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1, Introduction and Summary

The purpose of this study was to evaluate. in detail the performance capabilities
af spaciﬁic.SHUTTLE;hased laser vanging sfstems;-decermine interface and suppurﬁ
requirements, and to genevate a preliminary design of a SHUTTLE-borne laser
ranging experiment, The study was conducted in two phases, referrad to as

(1) experiment definition and (2) experiment design.

- The goad of the experiment definition phase was to select, from the various
laser ranging cuncepts. a viable approach to be used in the subsequent experi-
ment design phase, The experiment obiective is to make laser ranging measure-
ments to targets on the ground, from a Shuttle based laser ranging system. '
These measurements are to be used to determine the relative positions of the

_ targets with respect to each other with an overall three dimensional recon-
struction aceuracy hattur than 2 om rms, Two basic approaches were {dentified,
The f£irst approach was to use relatively broad beamwidths, such that each
emitted laser pulse illuminated all of the targets in a subset of the target
grouping, referred to as a target grid. Thus, each pulse perieod would result
in nearly simul taneous measu:eméuts to 2 or more targets. This approach wini-
mizes, but does not evade;'débéndeucé on orbital mechanics to reduce the data, -
1t was found, however. that this approach was simply not a viable concept; the
anergy managameut problem was excessively severe for target grid dimnnaiunw of
the ord er of magnitude needed to aatisfy typical measuremeunt objeutiv;q.

The selected approach is to make the ranging measurements sequentially. However,
" in order to veduce the data, it is:neéuSSary to amplby“drbitalameChnﬁics tech= -

niques to Iaterpolate. It was unkoown, at the start of chis scudy, just tow
-tightly the measurements. ‘had to be interlaced, to meem the grid reconstruction.

acouracy gnnl. CunsaquLutly. a miqsinu simulation was developed to explorp the |

efte&ta of vnrinus measurement strwtebies on che ewp;riment deaign.

’The qimulntiou ampleynd a cu—variwnc; matvix anﬂlyqib tEMhuique to detarmiue
 the grid reconstruction accuracy, A Kalman filter was employed ko incorporate
:ﬁche.measnrements._ Sevaral'maasuramnnt-éttacegies:wera-eValnated.and_a“simple:
strategy was selected, ; A number of factors were found to be significant in
. accomplishing the dewired reuonstruutinn accuracy. gaala. First, wg tound that

“a Shuttle ephemeris ¢rror tewvm coupled into the co-variance matrix of the target

w

11
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grid position location unless widely spaced out-rigger targets were included

in the expariment. Second, we found that at least two measurement passes were
neaded to reduce the reconstruction errors in all three axes. The second pass
should be as nearly orthagonal te the first pass as possible., We also explored
mi&sion5phasiug and found that unless ithe pass was within a few degrees of
longitude of passing directly over the target grid, the recounstruction accuracy

degradad cuusiderablv _ Finally we found ‘that the interlace L;quiromeuts were

‘not severe. A maasurement strategy which resultad in a grid survey in the

approach perixd, a grid survey near the point of closest approach, and a final
grid survey in the latter portion of the viewing opportunity provided excellent
rasults,

The modest interlace requirements do not require a high level of angular agility

to satisfy the slewing and tracking requirements for the 9-target grid eval-
uited in the mission simulation, Thus, it was postulated that one of the stable

“platforms which are candidates for the role of Shuttle/Spacelad general purpose

experiment pointing systems could be emploved to point the laser rﬂuginb experi-
ment trausmit and receive telescopes toward the targets in the grid. The Small
Instrument Puiutin& System (SIPS) was cunsidered to be best suited for this
purpose, Evaluation of the capabilities of the SIPS for the laser ranging exper-
iment did not result in a clear decision between the SIPS mounted experiment and

an expariment Luntibured with a gimballed beam steering mirror.

The study was therefore exteuded to include both Louchtq in the preliminary

experiment design phase, The 133&1 ranging system% for the two awpnrimenCa were

seloectad to be as moch alike as possihle. Tha results of the preliminary design -
activities are discussed {n Section 3. Both designéiare conaidered implementable
with state-of-the-art components and fully capable of meeting the experiment

objectives,

VOLUME T1
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2. Experiment Definition

The first phase of the study was devoted to determining constraints and
requirements needed to define a viable experiment. A number of concepts and

alternatives were explored and are reported herein.

‘The experiment objeeiive is to empley laser range measurements, made from the
Shuttle borne laser ranging system to tatgets on the ground, to determine the

- feletive'spaeinge between . these targets. The targets were assumed to be located
roughly in a grid structure, with target arrays located at the corners of a
square with one target in the middle. The grid dimension was assumed to be on
the order of 10 km on a side, although the effect of varying grid size was
considered. Each target in the grid was assumed to be composed of cube~
corner retro-reflectors, atranged sueh that the effective target radar cross-
section was on the order of 107 square meters. Crids of this sort ceuld be ueed

in a number of applications for various scientific or engineering purposes.

One of the most Eundamental questions to be nddIEthd was the measurement
strategy to be employed., Two concepts were considered. The first concept was

to employ- simultaneoue range measurements. to two or more targets to minimize

the dependency of the experiment on the Shuttle ephewneris, The second LD“CEpt.ﬁSS to
g ' "employ sequential measurements to the targets, and to reduce the data with more
sophisticated signnl processing, The first concept is particularly appealing

- since differentisl range measurements could be used for data processing,

e R Yo S
et & b

eliminating a numbex of possible bias error sources. However, as discussed in
‘Section 2. 1 eimultaneous range measurements present a virtually insurmountable
energy management problem for modest to 1arge grid dimensinns. The second
alternative, sequential range measurements requires sophisticated signal
ppoeessing_;e_extraet the desired target relative location data, The_range
measuremente.need to be interlaeed.’i.e.; measurements to each target in the
grid must be made a number of times at various look angles. Oune possible

. measurement policy 1s to move frnm'tafgetftoﬁtnrget”during_eneh_iute:pulse :
period, resulting in.a maximally interlaced data set. The problem with this

. measurement policy is that eweeesive slew rates are requixed to accomplieh this

for a modesr. grid size.' The alternati\re is to dwell on each tnrget for a short’
period of time prior to moving to the next target. This policy maximizes the
data obtained when finite slew times and settling times are considered, but
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the measurements are not maximally interlaced. The effect of this measurement
pélicy, or any other for that matter, on the achievable relative location
accuracy can only be determined by simulation. This subject is addressed in
Section 2.2; a simple measurement policy was showmn to be quite effective, aund
to not requirve excessive angular agility to accomplish the experiment objec-

tives.

A number of factors contribute to errors in pointins the transmitter and
receiver at a specific target. These fall into two categories, location ervors
- and attitude reference errors. Location errors include uncertdinty as to the

target locatioun and uncertainties as to where the Shuttle really is.

- The pointing error attributable to these sources can be reduced to negligible
magnitude once SQverai ranging me#sutements are used to update the expériment'
state vector. Pointing errors attributable te attitude reference ervrors tend
to be nearly stationary if the Shuttle is maintained in an inertially fixed
attitude ﬂuring_the N5 minutes of a ranging pass. Consequently, the major
__pointing problem is simply to find the first target, Once the target has been
detected and:a'féﬁ7raﬁgé.measutements are made, the system can compliete the
ranging pass with open-loop peinting. Section 2.3 describes our analyses of

the acquisition process devised to cope with the initfal pointing uncertaiunties.

A number of stable platforms have bdeen postulated to support various solav

Jand. stellar astronowy lnstruments. for Shuttle/Spacelad experiments. The con-
éeﬁts.differ considerably, Sut are inteuded'to.perhit experimenters to accom=
plish their experiments using a general purpose, high stability,'pointins sysiem.
Section 2.4 describes tour of the concepts fnvestigated, and shows that the
Small Instrument Pointing System (SIPS) appears to be the most suitable general

purpose pointing systew for the_lasgr_ranging experiment.

2.1 Link Analysis

L The-pérférﬁaﬁdé’df.the laser ranging experiment is dependent on.the laser
energy, the pulsewidth, the,tarﬁét radar cross—-section, the transmit beam-
__width. the receiver aperture, the 1ink genmetry, the various losses encouutexed
the sisnal pro¢essing techniquen emplcyed, and the hackg;ound level., In
general, it is possible to select the beamwidth, the transmit energy, the

. recelver aperture, and the target radar cross-section to obtain sufficient

22
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return signal energy for confident range meusurements for any particular link.
There are a few limits, however, which affect these selections and the link
feasibility. "It is desirable to 1imit the peak transmitted energy density on
the ground to values which are well below the accepted safety standards. Thus,

for anyhgiven laser energy level,:ghere is a minimum transmit beamwidth.

The optical receiver must employ relatively small active area detectors to
obtain sufficient bandwidth for ranging purposes. Thus, there is a finite
limit on the maximum receiver aperture which can be emploved for any particuler

receiver field-of-view (FOV).

" The first step in the link analysis process is to quantify these limits, and

define a maximum performance system. Comparison of the achieved performance
~with the experiment objectives will then yield a pertormance margin, i.,e., the
amount by which the performance can be degraded and still achieve the experiment
objectives. The final step in this process is to allocate the performance

margin to system parameters in a maximslly effective manmer.

2.1.1 Meximum Performance System Analysis

'The firs: limih to be Lonsidered is the miuimum transmit beamwidth. This limit
is imposed to assure rhat the maximum possible transmit energy density at the
. ground (Ed)3does_not exceed the safe level for humsn exposure. Neglecting -

system losses, and assuming a Gaussian intensity profile, it can be shown that,

op > Y 8E /7E N : - (D

- 2

- full plenar beamwidth (e - power points)

-
"

where

‘laser energy/pulse (joules)

o
!

energy density limit (joules/m“)
~.h_ .= spacecraft altitude (m) -

The second limit to be considered is the maximum receiver aperture. This limit
results from optieal system considerations. The. receiver FOV is simplv the -

detector diameter (d) divided by che receiver roeel 1ength {(f). The receiver

optics F number is the focal lewgth divided by the receiver aperture diameter
';(DR).' Thuei for a given optics.system F number and detector diameter the

maximum recelver aperture is,




SYNTHESIS AND ANALYSIS OF REPORT MDC E1729 | VOLUME II

PRECISE SPACEBORNE LASER RANGING SYSTEMS | FEBURARY 1978
Dy < d/F (¥OV) ()

The minimum receiver field of view is nominally chosen to be equal to the trans-
mit beamﬁidth_(qt).--rﬁus, the maximim receiver apérture can be defihed'aa,

3

- The radar rangé equation which determines the return signal energy from the target
can be written as,

_ _ S RN | _
Ng=E, nGp A 058, sa/ (47) R hv (4)

where,

signal p-e/pulse

= transmit energy/pulge»(qules)
l""i:ransmzi.t: antenna gain N

™D /4 (m ) ,

- t&rget.cross—aection-@n )y

= .
w
|

= transmitter optical efficiency
= two-way atmoapheric tranamissibility

B E Q :
N.m SR W
]

= glant range (m)

. n = detector quantum efficiendy
_Sr = receiver optical efficiency Cag
h = Planck's constant (6 6256 x 10 Js)
v .

= optical frequency (5 66 x 10 Hz @ 0. 53uu0

For a Gausslan beam, the transmit antenna gain is 32/uT Thus, substituting
equations (1) and (3) into equation (4) yialda. :

N, = n(‘—‘i) g’ ( ) 'rrcs 5.5, ! 1zalwz | o (5) |

2-4

o it e e i e

e e e
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The design range, R, is chosen as the range at which the elevation angle of

the spacecraft, when viewed from the target, is E (nominally 20° minimum).

; 2 2 2
R i s;n E +:J(re+hs y - r, cos E (6)
where,

r, " earth radius (m)

The next step is to determine the required signal energy to meet the ranging
. aceuracy goal. Previously, we determined that the variance of the time of

arrival estimation error, assuming a matched filter or correlator."wns

. given by,
- . N, + N
T B .
By A S T 7
2n N
S
where, Ns = signal phoco-elecgrons/pulse

Ny = background photo-electrons/gate

A ralsed cosine pulse shape was assumec, and the pulse width at the half powef

points was T/2. The nominal gate width is T. In order to meet a goal of 10 cm

. 4[/“1r“
tms‘rangefme&surement error, Ed » 0.667 ns. Assume a pulsewidth (FwM) of
~ 5 ns. Then,

N 2.
[ .
. - (8)
NS + NB
This equation desérihes the minimhm éignnl to shot noise ratio (SNR) which
will satisfy the 10 cm rms accuracy goal with a matched filter detector,
- The effectivé'bnckgtéund“éhetgy_teceivad'ig'determined’byg
2., :
{ "og ) 2 : 7 7
Mot jann s gt o o

where,
o
AN = filter bandwidth (4)- 5
_ M e
N = background radiance (w/m -A-Q)

2-5
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Then, let FOV = a., and subatituting equations (1) and (3), we find,

2
Ny =T 8 Nn s, (Z_:‘) Jhw 10

- At 0,532 gm, the sunlit earth background radiance is approximately
0.017 w/m -A—ster. Asuume aA = 10 A, T = 10 ns, n = 0.25, R 0.4, d = ,005 m,
Fw2.,5, '

Nn_i 1118.53 p-e/gate
Then, solving equation (8) we find the required Ng is,

Ny = l18.8 p-e/pulse

Next, assume ha = 333 em (180 nmi),E = 20°, Sp = 8, = 0.8

Then, R'» 838 km, and, -
2

d U/Ep (11)

8
Ns = 4,18 x 10 E
MAX

Next define the performance wargin as the ratio,

2

Mo )/ ) m3s2x10 g,

P TMAX RQD d

The muxiomum gnfé'visibig ffaquency energy density fox, human expoéufe isson the
ordex ofqlon jnulas/cmh. In order to be conservative, choose Ed - 10~
juglea/mh (22dB safety margin).

b
M= 352 % 107 o/

P L e LA by =L T

Note thaﬁ'ﬁp apﬁéaré'in the &eﬁominétdt'of'tkib aipiaséidh,.1mpIying'that smaller
energy per pulse lasers have a greater performance margin, This, of course, %

'resuita from choosing the transmit beamwidth as small as possibla and the reeeiver e é
aperture as large as ponaible. In the axperimnnt, we will choose E as large | | :
as pragticnl. A value of Ep = 50 md/pulsa @ 0 532 uny appears achievable.
resulting in, R : S

Moo=, d
o 00704

.Th6 fitg§fb:|:§‘assgﬁég to beinﬁéd&i of'cQSQer&ﬁdi§ w1§h a maximum t&dar:'
crogs-section of 10 o , teaulting,in Hb|§ 7,04 x 10 (48.5 dB). A b:actical

2;‘ I




PRECISE SPACEBGRNE.LASER_RANGING.SYSTEMS FEBURARY 1978

SYNTHESTS AND ANALYSIS OF REPORT MOC EV729 |\ iMe Tt

system, therefore, can be configuved whicli is up to 50 JdB less efficient than
the maximuim parformance system. WNote that the transmit beamwidth aud recedver

diameter of the maximum performance asystom are 0.339 mrad and 5.9 wm, vespectively.

A practical receiver dismeter for a Shuttle flight is on the ordar of 15 om

(6 inches), or ~ 32 dB less receiver area than the maximum pexformance systom,
However, the received background energy is also reduced by 32 dy, which reduces
the vequived signal energy by & 12 dB, for a net reduction of ~ 20 dB compared

to the maximum performance system.

We conclude that a maximum performance system would collect approximately 50 dB.
- more return signal than would be required to meet a 10 cm rws accuracy goal,

2.1.2 Multiple Varget Ranging

The'pufpodé of‘th¢ 1aser ranging  experiment is to obtain data which will allow
determination of the relative distances between targets in a gxid. " The simplest
' apprpa¢h, conceptually, is to emit a laser pulse which illuminates all of the
térgets.in the grid “and measure the diiference in the time of arrdval of the
raflections from each target. Them, aftef a first order Lcriectinu for the
'range rate, the tvelative distances between the targets in the direction of the
observation can de estimated with. considerable acEuracy . This procass 4s then
repeated for a number of obgervation angl¢s to obtain a three dimensional rap-
resentation of the target qrid spacing.

This approach is reasonable where the physical size of the target grid is Small,
_.bﬁt"quite diffiﬁult.tb implament_wbgra_the,grid_gima is large. Let ng be the
diameter of the minimum circle which just contains the target grid, ‘Then, the
minimum recaiver FOV s simply LR /h . The optimum transmit besmwidth is

(ngfh,) J’—

' As discuaaed 1n the preceding secriou. the maximum pertormuucu systcm had

appraximately 50 4B of margin above the 10 co rms parformanae goal for a

. :50 mj}pulac, Q. 339 mrud syatem with a 5.9 w dia. collector. This would result

in an 111uminated spot on the earth of v 008 km diameter for & 333 km urbic
altitude, If the transmit beamwidth and rncaiver FOV are 1ncranaad to viuw a
T one k- dismeter grid; the. perfntmanca 1oss is o bd dB. or naarly all of the
available 50 dn perfnrmanee margin. in order to vange from all targets in a-
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10 km diameter grid, another 40 dB of performance loss could be encountered,

requiring a total of 4 orders of megnitvde increase in target cross-section

and/or transmitter power. We concluded tha: this concept does not appear to
be a feasible alternative. However, we elected to perform a more detailed.

.perametric analysis to determine the limitg for usable grid sizes.

One additional parameter, AX, the optical filter bandwidth, was included as
a dependent variable. Although it 18 plausible to construct optical filters of
nearly arbitrary bandwidths for narrow FOV applications, when the receiver FOV
- is on the order of a degree or more, existing filter technology limits the
minimum usable bandwidth. Figure 1 shows one such projection, which is con-
sidered typical of the current etate of the art. The emooth curve ie the geeult
of least sguare fitting the available data, and results in AX N 3 + ,155 ap
where AX is the filter bandwidth- (A) and ap ia the filter field of view (degrees).
There is a current resurgence of interest 1n narrow bandwidth optical filters
with wide usable cone angles. Techniques such as mosaics, eeleetive gas absorp-
tion, and fiber optics channels are plausible. However, these concepts are not
yet in the laboratory demonstration phase, thus it was judged inappropriate to
demand better than currently available optical filter performance. We assumed,
then, that the filter bandwidth followed the square law expression, above, and
- that the filter was loceted in effect, at the receiver aperture. Note that
‘the effective filter field of view is therefore equal to the receiver field
of view; if e.emeller-diemeter filter were ueed.-eleewhere in the optics txnin,
~ the filter FOV would he'greater than the receiver FOV.

Typical high speed photo-multipliere, euch as a etatic crosefield PMI, have a
-~ amall (46 mm) photo-cathode submerged ineide the tube. ‘with a modest sized
window (%.5" diameter) Typically. these detectors require the optics gystem

_ to have F numbers on the order of 2.5 or more..

If the tube were redesigned, 1t is poeeible to hypotheeize somewhat lerger
':photo cathodes with a lower alloweble F number, but’ ordér of magnitude improve~
" ments are considered virtually unattainable in a high speed device. For fea-

eibility evaluation. purposes, we choee to assume a detector diameter of 10 mm,

" _and a mininum F number of 1.2, These limits are ueed at 0.53um wavelength,

However, at 1.06um, the eituation is somewhat different, since the most attrac-
. tive detectore are.photo-diodee, with or without avalanche gain. Theee devices

-
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are limfted to sizes on the order of 1 am diameter (active araa) in order. to
obtafn sufficiont bandwidth.
to decrease the allowable F number o L5,

Howavar, it fs possible to use special technigues

* Finally, wo alected to determina thé'mqu;tmd' signal enargy for an optimal time

30

of arrival estimator rather than tha matehed filter usad fn the previous soction,

For a maximum Likelihood (ML) time-of-arvival estimator (with a ralsed cosine

pulse), tho variance of the astimation error is,

5 2 -
g, - - e e v s e (an
s T I
5 R
" [“:. Ny Ny AN ‘_“_B] \
 This It:'_:'_iu'.'b'c fnvertad to obtatn, |
. A\ —F .
N ek TR wrase oo (LY 3 ey
S Ng =X i‘_‘ﬁ- K Ny where K = (‘;:;;) !:“ am

The 'réq“imd signal energy for a ML estimator ds only slightly laaa;_thm\ for a
gorrelatoy. when the background level is large. The ML advantage lucreasss ss

X3
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the background level is decreased, and epproachesns dB at zero background. level.
For feasibility evaluation purposes, we would like to determine the performance
parametrically with respect to the target gfid dimensions. From a practical
standpoint, the transmit energy per pulse is limite& to about 50 mj, hence, the
only unconstrained variable remaining is the target cross-section. Thus, we
elected to solve for the required target.cross-section as a function of grid
diameter. '

The reference system is based on the guidelines in the SOW, i.e., 50 mj per pulse

- @ 0.53um wavelength, with. a 5 ns (FWHM) pulse width. We assumed the receiver
aperture was no greater than 0,15 m (6 1n.}, and a 25% quantum efficiency
detector would be used. The tfansmit and receive optics were assumed to have
803 and 40% ﬁransmiSSibility; respectively. Atmospheric transﬁiseibility is
generally expressed as exp{-K/sin E}, where E is the elevation angle of the

- propagation path,imeasured at the target, and K %s a constant on the order of
.08 (one-way) at 0.53um wavelength on,avelear day.

- Figure 2 shows the results for the nominal system, at spacecraft altitudes from
200 ki to 400 km in 50 km steps, for 20° minimum elevation angle, assuming
sunlit Earth background. A reasonable maximum target cross-section is probably
on the order of 10 m , thus we see that it is virtually impossible to obtain
satisfactory operation at grid sizes greater than 1 km, Note that these results
are for zetommargin with an ideal detector (ML) If we allow 6 dB mgrgin for

- real . detection processes, the design point would be for o = 2 5 x1l0 m, which
limits the grid to sizes between 0.4 km and 0.6 km. '

Figure 3 shows the results, for the'aame.cdndi;iens,'fdr the 1,06um variant of
the reference system. As usually found, the performance at 1.06ym is worse
than at 0. 53um, thus 1itt1e reason can be found to pursue this alternative._
_ The major problem with the broad beam approach of course, is the reduction of

energy density at the Eaxth surface as the transmit beamwidth is increased.

_ Thus, we hypothesized a multiple transmit beam, single receiver system concept,-
which could, effectively, accomplish the multitarget ranging objective. - Figure &
shows thezreSults under the 20° minimum elevation angle constraint. Although
.the 10 m- (zero margin) performanee ‘has been extended to 14 to 24 km signifi-
~cant. 1mprovement does not appear plausible. If the minimum required elevation

' angle is increased to. 3o°, opetation with grid sizes up to N30 km appears feasible.‘

eas seen in Figure 5 but larger grids appear nnreachahle.

2-10 -
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One possible alternative is to design the system.for operation only at night,
Although operationally undesirable, the improvement in performance capabilities
may juétify the decision. Figure 6 shows the results for the wide beam councept,
with the background radiance set at zero., Clearly, the broad beam concept is
simply not s viable alternative for grid sizes greater than 1 km, even with

zero background, Figure 7 shows the results for the narrow beam wide FOV concept.
The influence of the»detector size on the receive aperture is clearly seen since
the required target c:css-sectibn is constant until incfeasing FOV requirements

begin te limit the maximum receive aperture size.

The concept of zero-background'levél; however, is never really encountered.
Thus, before we conclude that the concept is feasible, we must make an

assessment of the impact of some modest background level on the performance.

‘Since the Moon is the brightest object in the night time sky, we can estimate
the background radiance of the Earth at night due to moonlight as the ratio

TARGET CROSS-SECTION PARAMETERS

ELEV 2p DIA A.!S RE &, 25

WAVE S . 32PPRE-R7 TAL | . pOaARE-AH EP A.0%
BACK A NESB B ‘
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~ Figure 6
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of 1unar~tn~sn1ar apectral vadisnce tives thn 1udiauhe of tha snn&it harth.

Loy (AT X 10 ilS“O} X W07y 18 x 10" w}m ~A—u.

I ovder to b \n“QctvatLve. we increased the bavksxou“d Levv\ three G\dor

of magnitude, with the vesults shown {n Figure 8. Wo couclude that neither
.thu wide boam wor the narvow beam, wide POV concept is viable for wodest to

lavge size aridsa.

L3 Thwe-of-Areival Ratimatton
\htee timnwulwarr{val (raAd o\timation tochniques wore iuvestigated fov the

: 1asﬂx xauhlu&-axpoximeut. a matehed filter technique and two siiding window
integrator tochmdgues. The relevaut performance analvses are discussed in the

_MOXt pavagvaphs.,

Siiding Window Integyvator

A qlidiug welndow Tntegeatoy- ca“ e Lonstruoted‘ xnnueptuallv an qhumu in
FTigure 9, Thlq approach uses a rhrohuold detector to \otvrminu ‘the TOA

A
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estimate. An automatic threshold controller (ATC) adjusts the detection
threshold to minimize false alarms. The TOA estimate, for this approach, is

not ideal since it tends to be biased if the mean signal 1eve1 is either preater
than or less than approximately twice the threshold setting. The concept is

useful, however, for analyzing false alarm and missed detection statistics,

~particularly where the range gate is large (compared to the pulsewidth) during
acquisition. _ _ _ :
" | SLIDING WINDOW INTEGRATOR BLOCK DIAGRAM
o OPTICAL “y e o
 RECEIVER . .l > TOCLOCK
. THRESHOLD -
DETECTOR

: _ figpu!9 _
2215
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.Duringtthe ecQuisitionfmcde;'the'iaaer ranging syetem will be searching in
angular space and time to locate the target. if a false alarm occurs, an
- unnecessary target verification sequence will be executed resulting in a delay
of correct target acquisition (after the search is reaumed) Thus, a single '
false alarm is simply a nuisance. Only if false alarms are frequent will any
serious problems be eéncountered. The nominal acquisition period is on the order
-of- 2 -to 20 seconds, at ten pulses/second there are a maximum of 200 opportunities
for false alarms. A single trial false alarm probability of 172000 will there-
fore 1imit the probability of more than one false alarm during acquisition to

Previously, we found that the probability of false alarm in a single trial for
* a sliding window integrator could be expressed as; '
_aLT

S favtce o . o _ - ae

where T = scan time (sec)

"L =1 o
%%T’ RN nbﬂ

~and ,
o pb = mean background rate (p - e/sec)
T o= gate width (sec)
L = threshold level (- e)
when, L>>nb and aLT<<1 -
(an) L-1 _nbt e o Sl RS
FA"’“bT @D (13)
Clearly, for any particular background rate, gate width and scan time there is
a threshold setting which will limit the false alarm probability to an accepta—r
ltble value. Note, however, that for a spacecraft in low altitude orbit, the mean B
-background rate. observed with a narrow field of view detector can vary rather

~¢_‘rapid1y._ He devised an automatic threshold.control (ATC) technique tc cope ..
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Assume that the signal, if present, will be in a scan time window, T buring

. _ 1’
a time'perie&,'Tz; immediately preeeding the scan time window,; the output of the
sliding window integrator is fed to a peak detector. The threshold is then '

set just above the maximum integrator output sensed in the Tz seconds time period.

The threshold setting, L thus selected is a random variable. The probability'.

1
of selecting a specific value, Ll’ is,
-a, T, ~a, T, R o s _ -
pLy=e PP MEE | | (16)

Then, we see that the probability of a false alarm during the scan time windew.

assuming n is constant during the Tl + T, time period, is simply,
-a, T -a T -a. T, ' ' ' '
Pr{¥a}l = z: (1 ~ e L l){e L2 —e Ut ©) 7 (17)
1=1 .
This equation has been evaluated numerically. We assumed T1 = 10T, and varied .
T, from 00T to-losr for a widerange of background levels (nbt = .001 to 100); _ 'r“

the results are shown in Figure 10. As can be seen, T, = 1041 to 1057

results in a usable false alarm probability (d10-3) over the range of background
lavels examined. The behavior of the false alarm probability .curves for small
background levels reflect the transitions oi.thegpumpeup'period as larger _
threshold settings become prohable. These transitions becene blurred as the
background level increases. B S | |

»The time available for the pump—up period is the time between departure of the
"rransmit pulse and the beginning of the Tange gate, which reaches a winimum of *

n2.2 ms for a direct overhead pass. If we allow "1 ms for the pump~up peried,

and assume T.=-10 ns, t /T = 10 » and we can. expeet satisfactory results for a

100 ns range gate. During initial acquisitinn, however, the range gate’ is con*'

siderably larger, move like 3 us. Figure 11 shows the performance of the
'*C*ATC for . Tl = '3007.  Note that for T2 = 10 T, the false alarm rate for T = 10

;has increased from 6 x 10 -3 to 1 8 x 10 4, a factor of 30 1ncrease, showing a
o nenrly linear dependence of P to both T and T where P_, is small and

‘s “FA "1 "2 CFA &

Thus. we conclude that a pump-up ATC with a sliding window integrator is a

‘7satisfactory-feehniqueﬁtoféontrol“che false alarm probability over wide range -

27
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 of background levels. . Further, a -mp-'-ms_f time period of 1 ms or less will
nominally result in a satisfactory false alarm probability, aud can be
nccammodated randily...

Thc naxt step is to Lompute dutaccion probabilities for the pump-up ATC system
when the return pulse is preaent._ Thia can be estimataed veory eqasily by

simply noasidering the detaation prnbnbility where thn ﬁibnal pulsﬁ is ubn-
~ tained wholly within the sliding window 1ntegxatar. IF we ignore false alarms

s e L g el (n T +N M =T+ ) |
* o — ') 5 a , :
Py E (@ b 2 =~ ! ): o @ (18)
Lul o _1\'0- '
, This equation has haen evaluated numercially with the results shtiown in Flgures é
12 and 13. Gomparison shows thnt_1n¢1qasing T, has a swall effect on the _ 1

"féquired'signhl onergy for a given missad detection probability. Eigufn,l&
shows the missed detection ptahabilitv for a stationary threshold system For
comparison purposes. The thtnahuld was selected to keep PF ® 10 &g and T, = 107,

1
Az can be seen, the differonce between the curves for tha random thrashald with

‘ré = 10&1 and the btationarv thxushold ig vory small (<2 signal p-o) Thus, we
conclude: that the pump—up ATC system conucpt is a viablu candidate téchnique

for tha laser ranging system.

Clanecl Hiihbt i AP i St

Correlator Performance

P__n;vi_-ously_, we dotermined __t;h__at__;a -gorralator or matched filter technique yielded '
”1mpréﬁed Eiménof—nrrivul eqcimatas campnréd te a sliding window integrator with-
threshold detection. Une possible implemgutation technique is to umpiuv a
tappud dalay 1ine with pulse shapc waighted summinh of the outputs.

“Figure L5 shows a hypicnl example, with six taps. Since a Finive uumber of taps
- are to be used, it is desirable to determine the degradation in performance as -

compared to a continuous matched filter, Consider the case whera the pulse .
shape is well mpproximacgd as a ralqu coatnn. o

A(E) = ns(l + cos. Wt/i), ;c|xT!“ - o (19

w L iy the mean enerpy in the received pulse.
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CORRELATOR SCHEMATIC

OUTPUT TO PEAK
DETECTOR

Figure 15
ﬂheh the tecéived ﬁﬁlae is ekactiy centered'in the delay 11ne, the mean signal
energy in the jth bin is simply

“sﬁj =, [TIN +- sin (1/N) cos (217 (-L-—— 1/20)1] @0

where N = number of taps.
Assume the weighing functions are, -

Wj =145 cos (2rd5=2 - 172)) o (21)

'where b 13 a constant used to vary the filter characteristics.
The second moment generating function of the output of the jth tap is.

ws

u;j (s) = ,(n-s’j + 0 T/N) (e oy | (22)

Tﬁé'aeéoﬁd moment generating function of the output.df the summer is,'

N N ' N

EECED DENCOED DT I = Z Zn PSS @3

:where “b ia the background rate in p-elsac.

2-24
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. In-order to reduce this expréssibn to a more compact form, we will use the

following relationships.

pgleost 10(_2) + ZZiK(-Z) cos kb 24)
: K=1

2: sin jx = sin O x /2) sin ((N + 1) x /2)/sin x /2 (25)

1=1

2, cos ix = sin (N x /2) cos (N + 1) x /2)/sin x /2 (26)

yw1 o

U WE |
We first expand e j_ as indicated in the first relationship, and then perform

the trigonometric summations, and find
w (S) = an[I (bs)e - l] +n Tﬂl (bs) + I (bs) “'sin T/N) e - 1] 27
Then, noting that wx_(o)- =n -and'.t{: lo) = o 2, ve see,

= an + n T (1 + h“ﬂ sin *J _ . (28)

= TA VYD daT L2, N N sin ) . (29)
‘ Thus, we see that with b = 0, the filter is a simple integrator, and the mean and
variance are equal, as expected for an ideal phO*Q»JLCttOH cuunter. Where b = 1,

-and N is large, =

A

| i
LY nb'_I’ +3ar . (30)

an +2 nST (31)

The next step is to estimate the effect of varying N and b on the performance of
the system, One of the more significant criteria is detection probability and
false alarm probability vs threshold setting._ .

“In order to estimate these probabilities, we use Chernov bounds as given below.

Prix <yl <ewp [h () - SU DY =¥ "(s), S<O - (32)

2.5
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Pr {X > Y} < exp b, (8) - sy _(8) - sp _'($))/y = '(S). $>0 (33)

We evaluated these bounds numericglly, with the results shown in_Figures 16 and
17. Although varying b causes both the false alarm and missed detection curves
to shift, the éffect on detection probability is rather small, as can be seen
from the intersections of these curves (highlighted with a circle), We could
conclude that there is an optimum b (a function of background level), but the
effect is small enough that optimizing b is not a high payoff activity.

Varying the number of taps does not affect the false alarm statisties, and has
only a small effeg;_qn the missed.de;ectiou probability as can be_seen from
Figure 17. ' '

We were concerned, however, that the finite number of taps might cause the output
of the summer to be somewhat distorted. This was evaluated with a simulation,
with the results shown in Figures 18 through 20. The delay line was simulated
~with 40 discrete time slots, and the effect of various groupings tested with a
:epeahable random sequenée.' in the first figure, each time slot was weighed
individually, and the resultant curve of the summer output is quite smooth.  The
next step was to group the time slots into 8 taps (five time slots each), with

a resulting summer ocutput curve shown in Figure 19. Some distortion is evident,
but of little significance. Figure 20 shows that for 4 taps, a significant

distortion is observed, which could cause pfoblems in determining the peak.

Thus, we concluded that 8 taps is a rTeasonable choice. Four additional rums

e T2 ani ot s A R

. were made in thg 8 tap configuration using,difiergnt randqm=sequgnges, with the
results shown in Figure 21. Although some roughmess is appatent, the'puises are
reasonably smooth and the peaks detectable.

Alternatively, the correlator could be implemented slightly differently such
that a zerc-crossing detector could be used to detect the pulse center. This

wduld.be'accomplished_by.changinwa5 to bé,

Wj = cos (27 ((j + .5)/N + 0.25) (34)

"Figu:é 22 shows the summer dutﬁut as detgrminéd by simulafion £6r thteé'bﬁ1seé:

The negative transient preceding the zero~crossing would trip a threshold detec-

- tor used to arm the zero-crossing detector. Détermination of the performance of

X b 2 Ko kT B AL a s e a P a  as
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~the d\mshold detector is a ‘b:lt more laborious in this case, since the pulse 19
not wmplntaly within the delay line,. and the high order Bessel Eunctiona do
not reduce to mero. o

Sinca we previously found that 8 or more napa was eaaentially equivnlent to an
1deal matehed filter, wo will nnnlyzn the "continnous case. The filter output
; where only baukgromul 1s presant is descrabad by the second moment generating

function.,
T : | ' S
AROE f e cos(M/T) _ 13 qo (35)
0 I N |
¥p(8) = T () -3}
'!lcmce, |
oy ™ 0 )
0,2 = n1/2

Whan ounly signal is present, we fiund,

/2 -
lbs(s’t) = w1+ cos(m(e - w)/T]{e
t—T/!

§ cos (Bml'r + 1/2) - 1] da (36)

Expanding the exponentinl in a Bessgl fum.tion smies. and performing the trigono—

e mtr:u. Antegrations rasult:s in,

QJS(S,t) -.ua’r; lIo(s) =111 - e/1 + 3‘2—&- sin 2me/T)

"51:11(5) _["-.(';l ~ £/T) sin 2mt/T + ‘:}r-(‘l < cos 2we/T))

| ~ (DXL, (5) | »
B %2““5-—&“ [[R2(1 - CO8 2m:/‘1‘)

K(R® ~ 1)
~ (1 - cos ..wu/'r)] sin mr/z

+ {sin 29Rt/T - K sin 2t /7} cos m/z]]} | | (3?)3 A
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) _thg maximum.expected negative swing occurs near t = T/4 (0.284852 T 1s closer).

nTI (s)
w(srm (—-+ )nT[I (s)-l]-(4+ )nTI(s)-&-—g-sF_——-—
nT7I (s) nTI () aT In(s)
I - S & .8 "4 s_'5
TE T TTw (8)
1 .3
n '=if(4 —J T
' (t = T/4)
" Gt 3pngt
2 g -'  !
% =2 %"

' Then, the signal to noise ratios for the two filter eonfigﬁrations (for threshold

detection) are,

. SNR (MF) = (372 -..n.s'r)zl'('s./.z aT) = 0.9 n_T

3.1.2 .3 3
SNR (2C) = [(g+ 37 /GG+ 3P In.T - 0.5931 nT

Thus, we conclude that'threshoid detection with the zero-crossing detector con-
figuration requires v 1.8 dB more signal then for the watched filter configura-
tion for comparable performance.'_The zero-ctossing detector is easier to
implement rgliably,thanva peak detector: the 1.8 dB penalty can be accepted
since we expect"tp_gptmally_opepatg”in the large signal region where detection
proﬁabilifiés'aié not a pﬁéblem.

Sglit Gate Sliding Window Integrator

:An alternate concept, to evade precision wide bandwidth tapped delay lines, is

to use a split gate sliding window integrator, as shuwn in Figure 23 This
device is very similar to the tapped delay line with zert-crossing detector for
time of arrival estimation.

2-35
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'SPLIT GATE SLIDING WINDOW INTEGRATOR BLOCK DIAGRAM

i ATC

THRESHOLD
DETECTOR

- OPTICAL

RECEIVER (ENABLE)

~ TO CLOCK

r/2

DELAY

- T/2

DELAY
Figure 23

The false alarm and missed detection probabilities are given 'by the equations
derived for the sliding window integrator previously. The performance for time
of arrival estimation can be shown to be '
2.1 39
e ° 16D @9
N2
where SNR = 8

Ns + n.bT
T = total gate width (2*FWiM)
n, = background rate (p-e/sec)

- N.S = signal p-e/pulse
and a raised cosine pulse shape was assumed.

For comparison purposes, we note that if a correlator were used,

2

_ Ea.z i __2_'1;_._ _ : _ : 6.
21" (SNR)

If a maximum likeliho'od estinia-tor were used,

2 2 |
4T [“s +'an - 2N;n'b1‘ + '(i'a"'.J-'-r.)f-] o :
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At zero background rate, these become,

2. 7% 7 | 72
Ta Nt o2l 2
slse 2“~NS|COR R

ML

. Under background limited conditions (an>>Na).

2 2 3
" Z _ T (ﬂbT) T (an) T (an)
o 2| T3 » T3 3
o '16'NB' SG 2T NS 1 cor .Zﬂ Ns ML

Thus, the rms TOA error for the split gate tracker is V1.1l times the rms error

_for_g.cor;elatpt operating on the same signal. The ML estimator 1s either

~ better than or equal to the.correlator. but not by much w:less the backgrnﬁnd '
rate is very small. Alternatively, we can express the pérformance in terms of
‘required signal or SNR. .In this context, the split gate tracker requires
'N0.9 dB more signal to shot noise ratio than the correlator for equivalent

performance,

" 2.1.4 Ground Return Pulse

'.Thé emitted laser pulse can be reflected from clouds, the intended target, and
the ground., 1In order to determine the relative magnitude of these reflected
signals, first consider the signal reflected from the g:ound. In many cases,
‘the g:ound i3 well répresentéd as a diffuse (Lambert) ascatterer. The magnitude

of the return pulse is then given by,

2
NG = PTSTsnﬁé,(rcos¢th hv (42)
where

= scattered signal p-e/pulse
= transmit energy per pulse (joules)
= transmittance of tramswit path

o N )

= transmittance of receive pgth
receiver effective area (m )

= reflectance of the ground

‘= gzenith angle .

w e o m>»7u: w oo
)

= range (m)

2-37
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h = Plank's constant
v .= optical frequency

~ If the surface 18 a more nearly eépecular scatter at near normal incidence (@-0).
N = No x (ulhae )_

'wﬁe:e 
6, = full planar beamvidth of the scatterer

For e#amplé, eVan mbderately choppy water has -a significant gain compafed to
a diffuse refleetor at nenr normnl incidence. On :he:qthnr hand, a cpncréte
road is a nearly Lambertain reflector. o e

. The reflectance eoefficient. t varian coneiderably. A typical lower limit for
~ black earth 13 v 0,02, An upper limit is n0.8, for newly fallen snow.

At normal incidence (looking straight dowm), tha enargy in the reflected pulse
ftd#'néw dnbﬁ!ié'N1h8.p-é/pﬁ1ée;iﬁhiéh.id easily detectable, although considerably
smallet'than the expected'signal from the target at this condition. Thﬁs.' '

- potential false acquisition problem exists if we must xeacquire near genith, or
if the target is snow covered. Near the horizon, the retum is much smnller

(ml 6 p-elpulae) and groasly spread in time, and is, therefore, relatively
' unimportant.- S o : '

In order to estimate whera::he false acquisition possibility ceases to be a
“problem, conaider a laser pulse temporal and spatial envelope given by,

: _ “\ Tty
Siltar) = ad® T/

3
- The r_e.ﬂ_ect_ed_ ﬁuls_e._i-s then, 2
s(t)nffaexp{ ~% = ———— }derdr (44)
R o rb ____' L ‘
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Then, we see,

o 2%

§:(0) =5 s aexp -r(; (45)
. 0 ©O » c o
-

5 (0) a 11' l"o : .

_ _ Czt
o '!he total reflected 'en'e_'rg'y is détermined to be,

uam . ; Se(t)dt = avrg = 32 47
Thus, ,
SO - Nl AT T ue)

_ _Now. 5. (0) is the peak power in the reflected pulse. At normal incidence, all
; of the reflected pulse would be detectablé in a ‘gate width. However, as the
zenith angle increases, the pulse is stretched in time, and the makimum ehergy
‘4n the gate is approximately S, (0)T, Thus, we can compute NG(¢) from Equation (48),
~and then campute.s (O)T to-estimate the peek detected signal in the eliding
) wdndnw 1ntegtator. ' ' '

= d_Thia will yield a good (but conservative) approximacion if T, the gate width,
‘:d. is aot too much greater than 21, and the zenith angle 1a 1erge enoush to have
"cauaed a significant decrease in. peak intensity. ¥For a 4ns FWHH pulae,
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t = 2,4 ns, Then, for T = 8 ng, hs = 333 km, FOV = .5 mrad, r = 0.8, the
estimates of Sr(O)T gshown in Table 1

TABLE 1
SIGNAL BACKSCATTER VS ZENITH ANGLE
ZENITH ANGLE Ne($) . 50T
. (DEGREES) (P=E/PULSE) ' (P-nlcamt)
0 - - 148.0 | 148.0
1 M1 66.9
P 147.7 34.1
5 145.9 13,5
0. 139.7 6.35.
20 . 17,05 . 2,47
1 85.67 1.05

Thus, we see that the energy in a gate width falls off quite rapidly. and becomes
‘virtually insignificant as the zenith angle increases above 10°, At near normal |
incidence, we could also experience a rise in detected background due to specular
scattering, However, the likelihood of conducting ranging meagurements at very
low zenith angles is quite small at best and can be completely evaded by

operational constraints (i.e., look at other targete).

It'doee'appear posaible to use theisyatem in an altimeter mode if such is desired,

| although it would probably be necessary to alter the time of arrival decision
strategy, and the transmit beamwidth and recelver field of view for thia mode.

Also, since most terrains are about an order of magnitude less reflective than
fresh snow, it would probably be necessary to increase the receiver telescope
diameter to obtain fairly confident ground retuin detection., Finally, we note
that the mean spacing between 111uminated_epo;s_for a_lo_pps_lase: ;o_ahou;

' 740m, compared to a beam diameter of “165m, thus successive pulses are terrain
independent and the range gate would have to be wide enough to cover surface

_ roughneas.

In order to teat this hypothesie, we estimate the advantage of signal power to

solar background power. This is roadily accomplished by noting that the solat
g opectral irradiance in the vicinity of .53 pm is about 0.2 w/m -A. If we use

a SA optical filter, and assume 0.5 mrad fleld of view from a 333 km (180 nmi)
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spacecraft, the incident solar power on the ground that is within our fieldkb

of view and optical bandwidth is v21800 watts. For a & ns FWHM, 10 mj laser
S

pulse, the peak power is 2.5 x 10° watts, thus the peak signal power to mean.

background power ratio is ~115 to 1, and the signal should be detectable above

. the background in a modestly sized gate width._

Thus, we conclude that ground reflected signal need not be a serious concern if
“we limit the observation region to elevation angles less than 80 to 85° for

" normal terrain in the vicinity of the target. Further, it may be possible to
configure the experiment to allow operation as an altimeter, when not ranging,
- at least over favorable terrain, -

2.1. 5 Laser Ransing Experiment Patameter Seleetion

Two types of lasera were coneidered for the laser ranging experiment, referred
to as long pulse and short pulse lasers. The long pulse laser is a Q=-awitched,
cavity dumped Nd:YAG laser with an output pulsewidth on the order of 4 to 6 ne
(FWHM). The short pulse laser is a Q-switched, mode-locked, cavity dumped
laser with an output pulsewidth on the order of 0.1 ns (FWHM). The experiment
deeign approech for these two lasers will differ considerably. The longer
pulse lagser system design will be driven by the need to obtain 2 to 10 cm rms
‘Tange measurement AcCCUracy. The short pulse laser system design is almost
totally driven hy.detection étatietice;rif the tetutn'puise'ia.detected; the_”'
theoretical error will be less than 2 cm rme. The two concepts are therefore
' separately discussed. - | |

~ Long Pulse Leeer Ranging Experiment

In the preeeding seetions the performance of the laser ranging experiment.
_expreaaed in terms of theoretical ranging measurement accuracy, was found to
be a function of the signal to stiot noise ratio. '

2
s " (49)
.SNR = _ &
Whefe, : : |
Ng=o (E G'r) A (n ST s s l(lm) R lw) o (50) -
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'Eqmations (%) and (9) from Section.z.l.l have been rearranged in (49) and (50)
to group transmitters and receiver variables, and the more or less fixed
parameters. o ) '

“The, . transmitter variables are the enetgy per pulse (Ep) and the transmit antenna
gain (GT), which is a function of the transmit beam width (32[u ). The receiver
variables are the receiver aperture effective area (A ), the optical filter

" bandwidth (A)), and the receiver,field of view (9R . (FOV) ). The target
radar cross-section (o) is also a variable for this.stqu._ The remaining
parameters are largely determined by the state-of-the-art and the environment,

_.The.transmit beamwidth and the receiver field of view are primarily constrained
by the achievable pointing accuracy. Let p be the maximum design transmitter
pointing error and let O be the transmit beamwidth at the e -2 pcwer poigts.
The weakest design signsl detécted would be proportional to “T e 8 uT .

This would be maximized if ay = a8 -

: The transmitter pointing error consists of a random component., whieh can be
considered as a pulle to pulse varinble, and a “static" component, which is
‘ relatively constant during a pass. If we assume the random componeént consists:
" of two orthogonal, mormal, random variables with equal variances, cp, there the.
‘szrobebility of the pointing error exceeding p is given by,

‘ﬁhere-n'- static pointimg error

~ and Q («,6) = Markum Q function: |
« ~(o?4+8%) /2

,Z: () IK (a;8) e

K = 0

' The Markum Q 5f§hct£&h'--is ‘relatively easy to evaluate numerically, but we seek’
an inaight'imto the relationship between n, p.'and'ap. For e fixed value of

e (u, ) - 0 1 (one of every 10 pulses im weake: than predieted), a reasonable -
. approximation is,'  e '

D=4
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a8, 0, +yot4n® | SRE)
vbere g =la2

Fbt'Qr(d B) = 0.01, the app;oxiﬁation is the same form but B - 2.0, For
Q(a,8) = 0,001, use B = 2.72. Aseume G, = 0.05 mrad, n = 0.09 mrad. Then,
a value of p =0, 159 mtad will reault in 9 of 10 pulaea at nominal or 5reater -
__:aignal strength, and ag = 0.45 mrad would be optimal. ' For 99 of 100 pulses
at nominal, p = 0. 203 mwrad, and o = 0.574 mrad would be optimal. A value of
Ay = 0.5 nrad is a reasonable comptomiae. ' .
i_*The receiver field of view needs to be somewhat greater than twice the selected
value of p, since there is some net pointing error between the_:eceiver.and S
-the transmitter. For preliminary design purposes it is, therefore, reasonable
:"to'chdoae the receiver fleld of view equal to the transmit beamwidth.
The "fixed"'link-parametera include quantum efficiency, the ttanemit and receive
”-optical efficiencies, - atmoapheric t:ansmiaaability, the range, and the back-
,-ground,radiance. -At 0. 532um, a 252 quantum efficiency is achievable in a high
apeed photomultiplier. The valuea of ST = 0.8 and S = 0,4 have been,aaaigned

| .'to ‘allow some margin for degradation. The atmoapheric transmisaability is a

"fuuction of the optical thickness (T ) of the atmosphere and ‘the elevation angle.,.

- For targets. at-or near sea level, an optical thickneas of 0.425 at 0. 532um

correeponda to cleer day conditions.' Then, § '- exp - {-ZT fsinE}. where E is
the elevation angle. The Shuttle altitude is aaaumed to be 333 km (lSﬂ nmi),

L'and the background radiance, 0. 017 wlm.ma-ater.. corresponds to sun-lit earth

viewed.from space, The design minimum elevation angle was chosen to be zoo-w IR

3tesulting in S =0, 0833 and R - 838 km.

The temaining variaoles, E o P A » and AA can be choaen to yield any desired <
,theoretical ranging accuracy requirement. “Asswoe a 10 tm rms accuracy require-“

“Tment. uains ‘the split gate sliding window integrator technique. The required ;Lg

SNR = 14 (ll 46&3) Figure 24 shows the required teceiver aperture diameter

*ito achieve thia SRR as a £unction of the product of energy per pulae and target
radar roaa-section for various optical filtet>bandwidtha Rote that the " -

‘ receiver diameter 1s inveraely prcportional to -the required ms ranging accu-'_':'

3-2-43
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. TacY, . thus to. achieve 2 cm Tms the teceiver diameter would have to be 5 times
.greater than shoun in Figutre 2., An upper limit of 19 cm diameter (7 5 1nchee)
was: conlidered reasonable for the'receivex. As mentioned pteviously. a 50 mj/pulse
| '-leaer 18 conaidered aehieveble, and a target ‘radar ctoss-aecnion of . 107 m2 is
considered feasible. These limits are also shown in Figure 24, to emphasize
:he evailable design ma:gin. ‘
 REQUIRED RECEIVER DIAMETER FOR 10 CM RANGING
AT 20° ELEVATION ANGLE -- LONG PULSE LASER

" SUNUIT EARTH BACKGROUND
333 KM ALTITUDE ,
0.5 MRAD BEAMWIDTH & FOV

(7.5 DIA, TELESCOPE)

N ‘ o | somy 107 M2 |
I | R [ I, | ) ' L 106

Ep o {(JOULES — M2}
T - Figure 24

In erdér'io’ﬁeet.the ninimum acceptable performance, 10 cm rms with a 19 cm

- }diameter receiver ape:cure. the Epc product must be at 1east A5 x 104 joulea-m?.
' aeaumiug a one: Angstrum optical filter bandwidth. If o = 107 ?,'a 1.5 md/pulse

' laser would auffice (zero margin) Alternatively. for a 50 md/pulse laser

"and o - 107 mz, a 3.5 cm (1. 6 inch) diameter réceiver aper:ure would yield A

10 cm s - (zero margin) ranging accuracy. Note that the tequired E ¢ is affected

: ;,“hy the minimum elevetion angle forx. ranging.: For example, 1ncreasing the minimnm

elevation angle to 30° eould reduce the required Epu product by a faetor of
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_  7.2 (G.GVdB). Decreasing the minimum elevation angle to 10° would increase
.V:the_reQu;red.Epg product by a factor of 56.1 (17.5 dB).

~  The Shuttle altitude also affects the required Epo nroduct. At 20° minimum
. elevetien angle, increasing the Shuttle altitude to 500 Km would 1ncrease the

o required E0 product by a factor of 4.1 (6.1 dB).

The selected design valuea, 19 cm diameter recelver aperture and 5 x 105

R joulee-m2 ptovide gredter than. 10 dB’ margin over the minimum requirements,
-wwhich*19~consiaered a comfcrtable.narsin for preliminary design.
-Table 2. summarizes the link margin for the selected system parameters.

T Shert pulse laser ranging experiment - The major concern for the short pulse
laser ranging experiment is the detection statistica, if the pulse is detected,
the theoretical time of arrival estimation error is well within the most ’
ambitious goal. We selected a 0.5 x 10 3 falge alamm probability goal, and

"a 992 detection probability goal, and parametrically evaluated the effects of :
optical filter bandwidth and the energy/pulse—target cross-section product '
~on the required receiver aperture diameter, as shown in Figure 25. The

m"reaults are quite similar to the results for the long pulae laser ranging
'expertment discussed previously, except that the optical filter bandwidth
1effecta .are apparent even with relatively 1arge energy-croas section products.v
Table " summarizes the link margin analysis for a specific point design
similar to the design for the long,pulse laser ranging experiment.

2.2 Mission Simulation
" The question of acquisition’ and tracking cannot be treated in isalation.
_Experiment characteristics, especially the,statietica of the errors in results,
is affected by selection of the pointing system. In the design phase, the
“"experiment behavior ‘can be uaed to assist selection of fundamental pointing
system parameters. Among these,are sample rates and allowable acquisition
times.. A.computer simulation of the experiment is necessary to the design of _

the.laaer peinting system.'

__The experiment has an estimation ptocedure associated with it. This in fact,
is the very essence of the experiment. Because of ‘the complexity of the system,
the large number of corner reflectors which may be considered and ‘the extreme
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12,

14,
ls.c

16,

17.

18.
19.

20.

21,

22,
- 23,
2,
25.

27.
28
29.
30.

: 31.

‘PARAMETER

" Transmit Energy
‘Transmit Losaes )
‘Transmit Antenna Gain

Pointing Loss

Free Space Loss
Atmospheric Loss (Down)
Target Gainrrrodhct
Atmospheric Loss (Up)
Free Space Loss
Receive Antenna Gain
Receiver Lossés
Received Signal Enetgy

.Energy/Photon o

Received PhotonalPulse
Quantum Efficiency

‘Received P-E/Pulse

Background Radiance

‘Receiver FOV (Sterrad.)

Optical Filter Bandwidth
Receive Antenna Axea
Receiver Losses

',Received Background Power

Energy/Photon

:ReceiVed PhotonslSec. .
‘Quantum Efficlency
‘Réceived P-E/Sec

Receiver Gatelwidth‘
Background P-E/Gate ;“
Received P-E/Pulse
Raquired P-E/Pulse
Link Margin . .

TABLE 2. -
LINK MARGIN ANALYSIS
LONG PULSE LASER

VALUE
=13.01 dBJ
"0097 dn

81.07 dB,

4,34 dB
-265.93 dB
~5.40 dB
206.47 4B
~5.40 dB
-265.93 dB
121.00 dB
-3.98 dB
~156.42 dBJ
~184,26 dBJ
27.84 dB
~6.02 dB

21,82 dB
-17.70 dBW
-67.07 dB

6.99 dB
—15.47 dBM®

- -3.98.dB
-97.23 dBW
-184,26 dBJ
87,03 dB

-6.02 dB

81,01 dB

-80.00 dB
1.01 d8
21.82 dB
11.83 dB

19.99 dB
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COHMENTS
50 mj/pulse
80% Transmittancg

0.5 mrad beanwidth

1426 x 108
10 Nanoseconds

838 KM

0.425 Optical Thickneas @ 20° Elev.

107 n®

19 em Dig.

40% Transmittance

0.532 um

- 25%
152. p=e/Pulse
. -]
0.017 W/H;~A Ster.

0.5 mrad
. ;
5A

'1.26’p4elcate'

152 p-e/Pulse

10 cm rms
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15.

16.
17.
18.
19.
20.
21.
22,

23.

24.
25.
26.
27.

- 28,
29,
30,
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LINK MARGIN ANALYSIS
SHORT PULSE LASER

PARAMETER
Transmit Energy

: Ttanamit Loases

Ifanam;t Antenna Gain
Pointing Loss
Free SpeceVLSsa-

- Atmospheric Loss (Down)

Target Gain Product
Atmospheric Loss (Up)
Free Space Loss
Receive Antenna Gsln

Receiver Losses

__Regeived_Signal Energy
 ‘Emergy/Photon

Received Photons/Pulse
Quantunm Efficlency
Received P-E/Pulse
Background Radiance
Receiver FOV (Sterrad)

Optical Filter Bandwidth

Receive Antenna Area
Receiver Losses

TABLE 3

VALUE
~16.99 dBJ

=0.97 dB

Received Background Power

Eniergy/Photon
Received Photons/Sec.
Quantum Efficiency
Received P-E/Sec =
Receiver Gate Width

‘Background P-E/Gate

Reﬁgived P-E/Pulse
Required P-E/Pulse

‘Link Margin: -

81.07 dB
~4,34 dB
-265.93 dB
-5.40 dB
206.47 dB
=5.40 dB
~-265.93 dB

-121.00 dB

-3.98 dB
~160.40 dBJ
-184.26 dBJ
23.86 dB
-6.02 dB
17.84 dB
-17.70 dBW
-67.07 dB
6.99 dB
~15.47 dBM
-3.98 dB°
-97.23 dBW
184,26 dBJ
87.03 dB
-6.02 db
81.01 dB
~96.99 dB

-15.98 48

17.84 dB
10,93 dB

6.9 dB .
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COMMENTS
20 wj/pulse
80X Tranamittance
0.5 mrad beamwidth

838 KM

0.425 Optical Thickness @ 20° Elev.

107 m2

19 cm Dia.
40% Transmittance

0.532um

25%
60.8 p~e/Pulse
L]
0.017 W/M* A-Ster.
0.5 mrad
L]
5A

0.2 ns

.01 025 P-e /Gate
" 60.8 p-e /Pulse

12.4 p-e /Pulse
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REQUIRED RECEIVER DIAMETER FOR 99% DETECTION PROBABILITY
—SHORTPULSELASER

1000
F
1R PEA = 05x 1073
3 SUNLIT EARTH BACKGROUND
o 1 - _ 333 KM ALTITUDE
o W . ‘ ———"""""" 20° MIN: ELEVATION ANGLE
<« F H 0.2 NS GATE WIDTH
I 0.5 MRAD BEAMWIDTH & FOV
a ‘ N
10
1 | S N S Y S | l.l —— A 1 Ll L 1. L.} i | -l.r . I'VLll.
103 104 108 106

_Ep o (JOULES — M2
Figure 25

vaccuracies desired, the estimation procedure is a very involved and complicated
program. Hathematical simulations of this exist but are prohibitively expen-
sive in computer time and in coat to be used for engineering design. Because
of thia a simplified simulation was conceived so that almost any effect can

‘be included in the statistics if necessary even though the dynamics of the
nominal trajectoty cannot be uaed fot prediction purposes. This simulation has

" ‘been implemented on a 6500 Cyber computer.

2 2. l Pro rogram Descr_p_tion

The basie kinematics of the simulation represents -a spacecraft travelling in a
circular orbit with apecified altitude, node, inclination and anomaly from the _
‘node at time ze:q. This was implemented by assuming perfectly circular motion
with uniform veleci:y. This was to avoild any necessity of numerical integration
in_ehe_eimulggiqn¢ The array of reflectors on the Earth's surface were simulated
"bj Eincular motion representing the earthle rotation. The position of any
reflector at any specified time is obtained by calling a subroutine. In this
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subroutine the positions of every reflector at time zero are calculated just
once when the subroutine is first called. The program is so dimensioned that
any number of reflectors can be considered. Rearrangement of reflector grid

geometries Is effected by simple modification of the subroutine.

Simulation of the sampling 1s also handled by means of a subroutine. This
selects the reflector which is to be observed in accordance with any observa-
tidn policy which one may wish to investigate. The time of the observation is
also provided in accordance with any sample rate specifications. Acquisition
delays are taken into consideration by having the routine suppress observations

"for a specified time after the acquisition reflector has arrived within view.

The reflector grid selected for this study consisted of five reflectors
situated at the corners of a 25 km square with one reflector at the center
which is at latitude 33 deg north with thé sides of the square situated east-
west, north-sohth. The purpose of the experiment is to determine the relative
position of these reflectors each with respect to another. Four "outrigger"
reflectors were added. It is not required to determine the positions of these
with high precision. These were added to investigate their ability to aid in
spacecraft poéition determination. These four reflectors were positioned at
the corners of a 200 km square with either its sildes north-south, eést-west or

its diagonals north-south, east-west.

With:thege_reflector-arrangemgntsvthe measurement policy adopted was to range
upon the most remote outrigger which is in view (in view meaning that the line-
of-gight is greater than 20 degrees in elevation) if any of the target grid

'reflectors are not in view. If thé target reflectors are in view, then the

range to each of them is measured in succession in batches of five measurements.
After this the outrisgers are observed once each and the process is then
'repeated. The intervals between observations are one second unless the observa-
" tion changes to a new reflector, then it is five aeconds. An acquisition time of
ten seconds was agsumed. .Subsequeut ‘evaluation indicated that:these aésuﬁptiéus

are adequate for the laser ranging system design.

‘A gimbal arrangement was assumed. This assumed that the-System'waé*abéard é'"
shace shuttle which had its longitudinal axis directed normal to the orbit plane
and rolled to an attitude so that at the time of closest apptoach to the centtal

. ground reflector; the roll gimbal was at its neutral pnsition. Computntionn of

2-49
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- gimbal angle time histories was provided in a subroutine. Gimbal rates at
sample times were also computed as was range, range rate and the magnitudes

of the corrections in return bulse arrival time due to atmospheric refraction.
If E is the elevation angle and A = 2.4m, B = 0.0025m then the racge correction

is given by

AR & A/sin E - n/sin3E

and the atmospheric time of arrival by
24R/¢c

and the first order velocity correction by
22 B

c cC

where p is range and ¢ is the velocity of light.

2.2.2 Statistics

In order to describe the statistics of the estimation procedure which consti-
ﬁutes the experiment we must specify the state vector which includes all of the
variables pertinent to the problem., We include the three position components
of each reflector and the position and velocity of the spacecraft. If thera
are M reflectors then we have specified 3M + 6 varisbles so far. To these we
shall add five geopotential terms. According to our assumption of a purely
circular orbit these geopotentials are considered to be nominally zero. Their
purpose 1Is only to degrade the statistics of the spacecraft state. The range

. measurements are»considered to have an error which 1s nearly systematic. An
autocorrelation function of the form

R(T) = cr_B?' e /% ' : (53)

was assumed with T = 20 seconds. This can represent attitude fluctuation of
the spacecraft. The range is also assumed to have a random error which is
uncorrelated between samples. The nearly systematic error is appended to the
state vector. Also appended is a pureiy systematic error in the longitudinal
component of Ehevcentered3masa of the spaceéfaft. Thus, the total nuhbetjuf
state components is now M + 13, ’
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The initial covariance for the target location will depend upon the surveying

accuracies with respect to the dynamical center of the spacecraft orbit.

We

assume that the center of the grid will be known only to within a spherical

distribution with a standard deviation of Uo

» mark the individual refiectorS'were assumed

= 100 ft,
to have a circular distribution

Relative to this bench

“which is uncorrelated between reflectors with standard deviation Op = .3 ft.

Thus, the initial covariance for the reflectors is of the form

L AR T
o+ 0, j d;" l 'O::
2i) &4
S T ee T e T T
d.o Og' ‘, c:*a}-‘) 6;\'\{ \
Co LR P RS —
ay - | & & ) o ) |
% | _%}_‘_5}«*\!
0 ) {

_”The 1n1t1a1 covariance of the spacecraft state which was used corresponds to

good tracking (1 e., within two orbit petiods) by a gr0und network.
complete six by six matrix in orbit plane coordinates.

follows (in ft and ft/sec).*

This is a
This matrix is as

*Refererce (1) Lyndon B. Johnson Space Center Memorandum to FHBfﬁission Analysis

- Branch. from FMBlMathematical.Phyaics Branch

2-5
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- {+275671405  ~,802681+05 = .294705+04  .932507402 -.177456+02  -.126507+01

- .799405406 -.191430+05 -,795606+03  .575508402 -.106914+03
' .116397+05  .182926+02  .128867+01 -.334140401
| . .803689+00 -.680565-01  .977056-01)}
lsymmetrte - o (240196=01  ,136106-02
oL - .525264-01 |

The covariance of the.. spacecraft state is reinitialized to this at the beginning

of every ‘pass over the target grid area.

The geopotenrial terms considered were C(O 0), 8(7 4), 0(6.5), £(7,6) and $(5,5).

=spaeecraftby a 10 value of the expected error in the known values of each of
-the harmonics up to C(7,7), 8(7,7) acting individually. Those selected gave
'the 1argest acceleration while the spacecraft was closest to the reflector
grid. The 10 value of the errors in these where conrldered the. apriori
- standard deviations. These are ' o

¢ = 0.1 x 10" for ¢(0,0),
. 0.5 _10"10 for 8(7,4), -
0.1 x 1072 for c(6,5),

0.1 x 107 for €(7,6),

. 0.3 x 10 -9 for 8(5.5)

 @reat accuracy in these quantities is not critical to the simulation since these
_are used merely to couple with the spacecraft state compohents. This is needed
to prevent a too optimistic spacecraft state component determination.

Initial covariance for the . range bias was assumed. represented by 0 = .1 ft -
" ‘and for the apacecraft center of mass by Og = -5 ft.:

_2 2 4 deariance'Erogggatiun
- The initiel covariances which have been discussed must , in order to be used by
.__the eetimetion procedure, be: propagated to the time at which a rangeé measurement
U is taken and also propagated between measurements. For the reflector positions
‘this involves only the kinematics of the Eatth rotation. For the spacecraft
. state this must- 1nvolve circular orbit state trensition matrices and the
fepupling from the geopotential effects. The geopotential effects are considered
__ﬁtat%QFétyof_Fbr_rne.rangefbiae_the_ranggferrqruaurocerrelerionffunctioﬁ=muet-

s .
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-_be-tgken 1nto-account, The spacecraft center of mass errorbis stationary. It
1s desired that numerical integration of Riccati equations is to be avoided.

~ Earth rotation influence upon the reflector covariance 1s given simply by

. A
cos u)EAt -sin mEAt 0 cos mEAt -gin wEAt 0
sin wgbe cos WAt 0 Jsg sin mEA; cos wEAt. 0
0o 0 1 0 0 1
" where wg is the Earth rotation rate, At is the time iInterval over which the
reflector covariance S, must be propagated. ' '
The-sﬁééééraft state covariance in ;he absence .of geopotential effects is
propagated by means of the circular orbit state transition mattix'¢6 given by
T 2 8 0 s 201-¢c) 0 ]
_ > S
bt + 28 2l 0 2(ee)  Lesuaeds) 0
¢ = 1 0 o0 c 0 0 g (54)
e} W
~w(=3wit+s) w(l-c) O 2-¢ «{(-3wAt+2s) O
-w{l=c) lilg 0 -g 2c~1 0
0 0 C~ws 0 0 e

" Here w is orbital angular velocity, ¢ = cos wAt, s = sin wAt, and the coordinates-
are respectively attitude, downrange'disiance,'normal tb orbit_p1ane distance and
their time derivatives. The propagated spacecraft state covariance is

¢qss¢o -

-:uhe:e_sé-15-che.initigl spgcgeraft state covariance.

" To include the coupling of the geupotehiial uncertainties a matrix ¥, was con-
- aidered. This is given by |

6x5 A; 7 .
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,hete a is the epacecraft acceleretion and h represents the geopotencial terms
This is derived in Appendix A. 1In this case the propagation of both the space-
craft and geopotential terms is given by

o \ezf  \oz/

Covariance propagation for the range error involves the autocorrelation func-
_tion.

R(T) = aB ‘ "T

in this case a propagation over time Ac requiree that the covariance of the

range error be modified by first multiplication by e -2 be/T

by addition of the term c (1 2 At/T . Furthermore every correlation term

and then increased

'between the range error and the state must be attenuated by multiplication by
-AtIT. One can see that over a long time interval the range error covariance
1s  nearly reinitialized.

The covariance of the spacecraft center of meee_efror is as mentioned-pfeviouely.
not modified during state propagation. |
Unmodelled drag effecte were also included. These were treated in much the
-eame manner as the gecpotential terms with the exception that no state variables
' wére ddded to the syetem."Anrunknown.hpc nominally eezo:coefﬁicient of an
acceleration acting opposite to the spacecraft velocity was considered. An addi-

: _tional epacecraft etete covariance was computed based upon the covariance of

thie drag coefficient. Thie term is given by '

48 = -[w,_(__t_-z_) - ¢(‘.t_2._)_¢§;.(t;l-_)_ﬂ{(_t-l)_}qkz.w(tz) - q,._(tz_)d»“(c‘l')w-(‘:l)1T_ ‘_ (‘56)k

where w(c) is now the coupling term expreseing the influence of the,dreg term
'ecting from the initialization: time of the overfly pass to the time t. The
term AS is the additional covariance due to unmodelled drag uhich has been

.. accrued in the time interval beginning at cl and eodiog at t2' These computa-
tions have been relegated to a subrou:ine. ' s ' "

. The eetime;;on procedure which incorporatee the measurements and modify the

2-44
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state error covariance was implemented as a Kalman filter. The calculations

pertinent to the covariance simulation involve the state covariance § prior

to the measureément update,the variance of the random error on the (range)
measurement UMZ and the "observability" matrix M.

(3 state)

L g range (57)

~With this nomenclature the updatedfcoveriancess*'is-given by the Kalman formula

st m s - sM us™™ + UMZ)'1 Ms~ (58)
‘Some manipulations in matrix algebra shows that this formula is mathematically
equivalent to the least squares formula

Ht e e oy | (59)

. We adopt the former since no matrix inversions are involved and our application
does not involve precise calculation which would ke involved ia an actual
estimacorr

The simulation also allows for any component of the state to represent a
consider variable. that is one which the estimator does not attempt to improve.

This can be done simply by changing the covariance of the consider variable
back to the values which existed before the update.

2.2.5 ~Qutput of Program

Hith all the previous calculations, the simulation provides a time history of
the trajectory with all of the attendant quantities such as gimbal angles

and rates together with a time history of the entire state covariance matrix.
-Of more direct interest. is the statistica of the error in positicn of one
reflector (reflector 1) with respect to another reflector (teflector.j).

‘311 is the 3 x 3 submatrix giving the covariance of. position componcnta of
reflector i and S11 is the 3 x 3 submatrix of correlative ‘terms relating _
reflectora 1.and 3§ then the required covariance of poaition difference is given
by _ o . ‘ :

_VOLUME 11
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An average. strain error covariance for M reflectors can be fabricated by summing

for pairs of reflectors.- This is expressed as

2. ,
Savg - M(M—l) Z : (sii - sij._)' : R T .(.6-0)-'
. ol i’j : . . .

Also obtainable from the state covariance matrix is an estimate of obtainable

:'pointing EETOE. The derivations of the computations ‘for this are presented in
Appendix B. We must note that this pointing error is based upon the covsrience'
of the simulation under discussion and not. necesssrily'the coVsrience expected"'-
to be provided by an actual on<board mechanization of the navigation accuracies
derived from ranging.

2.2.6 Results
~ The ‘covariance simulation which has been descrtbed-wasﬁapplied to a shuttle
oorne ranging device travelling in a 180 mm altitude orbit having a 55 degree
'inclination. The node was selected so that the first pess-travelled across a
point’ 1 degree east of the central reflector of the array which was at 33
degrees of latitude. The outriggerrreflectors were 200 km apart on a square
with north-south, east-west eides. The spacecraft was trevelling'northessthrd
at this point. The node was reinitialized for a second pass over. this. ~same
'point but trsvelling southeastward. The ground tracks for these are shown in
- Figure 26. The msssurement policy previously described was used, Figure 27
T presents. the gimbal angle history for the first pass. This suggests'that“s T
renumbering of sone of the reflectors might reduce the maximum gimbal rate
slightly ‘but the rate requirements are not serious. Bsnge history is presented
in Figure 28. .‘ S R PR . :
'Presentetion of covariance results in terms of 3 x 3 matrices or just their .
§ diagonsl terms can sametimes obscure.the true nature of-. the accurscies obtainsble e
- because of the inspproprieteness of the coordinete aystem selected, In order to
' better see the degree of accuracy present in the reflector relative position o
"3covarisnce, the.eigenvslues of the covarisnce mstrix were genersted._ Although
time histories of these as the ranging process continues represents a principle
axis coordinste system which is changing with time, the results of doing this
| still provides a better indicstion of system performsnce. S

I ) A e L A b bt
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Figuie 28

A cursoxy examination of the experimental procedure would lead one to the con-."
'1:c1usion that ‘the position difference accuracy between a pair of reflectors
would be on the order of the randam error of the ranging measurements and
- ‘that both the range bias and the spacecraft position error should cancel in the
:differencing proceas.' Indeed a one—dimenaional model of the experiment with a
- stationary observer and one range measurement on éach reflector will give a
- range difference ve;:lanqe of

__0,2_ ="—§-T—-—-z- amz o R o (61)
T  “m

mwhere qu is the a ptiori variance of reflector position, However, the einu154 ;7
tion did not hehave this way with target reflectors having an angular separation
as viewed from the;spacecraft. The.range bias cancels but the spacecraft posi— e
Cinl tlon error doee not. Appendix C shows why. In thia case the system.behaves as -
Iif the random error variance is a 2 + (U 2. * 26’ ) singﬁ instead of juet % 2

where 26 is the separation engle and Og y 1£ the variance of spacecraft position o




"SYNTHESIS AND ANALYSIS OF © .. REPORT MDC E1729

PRECISE SPACEBORNE LASER RANGING SYSTEMS FEBURARY 1978 'VOLUME 11

perpendicular to the line of sight and in the.plane of the reflectors. Since

:.st can be quite 1erge{ ?Sy eie § can eaei}y dominate over Um'

Eurthefmnte additiohel'rahge measufeﬁents'dg not improve this sinee'spacecraft

_position error is systematic during the observation period.

.'Figeﬁe 29 ghows the pfineipal 1o positiun'ﬁiffefenee accuracies. for the relative
positions of reflectors 1 and 2. These are the square roots of the eigenvalues.
Notice that the minimum eigenvalue does not. immediately decrease as the reflec-
tors in question are viewed but must await some reduction in spacecraft posi~

tilon. The intermediate eigenvalue begins to be reduced when sufficient angular

ftré#el*ﬁékesianother difection_obsetVable.;ZThe position difference normal to

 the orBit plane. reQuires a,eeeond pass which observes this component

“The spacecraft position determination -which is involved in the first pass is |

~.shown in Figure 30. It seems apparent that a spacecraft accuracy of less than
"‘1 £t can only briefly be obtained near closest approach. This is the ltmiting

'effect in experiment accuracy. Modification of the sampling policy cannot

_RELATIVE POSITION ACCURACY FORTARGETS 142

N | EIGENVALUE | |

: INTERMEDIATE
‘-_-‘P SEIGENVALUE T T T ~MAXIMUMY
: ' \ EiGEN VALIJE

n

i-‘l

_“'F
e

'STRAIN ERROR STANDARD DEVIATION — FT

~160 -100 60 0 50 100 150V 150 -100 =60 O 50 100 150
ST - TIME—SEC .. . ... ... . TIME-SEC
FIRSTPASS -~ - -0 ¢ . SECONDPASS

.. Figure 29
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appreciably improve this with the possible exception of additional independent
tracking of the spacecraft.  Any additional orbit determination must measure
‘ . This is
the rationale for the extra "outrigger" reflectors positioned so as to provide

SPACECRAFT POSIT_ION DETERMINATION

VOLUME II

8

. T 1
RELATIVE TO TARGET GRID
- {TARGET NQO. 3}

1 0 POSITION ERROR — FT
>

-

0.1

area.

2-60

The effect of moving the outrigger reflectors closer to the target grid was
“investigated. Plénément of these four tefiectors“at IO0,000'mEters'tather-than '
at 200,000 m degrades the strain accuracies in the target grid by about 30%.

The outrigger positions have been subsequently chgnggd,to‘Be_gt zOO,OOOImwbut
situated north-south and east-west of the target grid. This is to provide more
lateral viewing of the spacecraft because of its 55° inclined orbit over the

The pointing uncertainty due to the uncertainties remaining in the relative
spacecraft reflector positions is.shown in Figure 31,

~200 ~160 =100 —b0 0 50 100 150
TIME - SEC (FIRST PASS} . N
' " Figure 30
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ERROR IN KNOWN DIRECTION FROM SP-AGECRAFT TO TARGET

BASED UPON RELATIVE NAVIGATION ERRORS
ATTITUDE REFERENCE NOT INCLUDED

_ySp—— 5 . o — —r
TIME—SEC {FIRST PASS)

Figure 31

The simulation was exercised to determine the changes which would result from
more remote encounters of the spacecraft with the reflector grid. This was
done by &arying the orbit node so that orbit ground'tracks'would'have specified
longitude differences with the reflector grid of the grid latitutde. This was

done mainly to check ranges and gimbal angle histories to be expected. Figure 32

shows that the accuracy deteriorates rapidly after 4 degrees of separation.

Figure 33 shows the gimbal rate histories for a longitude separation of 6 degrees.

Further mission analysis studies are not within the jurisdiction of the contract.

All that was needed was corroboration of the selection pointing system features

from an experiment accuracy point of view. The results so. far indicate that -

the pointing system design is compatible with experiment objectives.

2.3 Acﬁuisition'?tocess Analysié-_

The expected angular uncertainties due to ephemeris and target location errors
" significantly excéed the pointing uncertainties due to attitude reference and
—pointing,cgntrql errors, at least until the first Kalman filter update is accom-

~ plished. The acquisition process consists of a sequential search over the region

2-61
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of uncertainty until a valid target is detected. ‘At that point, the ‘angular un-
- certainties are reduced, and the normal ranging mode commences.

Let fo(-f) be ‘the apriori probability distribution -of target location, where X
is a two d-mensibnal adgular vector,' Let g X - 3{.“) be the probability of de-
tection, given the target is at X and the beam center is at Xn (for nth trial).
- Then the probability of detection by the nth trial, Py(n), is,
o n
Py =1 -/ £,0 1 [1-g(X-X)] & - (62)
i=1

The. probability of detection on the nth trial, Pg(n), is simply,

‘ ' tlfl
pg@) = By(n) = Pp(a-1) = / £,(%) I [1-g(-Xp)] g(X-Xn) dX (63)
o | —o 1=1
The mean time to acquire is,
T=AT I 1pg(d) 60

i=1

If we choose the set of pointing locations (X,, i=l to n) to maximize PD.(n), we
~ would have n simultaneous equatiomns to satisfy (for K= 1 to n),

n .
_:}:f-o(x)_ o .[_;-ggfi-'iin_g? G&X) k=0 B (2
1k

. The values which sat:l.afy these equations could then be ordered to minimize T,
-given a detection occm:red in the n trials.

. These are only two- of the possible cost functions. Whatever cost function we =
vchoose, one additional factor should be considered. We chooae a cost function
such that a sequence X,, i=1 to n is optimal for n trials, Then, if the target
is not detected, we may choose to extend the search for anothe: n trials. ‘Then,
if the sequence xi, 1-1 to n previously def:lned is contained in the sequence

1. i=1 to n + L which is optimal for n + n t:riala. the sequence 15 uniformly

"opt:l.ml

2-63
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Oné such ﬁniformly optimal sequence 16 obtained by simply choosing-i; to maximize
paCn). given the n-1 previous trials. The sequence is obtained by choosing fi.

'jehen*ia. etc, The sequence 80 defined is not necessarily optimum in terms of

minimum mean time to detect the target or maximizing the probability of detection
1n n trials, but 1: is uniformly op:imal

The optimal sequence is difficult to define, since we do not know: g(x) This
results from the fact that g(X), the detection probability, is significancly

- affected by écmoapheric scintillation. This affect can be modeled by assuming

the varlance of the log of the detected signal (C) is constant, but unknown, and
that h(C) is the probability dansity of C. Thus, for our optimal sequence, Xn
would be chosen to maximize,

n-l
py(m) =1t f"o(fi')' n [-1-!;-('1':‘.-‘:611@1 8(X-X 10) h(c) dX dCc . (66)
]
j=1

' One more problem remains to be considered. Consider the possibility that a

cloud was obscuring the target for exactly the first K trials, and let q(K) be

' the probability of this event. Then,

n-1 * © n-1
| fp'a'(n) = ¢ qW TTE® 1 [-s(EF10) HEC) dKdc (67)
K=0 =K+l

‘Equation (67) must be solved for the X, that maximizes pg(n) for n = 1 to some

relatively large number (perhaps up to 200), in order to obtain an optimal

_acquisition aearch sequence., Then, since the mndela for q{K) and h(C) are not

well known. 1: would probably be desirable to alter ‘the parameters -and generate
a new optimal sequence, and compare the sequences thus generated. Finally,
(XIC) 1s not stationary. ‘with time since the Tange - 13 decreasing rather rapidly

~when acquisition begins. The rate of decrease of . range. and hence rate of

1qcrg¢aa in mean signal level, is a function of the distance of the target

from the'shﬁttle'orb1t5plahé,5£hui-td*be.asibrééiﬁe as possible, a new optimal
- sequence should be generated for each target pass.

‘One minor problem, of course, is that g(xIC) cannot be described in closed fotm

when log-normal acintillation is considered. Thus, there is simply no way to

2-64 : .::
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evaluate Equation 67 excepf numerically, and an enormous computational load is
anticipated even to generate a short optimal sequence.
- A more praééicél apﬁrqach'ﬁeeda to be devised in order to obtain_éoﬁe basic
design data. First, consider the case ﬁhere,thefacintillacion variance is
~ small and the mean signal large. The detection probability will then be
: nearly 1 in the central portion 6f the beam, and nearly zero outside of the

‘central region. Thus, we could approximate, : ' ' :

g® =1, /X <o
=0, /X/>p

If we arrange a minimum léngth search sequence so that all possible target

: _locations within a specified search radius are within at least one detection
radius (p). the resulting set of search locations. f;, would be describable
as a two dimensional sampling grid with any three adjacent points at the corners
of an equilaterial triangle of dimension o\ﬁ ‘on a side. The overall detection
probability would be simply the probability that the target was within the region
Yaearcbed, assuming ro obacuration. This sampling grid atructure was chosen for
_the balance of the acquisition atu&133° the sample spacing was considered a
variable.

' The méan_return'sisnal'so is a function of the planar distance, v, between the

beam center and the target, and the e’l-beamrradiua, T,

a ~r"/_ 2 - : '
§ = :—E e r, . , _ o 7 (.68)

o
L where am= constant determined by the link conditiona. iy

‘ When log-normal scintillation is postulated, the observed signal energy, 8, is i
__g_rgndpp,vgtiahle wi;h q_probab;lity q;s:ribugion,_ o

2

£(s) = exp {- [2 In (—-)+ c} /2¢} ' (69)

P

whete C = variance uf :he log of S

- 'Next, assume that the receiver employs an.ideal photo-electron counting, sliding
window integrator. Then, when the signal is wholly within the window, the

265
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probability of detection given S, for a threshold, L, is,

Pn"l'z (ﬂﬁ)K POLLA | : 0

K=0 H

where $ is the signal energy in photons/pulse
- and. n.= quantun gfiicigncy_pf the;dg;ector

Thue. che overall prohability of detection is simply.

pn -1- ) & é-?—)e -~ £(s)ds ' (71)

This integral was computed numerically for the limiting case, C = 0.6, for
~  typical threshold levels, yielding the curves in Figure 34. The average
 signal is simply nS_, as defined previously. An emperical expression was

derived for these curves, of the form,

g | | '
Pn.":l-m("z a, ('ﬂs‘_&K) R ¢

K0 .

;whefe-thEJag'ﬁhfe computed nuserically for each threshold setting. .

Next, let the points in the sampling grid be defined as xij’ Yj'

Rymld+g-Gmdn  "'(7'3')"
YW S5 o e
2 2

.343 + Yj <R

where R 1s the desired search radius.

- Next,. -assume that the target is located at a point, XT Y Now, for any

patticulat pulae pointed at the i,j aample grid 1ocation. ‘the distance between

the beam center and the target is defined by,

- 2-66
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_T_ho average signal (nso) 14 expected is,
. _
(ns ), = 25 exp - ~bl
R Ay as

e .. e o S |
.-The 'probabilit:y of dé'eeotion in one complete pass t:h,roogh the sampling grid '
-is simply,

PD =1 ~ E exp
el L3

The bem radius (r )} has a significant effoot on t:he detection probability.

1f the radius :i.s_ _ei_.ther very large or very small, the detection probability ia.
small, thus we conclude that an optimum beam radius can be defined for any

specific set of conditions. Figure 35 shows the optimum besm radius as s

- function of the number of samples in the grid and the search rogion radius,

where the nominal received signal, from a target on beam cenl:er, was 100 p=e/pulse,
wir.h a 0.5 mrad transmit beam width.

(77)

The deteotion threshold nffecto the optimum value of r s 88 ahown in Figure 36 ’
resulting in a decrease of the optimum beam radius as t:he t:hreshold is i.ncreaaed. o

These calculations were perfo.-ed under the presumption that the target _was
near the center of the search region. Figure 37 shows the effect of moving

o che target various distances from the center of the asearch reglon on the

probability of missed detection. The effect of varying the threshold on- the
probability of missed detection is shown in Figure 38. For both of these
-figures, the target was located on a radial inclined 30° from the hor:l.zont.al
axis of the saupl:l.ng 3:16. We found that no significant changes rosulted o
_ from varying the angle of che radial.

N '.l.’he next s:ep was to alauu that the probability distribution of ‘the target .
location was a zero mean circular normal distribution. Thus, t:he ;p_robahi].i;-y
—that the target is at_:-a___-d:_l.fstanoo Lo fro__m__. the center of 'the_ oao;pl:lng grid is,
p( ) = -—exp (-r IZU ) ' {78)
where,
O ® Oy =0 = standard deviation of the location error
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- A conservative value of ¢ = 0,2 mrad was assumed, and the overall probability
of missed detection was computed as a Eunction of the number of gamples in
rhe.grid_ as shown in Figure 39,

~ WEIGHTED MISS DETECTION PROBABILITY VS NO: OF SAMPLES IN GRID |

, ~ I~ o~ — 25 PE/PULSE BORESIGHT REF . |
o 50 PE/PULSE |
) BORESIGHT REF
. —2.0F _BORESIGHT RE
=) R =20 :
= - 1
=
1 _ ,
B R
9 B | I | |
: - | @ 1'MRAD SEARCH RADIUS _
—aok _| e 10PE/PULSE DETECTION | 100 PE/PULSE
3y SR THRESHOLD BORESIGHT REF
I e ALPHA 0.2 "
-5.0.
0 10 30 40 50 60 70 80 90

"'-'_O_NO.*oFSAMPLES —_—
' Figure 39 -
' ‘Also ‘shown in Figure 39 ‘are three. phantom lines, drawm threugh the origin
and the lowest points on.the computed curves,: Taese lines répresent ccnstant
_ payoff lines, i.e., the log of prebabiiity of missed detection in linearly
Jprﬁportional to the number'df'triale; ‘The sigaificance 4s that. the probability
of nissed detection in N trials is the same whether the number of trials Tep-
ereaente maximally interlaced samples in rhe grid or repeated trials of a
.:amaller sized grid.- Thus, for the most robust link shown, - there is no pracrical
reason to define a sampling grid larger than n 35 samples.. However, for less

‘robust Iinks, larger sampling grids Tepresent additional improvement in detec— |

tion:probability. The slopes of’the bounding lines appear ‘to be 1inear1y ‘pro= |
portional to nominal signal arrengch. Thus, we can approximate, for this : _j
specific set of conditiona, e
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: . =; 0006EN o : o

Py ¥ 10 _ ' 7 (79)

‘where N 1s the number of pulses and E is the expacted number of photo-electrons

per pulse from a target on béam center where the beam divergence is 0.5 mrad.

The validity of this approximate expression can be shown in the following manner.

| Considér the case where the targeét is located in the center of the sampling

grid. The sampling grid can be approximated as a set of sampling points located
on concentric circles about the target. The spacing between adjacent circlea
ia_Ar. The number of sample points on the ith ciréle from the center is

ﬂpproximataly 6i. Assume there are n circles, extending to R = nAr in radial

-distance, with a total number of samples, N = 1 + 3n(nt+l). The mean signal

strength for a sample on the ith circle is,

-(iAr/ro)z .
0,4 - _2 © | | (80)

As noted previously, the probability of detection for this sample is,

n

P '\"—.1 T €xp EJ‘AK 50,4

Thus, the log of the probability of missed detection for the 61 trials on the

ith circle 15.

P, =61 Z AK( ) 'e(?!i(il»h'/:‘:)2 | .(81)

Kel
Then,
_ . . . m 2 _
ln:PMD - S = -§ AK ia r _
. - 1-1 K=l 1=l °
| 1, K ol . o
Cm e S A - _[Rarf\ 2
-6 2 afAy f'ia' 7 j1 4
o K=l ™ L A - \%o _
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10 K, 2y ~(a+1)? kar/r ?
v3 Y, a2 e Ni-e °
=7 & r 2] \kar®
1 o |
10

3 K
r-=3 E CAA__ | (82)

= T = - o

) [+]

Since Ar = Rh; andn 1 4 -/n/—-s,

| L2
Ry x-N (AIA thp ATt ) ., (83)

Thus, to a first order approximation, the log of the probability of missed
&étacfio§ is linea.ly proporﬁidnal to both N and signal energy per pulse,

and inversely proportional to the acquisition search area. As long as the
search radius is considerably larger than the standard deviatfon of the target
location uncertainty, and the target grid spacing is small compared to the
nominal beém radiua, this approximation should be quite reasonable regardless
of target location withiﬁ-ﬁhe'grid. as noted during the numerical analysis.
Furthermore, note that L the beam radius for acquisition, does not appear
as a first order eiffect on the misged detection probabi?lty, provided that

r, is large enough that the second and higher order terms do not effect the
results,

:-'Thﬁe,'we conclude that for feésonable'system parameters, acqﬁisition is likely
to be quite reliable even for worst case atwmospheric scintillation. Further,
note that at nominal acquisition conditions, i.e., 20° elevation, the range
18 réductng at v 7.5kﬁ/sec, thué the meaﬁ return signal energy will increase
almost 40% in the first 10 seconds of the acquisition process, further enhancing
‘the acquisition probability.. Also, we note that the optimum beam radius for
acquisition is sufficieh:ly large that the second and higher 6rdered terms
in the approximation are negligsble. Thus, we find that choosing a beam radius
somewhat larger fﬁéh'ﬁhe éalculated optimum yields Bettér reéults than choosiﬁg
a smaller beam radius (thé Ak are alternating in sign). Finally, we found
that the controlling parameters were the nominal energy per pulse and the grid
sample density (RZ/N).
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2.4 Stable Platforms

A number of experiment pointing systems havz been proposed for Shuttle/Spacelab i
applicaticns, The general thrust of these pointing systems is to provide a

general purpose mount which is capable of pointing experiments with varying

levels of accuracy and stability., Four of these systems were evaluated for

compatibility with a laser ranging experiment. The initial screening resulted

in concluding that ounly one of the proposed pointing systems was potentfally

suitable for a laser ranging experiment. The four peointing systemns considered

were the Instrumen: Pointing System (IPS), the Miniature Pointing Mount (MPM),

the Small Instrument Polnting System (SIPS), and the Annular Suspension and

Pointing System (ASPS),.

Both the IPS and the MPM employ mechanical isolators to reduce the sensitivity
of the pointing system to Shuttle disturbances. These lsolators allow the
gimbal centroid to move with respect to the Shuttle structure. Any unknown
motion of the gimbal centroid with respect to the Shuttle coordinate system
results In a residual translation error of the ranging data. Consequently,
both the IPS and the MPM were considered basically unsultable for a precision

laser ranging experiment,

The ASPS concept includes a magnetically suspended fine pointing gimbal system
inside a conventional coarse gimbal system. This cencept was not considered

sultable for applications demanding significant angular agility.

The remaining pointiﬁg system, SiPS, is considered basically suitable for a
laser ranging experiment; ne fundamental incompatibilities were identified,
although the design slew rates and angular acceleration capabilities will
limit the experiment capability to make ranging measurements to target grids
composed of many and/or widely spaced targets. A number of areas of concern

were identified, as discussed in the following paragraphs.

The first area of concern is one of sarety. This concern is due to the design
of the SIPS gimbals, which allow full hemispherical pointing capability.
Since the laser ranging system employs a high peak power laser transmitter,
a system of interlocks and contrel procedures will be required to ensure that
no significant amount of laser energy is incident on any part of the Shuttle,
and spectrally selective window covers are recommended for all windows in the
Shuttle and Spacelab which could be, or could view any part of fne Shuttle
illuminated by the laser ranging system transmitter.
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The second area of concern results from the reguirement to tranafer the range
wmeasurement to the Shuttle center of gravity (eg). This transfer requires
kuowledge of the SIPS giwmbal angles and poasition of the gimbal centroids in
Shuttle coordinatea. As discussed in Section 2.2, the iocation of the Shuttle
¢g 18 included in the sathematical wmodel of the system. However, any uncertadunty
in gimbal angles or gimbal position results in a coupled ranging error. As
currently implemented, the S1PS8 glmbal angles arve sensed with 12 bit precision

shaft encoders (v1,5 mrad reseolutien).

The distance from the gimbal centroid to the Shuttle cg 1s a funcclon of the
location of the experiment within the payload bay, and can range from 2.5 to
12 meters; the maximum vanging error coupled into the weasuremeat by gimbal
angle readout vesolution is on the order of 1.5 x 10-3 x D2 A 0,5 om (rws).
Note that angular deflections due the thermal gradients and/or structural
flexures could add directly to this uncertalnty, but for the purposes of

this study were assumed to be an order of magnitude smaller than the readout

rasplution,

The third area of concern {s the relatlouship between Shuttle attirude, during

the pass, aund the required angular accelerations about the gimbal axes to keep
the peinting vector oriented toward the target. This is a concern “ecause of
the limited angular travel of both the loner (right-left) gimbal avd the eleva-
] tion gimbal. The Shuttle orientation strategy devised in the mission simulatioen
1 i (Section 2.2) resulted in selecting o wmoditfied, x~axis perpondicular to orbit

: plane, (POP) luertial attitude =uch that the Shuttle ¥ axis inteveepted

the target grid center at the point of closest approach., The target grid,

under this condition, was located within a few degrees of the Shuttle Y-Z

plane throughout the ranging pass. This 1is not m optimum attitude strategy

for the SIPS mounted laser ranging experiment, since either an azimuth gimbal
£lip 18 required, ov the S1PS elevation axis design would have to be modified

to permit a 180° elevation capability. The simplest solution seems to be to

tilt the Shuttle % axis by an angle, {, from the grid center at the point of
closest approach (retainiug the Y axis in the orbit plamne). Then, the maximum
angular a..2leration required about the azimuth axis is approximately .02/51:\2
(degraes/secg). for a Shuttle altitude of 330 kw {180 wnai)., The maximum azimuth
gimbal acceleration capability is aasumed to be 0.2°/second2, thus a tilt angle,
1, of at least 18.5% is needed to allow continuous tracking at worst case condi-

tiona, 1t is somewhat undesirable to chwose conslderably larger tilt angles,
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since this would bring the laser beam closer to the Shuttle or Spacelab structure,

which is undesirable from a safety standpoint.

The fourth area of concern is the interface between the laser ranging experi-
ment and the SIPS computer. As currently defined, the experiment will derive
permitting error signals in up-down, and left-right coordinates which are
forwarded to the SIPS computer to initiate corrective action. The concern is
related to the effect of lags caused by data transfer delays and finite computer
cycle times on the pointing error, Consider the following scenario. The
experiment computer performs a number of essential functions, including a naviga-
tion function and an attitude reference function. The navigation function is
included so that ranging data, after initial target acquisition, can be used

to update the spacecraft position data and reduce the net pointing uncertainty
for the balance of the ranging pass. The navigation data 1s used to predict

the proper pointing direction and te position the range gate for the next acheduled
transmit pulse. We anticipate this prediction will include the target range
vector and the range rate vector, in stellar inertial coordinates. The attitude
reference function maintains a current estimate of the actual pointing direction
of the laser ranging experiment. The pointing command function is derived from
the current pointing direction and the desired pointing directien for the next
transmit pulse time. A prediction algorithm generates a series of pointing
commands which will result in being at the correct pointing direction at the time
of the next scheduled transmit pulse, with the correct angular velocity to main-
tain track during the pulse propagation time. This time period varies from two
to six milliseconds, and the net change of direction during this interval is

2 VTIC, also referred to as the point ahead angle. At the point of clesest
approach, the point-ahead angle is akout 55 prad, thus the maximum rotation

rate of the pointing vector is less thau 30 urad/ms. If the SIPS computer can-
not accept and process a pointing error command in a prompt and precisely rre-
dictable manner, a dynamic error is introduced, which is proportional te

the variation of the execution time and the peinting vector rotation rate.

The areas of concern discussed above are not insuperable problems; we conclude
that a laser ranging experiment can be configured using the SIPS to point the
transmit and receive telescopes. Integration of the laser ranging system and
the SIPS, however, is considerably more complex than envisioned for the normal

instrument payload for a SIPS application.
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3,0 Experiment Preliminary Design

3.1 Pallet Mounted Experiment

The configuration of the pallet mounted experiment is i{llustrated in Figure 40.
The experiment hardware is composed of two groups, the support electronics,
mounted on coldplates attached to the pallet side, and the optical bench and
associiied components, which are mounted in a protective enclesure on a sill
level platform. A removable cover is provided to shield the optiecal components
from contamination and to maintain thermal stability when the experiment is

not operating.

The optical bench mounted components include the laser transmitter, the optical
receiver, star trackers, the attitude reference gyros, and the telescope and

beam steering mirror.

The active elements of the system which are mounted on the eptical bench are
thermally insulated from the bench; energy which is dissipated within these
components is discharged threugh an active thermeelectric system to the pallet
supplied liquid loop. The enclosure is thermally insulated and equipped with

heaters to maintain a stable thermal environment.

The support electronics components are mounted on coldplates connected teo the
pallet supplied liquid cooling system., If required, a thermoelectric mounting
plate can be inscrted between the component baseplate and the celdplate,
sllowing a precise bidirectional heat flow contrel to maintain a narrow

temperature band within the compenent.

Figure 41 pictorially describes a typical ranging experiment. Approximately

45 minutes prior to the beginning of the ranging pass, the Shuttle is mancuverved
to the nominal inertial orientaticn for the pass, and the experiment attitude
reference system is initialized and calibrated during the next 15 to 20 minutes.
The Shuttle orientation s nominally X-axis perpendicular to orbit plane (X-POP},
with the Z-axis peinted directly at the center of the target grid at the point
of closest approach. The Shuttle angular rates are controlled to as low as
posaible to minimize the need for thruster activity during the actual ranging
operation. When the first target comes inte view (>20° elevation at the ground

target), an acquisition sequence 13 initiated. A short target verify perilod
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follows ciue initlal target detection. 'The experiment then enters the nominal
ranging mode, which continues until the last target is no lenger in view. At

this time, the experiment is shut down and normal Shuttle activities resume.

LASER RANGING EXPERIMENT PICTORIAL

ACTIVE
LASER
RANGING

ARS
ALIGNMENT
& CALIBRATION

i
STARYT
ARS
ALIGNMENT

Figure 41

The data accumulated during the ranging pass is recovded for subsequent trans-

mission to the ground. A typical individual measurement record includes beoth
the transmit pulse departure time and the time of arrival of the reflected
signal, attitude and gimbal angle data, a target label, the current Shuttle

?} position data, and miscellaneous system parameters pertinent to data veduction.

3.1.1 Functional Description

The major elements of the laser ranging system on-board the Shuttle are shown
in Figure 42. The major interfaces are shown to illustrate the morve signi-
ficant functions. The clock subsystem issues a command sequence to the laser

transmitter to initiate a pulse at ov near an expected time, nominally at a

10 pps rate. The clock also determines both the actual pulse departure time

3-3
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and the detected return pulse time, and forwards this data to the data assem-~
bler and the navigation computer. The navigation computer efther accepts or
rejects the data point based on several test criteria. If accepted, the
measurement is used to update the state vector via a Kalman filter technique.
The navigation computer also generates the spacecraft/target range vector (and
its derivative) for the next pulse emission time. The magnitude of the range
vector 1s used to set the ranging receiver range gate. The range vector and

its time derivative is forwarded to the ARS computer, which rotates both inte
Shuttle coordinates and converts this data into gimbal positien command. The
navigation computer outputs range vector data at a 10 sps rate; the ARS computer
processes the direction and rate predictions into a gimbal angle trajectory
command sequence which is delivered to the pointing control subsystem computer
at a nominal 200 sps rate. The pointing control system compares the gimbal pesi-
tions with the command positiens and issues the necessary acceleration commands
to the beam steering subsystem torquers. The ARS computer also maintains a

current estimate of the optical bench attitude in stellar inertial coerdinates.

The laser ranging system is controlled by the command and control system which
contains the desired ranging messurement sequence and the necessary navigation

data to initialize the navigation computer prior to initial target acquisitien.

The RAU is the data and command interface with the Shuttle/Spacelab data and
command and control system. Shuttle electrical power is conditioned and

delivered to the laser ranging system components by the power conditioning unit.

The thermal control subsystem includes insulation, heaters, coldplates, and
thermoelectric heat transfer devices to maintain the components within the

desired operating temperature ranges.,

Table 4 summarizes a typical laser ranging experiment operation during a
ranging pass. The first operation, called pre-align, requires applying power
to some of the active components, including the thermal contrel subsystem, to
establish thermal equilibrium in the sensitive elements. The next step is to
initialize the navigation computer and commence the navigation fumection. This
includes determination of the desired Shuttle attitude for the ranging pass.
The attitude data (stellar inertlal coerdinates) is forwarded teo the Shuttle,
which is rotated into the desired attitude for the pass.
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Mode Activity Duration Control
Prealign Powerup Selected TBD External Command
Components
Navigation Nav, Computer on TBD (1) External Cmnd On
Initialize (2) Transfer Desired
Shuttle Orientation
ARS Align ARS on 130 min Autematic
Star Trackers on
Coast v15 min Automatic
Pre-Acquisition Gimbals Active 20 seec Automatic
Laser On
Acquisition Dither about Nominal ~v10 see Preprogrammed
Target Position Sequence
Verify Test & Update "2 seec Automatie
Ranging Track/Slew/Track 260 sec Preprogrammed
Sequence
Post-Pass Laser Off, Thermal "5 min Automatic

The next step is to enter the ARS align mede.

Cooldown

The star tracker output data

is used to determine the actual inertial orilentation of the optical bench and

to calibrate the ARS gyros drift and scale factors.

This mode is maintained

until the star trackers line of sight 18 (effectively) obscured by the earth.
At this time the ARS reverts to a gyro only mode until the end of the ranging

pass.

The next phase is the preacquisition mede. In this mode, the navigation
computer begins the target view computation sequence, and the ARS computer
uncages and commands the desired pointing angles for the mirror gimbals.
Approximately 20 seconds before the start of the acquisition sequence, the
laser transmitter is enabled and thermally stabilized. During this period, the

mirrer is positioned to the nominal predicted location of the first target

to be observed.
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If the target is not detected during the preacquisition mode, the system
enters the acquisition mede, which requires dithering the mirror gimbals about

the nominal line of sight to the target in a preprogrammed sequence.

Once the target is detected, the system enters the target verify mede. 1In this
mode, the observed detection characteristics are compared to preset criteria,
and a valid/invalid decision is made. If a valid target decision is made, the
navigation computer is updated and the system enters the ranging mode. If,

however, the invalid target decisien is made, the acquisitien mode is resumed.

An alternate acquisition mode was considered which merged the acquisition and
target verify modes. 1In this alternate concept, a sequential search was per-

formed in space about the nominal line of sight,

However, instead of moving from point te point in the search sequence after a
prescribed dwell time, each peint would be viewed until either a no target or
a target present decision could be made with a prescribed confidence level. fﬁ
This acquisition mode was not considered as suitable for this application as
the fixed dwell time concept, since the major acquisition problem is due to

atmospheric scintillation, and deep fades can last a considerable time period.

In the ranging mede, a preprogrammed measurement sequence is followed., The
transmitter is slewed to illuminate one of thg targets in the grid, and ranging
measurements are made for N successive pulses, where N is a variable dependent

on the number of targets in the grid.

The system is then slewed to the next target in the sequence and the measure-
ment sequence repeated. This sequence of track, slew, track is continued

until the last target is no lenger in useful view. ﬁ

The post-pass mode is provided to ensure completion of all buffered functiens

-

and to ensure that the laser has had time to cool down. The laser ranging
system is subsequently powered down te the hold mode, where only the cleck and

TCS monitor funections are retained.

3,1.2 Folding Mirror and Pointing Controel System

The baseline medel for the folding mirror, gimbals, and contrel system is

derived from a similar system under development for an Air Force laser communi-

cation program. Figure 43 shows the overall dimensions of the gimbal mirror

assembly. It is in a 2 axis rell-elevation configuration with elevation inside
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The gimbal angles are sensed by 20 hit resolution inductosyns,

the roll axis.
The mirror is beryliium for

with the pre-amplifiers mounted on the gimbals.
lightness and thermal expansien matching.

GIMBAL MIRROR

174
JOTAL LENGTH

Figure 43
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The gimbals are electromagnetically caged (during launch) with pewer off,
and can be uncaged by application eof power te redundant D.C. torque motors,

Figure 44 shows the assembly details.

The gimbal control system is digitally implemented, excluding the torque motor
power amplifiers. Figure 45 shows one axis of the gimbal contrel system.

The normal linear control system is augmented with an acceleration schedule
control te facilitate large angular steps. The acceleration schedule coentrol
applies maximum acceleration torque in the desired direction until the errer
signal is less than one half of the initial commanded change in pointing angle.
At this time the commanded acceleration torque is reversed, The acceleration
schedule is terminated when elther the error signal changes sign or a computed
time has elapsed, The (conceptual) switches are then positioned te enable the

normal linear mode contrel functioen.

The control system from which this medel is drawn has been demonstrated in
both simulation and brass-board testing to attain 2 urad rms open loop
pointing stability(*), but the design applicatieon required only very slow
slewing rates. The major change to the reference model, therefore, is te adapt
to cur requirement for minimum time teo slew from one target in a grid te another.
A number of factors must be considered in order to establish the feasibility

of these changes and the expected time to settle after a sizable angular step.

The first concern is the ability of the inductesyns to tollow relatively large
angular rates, The inductosyn is an ineremental counting device which maintains
the 20 bit accuracy by counting changes (#) in the least significant bit. The
subsystem presently used has an error free maximum angular rate of 10,06 rad/s
(3.4%/s). If the angular rate exceeds the errer free rate, the output

lags the shaft angle pesition, The maximum lag is 700 urad. If the angular
rate exceeds about 7 rad/s (400°/s), a loss of reference occurs and the

gimbals must be stopped to reestablish the actwal pesition.

i
The maximum angular acceleration fer the existing system gimbals is A8 rad’s”

in elevation and 2 rad/s2 in roll. The maximum angular step for the elevation
gimbal is on the order of 0.7 rad, thus the peak angular veloecity would be on
the order of 2,4 rad/s, well below the anpular velocity at which loss of

reference would occur. The maximum angular step in the rell axis is less than

* MDC Report E1492, Page 127
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7 radius, thus the maximum aongular velocity is less than 25, rad/s, also well
below the maximum.

Optical shaft encoders are an alternate sensing svstem which have been con-
sidered for this application. A candidate 20 bit optical encoder senses 113
bits directly and the 7 least signitficant bits ustug fringe techaiques. The

maximum error free angular velocity (+1/2 LSR)Y is 0°/s (.1 rvad/s). (Unlike the
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inductosyn, the angular position is a direct readout, thus when the angular
velecity decreases below the 6°/s rate, full angular position accuracy is
immediately restored). At angular rates above 6°/s, the optical shaft
encoder output becomes increasingly inaccurate, with the error doubling for

aach factor of two in angular rate.

Thus, we conclude that the moest significant problem with either type of
encoder is that our ability to determine when the gimbal has reached the
half-way point is decreased, compared to static condtions, at large angular

veloecities,

The next questien to be addressed 1s the control technique te be emploved.

The reference system uses an all digital control system implemented with a

microcomputer. Consequently, a change in control law simply requires

programming a new memory chip.

The reference control system employs a 5 ms cvele time. The cyecle time can
be reduced, if necessary, at the expense of increased power consumptien.
At a maximum aogular velecity of 2.4 rad/s, the position of the gimbal would

change 12 mrad between successive samples, thus we see that the loss of

accuracy due to output lag for the inductosyn (or resclution for the optical

encoder) is trivial in cemparisen,

As presently planned, tne acceleration schedule changes sign when the error
signal is less than one-half of the commanded angle change. Thus, there is
a lag between the actual half-ancole crassine and the commencement of the

negiutive acceleration schedule of up to one cycle time.

This lag results in a residual angular velocity at the end of the acceleration
schedule, virtually insuring an oversheot condition. The residual angular
velocity Is a function of both the commanded step sfze and the cycle time,
This residual angular velocity increases the time required for the gimbal to
settle to within acceptable pointing accuracy (on the order of 50 uprad}.

The settling time can be quite long if the residual velocity causes the

gimbal to significantly overshoot the linear control range,

The next concern 1s to examine the situation where the target gimbal angle
is not stationary. Consider the situation where the Shuttle has a non-zere

angular rate in the gimbal axis coordinates, Thus, the commanded gimbal

3-12
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angle 18 a time varying angle defined as Oc - OD + Oct. An ideal aceeleration
schedule would accelerate to time t;, and then decelerate till time t., the

glmbal angle and angle rate would watch the tarvget angle and angle vate {F,

a o t)‘ "
[

A A Y
and
Q . R £) ]
tnw = +2 |2kl
e A X Q

where the sign of o 18 chosen'to make ty (hence t;) positive and real.

When the angular step size Is large and the target angular rvate wmodest, we

find that the error sigonal (cﬁoc - Y at tiwme t; is,
E= 0 /2 +0 Jha
) ¢

Consequently, we seée that the half-angle step stratogy vesults in a small

switching lag (compared to an ideal acceleration schedule),

There 1z another factor, however, which adds to the utility of the half angle
concept. The torque actually applied to the gimbals for a Uixed drive voltage
varies somewhat with giwmbal auple. This torque tipple vesults in a potentially
significant dispersion of angularv position and velocity at the end of 3 time
orderad acceleration profile. The halt angle switching strategy tends to
wdnimize this dispersion, However, it 1s this dispersion which requives

adding the timer te terminate the accelervation schedule, since a greater than
expacted torque during the latter half of the schedule could result in can-

cellation of the law effects to the extent that no overshoot accurs.

A simplified simulation was constructed teo test the performance ol the gimbal
control system. Torque ripple was modelled as s vandom process; oncodev  error
was also modeled as a random process with an angular velocity dependent
variance, VFilgure 46 shows the respotnse ot the voll giwbal to a 0,15 rad step
command with zero and + 50 mrad/s compand rates.  The simbal settled to

within 50 urad within approximately 0,7 =.  The control loop was operated

with & 5 ms8 cycle time, Figure 47 shows similav curves for the inmer giwmbal,
also at a 5 ms cyela time, In this figure, wore pronounced overshoot can

be observed; even though the first crosaing oveurred much sooner than in

the roll gimbal case, the overall time to scttle wax only slightly less

VOLUME T1
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(v 55 8). Figure 48 shows the response of the inner gimbal to a 150 mrad
step with + or - 50 mrad/s rate. but with a 1 ms cycle time. The large
overshoot observed in the preceding figure has been eliminated, and the gimbal
settled to within 50 mrad in ~ 0.35 s.

In this simulation, the gimbals were modeled as frictionless and linear.
This assumption does not materially affect the dynamic performance except

in the small angular rate regime where breakout forces are encountered.

In conclusion, a wodified version of a pointing contrel system currently
under development has been evaluated for the laser ranging experiment, and
found to be reasonably clese to meeting all pointing requirements, Addi-
tional modifications to increase the avaiiable torque and decrease the time
to slew and settle are certainly plausible; considerable additional evalua-
tion would be required, however, te verify the fine peinting capabilicy if

larger torques are used.

3.1.3 Opto-Mechanical Subsystem

The opto-mechanical subsystem is shown schematically in Figure 49. The

laser output is passed through a frequency doubler and then expanded to approxi-
mately 2 cm diameter and defocussed slightly to obtain 0.5 mrad divergence. The
doubled output is reflected by a dichreic mirror, and directed to an alignment
mirror, which directs the beam to the final folding mirrer. The final folding
wirror folds the transmit beam to be aligned with the primary telescope axis.

A small portion of the transmit beam 1s extracted at the final folding mirror

and used te determine the overall transmit beam alignment.

Another small fraction of the transmit energy is diverted through a neutral
density filter and reflected to the high speed photomultiplier tube in order

to obtain an estiwmate of pulse departure time.

The receive optics path includes a bifurcating mirror which allows a star

sensor to be used to calibrate the gimballed folding mirror (net shown). The
central part of the receiver field of view passes through the bifurcating mirror,
encounters two torque motor beam steering elements, and a narrow band optical
filter. Provisions were made to insert either a shutter or a variable density

filter. The receive path includes another bifurcating mirrer, which splits off



SYNTHESIS AND ANALYSIS OF REPORT MDC E1729

VOLUME II
PRECISE SPACEBORNE LASER RANGING SYSTEMS FEBURARY 1978
) ;
[]
T oy )
S - m m F M
S8 g
o o ZwsE
2t ' T L 1 o TR ES }
) \ S 0w &=
1+ - =
[=] [ gl \
id n
L 4 V._ 4 {4 o
< o
=] @ <]
=t
= \ =
& \
nmh b s ;r ...“I\
g £
= 2
(S8
0 .
F_
7]
=
2
A
u
&
' s
8 8 g & 8 8 g8 g 8
a (QVYW) TIONY TYEWED
Figure 48

3-17




b s A S e

REPORT MDC E1729

SYNTHESIS AND ANALYSIS OF VOLUME 1
PRECISE SPACEBORNE LASER RANGING SYSTEMS FEBURARY 1978
OMS SCHEMATIC
STAR ALIGNMENT
SENSOR SENSOR

PRIMARY I
MIRROR i
|1 SECONDARY
L1 MIRROR ASSY
TRAP
PMT
1% REFLECTIVE
MRROR
TRAP
=3 NOF
) " ALIGNMENT
. 1% REFLECTIVE MRROR
d‘“' DICHROIC MIRROR
FREQ.
DOUBLER
LASER
Figure 49

the outer edges of the inner field of view to a quadrant PMT for gross receiver
boresight error compensation. The central 0.5 mrad field of view is then

focused on the ranging detector.

The collecting and resolving power of the telescope is such that the star sensor
path could be split into two paths (50% reflective mirror), with the second
path directed to a television camera to enhance the experiment monitoring

capability of the crew.

Various concepts for on-orbit calibration were explered to determine relative
accuracy and feasibility. The first phase of the on-orbit calibration process
would be to calibrate the gimballed folding mirror and receiver primary focal
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plane using the focal plane star sensor. The attitude reference system must be
operating during this period to relate star senser output to the navigation
base attitude. The boresight location of the inner field of view can be deter-
mined by driving the gimbals such that a star traverses through the inner field
of view in a prescribed manner, thus the star sensor drop out during the
traverse is indicative of the centering of the inner fleld of view and the star

sensor field of view.

If the narrow band optical filter is removable, and the PPMT is replaced with
a CCD type star sensor, a further fine resolutien calibration of the torque
motor beam steering units can be performed, resulting in a very precise
centering of the inner field of view with the outer fileld of view and the

gimbals.

The major problem remaining is toe verify the alignment of the transmit beam

with the calibrated receiver boresight. The mest attractive appreach seems to
be te locate a collimator on the optics bench, and to command the gimbal system
te a preselected positien such that the transmit beam illuminates the collimater.
Of course, this would be bevend the region where the gimbal calibration can be
verified by stellar ebservation, but the probable error resulting from extrapola-
tion is 1likely to be much smaller than the alignment tolerance. Once this
calibration is completed, the alignment sensor is also calibrated, and subse-
quent short term alignment variatioens can be removed using the alignment mirror

adjustment capability.

The receiver and gimbal calibratien can be readily accomplished during the gyro
drift and scale factor calibation period preceding a ranging pass. The trans-
mitter calibration can be performed in the short time interval between initia-
tion of laser operatieon and the start of the ranging pass. The transmitter is
turned on and allowed te stabilize, and then the alignment verified (or
corrected). The gimbals are then commanded to the nominal acquisition atti-
tude and normal operation begun. The location of the collimator is chosen to

minimize the gimbal slew required to move to the acquisition orientation.
3.1.4 Interfaces

The experiment interfaces are with the pallet and pallet subsystems, and
ultimately with the Spacelab and Shuttle subsystems. The optical bench is

supported on a sill level platform to obtain an adequate field of view for
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the ranging experiment. The balance of the laser ranging system components
are mounted on coldplates attached to the pallet structure, as shown in

Figure 40,

Most of the LRS components can be mounted directly on coldplates serviced by

the pallet freon loop. A few components, such as the laser transmitter, will
require wmore precise thermal control than provided by the standard pallet
thermal control system. For these components, a thermoelectric unit is inserted
between the coldplate and the unit. Heaters and insulation are provided to

maintain the optical bench at s stable temperature,

The LRS data interface with Shuttle/Spacelab is through a standard RAU. As
presently planned, data will be transferred to the Shuttle/Spacelab in several
manners. Ranging data will be transferred in discrete packages, assembled by
the LRS. Each package will be on the order of two hundred bits, and will be
output at a ten packages per second rate. Performance analysis data will alse
be forwarded in discrete packages, on the order of 5000 bits per package, alse
at the ten package per second rate. Engineering data will be assembled and
forwarded at a nominal 400 bps rate during the operating period. The data load
is summarized in Table 5. Ranging data is the data necessary to roduce the
range measurements on the ground after the pass. TPerformance analysis data is
intended to give as complete a picture of the actual experiment performance as
possible, and may be monitored in part by the experiment operator. Engineering
data is intended to monitor the performance of the support subsystems, and is
expected to be monitored by the experiment vperator, as well as being forwarded

to the ground.

Table 6 summarizes the expected data load from a single LRS ranging pass.

Table 7 summarizes the data load if constrained to Shuttle standard data rates.
It may not be necessary to dump the performance analysis data at the LRS pulse

rate, which could reduce the peak data rate and total data load considerably.

Another interface with the Shuttle/Spacelab is the LRS input data and command

interface. This data is summarized in Table 8.

Electrical power received from the Shuttle/Spacelab is conditioned and delivered
to the various components. The laser power supply is the single largest load,
about 390 watts prime power is the estimated requirement. The thermoelectric

coolers will require only modest amounts of power, except under extreme opera-

3-20
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TABLE 5
DATA LOAD SUMNARY
1 RANGING DATA SUMMARY
BIT RATE
FUNCTION (NO.) {BITS) ACQ PASS
TARGET LABEL 1 8 B0 80
ACQ. GRID LABEL 1 8 80 80
Ty 1 54 540 540
TR 1 54 0 540
SIGNAL STRENGTH 1 12 8] 120
GATE WIDTH 1 16 . 160 160
GIMBAL READOUTS 2 19 380 380
SUBTOTAL ,/ 1240 1900
OVERHEAD / 138 211
TOTAL 1378 2111
II PERFORMANCE ANALYSIS DATA
BIT RATE

FUNCTTON No.Y (BETS) ACQ PASS

STATE VECTOR 13 32 4160 4160

* COVARIANCE MATRIX 91 32 0 29120
RANGE ESTIMATE 1 32 320 320
RANCE-RESIDUAL - 1 16 Q 160
DRAG ESTIMATE 1 16 160 160
ATM CORRECTION 2 16 320 320
TARGET P@INTING VECTOR 3 32 960 960
TARGET POINTING RATE 3 16 480 480
QUAD. DETECTORS 4 8 320 320
BASEPLATE ORIENTATION 3 32 960 960
GIMBAL ACCEL. CMNDS 2 8 3200 3200
SUBTOTAL : 10880 40160
OVERHEAD 1209 4462
ToTAL 12089 44622
ENGINEERING DATA .

FUNCTION (NO.) {BITS) (SAMPLE RATE)}  B1T PATE
GMT 1 ‘ 24 1/60 0.4
TEMPERATURE 100 8 0.1 80
VOLTAGE 100 8 0.1 80
PRESSURE 10 8 0.1 8
DISCRETES 20 1 1.0 20
EVENT TIMES 1 32 0.1 3.2
ARS DATA (EXP.) 3 24 0.1 7.2
ARS DATA (SHUTTLE) 3 24 0.1 7.2
INS DATA (SHUTTLE) 6 20 0.1 12.0
THRUSTER FIRING LABEL 1 16 0.1 1.6
THRUSTER FIRING TIME 1 24 0.1 2.4
THRUSTER FIRING DURATION i 12 0.1 1.2
SPARE CHANNELS . 136.8
SUBTOTALS 360
OVERHEAD 40
TOTAL 400
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TABLE 6
DATA LOAD SUMMARY
TOTAL :
I 11 IIX TOTAL BITS
MODE DURATION BPS BPS BPS BPS MBITS :
i
PRE-PASS 45 MIN. 0 0 400 400 1.08
ACQ. 60 SEC 1378 12089 400 13467 0.808 ;
RANGING 260 SEC. 2111 44622 400 46733 12.15 ]
POST-~PASS 5 MIN. 0 0 400 400 0.12 :

TOTAL DATA LOAD/PASS 14.16

TABLE 7
DATA LOAD-STANDARD SHUTTLE BIT RATES

STANDARD TOETAL DATA ;
ACTUAI, DATA RATE BIT RATE LOAD ;
MODE DURAT ION BPS BPS MBPS :
PRE-PASS 45 MIN. 400 400 1.08 ;
|
ACQ. 60 SEC. 13467 25600 1.536 g
RANGING 260 SEC 46733 51200 13.312 ;
POST-PASS 5 MIN. 400 400 0.12 :
TOTAL DATA LOAD/PASS 16.048 ?
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TABLE 8
COMMAND LOAD SUMMARY

GROUND TO LRS

ITEM BLTS/WORD NO. OF WORDS NO. BITS
WAKE UP TIME 24 1 24
TARGET LABEL 8 9 72
TARGET LAT. 32 9 288
TARGET LONG. 32 9 288
TARGET COV. MATRIX 32 45 1440
ACQ. SEQUENCE 8 200 1600
TOTAL - 3712

SHUTTLE/SPACELAB TO LRS - TNITIALTZE

ON/OFF /MODE 8 10 80
EPHEMERLS 32 6 192
EPOCH 24 1 24
ARS 24 3 72
GMT 24 1 24

392

LRS TO SHUTTLE/SPACELAB.
ATTITUDE COMMAND 24 3 72

MODE/DATA RATE 8 1 8

ting conditions (max. coolant temperature). Assuming the lasér is to be main-
tained at a 20°C heat exchanger input condition, the peak 40°C coeclant tempera-
ture will require pumping V300W up 20°C. At that temperature differential, a
single stage cooler pumps at about a 1.75 ratio, thus the cooler would require
about 170 watts to pump 300 watts across a 20°C differential. At the freon

system lower temperature level, the ceoler drive can be reversed te maintain
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a steady 20°C heat exchanger input. The overall experiment power consumption
at full operating condition is estimated to be 854 watts. The estimated energy
consumption profile is shown in Table 9, About 6.7 kw-hrs are consumed by

the frequency standard and cleock if operated continuously. The energy consumed
per pass is about 0.42 kw-hrs, most during the 45 minute alignment period
Preceding the actual ranging pass. For planning purposes, it was assumed that
ten ranging passes, total, would be exercised to cover the ground truth sites
and to calibrate the system, resulting in a net energy consumption of 10.9 kw-
hours. Table 10 summarizes the estimated weight and power consumption and
dissipation of the various subsystems and components. The ARS sensors and the
laser power supply are expected to interface directly with the Shuttle/Spacelab
power bus. All other components are powered by the power conditioner, which

converts Shuttle/Spacelad bus power inte regulated power at the appropriate

voltages.
TABLE 9
POWER PROFILE ESTIMATE
POWER VS MODE (DURATION) ENERGY
CONSUMED
PRIME POWER OFF ALIGN PASS POST-PASS 10 PASSES
INPUTS (7 DAYS) (45 MIN) (280 SEC) (5 MIN) {KW-HR)
LASER PWR SUPPLY 0 0 390W 0 .3
ARS SENSORS 0 . 66W 66W 66 0.6
POWER CONDITIONER 4500 3599 398w 359W 10.0
TOTAL 40W 4250 854W 425W 10.9
ENERGY - 10 PASSES 6.7 ) 0.7 0.3 10.9
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ITEM
ARS SENSORS
LASER TRANSMITTER
LASER POWER SUPPLY
FREQ. STANDARD
CLOCK
OPTICAL RECEIVER
POINTING CONTROLLER
GIMBAL MIRROR ASSY
OPTICAL BENCH
NAV. COMPUTER
ARS COMPUTER
C&C UNIT
DATA ASSEMBLER
SUBTOTALS
TCS

POWER CONDITIONER

TOTAL

REPORT MDC E1729
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FEBURARY 1978
TABLE 10
EQUIPMENT CHARACTERISTICS SUMMARY

DISS1PATED COOLING PRIME

WEIGHT ESTIMATE POWER POWER POWER

(LBS) (WATTS) (WATTS) (WATTS)
34 66 0 66
20 300 0-170 0
10 90 0 390
20 20 0-11 0
10 10 0 0
30 10 0 0
25 20 0 0
35 0 ) 0
18 0 0 0
7 15 0 0
7 15 0 0
5 5 0 0
5 10 0 0
226 561 0-181 456
15 20 0 2]
25 92 0 398
266 673 181 854
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3.2 SIPrS Mounted Experiment

The configuration of the SIPS mounted experiment is i1llustrvated in Figure 50.
The experiment hardware is shown in twoe basic groupings, those components
mounted on the optical bench, and those components attached to the SIPS
canndister divectly. The optical bench is centered in the cannister, and mounted
to the gimbal frame with a three polnt suspension. The ontical bench is
separated from the balance of the LRS components by a thermal curtain to mini-

mize radiative heat transfer,

A typical ranging pass follows the following sequence. The SIPS iw deployved
and oriented for a prepass cool-dowm peried of currently unspecified duration.
After thermal stabilization has been achieved, the systom {s ready for the next
ranging pass, and a wait mode ls fnitdated. Approximately 45 minutes prior te
the actual ranging pass, the LES is selectively powered up and the SIPS is
commanded to point to several stars o reduce the initial attitude reference
uncertainty to acceptable limits. A programmed sequence of stellar sightings
is used to calibrate the ARS gyros. 'The Shuttle/Spacelab is then commanded to
the desired inertial attitude for the ranging pass. and the SIPS is orviented

to the nominal inertial position for acquisition.

Thirty scconds before the first target comes into view, the laser is energized

and allowed to stabilize., Whan the first target 18 expected to be in view, an
acquisition sequence is initiated. A short target verify period follows Initial

target detection. The experiment theu enters the normal ranging mode, which

continuas until the last target is no lonper fn view. At this time, the LRS s

shut down, and the SIPS returns to the cool-down mode.

Data accumulated during the pass is recorded for subsequent transmission to
the ground. A typical individual measurement record includes both the time
the pulse left and the time of arrival of the reflected pulse, gimbal angle data,

a target label, and miscellaneous system parameters pertinent to data reduction.

3.2,1 Functional Description

The major elements of the laser ranging system are shown in Figure 51. The

major interfaces are shown to illustrvate the more signitficant functions and

data flow requircowents. The clock subsystem issues a command sequence to the
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laser transmitter subsystem to initiate a pulse at, or near, an expected time,
nominally at a 10 pps rate. The clock subsystem alse determines the actual

pulse departure time and the time of arrival of the reflected pulse. These

data are forwarded to the data assembler and the navigation computer. The
navigation computer either accepts or rejects the data point based on several

test criteria. If accepted, the measurement is used to update the state

vecetor via a Kalman filter technique.

The navigation computer also generates a target range vector and range rate
vector for the next pulse emission time and forwards this data to the ARS
computer. The magnitude of the range vector is used to set the range gate in
the ranging receiver. The range and range rate vectors are processed in the ARS

computer to determine the current pointing error and the command sequence

necessary to drive the SIPS gimbals to minimize the pointing error at the next
pulse emission time. This control data must be output at a relatively high

rate to ensure smooth response of the SIPS gimbal control system. Note that

the actual gimbal angles are needed by the navigation computer (and the data
assembler) in erder teo account for the range blas due to offset from the Shuttle

center of gravity.

Also shown is a television camera and contrel to enhance the ability of the

experiment controeller to monitor and contrel the experiment operation.

The laser ranging experiment 1s conducted during a number of discrete ranging
opportunities, which occur when the ground track of the Shuttle passes suffi-
clently close to a target grid. A typical ranging pass begins about 45 minutes
prior to the point of closest approach. The first step is to power up the
clock, the attitude reference system, and the navigation computer. The clock
is initialized to the Shuttle GMT. The ARS is initialized to the Shuttle
reference, rotated through the STPS gimbal angles. The SIPS is then commanded
to a preprogrammed series of stellar sightings to refine the ARS attitude
reference and to calibrate the gyro drift and scale factor. At a suitable
time prior to commencement of the ranging pass, the navigation computer deter-
mines the desired Shuttle attitude, in stellar inertial coordinates, and
commands the Shuttle te maneuver to and maintain this attitude. The SIPS is
then commanded to the acquisition erientation, and the normal pointing mode

is initiated. Thirty seconds prior to the predicted time for the first target
to come into view, the laser is energized and allowed to thermally stabilize.

3.9
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The system then enters the acquisition mode, which roquires a sequential seareh
about the nominal pointing dirvection in a preprogrammed search sequencea, The
acquisition atrategy selected for this experiment 1s a variabla dwell approach.
At each of the search locations, the receidved signal is compared to dual
threshold critevia. The search would continue at each location uatil a posi-
tive no target or a positive target in view decision would be made. This
atrategy 1s maximully effective for the relatively slow wmoving STPS platform.

Once the target is detected, a short dither sequence is performed to estimatae

the true target angular location and the system enters the ranging mode,

In the ranging mode, the SIPS is commanded to point toward each of tha tavgets
in the grid in a preprogrammed sequence. At each discrete target, ranging

measurements ave made for n successive pulses, where n is a variable depandant
on the aiza of the grid aund the angular agility of the SIPS. Each measursamont

group is tested to ensure validity, and used to update the state vector using

a Kalman filter techunique. This sequence continues until the last target in
the grid is no longer in view. A typical rvanping pass lasts for about 260
seconds.,

The post-pass mode iz provided te ensure an orderly power down sequence aund
complotion of all buffered functions, The post pass mode is completed when the
last of the LRS components is powered down and the SIPS returns to the cold

soak moda.

3.2.2 Opto-Mechanical Subsvstem

The OMS {s virtually ifdeatical to the subsystem described for the pallet
mounted experiment. The major diffevence is that 1t ts not necessary to fold

the transmit beam to the receiver centarline, since the gimballed mirror ia

not required, The laser output Is passed through a frequency doubler and then
expanded to approximately 2 cm diameter. The frequency doubled output is
reflected by a dichroic mirror, and delivered to the output lens, which
adjusts the beam to a 0.5 wrad divergonce, The boam also passes through a
partlally reflective mirror which extracts approximately one percent of the
pulse energy., This portion of the pulse energy is passed through a neutral
density filter and reflected to the ranging detector for a departure time

measurement .

b anite AAF EANAL e e Rt TR et
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The racelve optics path {ncludes a bifurcating mivror, which allows a atar
aenaor to be used to calibrate the raeceiver borvesight., The ceuntral porvtion of
the receiver field of view passes through the bdifurcating mivrvor, and encounters
two torque motor beam steering comuponanta, a narvow band filter, and a variable
neutral density filter, Another bifurcating mivror limits the high apeed
detector field of view to 0.5 mrad, and reflects the balance of the tileld of

view to a quadrant photomultiplier.

Various alternativea for on-orbit calibration of transmitter and receiver
alignment were considered. The wost appropriate tochndique was Judged to be
petrformed in conjunction with a cooperative ground station. The grouad statiom
would {lluminate the Shuttle. The QUMT output s used to determine the precise
calibration of receiver boresight to ARS baseplate. The LRY tvansmittey output
would be detected by a cluster of calibrated recedvers on the geround, and a
boresight error determined. Thiz data would then be transmitted to the LRS via

normal Shuttle commmications, and uwsed to bias the computad pointing angles.

A televislon vamera could be added to enhance the capability of the experiment
operator to monitor and contvol the expoviment. The collecting power and resolu-
tion of the receiver telescope would allow both the atar senzor and the tele-
vision camera to share (30-50 division) the outer portion of the veceiver field
of view. Alternatively, a tovque motor beam ateering olemoat conld be ewplovad

to select efther the atar seusor ov the televiasion camera.

3,2.3 Interfaces

The experiment interfaces are with the S1P8, and ultimately with the Shuttle/
Spacelab. The LRS optical banch (s attached to the cauntster gimbal {vawe and
tharmally ahielded as wmuch aa poasidble.  Those components not wounted on the

optical banch arve attachad to a support structure behind the optical beuch.

The LRS data interface with the SIPS and the Shuttle/Spacelad s through a
standard RAU,  As presently plamned, data will be transtfervad to the Shattle
for storage and subzequent transmission to the ground, in the sawe mamer as
for the pallet wmounted experiment, and will not be presented again in this sec-
tlon, The total data load through the RAU will, however, be somewhat greatoer
for this experiwment, due to the weed to transmit pointing commamis to the STPX
computer and to veceive gimbal augle data neceszary to eliminate the time

varying range blas,
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The electrical power budget shown in Section 3.1.4 is the same except for dele-
tion of the thermal control subsystem (provided by the SIPS). The energy
budget, however, is considerably reduced since the cleck will not be goperated
continuously. Table 11 summarizes the energy consumptfion for this experi-
ment. The prime power requirement for the power conditioner has been adjusted

to account for deletion of the active thermal contrel subsystem,

TABLE 11

POWER PROFILE ESTIMATE

POWER VS MODE ENERGY

CONSUMED

ALIGN PASS POSI~PASS (10 PASSES)

(45 MIN.) {280 SEC) (5 MIN) {(KW-HRS)
LASER PWR SUPPLY 0 390W 0 0.3
ARS SENSORS 66W 66W 66W 0.6
POWER CONDITIONER 137w 137w 137w 1.25
TOTAL 203W 593W 203w 2.15

PP R R
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4. Conclusions

A laser ranging experiment has been defined and analyzed, and two laser
ranging systems have been configured to accomplish the experiment. The experi-
ment has been shown to be capable of meeting the target grid reconstruction
accuracy goal. A number of important factors have been identified and docu-
mented, such as the importance of widely spaced out-rigger targets. The
prototype system used to validate the experiment design was a one pps laser
ranging system with a 10 e¢m rms accuracy, with relatively modest slew rate
requirements. The two laser ranging systems employ a 10 pps laser, with rms
accuracies in the 2 to 10 cm range, depending on euvironmental considerations.
The pallet mounted experiment has considerably greater angular agility than
the SIPS mounted experiment, since only the gimballed folding mirror must be
moved. Both systems are judged capable of meeting the assumed experiment
objectives of determining the relative positions of five targets with respect
to each other with an overall three dimensional reconstruction accuracy better
than 2 cm rms; the pallet mounted experiment is capable of accomplishing more

ambitious experiments.
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Coupling of geopotemtial terms with spacecraft motion.

Let X be spacecraft position
V be spacecraft velocity
and h be geopotential terms.

Then the equations of metion are

6

and the state transition matrix is

k=v

: Vv = a(X,h)

g h=o

Tf where a represents the total acceleration acting on the spacecraft. Then
{a) (2 o @ 2

i A \o X _ gh

.."' F Ty, s - - - ] -

;“ 0 , 0

At
of F(T)dT= s "
e
0 I
Acfo 1
Jf 3a dt
[+] -a—_x-a
Here ¢ = e is the usual orbit state transition matrix. To
obtain { note that ¢ and ¢ satisfy
(; w),; ! ;’_ o v o v I o
» ‘pi|da O a o with | .=
o 1/ {°x n ] \? I 0 1) (o 1
. 0 0 0
| This gives
0 I
$ = __@_a_ a 14, ¢(0) =1
v

A—1

A R e Ll e S S R RN i b e s
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VOLUME II




SYNTHESIS AND ANALYSIS OF REPORT MDC E1729
PRECISE SPACEBORNE LASER RANGING SYSTEMS FEBURARY 1978 VOLUME IT .

X ajfy+ b P(0) = 0

giving

oh

t 0
(e) = §(t) f 3"t (_Qg_)dT
-

We assume %ﬁ'to be constant (i.e, the geopotentials do not change appreciably

over the state transition time interval). If we camnot do this then numerical

integration would have to be resorted to and this we want to aveid. This
agsumption allows 3a/dh to be factored from the integru..d

t 0 .
W(t) = $(t) f § (T)dr(aa)
5h

f o) o~ Lol 2

t 0

-f s(e)o(~-1dt| 2a
oh

t 0

= | ¢(t-t)ar| sa
ah
. -
= ;/ ¢(C)d§(_§9_ '
; 3n J

t 0

f §(&)dsf 3a
4 oh

rd

so that coupling terms can be obtained by simple quadratures from the space-
craft state transition.
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: APPENDIX B

POINTING COVARIANCE

Following is the derivation of an expression for the variance of the pointing
uncertainty for directing an instrument on the spacecraft with position vector
T towards a reflector at p. Let 8 be the vector from F to ; then

F=p-7 6]

Let Ep be a unit vector in the direction of p and denote vector magnitude by

omission of overbars, We then have
o = pe, (2)

It is desired to express the error in angular orientation of @ due to the errors
in r and -1; The covariances of F and ; are obtainable from the total state
covariance matrix., The angular variation is given by a variation in ;p' From

(2)

§~= 8§ e + ple

p - Cp% T Po8, (3)
i But

2 — —

P mp-p (4)
giving

2p8p = 2p + &p (5)

Inserting (5) into (3}

= 'f_é_' N —

Sp (p . Go)eﬂ + Oéep (6)
or using (2)

pe, = 8p - (p, * p)p, | &)

Taking the dot produced of (7) with iteself
P20 e = - s (5 . &2 | 8
éep 6ep dp * 8p (:p §p) (8)

~2(e + &b

(ep Sp)

=38« 80~ (e, * 80)(p * ep)
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The angular variance of interest is 62 - E(&EE . 65%) so taking expectations of
(8) we obtain

026 = E(&p - 6) - (6p - 61)

" Pp - (SR - 6D (6 - 8T)) * D (9
where the central factors of the last term is a dyadic. We let the 3 x 3
matrix A represent this dyadic then

A= Spp - Spr - Srp + Srr {10)

where Spp is the covariance of the reflector position components, Srr is the
covariance of spacecraft position and § c " SrpT is the correlation between
spacecraft and reflector position (induced by the estimation procedure).

Expression (9) becomes

02 - Lf {tr A - eTAe) (11)

P
where tr A denotes the trace of A (i.e., trA = All + A22 + A33) and e is a 3 x 1
column vector representing to vector e {(i.e., e contains the direction cosines

of p). Expression (11) is implemented in a subroutine.

VOLUME II
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APPENDIX C

Suppose that one observation is made on reflector #1 from S and subsequently
_ore observation on reflector #2, Assume that the geometry of the observer
reflector configuration does not change between observations and that the
observations are of range with a random er;or having variance Q = Umz and a
systematic error having a variance Pb =0 We wish to find the 3 x 3 covari-
ance matrix Pﬂ of the differential position of reflector #1 with respect to
reflector #2.

Let the state vector be

3 coordinates of reflector #1 3x1
rl
10 x 1 3 coordinates of reflector #2 3:; 1
X= 3 coordinates of observer "1 3x1
TS
Systematic error in measurement 1x1
rb
3-x 3
Let both reflectors have an aprior position error covariance PT and the
observer pogition error 3 ; 3, then if these are uncorrelated the apriori
8
covariance of the state is
‘ PT 0 0 0
10x100 {0 PT 0 0
Pa = 0 0 Ps 0 (1)
0 0 0 Pb
lx1

For a measurement of range v1 from observer to reflector #1 we have N
determined by the expression

2 T
(Y1 - b)" = (rl ~ 8) (rl - 8)

where the superscript T denotes transpose of a matrix. Taking variations in

this we obtain

T
Z(Yl - b)(ﬁYl -8b) = 2(1':1 - §) (6.1:'1 - 68)

giving

(ry - 5)T
BYI = —-?]-:—_-.-T- ((Srl -~ 388) +48b
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Let 8 unit vector in the direction of reflector #1 from the observer be denoted

by e, and similarly e, for reflector #2. Then

. - rl- s
1 Yl -b
and
T
GY1 € (61’1 - 85) + &b
Ix3 1x3 1x3  ixl Sr
T T 1
- (e1 v 0, -epT, 1) §r,
38
&b
T T
= (el , 0, e, )} 8X
Denote
1x10
A T T Yy

This will be needed in to determine the state covariance after the observation.

The Kalman update formula is

10x10 10x10 10x10 10x1 1x10 10x10 10x1 1x1 1x10 10x10
T T R §
Pl P0 - Po Ml (Ml Pa' Ml + Q) Ml P0 3
where P0 is the state covariance after incorporation of the observation on
reflector #1.

1xl T
Define z1 - "1"0"1 + Q (4)

Now from (1) and (2)

P'.r 0 0 0 el\ PTel

0 P, 0 0 0 0
P MT = _ - | (5)
ol 0 . ¢] PS 0 e1 Psel

0 0 0 P 1 Py

Cc-2
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and

Poey

0
-P e

T T
zl (el [ 0’ "'el » 1)

Py

TP e, +e T

= e Ppey +e Pee, +P +Q

T
= e (PT + Ps)e + Pb + Q

and from (3) (factoring out the scalar Z1

Pb are symmetric

PT 0 0 0
e [0 Pp 0 0 L
0 0 PS 0 1
(0] 0 0 Pb
P -1/Z P.e.e TP 0
T 1" 771'1°T
P 0 . PT
17 _ T
llzlPsele1 PT 0
T
—1/ZIPbe1 PT 0

For the observation of reflector #2 we have

1x10
T
Mz = (0, e, s - e2T 1)
and
10x10
1, T
Py, =B - z, P\M; MyP,,
with
1x1
Z, = MPM, +Q

c-3

¥/

+Q

using (5) and noting that P

1/21 r

PS - 1/21P

T
1/zlphe1 Pg

T
5

REPORYT MDC E1729
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T’

P -1/Z,P e P

0

e e P

T
1'1°s 1/Z2,P_e.P

(6)

PS’

I'Tlb

1's1db

Pb - 1/21P

T Ry R

b

(8)

9

(10)

VOLUME II
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Proceding as before

T
PTel(e1 Pee, + Pb)

Prey

Ple - . T
-Pse2 + EI-Psel(el Pse2 + Pb)

Il—‘

_ T .
Ph - = Pb(el Pse2 + Pb)

1

N

R ¢ T 21 T T )
2 e PTEZ + e2 Pse2 zl e, PSel(el Psez + Pb

2 2

|It-'

T
+ By - 3 Py (e Py P) +Q

N

>N
4

We are not directly interested in the covariance P2 of the entire state vector

T T T
- e, (PT + PS) e, +P +Q- (e2 Pge, + Pb)(el Pge, + Pb) (11)

but rather in the covariance of the separation p of the reflectors. Let

3x1  3x1  Ix1
L S |

then

3x10 Ix3 Ix3 3x3 3x1

99 . - (-
3% R (-1, I, 0, 0) 12)

The covariance of the error in p after both observations is

3x3  3x10 10x10 10x3

T
Pp H P2 H

T T
= HPlﬂ - 1/22 HP1M2 MzPlﬂ

T

by referring to (9), to evaluate this expression we will do it pilece by pilece as

follows.

C—4
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| From (7) and (12)

Y AV W 1Y
HPIH ZPT (]./Zl)PTelel PT
and from (7), (12) and (8)

T 1l T
HP, M, = Ppe, + 3 PTel(el Pge, + Pb)

1
Inserting these into (13) we obtain

1 T
Pp ZPT -3z pTelel PT

1
1 1 T T
- zz(Prez + 2, Pre) (e) Pge, + P )) (e, By
1 T
P 2p,, Z; Poee Py
1. 1 T T
‘Efﬁ%*ifﬂ%ﬂfz+%”@z*
Let 1x1 A
ZS -el Pse2+Pb
then
- op _ L1 T
Pb ZPT 21 PTelel PT
¥A 2
1 S T S T
22 PT(e2+- el)(ez + el)PT

1 ' 1

Define 2, = Z, = e, (P + Pole, + B +Q

T .
Zyp = &, (Bp + Pe, + B +Q

then

z2

2 " %0 "7

Z
20 2y,

by referring to (11).

+ %- (ezT e
1

: MDC E1729
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T
Pge; + Pyle) Py

1 T T
2l(e-. P.e. -+ I’b)-e1 )-PT (14)

27871

a5

(16)

a7

(18)

(19)



f%v-
% SYNTHESIS AND ANALYSIS OF REPORT MDC E1729 VOLUME 11
PRECISE SPACEBORNE LASER RANGING SYSTEMS FEBURARY 1978
A factor appearing in the middle of the last two terms of formula (16) is
Z Z
1 T 1 S T s T
Z—ee. +35 (e, +=—e,)(e, +57e. )
Z1 11 22 2 Zl 1712 Z1 1
Z Z

1 T 1 S T S T
= ——a_a o+ ——ime — (@, +=— e, ) (e + e

210 171 z 2 2 210 1 2 Zlﬂ 1

Z,. - 30—
20 210
2 Z

1 S 1 T 1 T 1 T T
al = - eje, + ~ e,e, + =—— —(e,e, +e.e, )

2o Zp 2] 1 2222 T 7, , L 2% %2

Z20 - 210 20 Z10 20 210
z z : Z

- 20 3 elelT + —*-—;ul————f ezezT + —-——jL***——jf (e2e1T + elezT)

210%20 ~ %s Z10%20 ~ %5 210%20 = %

so that the formulas (16), (15), (17) and (18) have the form which, as expected, is

symmetric with respect to the two measurements

T T T
Zyg €181 * Z30%% t Zs(eze1 + ee, ) P
P = 2P, - P —= = L Py
po T T 2,02, - 2.2
10720 S

(=]

Tt
Zg = &) Pge, + By

(20)

%10

T
e (PT"'Ps)el +Pb + Q.

T
zzo = e, (PT + Ps)e2

Special case: Both reflectors with same direction from the observer.

+ P, +Q

. A
In this case el = e2 = @

From (20)

and

Cc-6
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P =2p -p 2% %225 o

o} T T ;-5-:T;r§'ee PT
0 S

[
(o]
-}

|
[and
o

3
N
o3
L4
e}

b
=l
T
o
™3
[}
3
H

(eT(PT + Ps}e + R+ Q) - (eTP e + Pb)

S

T
e PTe + Q

The minimum eigenvalue of Pe must ebviously correspond to the direction of e and

is given in this case by

T
T e PTe
e Ppe =25—1Q
e PTe + Q

: ‘eTPTe
since @ = Gm and T
ePe+0Q

<1
T
We have that the standard deviation of the psoition difference in the direction

of the measurements is

<v¥¥T ¢
m

as suspected,

Suppose the reflector directions are separated by an angle 2§. Set up a
coordinate system with x axis bisecting the directions to the targets with the
y axis in the plane of the observer and both reflectors. The unit vectors e

1
and e, are

2
cos 6 cos §
el = sin § s e, = -gin &
0 0
Denote the unit vector in the direction of the x-axis by e
1
e = 0
0

Assume for simplicity, that in this coordinate system that all of the aprior
position covariances are diagonal. Thus,

c-7
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2 2
GTX 0 0 GSX 0 0
2 2
PT = 0 GTY 0 . PS = 0 GSy 0
2 2
0 0] GTz 0 0 GSz
2
Q= Gm ’
2
Py =9

Referring to (20),

2 2 2 2
o= . § - 8
ZS GSx cos gSy sin + ob

2

2

2 2 2 2 2 2
+ oo ) cos” & + (G'i', + @Sy )sin” § + o, * O

A 2
0™ 210 ™ %0 = Oy

From symmetry we know that the minimum eigenvalue of Pp corresponds to the

direction e sowe wish to evaluate eTP pe.

T 2 T T 2
] » . = = » 8
Now e PTe aTx y € PTe1 e PTe ng cos

and

4 2 4 4 2

T 2 ZZ_OGTX cos § + zl,(z)g'rx cos § + ZSZGTX cos §
e Pe=20 -

p Tx 2

Z10%20 = s

x 2 2
=55 {25~ 25 ~ oy " cos” §]

2
(o
= 20 Ty

2 2 2 2 2
5 cos” § + (0.1.y + ngy )sin™ § + S

+ ZUS 2) sin2 S+ 0 2
v m

2
Tx
This is the desired formulai: It shows how the separatien angle §
allows the abserver position variance (Gsyz) (normal to the mean line of sight
and in the plane of the observer and targets) to degrade the experiment since

8] 2 2

Sy sinz ¢ can easily be of the same order of magnitude as Gm .




