 

if breekdown occurred less 
than X time units ago then 

using most recent position end 
motion information creete e large 
subsection of skY within which FOV 
must be Present 

else full sky seerch 

create coarse image from reel image!, threshold 
to remove noise in originely find ondidete stars 
in this image; 

creete a list of candidate stars 
from catalogue using Position 
informationy so that stars are in 
subsection of skm to be searched; 
find star candidates in image; 
hypothesize matches 
combinatorially; re du c e  number of 
possible matches using expected 
magnitudes; begin metching with 
least ambiguous star match* 

repeat until 2 or more stars of a 
pattern ere matched ou 
Possibilities exhausted for each 
star in e link list; compute image 
separation distences 

check image for stars at ee .ch 
expected distance; goal Ls to rind 
ster's neighbourhood Pett•rn in 
image if at least 2 connected ster:s 
foUnd then return true step 
Positions from catalogue to 
guidance sYstem /* If no proper 
matches foundy return to top,of 
100PY t•ke a new picture and trY 	_ 
egain */ 

N.B. Least ambiguous here means soma combination or 

brightness and smallest nunber of hypothesizPd 
metches. 
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Figure 6.2 	Link List Organization of the Star Catalogue 

FOP each star there is a pointer to the list of edges. 
In the figure these are given the values 5,3,8. This 
indicates that stars 1p2,3 have 5,3, 8  neighbours. The 
star number for each of these neighbors is indicated hm 
the x's in the figure« For V stars in the catalogue 
there is a maximum of 3V-6 connections which must be 
stored bidirectionallm« Each star also reeuires a 
pointer and an edge« In  total,  then, one reeuires 8V-6 
integers« For maximum compressions this means that 
log V 	bits are reeuired for each integer« 

-• • 	 • 	 u. 	 • 	 -  ' 



Hong+(Ref+8). 	It reouires 0(n loi(n)) stePsy 	that isy 
the amount of computation units is 

K * n * log(n) 	C 

where K and C are constants and n is the number of 
vertiees+ The exPense reellm doesn't matter since the 
eigorithm will onl• be executed for star cetalogue 
ereation+ Additionel work on convex hulls was done bm 
O'Rourke (referenc4+ There  are  some problems thet 
were encountered bm O'Rourke in the imPlementetion cf 
the 'merge' oPeration but  the  were overcome+ 	There 
needs to be consideration of et leest 1 - sPecial casey 
that of the merge of 1 point with e polmhedren+ The 
solution creates links to ell points on a closed surface. 

The merge operetion (i+e+ the joining of previouslm 

cons(ructed subsurfaces to create the final overall 
linked surface) is  cl. rani 	where al.). the Problems 
erise+ A generel solution is to creete a bend of 

jointedy flexible triangles thet cran wreP eround the 
surfaces to  te  joined+ The details of these oPeratiens 
sius  soi e exPlicit geometrical examples ean he found in 
the aforementioned references+ 

Tradeoff! Space  Vs + Time 

The point of creating 8 star catalogue using this 
erganizetion is to minimize the time reouired to search 
the catelogue for candidate stars for the next snePshet 
matching+ As an example of the efficiency of the link 

List  we assume the following upper limits; 5 stars in 
the current field of viewy and rapid changes LP thie 
field of view so that  sas 45 new candidate stars must 
be considered for star catelog identificetion (i+e, 
Lia  orbital rai-ris  high so that the startrecker image 
o;ianes rePidim). 	With 40 new eendidate ster . s (3*45-6) 

120 links ere  'eau. id  to traee e path 
through the star catalogue+ 	in contrast an unlinked 
catalogue of soY 3000 stars would reoulre 3000 checks For 

avers star comperison made+ Note also thet this 
example is somewhat extreme; at realistic orbi tel rates 
end update timesy the new field of view is"displeced Lu3 

I.  es than one degree whieh meens that there 
tmpicalim 'no more than three new candidetes for the 
link lit. organization+ 

ip 
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6,2 	Attitude Determination from Startracker 
Measurements 

The nomenclature and deometrical transformations 
introduced in this section are similar to the °High 
Altitude Reference System Development Study° (Ref. 10) 
which was used as a basic reference. 

11 	

To transform from stellar coordinates to the 
local startracker coordinates one utilizes four 
cartesian coordinate systems' .  Star positions are given 
in terms of right ascension (azimuth angle) and 
declination (elevation angle) in the inertial or - 

:..__ 

	

	celestial reference system whose z axis is alidned with 
the earth's axis of rotation. For a specific orbit 

, 
II 	

orientation, vectors in this coordinate system are 
transformed to the orbital coordinate system shown in 
Figure 6,3 

The orbit plane is completely specified in terms of its 
inclination i relative to the eeuatorial plane and the 
azimuthal andlefil, between the direction of a specific 
star (the first point of Aries) and the intersection 
point of the ascending orbit track with the eeuatorial 
Plane (ascending node), For the sake of convenience 
when referring to body centred coordinates (see below) 
the axes are labelled so that the Z axis points 
radiallv inward along the direction of the ascendind 
node axis, the Y axis is perpendicular to the orbit 
Plane (opposite in direction to the obital andular 
momentum), and the X axis completes a right hand set. 
The body centred coordinate system (shown at the toP of 
the orbital plane in Figure 6.3) is fixed on the 
orbiting satellite and oriented such that its nominal 
position is characterized by the Z (yaw) axis beind 
perPendicular to the orbit plane (again opposite to the 
orbital andular momentum vector), and the X (roll) 
axis completes the right hand set (in the direction of 
motion for a circular orbit). Note that With this 
definition the nominal position of the body centred 
coordinate system is coincident with the orbital 
coordinate system at the time of ascending node 
crossing, 

Fidure 6',4 shows the deometrical relationship between 
the body centred coordinates and the sensor 	. 
coordinate system whose Z axis is alidned with the 
optical axis of the system (or some aPpropriate 
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Figure 6.3 	Inertial, Orbital and body centred co-ordinate systems 
(subscripts I, 0, and B respectively) 
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Figure 6.4 	The body centred and sensor co-ordinate 
system (subscripts B ans S respectively) 
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reference in .the field of view of the instrument). 
Since the sensor measurements are essentiallm angular 
measurements relative to the optical axis and because 
these angles are smelly displacements in the sensor 
(cartesian) coordinate smstem  are  approximated bm 
angular Quantities (see below). 

Al].  transformations between cartesian coordinate 
smstems  cari  be expressed as a product of three matrices 
rePresenting three Euler rotations. This geometrical 
seQuence can be envisaged in terms of three  sera rate 

 rotations of a rigid bodm about ris x9 my and z 
coordinate axis. 

In goin from inertial to orbit coordinates a rotation 
about the Z x  axis (A) and subseQuentlm the X x  axis 
(inclination angle i) mields the transformation 

	

(Y0 	 o 	 xdpe, .0. 	0) ( X / 

	

Yo 	 Z 	 0 	 0 	— I 
Zo 

o 	Zz  

z (>(yr, ) 
Z r 

where the axis orientations prior to the rotations were 
X, with yr  9 Y0  with -Zz  and 2 0  with -Xx  (chosen for 
convenience in reference to bodm centred-coordinates). 
A similar procedure for the F ..,rensformatin from orbit:nq 
to bodm centred coordinates  dia] Us 

(

(An tP-ced ce 1 -  <VA.(/' 44:et 0 -ilin  0 	4eit v/..cint 0 	-,coa, 'mi.' be) t4  (P4i41 0 ,o9a. a 

ieea  le- - 4ezL ire« 6' I- cceleeett .0 Wm 0 

44.0 4;t4,  0 	 - xliA, 0 	 c_.  , ,, ,  

(6.2) 

represents a rotation about the pitch (Y0 ) axis, a 
rotation about the roll (X0 ) axis and a rotation 
about the maw (Z0 ) axis. 	All rotations are in a 
direction such that a right hand thumb rule points in ' 
the  direction of the associated axis. The nominal bodm 
cent red  orientation referred to above is taken here to • 

(6.1) 
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?;,,(0(s,fl )  f;(6), 0, (e) 77z-é 	?(Aecj /m) (6.4a) 

etee DEC èi 	.42;n eitece DEC jr  4ik DEC ex (6.4b) 

• 

mean the case (i) = .0.3; and e. -ewhere eis the 
azimuth angle of the satellite position vector in the 

plane of the orbit ce. 90 degrees in Figure 6.4 above). 

The last transformation rrom body  cent red  to sensor 
coordinates is given by 

—4ev%,ee$ 	4ceo•s  

-eeeeel Ael t13$ -A;taleS 4.s eci=LO  n6's 
cou,ces  £41. ac 	4t  Or 	424,  des 1 

(6.3) 

where cgs p and per are the azimuth and elevation angle of 
the sensor optical axis (Figure 6.4). 

Since these transformations must preserve vector 
lengths all transformation matrices 7 are unitary or 
eauivalentle 

where the superscriPt t refers to the transpose of T.  

The coordinate transformation of a fixed vector 
pointing in the direction or a given celestial 
reference Point (star) is given by 

where e, is in terms of the sensor coordinate system 
the  circumflex indicates a unit vector).. 	in te nus  

of the inertial coordinate «  system is given by 

RA represents the right ascensi; of the star (azimuthal 
angle), DEC the declination (elevation angle) and 1,,y 1.ry 

are axial unit Vectors in the directin of the . )(1? 
Y.1 7 and .  Z z axis respectively. 

If c( and ig represent the azimuthal and elevation angles 
of the unit vector in the body centred coordinate 
system (see Figure 6.4)y then the transformation to 
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the sensor sustem is gi von bu 

/as 	
'et:Us 	a .,0) 	(iee eeg "CCU. kt) 

(yz 	TS6 -41;tt ‘010 	,c 

where only terms of first order relative to unitm are 
retained. The X and Y comPonents rePresent the angles' 
actuallu measured bu the startracker relative to the 
optical axis. 

Given the X and Y components as input one cari  attempt 
to extract OP Of anderom euuation 6.4« However it 
is clear that for small off axis angles the attitude is 
very insensitive to the Z component of ps  • 	(i.e. 7_ " 1 
foi'  all measurements). 	Thus an inversion of (6.4) 
using data from a single star sensor can realistically 
provide only two Pieces of information (two angles) 
regarding attitude. A good illustration of this concept 
is the case where the optical axis is close to say  the 

 Pitch axis and a large change in pitch angledis 
reuuired before the displacement of a star on the star 
sensor image 'plane is comparable to the displacement 
caused bu relatively small changes in roll 3nd'uaw 
angle. 

If estimates of attitude are available from the 
inertial navigation sustem or from Previous star 
tracker measurements then the retrieval problem  cari  be 
reduced to extracting changes in attitude given changes 

. in stellar positions on the startracker image plane. 
Such an approach is advantageous in the sense that  j. t:. 

 eliminates the need to rePeat redundant information 
concerning absolute angular posi:tion when angular 
changes from estimated Positions are small. Accordingly 
for a star of given declination and right ascension we 
consider a nominal or reference position to be Élven  bu  

r = 	(0,4)  Ps) tib  (8r, o r ) (14,)t-,r(i,A) (oEc.,4A) 	( 6 6 

and its actual position to be given  bu euuation (6.4). 
Since the celestial coordinates and orbital parameters 
are the sanie for both star sensor vectors we can 
cpmbine ,enuations (6.4) and (6.6) to obtain the 
difference euuation 



1 0 5 

41Yé 	
w+e 4g. 	 -r"'ef 

?-ao  eéo, ip) /fe es - 
or 	 TS» 71, (6; 0)0 Fe (or., dirt e e se 
where the unitarm ProPer . t‘3 of the transformation 
matrices has been utilized to replace Inverses b% their 

transpose« 	If the reference Position is sufficient12 
close to the true Positin we can make use Gr the small 
angle apProxmations. 

6.0a) co,i-Ato 	,cov- --44:kerlie 

A•e»i••  (9'fr  * Cds>«, 611.- 	 (68b) 

with similar expressions for iPand 	Eouation (6.7) is 

then reducable to the form 

— 	Tia 14+ 81 7; a Pe 
(6. 9) 

where K is an antisvmmetric matrix which is first order 
in angular differences while r is second order in 
angular differences. The pertinent components of rand -- 
1«,  
B are 

(6,10) 

a 	= A•14%. (èer. -Aas —Aeceeesw- ("tel. (Pr 

C143 40 Le-J.0 e  ACe.Wr tAP C-4)-4, 1.14- 

11.06.10 4i4i. 2 94 C06- Or 

64 ?  = 	Xerd-  Or 4-i.n.üve  

.11 	.4e),Q (13 402 2. ter 	0 r 

b2j 	A0411/ cotth, cera-lee  — GM te4141114- 

-46.4 xArdAer 	Op, 

r..... 0 

(6.11) 

In deducing these expressions terms of third order were 
neglected in comParison to terms of first order, The 
reader will note that all comPonents are independent of 
the pitch angle« 

Consider as a relevant examPle  a  Star sensor whose 
coordinate axes are aligned with the  bodw centred axes 

a camer-a pointing close to the direction of he 
orbit radial vector;«e—lu n), 	Letting (b, 	() 	0 , 

the X and Y components of euuation 6.9 
reduce to 



i s 

(6.12a) 

(6.12b) 

(6.13a) 

,(6.13b) 

X= Xt.-4e 7,- ( 	r40)4111/ 

Y:: 	/11, -AO 

Ay. 	 4io 	4 0All" 

Ay = 	+ 2)4) 4-M3AV/ 

AO .4X + 
(6.14a) 

AO. --'2ur X 	4Y (6 .1 4b ) 

Ay zr -k1-40 -4 0 

X 	 Aie (6.15a) 

(6M5b) 
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were  third order terms have been neglected relative to 
first. order (note also that Z r  has »een taken as unit' 
as per enuation 6.5). For small angles enuations 
6.128 and 6.12b rePresent a rotation by "itp of a 
coordinate smstem 4-40y Yr i-Owith respect to the star 
sensor system XY Y (Figure 6.5), 

f)ccordinglm the reverse transformation mields (ignoring 
3rd order terms relative ta  first order) 

Clearlm the AX measurement is optimal for information 
regarding AO, AY for information concerning 40while Ate 

is onlm weaklm related td the star sensor measurements 
through a second order product. 

In the case of a ‘ pitch camera 	?o Ps 	with the 
sauce  values for the reference coordinates) enuation 
6.9 mielde.; 

which is second order in terms containing AO while AX 
end AY are strongly correlated with AWand AO 
respectivelm. 

We  cari t'hus _infer Prom these examples that image data 
from two star sensors at right angles will provide 
sufficient information to accuratelm extract, attiLude 
charie information, The inversions for 45 Y 4 0Y and  41 9/ 
using the small angle apProximation will be accurate 
(in comparison to more generalized inversion 



El 

A 

ci 

107 

1 
Figure 6.5 Geometrical Representation of Equation 6.13 
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technieues) to the order of unity compared to a second 
order angular term (about 1 arc sec for an angular 
range of 1 degree), 
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1 
7.0 	SYSTEM RECOMMENDATION 

We recommend a system designed.around an 85mm f/1.4 
lens. The use of this lens allows the flexibilitm to 
see stars weaker than magnitude 6y as well as providing 
increased angular/  resolution. This lens also allows 
the use of a single camera with two fields of view. 

The CID, ST-256y is the recommended device since it has 
demonstrated startracker performance.' Although the 

JPL star tracker uses the RCA device we believe that 
the TI CCD Would be superior; howevery the TI device 
has not been used in a startracker. 

Estimates of power are summarized according to 
subsmstem in Table 7.1. • A multiple output switch mode 
DC to DC converter  cari  run at an aPProximate efficienem 
of 80%. Mass estimates are given in Table 7.2 and the 
smstem design Performance is given in Table 7..3. 

Because one camera can be obscured at anm given time 
(e. g. bm the sun)y a redundant smstem should consist of 
two cameras and at least two'attitude image monitors 

. should be available. The tables indicate the power and 
weight constraints for both a redundant and non-
redundant smstems. 

1 
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.10 	W 

.10 	W 

.10 	W 

.80 

Table 7,1 	Power Consumption for a Sinsie Camera 

PROGRAMMABLE IMAGE CONTROLLER 

Preamplifier 	 .10 W 

Max Flat. passband Elliptic Filter 	. 	.30 W 

Correlated double samPler › 	;50 W 

Analog to digital 
converter (12-bity 25 microsec) 
(including multiPlexery 
instrumentation amplifier and 
sample and hold 

Drivers 

Timing Generator 

Sunchronization Generator 

Microprocessor (NSC 800 CP,U and 
serial and parallel interfaces 

RAM (4k butes at 1 MHz) 

PROM (6k butes at 1 MHz) 

Video  biffer  (2k butes at 1 MI-b) 

TE cooler Controller 

TE cooler 

Shutter control 

.75 W 

.10 	W _ 

.20 W 

.05 W 

2.00 W 

10.00 W 

.10 	W 

TOTAL 	. 15.50 W 

1 
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ATTITUDE IMAGE MONITOR 

Microprocessor ( 80 0 8 6 	Serial 	• 1.50 W 

Interface) 

• RAM (Sk bmtes et 1 MHz) 

PROM (12k bmtes a 1 MHz) 

Video Duffer (2k  bytes  at 	MHz) 

Star CateloAue (70k bmtes 
stendbm Power) 

Camera timin51 le.?nerator 

WeLehdoM Timer 

TOTAL 

1 

1 

.20 W 

.40 W 

.05 W 

.02 W 

	

.10 	W 

	

.10 	W 

2.37 W 
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Table 7+2 	Mass Estimates for a 	Single Camera 

Item 	 Mass 	(ms)  

Lens (85 mm f/1+4) 	600 

Low thermal expansion 	370 

Ceramic Structures 

CTD 	 10 

Two Stge Cooler 	100 

Printed Circuit Board 	10 

DC-DC Converter 	700 

Two Baffle 	 2500 

BoamPlitter 	 100 

Two Shutter 	 1200 

Cooling Structures 	500 

6000 



Lens 85 mm f/1.4 

Field of View 

Interpolation 
;lcc4irac.n3 

}"T 0/, 	1% 
0.5 arc see. 

3+ 45 	:3,45  de A r e e s 

;;;Pprox. 250 

10  se ct  

aPPro. '2. sec. 

10 ms 

113 

Table  : 	6stem DesiÉn Performance 

GT Re,:dout 	 GE .:l .F-256 

No 	double read 

0.,, eratinA 	 0 derees C 

Temperature 

Pixel Sie 	20 microns suuare 

ininEiular Subtense 	48.5 arc sec. 
of 1 pixel 

Random Error 	less than 1% 

than 0.5 arc sec, 

Peuuired 

jnal tu noise 

Manitude 6 sta;. 

Maximum useful 
Le5,ir,;Lion Lime 

interation 

tiMe ïstationarm 

Minimum inte.àration 

L.ime 

i.. ..:LInitude 2 star 

M...:ximum tolerable 	43 arc sec/update 
.rution'blur 
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Table 7.3 (Continued) 

Maximum demiAn uPdate 	apProx. 4 sec. 
Lime 
Stationarm star 

Massiincludin (J 
shutters. and baffles) 

Mon-Redundant 
Fullm Redundant 

Power Dissipation 
Non-Redundant 
Fullm Redundant 

6 NÉ 
12 NÉ 

23 W 
46 W 

ffi-eratinÉ Temp. 	-40 to + 65 C 

Th u star cataloÉue is estimated to hold approximatelm 
manitude 6 stars (70 kilobmtem), 
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