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ABSTRACT

This report provides estimates of the positional accuracy for

celestial objects which we have obtained at the Experimental Test

Site of the Ground—based Electro-optical Deep Space Surveillance

(GEODSS) Program . Optical observations made at the ETS have been

compared with radar measurements performed by the Millsto ne Hill

Radar. A brief description of the equipment and theoretical

basis of the optical data reduction is included too. It appears

that optical observations of artificial satelli tes , wi th  real

time reduction , are accurate to ~5” .
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I . INTRODUCTION

For twenty years the Baker-Nunn camera system has admirably served ~~

our principal source of optical observat ions of artificial satellites.

The United States Air Force and Lincoln Laboratory have recently completed

the design , construct ion , and testing of the lxperimenta l Test Site (IrFS)

of the Ground-based Electra -Optical Deep Space Surveillance (C,EODSS) flr0~Jr~~ .

GEODSS is now currently being deployed world -wide by the TRW Company . ‘ithen

fully operational , it will suppl ant the Bakcr—N unn photographic camera sy~ L ’~.

Moreover , because of var ious technolog ical improvements , i t s  l i m i t i n g

magnitude (~~~16Th ) , search rate , and observing rate wi l l  far exceed those

of the Baker-Nw in camera network . Hence , we can hope that  some telescope

t ime can be devoted to purely astronomical research (e .g . ,  minor  pla net

observations , supernovae searches , deep , mu l t i co lo r , and very rapid

catalogue construction to~~l” , variable star searches , meteor counts , e tc .1.

For these reasons we believe that the positional accuracy of GFODSS’ s

observations will be of interest to a large audience. Hence , this  publica-

tion .

Below we briefly describe the ha rdware and computer f a c i l i ti e s  at

the ETS. We then touch on sonic purely astr on etr ical  matters arid our

handling of the ~~OC (which serves as our reference star catalogue) .

Next we discw~:; the theoretical basis for the Precision Local Cal ibra t ion

(PLC) procedure currentl y employed by the ITS . T h i s  procedure rests

directly on the reduction techniques of C I r I ~~S ica l photographic astrome t rv .

Afte r presenting PLC we consider i t s  expected accuracy and some simulation

L 
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testing we have nerformed. Observations made in May of 1978 on the

brighter PK4 stars and eight artificial satellites have been used to

exnerirnentallv verify the analytical and numerical work. Lastly, we

describe a simnler, less accurate Single Star Calibration procedure

which has been tested in the same way. Ultimately , we expect to use the

olate overlan technique in real time (Taff’).

Briefly the results are as follows : The positional accuracy for

the stars is 1.3 ÷ LU and ~5’ + 3” for the satellites. Secondly,

rel ative to the FK4 itself for the stars or the Millstone lu ll Radar for

the artificial satellites , there is no systematic bias in right ascension

or declination. Thirdly, there is no measurable color term , magnitude

term, or systematic star-satellite term. In addition to these results ,

we wish to stress that the entire nrocedure (e.g., PLC or SSC) occurs in

real time, under computer control , with an electronically generated

finding chart, and requires annroximatelv l~ 5 (2l~ for SSC) to complete.

Furthermore, our theoretical computations and telescope alignment clearly

indicate that we are only limited by tire hardware from routinely splitting

the seeing dis c .

1
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II. EQUIP~1ENT

The telescope is a 31” Boller and Chivens f/S of Ritchey-Chrc~tien des i gn.

At the Cassegrain focus the field of view is l?16. A zoom feature of the

camera reduces this to 34~8 (2:1). The low li ght level , high gain camera

was built by Westinghouse following a design of R. Weher. - It consists of

a Varian VLI-116 image intensifier coupled via fiber optics to a Westing-

house WX-32719 camera tube. The first photosurface is an 80mm diameter

S-20 type. The final target is a 32mm diameter silicon diode array .

Standard U.S.A. television frame rates and horizontal scan line densities

were used for the work discussed herein. The camera target has 450 resels/line

and the right ascension: declination : field of vie w ratio is 4:3:5. In

the zoom configuration, the resolution element size is 3’.’T . The 50~

response area has a diameter of 5ô~i on the camera target. The high

(5 x l0~) pre-readout gain ensures background noise limited performance

with uncooled electronics.

The control of the telescope, the storage of the data files , and the

data reduction are all handled by a MODCO~II’ TV computer. All the data files

(star catalogues, Besselian day numbers, etc.) are stored using a 3. hit

word for right ascension and declination (0’.’lO in each coordinate). All

arithmetic is performed using a 48 bit word length.

The operator views the telescope display on a television monitor wi th

a set of rectangular gridlines superimposed . hhile all gross movements of

the telescope are under computer control , the final alignment of the star

(or artificial satellite) relative to a fiducial mark in the grid system
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is perfo rmed us ing a j oystick type device. This  con t r~~l ~i 1 l t ~ -~ ti nt to

select one of 2 8 
= 256 different horizontal  and v e r t i c a l  ~i t t  f l t~~ and

provides a 6’.’S positioning uncertainty independent of th t ~ c ;tri ~ v:1 ’ s r .~~~1u-

tion element.

A statistically independent combination of the telescope ’s sh a f t

encoder’s resolution (0’.’62), the atmospheric seeing disk (~I”~ , the c:tmcra ’ s

resolution cell , and the joystick’s resolut ion cel l imply tha t  the standard

deviation of a single measurement is 5”. Exp erir c ’nts  des i gned t~ test

this result have indicated that this  figure is probably closer to 4” .

The observatory is located on the l~L i t e  Sands M i s s i l e  Range near

Socorro , New Mexico . Addi t ional i n forma t i on about the observatory is

contained in reference 2.
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I I I . POSITION REDUCT IONS

The source for positions and proper motions was the Smithsonian

Astrophysical Observatory Star Catalog (Staff of the SAD , lUhô). These

1950.0 values were updated for precession and proper motion to l 98 .0 u s in ,~

the power series method (Newc omh~ Fricke and Kop ff 4, and Taff 5
). 1 r 1 ~~~t~~1:

ing terms were not included. The accuracy is at least 0~001 in ri ght

ascension and 0~’0l in declination for polar distances larger than 9
0

(exclusive of the foreshortening terms).

The reduction of the reference stars from catalogue mean place to

topocent r ic mean place was per fo rmed using the Besselian day numbers .\- l . ,

J, and J’ as well as including diurnal aberration . The astronomical

refraction correction followed Smart . The annual na ra l l ax  correc t ion

was not included. A totally di fferential reduction from mean place to

topocentric place has been implemented in which the reference stars are

reduced relative to the center of the field.  This allows one to recover

the program object’s mean place immediately after its topocentric place

has been obtained from the telescope/camera model . It was these results

that were directly compared (in the case of the stars) to l~~8.0 values.

The reduction of the artificial satellites ’ position is performed

identically. Both parallactic refraction and planetary aberration are

small (~2”) and presently ignored. Complete details are in reference ~~.



IV. THE TELESCOPE/CN~ RA MODEL

Each field contains N reference stars and the program obj ect. The

topocentric position of a reference star is denoted b y (a,6) and the topo-

centric position of the program obj ect is denoted by ~~~~~ The corres-

ponding values as measured by the telescope are (~~f~ ~1-~ 
and iX 1. , - •

~~~~~
•

The model relates {(a ,6) } to {(aT,6T)}. Then a predic t ion of (A , A) is

made from ~~~~~~ by inverting the model . I t was assumed that a l inear

model would suffice*. The equations below are analagous to the ones used

when modeling a photographic plate in classical photographic astrometry.

The intermediary device of standard coordinates was not used.

Let an angular bracket denote an equally wei ght ed average over the N

reference stars within a field. Furthermore, for each of the reference

stars define

(la)

and = a - <a> , c~ = 6 - <6> . (lb)

The corresponding quantities for the program object are ,

13 = A - <cx> and E~ 
- <6> . (2)

The full linear “plate model” is

ccx 
= nr a 

+ be 6 + c, (3a)

e6 
= de + ec~ + f , (5h)

where a - f are the “plate constants”.

*Both the telescope and the television camera are being rep laced so a

detailed analysis of the geometry of the interface has been postponed .

(-I
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The plate constants are determined by the procedures of least squares

with equal wei ght i ng for each component of the model . Once this is done ,

the topocentric position of the program obj ect i~ recove:ed by solving

Eqs. (4) ;

A - AT 
= aEa + bE 6 + c,

A - A dE + eF + f .  (4h )
T a 6

The determinant of the norma l equations is g iven by Nd et ( I )  where

/‘I
TI = = I , (Sn )

1&x 
I~ 5

and

I = l c r  I =~~ E c , I =~~ c c . (~ h)aa a a ’ a6 a 6  66 6 6

Hence, I is the “moment of inertia tensor” of the reference star

distribution . Since det(I) vanishes if and only if the reference stars

lie on a straight line, as long as the problem is well posed , the solution

for the plate constants exists and is un ique . Furth ermore , if ccx , c6 denote

the standard deviations of a single me isurement in right ascension and

declination, then from the covariance matrix of the plate constants ,

var(A) = {o 2 (1-c) 2 + o 2 b 2 }{l + I /N 4- fl • j - 1  J3}/fl 2 , (6a )

var(A) = 

~~a 
d 2  + 0

6 
7(l-ai 2}{l + 1/N + 13 . F ’ • E }/D 2 , (ôh )
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where

= 

~~a’
16~ 

‘

and U is the determinant of Eqs . ( 4 ) ,

D = (l-a) (l-e) - bd.

From Eqs. (6) we can conclude that the opt imum posi t ion for the program

obj ect is at the center of the field (remember I is a posi t ive de f in i t e

quadratic form). Moreover, when the program object is so placed , the

expected accuracy is independent of the areal extent of the reference

stars and increasing the number of reference stars beyond the minim um

value of 4 of fers l i t t le  improvement in accuracy (i t’s 2. 57 for N =4 -* N=5

and 11.8% for N=4 -* N=~). l~h i l e  further rigorous analyt ica l  progress

appea rs to be d i f f icult , a heu r is t ic  averag ing over the noise leads one

to

< var (A) > 0 2 (1 + 1/N + Ii . I~~ . E} ,  (Ta)

< var(A) > o~~
2 [1 + 1/N + F. • F’ • (Th )

However ,

• F ’ S = 1
~

2
cx/~ 

r (r ) + E 2 . / v a r ( c ~~) 
,

so that if F. ~ 0 one wants the maximum a real extent  for the best  accuracy .

In fact , if the ri ght ascensi on and dec 1 m a t  i on coord i nates a n’ t rent ed

symmetrical ly , then

F • 1~~ • I kE~/ ( N ~ ) ( Sb )

where S is th e area occup ied by the re ference sU~r - - and k is re la ted  t O

the radius of gyration of the d i s t  r ib t i t  ion of i c  c r c n t. c  st a r~ ; r l t t t i i t  the

—

~

.—- --- - - . , -—-~-i_
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center of the field. See also Plummer7 . Eichhorn and ~Yi1liams8 , and

l’aff 9 .

Extensive Monte Carlo simulations using a uniform distribution of

reference stars and treating right ascension and declination symmetrically

have confirmed Eqs. (7,8). Additional simulations were conducted using

the SAOC itself. The field centers for the later computations were at

E a = ~~(0~5)23~’5, iS = -85°(5°)85°. l~hile the SAOC simulations only used

a circular field of 0975 radius, the Monte Carlo trials used rectangular

fields of edge size 0925, o?so , 1900, 2900, and 4900. Fm both sets

of computations 0a 
= 06 = o with a = 1’.’25, 2~’50 , 5~’00 or l0~’00 and the

values of N used were 3(1)8. See reference 9 for complete details.
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V. RI1SIJLTS

A . Stars

A total of thirty of the bri ghter FK4 stars were observed twice. The

spacing in declination was about 150 (from _ 150 to +600). The spacing in

hour angle was about 21
~ (from 4h to +4hl)~ Thus , the majority of the

visible celestial hemisphere i~as covered.

The current version of PLC seeks a distribut ion of four stars un i formly

spaced in position angle relat ive to the ~ gram obj ect . If more than four

sta rs are available , t~~n the closest or brightest  stars are pre ferent ia l ly

chosen. In addition , the sta r closest to the program obj ect is used as a

cont rol so that , normally , five stars are observed . Only fou r , however ,

are used in the model ing discussed in Section IV . The errors obtained for

the control star (e.g.1 rea l position minus model position) are then addled

to the program obj ect’s model position . If there are less than four s tars

(including the control star) available wi t h i n  ~~ 75 of the program ob j ect ’s

position, thcn the entire process is inhibited .

For the observations of the stars , the mean total posit ional  error

(e.g. , mean t [ (Aacos6) 2 + (AiS) 2] ‘/~ ) ) was I ~‘5. This  had a standard dcv in -

t ion of l’.’O. A separate series of moa sureii iciits were made to test for a

color or magn itude term . Over a range of l~12 i n B-V and 4~15 in V no

significant term appeared .

II )
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B. Artificial Satellites

The eight artificial satellites used to test the positional reduction

accuracy of PLC are listed in Table I alon g w i t h  t h e i r  orbital  elements.

For each of these satellites there are at least two independently determined

Sets of orbital elements available. This fact , their visibilit y , and the

la rge fraction of the celestial sphere the~ cover prompted our choice of

these satellites in particular.

The optical observations were intersp aced wi th  the radar observation s

to insure that station-keep ing maneuvers would be detected . In a d d i t i o n ,

since the radar measurements both predate di and postdated the o p t i c a l  ones ,

the continuity of the res iduals  could be assured . Preci se es t imates  for

the real accuracy of PLC ~when us ing  a r t i f i c i a l  s a t e l l i t e s  as tc~ t ob j ects )

are extremely di f ficult to obtai n because of d i f f e r e n t nodels fo r the ear th ’s

sur face , the geopotential ‘s f ie ld , and sn a i l  -~.stenia t ic errors in the  mc:isnr ~-

ment of position by the radar. Al so , our neg lec t of 1 i l nnetarv aberration

is a ~-2” systematic effect in rig ht ascens i on for the sna i l  i n c l i n a t i o n

satellites . The neglect of pa rallzi ct  ic refract  ion is s i n i f i c i a t  on l y  l
•ii i-

LAGEOS.

Standard software (INFEST) was used to produce orb ital ci c~~ot c t  - ct  s

using the radar data only and combining a l l  of the J a t a .  l\c were al~1e t~

achieve total positional errors as small as 5” a l though th e  l i r . c — t  were 1 5 ’ .

Further examinat ion of the residuals showed tha t  whenever the i c t a l  r’°~ i t  i ona l

error was larger than ~T’.’5 i t  was almost a l l  in the d e c l i n a t i o n . Th is  was

subsequently (and defini te  I v )  traced to a ir ohl  em w i t h  1 c d c c l i  nat  ion n~ is

torque motor. The prob lem no longer exi —t - .

11
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VT. SINGLE STAR CALIBRATION

Because telescope time is valuable, and fo r many purposes an art i f i c i a l

satellite ’s position need only be known to 10-15” , i~e have developed a

single star calibration procedure . This proceeds as PLC does except that

the star in the SAOC closest to the input posit ion is chosen to be the

reference star . The program object ’s position is then differentially

corrected for telescope errors and reduced (currently) to 19T8.0 . This

latter reduction is done with an accuracy con~nensur ate w i t h  that in the

topocentric place itself.  .\ non-technica l overview of both Ph and SSC

is contained in reference 10 .

13
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