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FOREWORD

Volume I of this report presents the results of a study
effort conducted during the 1973-1975 time period. The initial
study effort had a very broad scope and considered a number of
different system approaches. As a result of this effort, a
more detailed study was conducted to define a Shuttle borne
laser ranging experiment. Volume II of this report presents

the results of the second study effort.
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1.0 INTRODUCTION AND SUMMARY

The purpose of the study was to synthesize and evaluate laser measurement
systems which showed a capability to meet planned space-based earth physics
investigations; to define critical system and component performance areas; and
to develop optimum system approaches based on parametric evaluation of perform-
ance, cost, and risk.

The measurement accuracy goals were 2 cm rms range estimation error and
0.003 cm/sec rms range rate estimation error, with no more than 1 cm (range)
static bias error. Further, each selected measurement concept was to be capable
of meeting these objectives with any of the specified targets.

The specified Tinks included 1inks between a high altitude, transmit/
receive satellite (HATRS), and one of three targets, (1) a low altitude target
satellite, passive (LATS), (2) an active low altitude target, and (3) a ground-
based target. The number of links was subsequently expanded to include operations
with a primary transmit/receive terminal intended to be carried as a Shuttle pay-
lToad, in conjunction with the Spacelab program. The primary emphasis of the
Shuttle 1inks was ranging to passive retro-reflectors on the ground, although
ranging to other orbital satellites was a desired capability.

The early part of the study was oriented toward defining the constraints
and parameters associated with these Tinks. As with most radar links, the
principle constraints on feasibility were the target signature, the minimum
allowable beamwfdths, and the required received signal energy to achieve the
desired ranging accuracy. The most critical link is the link between the HATRS
and the passive LATS, and we compared the various measurement concepts for this
application. We investigated CW and pulse-burst mode-locked laser measurement
concepts, to satisfy the range rate measurement goals. These measurement concepts
were found to be significantly short of meeting either the range or range rate
measurement accuracy goals for the HATRS to passive LATS 1link. The major problem
for the CW mode-locked Taser measurement concept was due to the large required
signal energy to overcome the background from a sunlit earth. A pulse-burst,
mode-locked laser measurement concept was evolved to reduce the duty cycle, and
hence reduce the effect of background. This concept was initially considered
feasible, even though significant development would be required. This concept,
however, was found to be considerably inferior to the more conventional single
pulse measurement concepts for range measurements. Since both range and range

1-1



rate (or range-sum-rate) measurements would be made on the same fundamental
waveform, the pulse-burst, mode-locked measurement concept provided no fundamental
measurement advantage and was, therefore, discarded.

A micro-wave frequency modulated, single frequency CW laser was considered
as a remotely possible alternate technique for obtaining range-sum-rate measure-
ments. However, since the passive LATS considered in this study was based on the
LAGEOS, the dispersive effect of multiple cube-corners distributed on a spherical
surface would preclude meaningful measurements at side-band frequencies materially
greater than achievable with the single pulse, mode-locked laser measurement
concept, thus this concept was considered inappropriate.

The remaining two measurement concepts were based on a presently available
technique (a Q-switched, cavity dumped laser) and a reasonable extrapolation of
this laser to add a mode-locker within the cavity to reduce the emitted pulse-
width from the 4 to 6 ns range to values on the order of 0.2 ns. These two
measurement concepts were retained throughout the balance of the study; no con-
clusion as to an optimum choice was reached. The Q-switched, cavity dumped
laser, in ruggedized form, exists today. Although this measurement concept can
only approach the accuracy goals, development of a space qualified system, using
this technology, would be relatively straight forward. On the other hand, the
Q-switched, mode-locked cavity dumped laser can readily meet the measurement
accuracy goals (with suitable targets), but the laser does not exist, even in
laboratory form at this time. An oscillator/amplifier combination to achieve
equivalent performance has been built and is currently in operational evaluation,
however this system is not readily adapted to a space environment. We concluded
that the short pulse technique is decidedly superior, and has the long range
potential to meet the science objectives; however, for more immediate applica-
tions, such as a Shuttle/Spacelab experiment, the readily available Q-switched,
cavity dumped laser was a more reliable concept and has the potential to meet
most, if not all, of the projected experiment goals.

Detailed evaluation of the target signature of the LAGEOS configuration
revealed a number of problems which will Timit the achievable measurement accuracy.
The impulse response of the LAGEOS was found to vary significantly with optical
frequency and velocity aberation, resulting in a varying mean response, which is
also potentially thermally sensitive. In addition, when the short pulse technique
is employed, coherent interference effects cause the detected return pulse to vary
in shape and amplitude on a pulse to pulse basis. The effect of this variation
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in detected pulse shape and amplitude is dependant on the measurement technique,
but will certainly increase the rms measurement error. Although the variation

in pulse shape for the lenger pulse laser is less visible, the effect is similar,
since the centroid of the effective return pulse will vary in a similar manner.
For targets with smaller effective dimensions, such as planar arrays at a near
normal incidence, the dispersive effect is virtually eliminated; the pulse-to-
pulse mean amplitude variations will of course remain. These variations in
signal amplitude can be countered by averaging or thresholding techniques.

When the target is active, i.e., equipped with a laser receiver and transmitter
the signature problems are virtually eliminated, and viable, high margin Tinks
can be configured. The selected target terminal configuration employed an
asynchronous receive/transmit system to simulate an ideal target. The key to
the operation of the system is precise recording of the time-of-arrival of the
received pulses and of the time-of-departure of the transmitted pulses. Sub-
sequent processing can then extract the propagation time estimates, even though
the clocks at the HATRS and LATS (or ground) terminals are not perfectly
synchronized.

A major concern during the study was the accuracy with which the transmit
beam and receiver fields-of-view could be oriented. For the link between the
HATRS and the passive LATS, very narrow transmit beamwidths and small receiver
fields-of-view will be required. The net pointing accuracy required will be on
the order of one microradian. We determined that this accuracy is theoretically
achievable, based on current and projected state-of-the-art in guidance and
navigation technology, although many problems remain to be solved.

The pointing accuracy required for the Shuttle experiment is considerab]y
less stringent, more on the order of 50 to 100 microradian. However, the naviga-
tion uncertainties and attitude reference errors in the Shuttle systems results
in pointing uncertainties on the order of milliradians to degrees unless auxillary
subsystems are added to improve the references. The acquisition and pointing
control problem for a minimum cost experiment requires further study to ascertain
feasibility and interface requirements.

The net conclusion is that both the Shuttle experiment and the long range
earth physics mission objectives can be met with existing and projected technology;
no extraordinary development problems are envisioned. The concepts are con-
sidered fundamentally sound, and reflect the application of current ground-based
laser radar technology to space-borne system applications.
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2.0 LINK ANALYSIS

2.1 SUMMARY. One of the early activities in the study was to select a link
analysis summary format which would serve, with minor modification, to document
both active and passive Tink margin summaries. The format shown in Table 1
evolved from this activity, and is similar to an optical communication type of
link margin analysis format. For Tinks with passive targets, all entries shown
are used. When analyzing a 1ink with an active target, lines 7, 8, and 9 are
deleted.

The format shown in Table 1, for ranging with passive targets, is identical
in content to the classical radar range equation, with a few (4w/A2) factors
added to convert from range to free space loss and from radar scattering cross-
section to target receive/transmit antenna gain product. The classical radar
range equation can be written,(])

P, = PrGrA0SS / (4n)2 RY (1)

P = received signal power (watts)

PT = transmitted signal power (watts)

GT = transmit antenna gain (relative to an isotropic antenna)
A = receiver effective antenna area (m2)

o = radar scattering cross-section of the target (m2)

ST;Sr = transmittance of the transmit and receive paths

)
1l

range to the target (m).

The target radar scattering cross-section is defined as the product of the
projected target area, the transmit antenna gain of the target, and the target
reflectivity.

<”Sko]m’k, M. I., "Introduction to Radar Systems," McGraw-Hill, New York (1962),
pg 37-5.
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TABLE1

HATRS TO LATS(PASSIVE)

CIFCUIT MARGIN SUMMARY

OPTICAL WAVELENGTH .53 NMICROMETERS, RANGE 30000, KM
PULSEWIDTH= ,20 NANOSECONDS

PARAMETER UNITS VALUE
I TRANSIITTER POWER DBW -20,00 10.0 MILLIWATTS
2 TRANSIU'ITTER 1.0SSES DB -.97
3 TRANSMIT ANTENNA GAIN DB 121,07 5., MICRORADIANS
4 POINTING 1.088 DR ' ~1.39 1. MICRORADIANS
5 FPEL SPACE L0SS pB - 297,04
& ATHMOSPHERIC LOSS(DOWN) b .00
7 TARGFT GAIN PRODUCT hE! 208,50
& ATMOSPHERIC 1.OSSCUP) DB o .00
S FREE SPACT LoSS ng - -297, 04
10 RECEIVE ANTENNA GAIN DR 131.00 .61 NMETERS DIA.
1l RECZIVER LOSSES DB -3.,99
12 RECEIVED SIGMAL POWER DBY -159,85
13 l:An“fIT PULSE RATE DB/SEC 10,00 10. PULSES/SEC,
14 FENTPGY PER PULSE - DBJ -169,85
18 I, RGY PTR PHOTON DBJ - 184,264
§ RECEIVED PHOTONS/PULSE D3 , ta .41
QUANTUM EFFICIENCY T -6.02 25,0 PERCENT
14 RICEIVEDR P2=-5/PULSE DB .39 §.91 P-E
19 BACKCROUND RADNIANCE D3 -17,70 0170 WATTS/M2-4-ST
20 RECFIVER FOV(STERRAD O D3 -87.07 5S0. MICRORADIAMS
2] OPTICAlL FILTER BANDWIDTH DB 6,99
22 RECFIVE ANTENNA AREA NEM2 -5,51
23 RECEIVER L.OSSES D3 ‘ -3,9¢
24 RECEIVED ZACK. POWER D3 -107.26
25 ENERGY PER PHOTON D3 dJ - 184,26
26 RECZIVED PHOTONS/SEC DB/SEC 77.00
27 OUANTIM FRFICIENCY D3 . =6,02
2: 3ACKGROUND P-E/SEC N3/Sic - 70.98 ' -
29 RECFIVER GATFE WIDTH DB=SEC -56,.99 2.00 NANOSECONDS
30 BACKGROUND P-E/GATE D3 -16,01 .03 P-Z
LINY [ARGIN .
18 RECEIVED P-E/PULSE DB 3,39 §.91 P-E
31 PEGUIRED P-E/PULSE N3 .00 1,00 P=-1
32

. LI WY HARGIN DB 3,39 .91
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g=r GTT AT _ (2)

r = target reflectivity (assumed = 1)
GTT = target transmit gain = 4r/Q
AT = target projected area (m2)

effective target transmit beamwidth (steradians)

The radar range equation can then be rearranged to the form shown in Equation (3).

Pr = PrBrGeSeS Sryrglps (3)
GR = (f%) Ae = radar receive antenna gain
GTR = (%%) AT = target receive antenna gain
LFS = (A/éhrR)2 = free space loss
x = wavelength (m)

These terms are shown in the first twelve lines of Table 1. Provisions were
made to divide the loss terms into significant components, and the GTT'GTR product
was shown rather than the individual terms. The parameter values are shown in dB,
thus 1ine 12 is the sum of the first eleven lines. For easy reference, the major
parameters are also printed in natural units.

Line 1 shows the transmit power, and is chosen to provide adequate signal
margin within the constraints of feasibility for space-qualifiable hardware.

The second Tine shows the optical transmittance of the transmit optics path.
This term is a function of the optical design of the transmitter and the optical
elements necessary to form and steer the transmit beam. These losses are
discussed in Section 2.2.

The radar transmit antenna gain, relative to an isotropic (4n steradian)
radiator, is shown in 1line 3, and is discussed in Section 2.3, as is the transmit
antenna pointing Toss term, shown on Tine 4.
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The free space loss terms are computed for the range and wavelength shown
in the heading, and appear (for passive target ranging) in Tines 5 and 9.
Atmospheric losses are also shown in two places, lines 6 and 8. These losses
are discussed in Section 2.4.

The target gain product is shown in line 7, and discussed in Appendix F.
The radar receive antenna gain, line 10, is discussed in Section 2.3., and the
receiver optical losses, line 11, are discussed in Section 2.2.

The received signal power, line 12, in dBW, is simply the sum of the first
eleven lines. Most of the systems considered in this study employed pulses of
optical energy for ranging. Line 13 shows the pulse repetition rate, and line
12 minus Tine 13 defines the energy per pulse, shown in line 14.

The energy per photon, is defined as hv, where h is Plank's constant(z)
(6.6256 x 10'34 Js) and v is the optical frequency (c/r). This is shown in
1ine ‘15 (also line 25), and line 14 minus line 15 yields the mean number of
received signal photons per pulse, line 16, delivered to the photodetector.
Line 17 shows the detector quantum efficiency, and the sum of lines 16 and 17
yields the mean number of detected signal photoelectrons per pulse, shown
on line 18.

Many of the potential Taser ranging cohcepts are severely background
limited, and all are affected to some extent. Lines 19 through 30 show the
background level calculations. The background source, for most of the Tinks,
is the sunlit Earth. The background calculation is similar to the signal
calculation. The background radiance, in watts/mz—angstrom-éteradian, is
shown in line 19. This is documented in Section 2.4. The receiver field-of-
view, steradians, is shown in Tine 20. Note that the field-of-view in ste-
radians is approximately =/4 times the square of the full plane FOV (in radians).
This approximation is virtually exact (within 0.001 dB) for fields-of-view less
than 0.1 radians.

An optical filter is used to reduce background illumination, and the filter
bandwidth, in Angstroms, is shown in line 21. The receiver antenna area (m2)
is shown in line 22, and the receiver optical losses in line 23 (same as line
11). The received background power, 1ine 24, is simply the sum of lines 19
through 23.

(Z)Abramowitz and Stegun, "Handbook of Mathematical Functions," Dover Publications,
New York, 5th Edition, pg 7.
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Conversion from background power to photoelectrons per pulse is accom-
plished by converting first to photons/sec (1ine 26), then, considering quantum
efficiency (1ine 27), to detected photoelectrons per second (line 28). The
detection techniques for the candidate laser measurement concepts all employ
some form of time gating of the detector output. The effective receiver gate
width (1ine 29), summed with the background rate yields the detected background
photoelectrons per gate (or pulse), shown in Tine 30.

Following Tine 30, the final margin calculation is shown. Line 18 is
repeated, for convenience, followed by the required photoelectrons per pulse,
Tine 31, and the signal margin in T1ine 32. The required signal photoelectrons
per pulse are discussed in Appendix F, and are either input as a specified
parameter or calculated based on the detection technique and observed back-
ground Tlevel.

Appendix D presents the 1ink margin analysis summaries for the various
links, the computer program used to perform the summary analyses, and the
specific parameters used.

2.2 OPTICAL EFFICIENCIES. The transmittance of the receiving and transmitting
optics is a function of the number and types of optical elements employed,

and the coatings used. A conservative estimate of the number and type of elements
for a typical optics system was made, and that figure was used for all terminals.
Table 2 summarizes the element counts, the efficiency per device, and the total
efficiency computation for the typical terminal receive and transmit optics.

The most significant loss element is the narrow band optical filter. In the
range of optical pass-bands from 1 to 100 R, the filter efficiency is not
grossly a function of bandwidth, or wavelength for that matter, but rather a
strong function of the materials, techniques, and the supplier. The available
data shows peak transmissibilities ranging from ~40% to as high as 85% in the
vicinity of 53 bandwidths in the visible and near IR frequencies. Sixty percent
transmittance is used as a reasonable compromise value.

2.3 ANTENNA GAIN AND POINTING LOSS CALCULATIONS

2.3.1 HATRS. The transmit antenna gains for the candidate HATRS laser radar
systems are required to be relatively large, to permit operation with passive
targets at long range. The receive antenna gains, similarly, are required to
be relatively large. The receive antenna size varies from 0.6m to 1.0m dia-
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TABLE 2

TYPICAL RADAR TERMINAL OPTICAL EFFICIENCIES

INTERFACE TRANSMIT RECEIVE
Reflecting Surfaces 9 @ 0.99 11 @ 0.99
Transmissive Elements 500.98 50 0.98
Bandpass Filter NA 0.6
Beamsplitter 2 00.98 2 6 0.98
TOTAL 0.793 0.466
Allocated 0.80(-0.98 dB) 0.40(-3.98 dB)

meter, and is assumed to be

a centrally obscured (Cassegrain) configuration.

The receive antenna gain is simply,

6y = (1/2)2 (05 - 0%) (4)

DP primary diameter

DS secondary diameter

The transmit antenna gain is a function of the beam intensity profile,
dimensions, and truncation. The nominal transmit beam has a Gaussian intensity
distribution. We have assumed an offset feed arrangement is used, as shown in
Figure 1, in order to use the same primary optics as the receiver. The transmit
beam diameter is truncated by the beam combining mirror, and the beam diameter
shown in the primary aperture is the truncation diameter expanded to final
size. The far-field gain of a truncated Gaussian beam (on-axis) is given by
Equation (5).

2
[
6= 2(n D /)" |1 - e (5)
DT = truncation diameter (m)
D0 = 1/e2 power diameter of the beam (m)
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The truncation at the beam combining mirror also results in a loss of
receive antenna gain. The significance of the losses to the transmit and
receive gain is dependant on the desired transmit beamwidth (and gain). If
the image of the transmit beam truncation aperture does not overlap the
secondary or fall outside of the primary, then the product of the receive and

transmit antenna gains is given in Equation (6).
2

: 2 2f, 2,2 2/.2 ‘D$/Dc2>
GRGT = 2(’1TD0/)u> (ﬂDP/A> (]-DS/DP - DT DP)(] - e ) (6)

The two loss terms, on the right, can reduce the net signal significantly
unless considerable care is used to choose the parameters. Since the transmit
beam is truncated, the far field antenna pattern is no longer exactly
Gaussian. For the systems considered here, the approximation is relatively
good. This can be seen by computing the far field pattern of the truncated

beam.

(3)Buck, A. L., "The Radiation Pattern of a Truncated Gaussian Aperture Distribu-
tion," Proceedings of the IEEE, March 1967, pg 448.
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T -r?/rg
Elke} = [ e 3o (Ker) rdr - (7)
0
Jo(x) = Bessel function of the first kind
K= 2%/
6 = angle off boresight, radians

r, =€ -2 power beam radius

rr = truncation radius

Clearly,

2,2
: -r/r
Efo} = 5 v (1 e T 0) (8)

Equation (7) can be reduced to a Bessel function series as shown in Appendix G.

The result is,

2,2
o0 27‘ n =Y. /Y‘
1 2 T T 0
E{ke} = > rl 3 J (Kery) e (9)
{ 2 0 n=] (Ke r2) n T
0
Thus,
- 2rT n -r%/rg 2
Z ( 2> Jn(KerT) e
G(o) _PZ/rZ
1 -e€ To
Equation (10) is thus the gain loss for the truncated Gaussian beam as
a function of angle off boresight. Combining (10) and (5) results in
Equation (11).
2,2
2 n 2 -2ri/r
) 5 o rr . T o (1)
Gr(6) = 2(nD /) n; —7 J, (Kers)
0

By expanding the Bessel functions in series form, and rearranging terms,
the expression in Equation (12) is obtained, and was used for the computation of
the radiation pattern plotted in Figure 2.
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where,

eJ(X) = Z

= the incomplete exponential

Figure 2 shows that the effect of truncation is to decrease the on axis
gain, and slightly broaden the far field pattern. The pattern calculated for

the truncated Gaussian beam can be approximated quite well for pointing errors

to about 2.8 microradians as a nontruncated Gaussian beam with an on-axis gain

equal to the gain of the truncated Gaussian beam.

GAIN LOSS -~ dB
4

-1

-9

~10

-11

-12
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2.4 MISCELLANEOUS LINK PARAMETERS

2.4.1 Background Noise and Sources. Most of the links considered in this study
operate predominantly with the Earth in the field-of-view of the receiver. The
background rad1ance of the sunlit Earth, considering only diffuse ref]ect1on,(4)
is ~0.017 watts/m -A—sterad1an at 0.53 um wavelength, and 0.00875 watts/m -A-
steradian at 1.06 um wavelength.

An active LATS receiver would normally view deep space, with a reasonably
large field-of-view. The moon, under these conditions, is the brightest body
in the sky other than the sun, and has a spectral radiance(4) of 4.7 x 107
W/mz-i steradian at 0.53 um and 1.6 x 10—3 W/m2 K-steradian at 1.06 um.

An active ground-based terminal would see atmospheric scattered sun11ght
dur1ng daylight operation, which has a spectral rad1ance‘4) of about 3.5 x 10
N/m -A—sterad1an at 0.53 um and 2. 5 X 10 WIm -A—sterad1an at 1.06 um.

These values have been used in the Tink margin analyses. In all cases,
operation with the sun (or strong specular solar reflections) in fhe field-of-
view has not been considered either feasible or necessary.

2.4.2 Atmospheric Transmissibility - For links involving ground targets, two

loss mechanisms have been considered, nominal atmospheric attenuation due to
molecular and aerosol absorption and scattering, and degradations due to scintil-
lation effects. The nominal atmospheric transmission model is shown in Figure 3
for 0.53 um and 1.06 um wavelengths, as a function of ground terminal altitude
for zenith angles of 20°, 40° and 60°. The data is for a clear atmosphere, and

(5)

Elterman's model was used. At modest zenith angles, an atmospheric trans-

missibility (each way) of ~60-70% is reasonable at 0.53 um and 80%-90% at 1.06um.

For 1ink analysis purposes, we have arbitrarily allocated a 3 dB loss term
to account for atmospheric scintillation. The basis for this allocation is an
assumption that each ground target will be composed of a number of retro-
reflectors. We further assumed that the retro-reflector spacing and arrangement
would be such that each retro-reflector effectively contributing to the return
signal energy could be considered as scintillating independently. Consequently,

(4)Pratt, W. K., "Laser Communication Systems," John Wiley & Sons, New York (1969),
pg 121-125.

(S)E]terman, L., "UV, Visible, and IR Attenuation for Altitudes to 50 km, 1968,"
AFCRL, ERP NO. 285 (1968).
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even under severe scintillation conditions, the worst case fade depth should be
relatively modest if the number of retro-reflectors contributing to the return
is large.

ATMOSPHERIC TRANSMISSION VS GROUND
TERMINAL ALTITUDE FOR ZENITH ANGLE
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2.5 TARGET SIGNATURE AND GAIN PRODUCT. The passive targets considered in this
study are all augmented with one or more high quality, optical retro-reflectors,
also referred to as cube-corners or corner reflectors. In order to determine
the amount of signal energy returned to the radar, it is necessary to determine
the energy returned from each reflector on the target, and to combine the
reflections from each reflector at the radar. The return from each reflector

is a function of the angle of incidence of the incoming wave, and the magnitude
and direction of the velocity aberration vector, also referred to as point-ahead
angle. The individual reflector gains were computed as discussed in Appendix F.

2.6 SIGNAL POWER REQUIREMENTS. The required signal photoelectrons (pe) per
pulse, to achieve the desired range estimation accuracy goals, is a function of
the laser pulse shape, the target characteristics, and the range estimation
process employed. The candidate range estimation processes may be categorized
as estimation processes which are optimum, in some sense, and those which are
sub-optimum but offer implementation advantages. These range estimation processes
depend on sensing the time when a Taser pulse is emitted and when the reflected
pulse is detected. The time of arrival (TOA) of the reflected pulse can be
estimated in many ways.

A TOA estimation process, which is optimum in a maximum 1likelihood sense,
is described in Appendix E. Also discussed and analyzed in Appendix E are
several other estimation processes which offer implementation advantages, and
approach the performance of the maximum likelihood estimator. These techniques

" and their analytical treatments are appropriate for shot-noise limited applica-

tions where the target is a single cube-corner retro-reflector in a nondispersive
channel.

However, when the target is composed of multiple retro-reflectors, which
is characteristic of targets which have been synthesized for the HATRS Tlinks,
scintillation is encountered, due to coherent interference, at the detectors,
resulting from summing the returns from each retro-reflector. This type of
scintillation is discussed in Appendix F, and the mean detected signal amplitude is
shown to have an exponential distribution in the limiting case.

The remaining system functions which are covered in the 1ink margin analysis
program result from the postulated use of a ground based beacon, of some sort, to
aid in the initial acquisition (spacially) of a set of ground-based retro-
reflectors clustered in a small geographical area on the ground. Two types of
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beacon systems were hypothesized to span the spectrum of feasible types for
active ground beacons. '

First, a relatively high PRF, low energy per pulse system, such as might be
obtained from a GaAs laser diode beacon, was postulated. For this technique, the
angle tracking loop bandwidth and the beacon PRF determine the required beacon
energy in pe/pulse. ‘ )

The other type of beacon considered was a low PRF, modest energy per pulse
beacon, similar to existing ruby lasers. In this case, the spatial acquisition
and tracking function is better described as a bang-bang system, where the primary
considerations are false alarm and missed detection probabilities. The computa-
tion algorithm which is employed for this purpose is based on estimating the
threshold setting, and subsequently the required signal, to satisfy the Chernov
bounds.(G) This technique is modestly conservative, and was chosen to evade
numerical difficulties for large signal and background level conditions. These
bounds are determined, using transform techniques, as shown in Equations (12)
through (17).

The second moment generating function is defined as,

wx(s) & 1n [ !i fx(x) e 3% dx] (12)

For a Poisson process, with mean intensity m,
o K
m- _-mtsk
In [kg:o-l-(—re ]

=m(e> - 1) » (13)

v, (s)

The Chernov bounds are then, for false alarms,

Pea =Pr{x > v} :eXp{wx(S) - swl(s)} l =) (14)
Y =
provided s > o '

(6) Van Trees, H.L., "Detection, Estimation, and Modulation, Vol. I",
Wiley and Sons, New York (1967), pages 121-122



and, for missed detection,

PMD = Pr{x < y} f_exp{wx(g) -Iswl(s)} '

y = wl(s) (15)

provided s < o

In these expressions, vy is the threshold setting in photo-electrons.
Then, with m = an, equation ( 14) bounds the false alarm probability. Thus,

PeA iexp{v -m -y 1n(v/m)} . m=nT, (16)
Y >m
The first step, therefore is to find the threshold setting, vy, which just
satisfies this criterion. Then, with m = ng + an, we iteratively solve to

find the value of m, hence Ngs which just satisfies Equation (17), derived from
Equation (15).
Pup f_eXP{Y -m-y 1N(Y/m)} , m=n+nT, (17)
Yy <nm

These equations and algorithms have been implemented in the Tink margin analysis
nrogram presented in Appendix D.
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3.0 LASER RANGING SYSTEM CONFIGURATIONS

The laser ranging system configurations developed during the study were
selected to maximize the achievable ranging accuracy and to be compatible with a
variety of targets. Two major active terminals were defined. First, a terminal
suitable for use in a high altitude, transmit/receive satellite (HATRS), was
defined to operate with low altitude target satellites (LATS), either active or
passive, and ground based retro-reflectors. The other terminal was configured
for use as an experiment carried on a Spacelab mission, and is primarily intended
for operation with ground-based retro-reflectors. Target configurations were
defined for both the active and the passive targets, either orbital or ground
based.

System performance is limited by the type of laser selected. From a ranging
accuracy standpoint, the most attractive laser is a mode-locked, cavity dumped
Nd:YAG Tlaser, which outputs very narrow (<0.2 ns) pulses of modest energy. How-
ever, this laser does not exist in space qualified form at this time, although
all of the (known) necessary elements have been developed for different applica-
tions. Thus, it was deemed advisable to have an alternate system configuration
based on the current state-of-the-art, a Q-switched, cavity dumped Nd:YAG Tlaser,
with a characteristic pulse-width of 4 to 6 ns. The choice between the two laser
types is a matter of risk assessment. In the narrow pulse case, the risk is
principally that unknown factors may delay the development of the new laser con-
figuration. The risk, for the more conventional laser techniques is on develop-
ing a space qualified laser with sufficient amplitude and pulse shape stability
to enable meeting an over-all rms ranging accuracy equivalent to 1/30th to
1/50th of the pulse width, which is a nontrival goal under the best of circum-
stances. There are, of course, other components which present development risks.
These components, however, are common to both concepts, and limit, if at all,
only the time scale for implementation,

3.7 HATRS TERMINAL. The HATRS terminal is confiqured to operate with a variety
of targets at very long range, The key terminal parameters postulated for this
study are summarized in Table 3 for both the short pulse and the long pulse laser
configurations.
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TABLE3
HATRS TERMINAL PARAMETERS

PARAMETER CONPGURAS 208 CONF1EURRT 10N
Wavelength 0.53 um 0.53 um
Pulsewidth 0.2 ns 4.0 ns
Transmit Energy 1.0 mJ/pulse 10.0 md/pulse
PRF 10 pps 10 pps
Average Transmit Power 10.0 mW . 100.0 mW
Transmit Beamwidth 5.0 urad 5.0 urad
Telescope Primary Diameter 0.6Tm ’ 1.0m
Detector Quantum Efficiency 25% 25%
Detector Field of View 50. urad 50. urad
Optical Filter Bandwidth 53 53

The physical configuration which was adopted is illustrated in Figure 47
The interface with the host spacecraft may be either hard or gimbals, depending
on the host spacecraft design and functional requirements. The basic assumption
is provision of a precision optical bench, which supports all alignment critical
components. The alignment critical components include the transmit and receive
optics, the laser and the detectors, and the attitude reference sensors. The
attitude reference system is a steller-inertial system which employs strapdown
precision rate-integrating gyros, strapdown star sensors, and a radar telescope
focal plane mounted star tracker to establish and maintain a precision attitude
reference of the radar receiver boresight vector.

A typical ranging operation begins with establishing an inertial attitude
reference update, accomplished by slewing the receiver telescope to one or more
known stars. The star position with respect to the receiver boresight is
established, using either an offset star sensor located on the telescope focal
plane or the radar system quadrant PMT detectors with the narrow bandwidth optical
filters temporarily removed. Once the attitude reference is established, the
telescope can be open-loop pointed at the expected target position. The radar
system employs a narrow transmit beam and a relatively wide receiver field-of-
view, thus the acquisition process is principally a matter of scanning the
transmit beam until the target is illuminated.
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The nominal region of pointing uncertainty includes components due to un-
certainty in both the HATRS and the target ephemeris data, attitude reference
errors, and transmit/receive alignment errors. Since the transmit and receive
boresight vectors must be offset to account for velocity aberration (point-ahead
angle) effects, there is also a transmit beam deflection drift and scale factor
error included in the pointing uncertainty.

Once the target is illuminated, the receiver detects the angle of arrival
of the reflected signal, and slews to zero the mean receiver pointing error. The
alignment error between the transmit beam and the receiver boresight is detected
and corrected by dithering the transmit beam. The system maintains pointing
control using the inertial reference system; the corrections are filtered and
used to eliminate bias errors. Range measurements are obtained in a similar
manner. For spatial acquisition, the range gate is widened to account for range
prediction uncertainties. Once the target is reliably detected, a split-gate
range tracker is used to extract a range prediction error estimate which is
filtered and used to bias the range prediction to zero the mean range tracking
error.

One implementation approach is shown summarized in Figure 5., A central
computer is used to perform the necessary data processing and prediction functions.
A typical range measurement begins with selection of a nominal transmit pulse
departure time. This departure time is chosen to ensure that the receiver will
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not be blanked by the TR shutter at a time when a return pulse is expected. The
desired departure time is delivered to the pulse generation'electronics unit
(PGE). The PGE compares the commanded departure time with the central clock
time, and at a programmed time prior to coincidence, the PGE initiates the pulse
generation sequence. The sequence begins by energizing the lamp pump. Subse-

-quently, the cavity is Q-switched, and lasing begins. For the mode-locked laser
technique, the mode-locking RF signal is also applied to the fntracavity mode-
locking element. After the laser has reached stable conditions, the cavity is
dumped and the high energy pulse proceeds through the optics system. Prior to
dumping the cavity, the receiver is temporarily blanked by a switchable attenua-
tor or shutter, and a sizable bias voltage is app]iedkto the quadrant PMTs
photocathodes to gate them off.

The laser output pulse passes through a frequency doubler. Then a small
amount of the optical pulse energy is extracted and delivered to the pulse
departure time detector. The output from this detector is delivered to a
threshold detector, which strobes the departure time estimator at threshold
crossing. The departure time detector output is also integrated and it's magni-
tude is converted to digital format for subsequent processing in the central
computer to correct the departure time estimate for actual pulse amplitude. The
optical pulse proceeds through the transmit beam steering mirror assembly, which
establishes the desired transmit offset angles. The pulse then passes through
a hole in the beam combining mirror, and exits the telescope assembly in an off-
set position, as shown in Figure 5. Subsequently, the switchable attenuator in
the receiver is opened.

The next pulse arrival time, estimated from the vehicle ephemeris data,
the pulse departure time, and the filtered range tracking error, is delivered to
the receiver gate timer. At a programmed time prior to coincidence with the
central clock time, the receive gate timer issues a PMT enable command, and
subsequent]y issues gate sample commands as shown schematically in the figure.
Four sampling modules, one for each PMT, are used to measure the intensity of
the received signal at three sampling times, the early gate, the center gate,
and the late gate sample times. The sampling modules employ a sliding window
integrator technique to measure the PMT output during the three overlapping time
periods. The sampling module outputs are then converted to digital data, and -
delivered to the central computer for subsequent processing.
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The system can be most readily converted to operate with active targets
by assuming two color operation, i.e., the HATRS radar transmits at 0.53 um, and
the target transmits at 1.06 um. This would require inserting a dichroic beam
splitter in the receive optics, and adding a detector, probably a silicon photo-
diode, or semiconductor photocathode PMT. The active target receiver signal
processing will differ significantly from the passive target receiver signal
processing techniques. The operational concept is based on recording pulse
departure times and pulse arrival times at both ends of the link, with no attempt
made to synchronize or provide a transponder function in the target. This free
running operation provides all of the data necessary for subsequent estimation
of range, assuming the data from both terminals is available. Both the HATRS
and LATS transmit beamwidths and receiver-fields of view are selected to allow
totally open loop pointing in this mode.

The selected configuration for the HATRS active LATS receiver is shown in
Figure 6 and uses a PMT detector with a weighted counter approximation of a
maximum 1ikelihood time-of-arrival estimator. If a silicon photodiode detector
were chosen, instead of the PMT, the time-of-arrival estimator module would
be modified slightly to replace the weighted counter with an analog matched
filter, since the signal would be preamplifier noise limited. In either case,
the AGC amplifier maximum gain is clamped to minimize false alarms during high
background level conditions.

3.2 SPACELAB LASER RADAR EXPERIMENT. The Spacelab radar terminal configuration
employs many of the concepts evolved for the HATRS terminal, but is significantly
different in several important areas. Table 4 shows the key terminal parameters
assumed for each of the two candidate laser techniques.

One major difference between the HATRS and Spacelab terminal is inclusion of a
two-color ranging technique in the Spacelab terminal to permit assessment of atmo-
spheric delay by simultaneous ranging at 0.53 um and 1.06 um wavelength. A second
significant difference is that the Spacelab terminal does not track the returned
signal angle of arrival. The pointing technique is principally open-loop, with
provisions for a ground beacon angle of arrival measurement to initialize the point-
ing system at the start of a ranging pass over a cluster of ground-based retro-
reflectors. Third, the range estimation technique is based on a pulse-by-pulse
detection process, rather than by tracking the average signal over a number of
pulses. Finally, less stringent pointing accuracy requirements and Shuttle attitude
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TABLE 4
SPACE LAB TERMINAL PARAMETERS

PARAMETER CONFLEURAT 10N CONF TGURAT TON
Wavelength 0.53 um 1.06 um 0.53 um 1.06 um
Pulsewidth 0.2 ns 0.2 ns 4.0 ns 4.0 ns
Transmit Energy 1.0 mJ/pulse (4.0 mJ/pulse|10.0 mJI/pulse|{40.0 mJ/pulse
PRF 1 pps 1 pps 1 pps 1 pps
Transmit Power 1.0 mW 4.0 mW 10 mW 40 mW
Transmit Beamwidth 375 urad 750 urad 375 urad 750 urad
Telescope Primary Diameter 0.3m 0.3m 0.46m 0.46m
Detector Quantum Efficiency 25% 1.0% 25% 1.0%
Detector Field of View 375 urad 750 urad 375 urad 750 urad
Optical Filter Bandwidth 5A 5 5A 5A

motion disturbances are satisfied with a gimballed Cassegrain telescope in a
Coude” configuration. Alternatively, a fixed telescope with a gimballed flat
mirror could be employed, subject to installation limitations. ;

Figure 7 is a functional block diagram of the selected Spacelab laser con-
figuration, and shows representative implementation techniques for these func-
tions. The attitude reference sensors are considerably less critical than for
the HATRS terminal, however they must still be tightly coupled to the laser
radar optical reference bench. ‘

Since the system functions on a pulse-by-pulse basis, transfer from one
ground target to another can be accomplished readily between pulses, particularly
if the angular separation is within the dynamic range of the tracking benders.

The term, benders, is used generically, since it appears that torsion-bar-mounted
torque motors may be more rugged and reliable than piezo-electric bender bimorphs
for beam steering functions.

Since the Spacelab is in a low altitude orbit, for a relatively short mission
duration, and is subject to potentially sizable ephemeris changing perturbations,
difficulties in converting ranging data into data of geodedic significance are
anticipated. One possible solution is to define a Spacelab laser radar experiment
which provides "simultaneous" ranging measurements with two or more ground
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targets. The most obvious technique is to increase the transmit beamwidth and
receiver field-of-view, and provide some sort of dual return pulse detection
technique. However, this approach appears to result in serious 1link margin problems
even for targets relatively closely clustered. A more attractive technique from
energy management considerations is to divide the transmit pulse into two equal
parts, and form two individually targeted transmit beams. Individual beam steering
for sizable angular offsets (v +1°) requires a relatively good linearity device

(v 0.2%). The most attractive device for this application appears to be precision
Risley prisms with 10 bit optical encoders for deflection and orientation feedback
control.

The selected system concept can, however, roughly approximate this performance,
by jumping from target-to-target between pulses, resulting in a tightly inter-
laced set of data. It was beyond the scope of this study to determine the impact
of these competing concepts on the value of the measurements, thus these alterna-
tives are simply presented for consideration.

3.3 ACTIVE LATS TERMINAL CONFIGURATION. The active LATS terminal is very similar,
functionally, to the HATRS terminal, and most of the same support elements are re-
quired, although the performance requirements can be relaxed to some extent.

Based on our evaluations, the receive aperature weight and cost are not a significant
part of the subsystem weight and cost when the diameter is less than several inches

A one-inch diameter (0.0254m) aperature was chosen as a reasonable value for the
receiver. For the narrow pulse HATRS radar, with the beam spoiled to 100 urad,

this choice resulted in a 31.6 dB 1ink margin, based on requiring ~20 pe/pulse to
ensure detection of every pulse. The rms time of arrival estimation error, for 20
pe/pulse is 32 ps.

For the transmitter, the required product of energy per pulse and transmit
antenna gain, to provide a 6 dB margin above the 20 pe/pulse level, is ~23 dBdJ.

If the transmitter outputs 0.1 mJ/pulse, the transmit beamwidth can be ~4 mrad.
We allowed about 0.5 mrad for pointing error, which is almost totally allocatable
to attitude reference errors. This pointing accuracy (0.03°, 1o) is well within
the capabilities of relatively inexpensive stellar-inertial attitude reference
systems, but considerably more stringent than normally achievable for simpler
attitude reference techniques.

Figure 8 summarizes the selected terminal configuration. A fixed telescope
with a gimballed flat was chosen for this terminal, to minimize complexity. An
alternate design, with three additional folding mirrors, can be configured to
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provide full hemispheric coverage for a minimal weight penalty.

An alternate functional concept is shown in Figure 9, which also shows the
special HATRS receiver configuration to extract one-way Doppler frequency measure-
ments. If a precision clock, with suitable frequency accuracy and stability, is
provided, at both ends of the Tink, one-way Doppler frequency measurements can
provide reasonably accurate range sum rate measurements. In this concept,
the active LATS terminal is composed of a gimballed array of retro-reflectors,
for ranging purposes, and a modest beamwidth (1.06 um wavelength), 200 Mpps mode-
locked laser, whose mode-lock frequency is phase-locked to a standard frequency
derived from a precision Rubidium clock.
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4.0 LINK DYNAMIC ANALYSES

Two of the ranging links evaluated in the Laser Ranging Systems Study
involve a High Altitude Transmit-Receive Satellite (HATRS) in a 22,000 km circular
orbit ranging from ground based retro-reflectors or retro-reflectors on a Low
Altitude Target Satellite (LATS) in a 1000 km circular orbit. These passive
ranging links are severely power limited due to the extremely Tong ranges, and
hence very narrow laser transmit beamwidths (5 microradians) must be employed.
The Taser pulse rate for the selected HATRS terminal configuration is 10 pulses/
second. The resulting laser telescope pointing requirements are very stringent
for these Tong, passive links because of the narrow.transmit beamwidth. Further-
more, the high accuracy pointing during target acquisition and tracking must be
achieved in open-loop fashion to some extent since no wideband pointing error
information is available with a 10 pps pulse rate and the low energy in the return
signal collected at the HATRS.

At the beginning of the acquisition phase, laser telescope pointing angle
commands are computed on the basis of HATRS attitude and position estimates and
estimated target location. The pointing angle commands then are transformed
into spacecraft attitude or gimbal position commands, depending upon the system
mechanization, and the laser telescope is slewed to provide nominal alignment
of the telescope boresight axis along the HATRS-to-target line of sight (LOS).
The pointing error of the laser telescope boresight axis relative to the true
HATRS-to-target LOS at initiation of acquisition is a function of HATRS and
target ephemeris errors, HATRS attitude reference error, and misalignment between
the HATRS attitude reference and laser ranging systems.

If the expected pointing error is larger than some specified fraction of
a transmit beamwidth, a sequential search of the initial pointing uncertainty
area must be performed until a return signal is received by detectors in the
HATRS laser terminal. The acquisition strategy that is devised will be
strongly influenced by short-term stability of the pointing error since it
defines the overlap required between adjoining subareas during the sequential
scan process and hence it affects acquisition time. Thus the open-loop pointing
requirement for acquisition in the long, passive links is a function of the
allowable acquisition time and the acquisition strategy employed. However, a
preliminary requirement of 10 prad or better is felt to be a reasonable perfor-
mance objective.



Although wideband pointing error information is not available in the long,
passive links, it is conceptually feasible to determine static and very low-
frequency (i.e., less than 0.02 Hz) boresight errors since the reflected signal
strength from a passive target is directly related to HATRS pointing error at the
instant the laser pulse was transmitted. Two concepts for measuring the static
and low-frequency boresight errors consist of (1) a quadrant array of ranging
detectors for angle of arrival estimation augmented by a conical scan of the
transmit beam to detect receiver/transmitter boresight errors and (2) a single
ranging detector which employs a slow conical scan for transmit beam pointing
error estimation from return signal amplitude measurements. Therefore, after
the target is acquired, one of these techniques could be used to estimate the
static and Tow-frequency boresight error and appropriate compensation for these
errors could be provided during tracking. The primary pointing error contributors
which are calibrated with these techniques are ephemeris errors and static
misalignment between the attitude reference and the laser ranging system.

The most stringent pointing requirement for the long, passive links occurs
during the tracking phase when the target must be tracked in an open-1oo0p
manner within 1.0 urad pointing error. The achievable tracking accuracy depends
upon spacecraft and environmental disturbances, attitude reference stability
(i.e., short-term drift and noise), and HATRS-to-target LOS kinematics.

In summary, extremely accurate HATRS and target location prediction, pre-
cise HATRS attitude determination, and precision laser telescope slewing are
required for acquisition and tracking in the long, passive links. The 10 urad
or better open-loop pointing requirement for acquisition is treated as a some-
what "soft" requirement since target acquisition can be achieved with larger
pointing errors. The primary impact of larger pointing error at the beginning
of acquisition is longer acquisition time. The 1 ﬁréd open-1oop pointing
requirement for tracking is a firm one for a 5 prad transmit beamwidth.

4.1 EPHEMERIS ERROR EFFECTS. The positions of the HATRS and the target must
be known very accurately in order to define the HATRS-to-target line-of-sight
vector with an accuracy compatible with open-loop pointing within five or ten
microradians.

4.1.1 HATRS and LATS Ephemeris Prediction. The LATS and possibly the HATRS
currently are envisioned to be drag-compensated spacecraft. An accelerometer

is used to measure the effect of all nongravitational forces acting on this
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type spacecraft such as the forces due to solar radiation or meterorite impact.
Then a "compensation" system is exercised to cancel the sensed nongravitational
forces. The important result is that orbit prediction errors with drag-
compensated spacecraft are thought to result primarily from ground station track-
ing errors and errors in the geopotential field model used for orbit prediction.
GSFC performed an in-house study to assess ephemeris prediction capability
for the HATRS and a drag-compensated satellite in a 300 KM circular orbit.
Their computer program estimates 100 parameters including position and velocity
components for both satellites, a tracking bias error for each of six tracking
stations, a drag residual for the low altitude spacecraft, and 81 geopotential
terms. Their conclusion is that for a drag-compensated satellite that has been
tracked by six stations (2 passes per day) for ten days, the uncertainty
associated with predicting the position of the satellite 24 hours ahead is
approximately 3 meters (lo) provided all terms are solved for. This total
error can be broken down into a 2.5 meter cross track component, a one meter
along track component and a two centimeter radial component. These projections
serve as the basis for estimating effects of ephemeris errors on achievable
open-1oop pointing system accuracy.

4.1.2 Pointing Angle Error Sensitivities. Sensitivities of HATRS pointing angle
error to HATRS and LATS position errors were derived for coplanar HATRS and LATS
orbits (1) with the line-of-sight tangent to the low altitude orbit and (2) with
the Tow altitude satellite directly under the HATRS in order to bound the effects
of ephemeris errors. Similarly, pointing angle error sensitivities for the HATRS-

to-ground links were derived with the ground site (1) on the HATRS horizon and
(2) directly under the satellite. Analytical expressions for the pointing angle
error sensitivities and numerical sensitivities for the HATRS-to-LATS link are
presented in Table 5. The numerical sensitivities to ephemeris errors for the
HATRS-to-ground link are somewhat smaller since the range is larger.

The numerical sensitivity values for the HATRS-to-LATS link show that the
pointing angle error per unit position error is approximately 0.05 urad/meter
if acquisition is performed with the LATS directly below the HATRS. Assuming
that the along track and cross track positions errors for both satellites are
the same, the root-sum-square (RSS) HATRS pointing error is approximately 0.10
urad/meter. The numerical sensitivities of pointing error to HATRS and LATS along
track and cross track position errors are about 33 percent Tower if acquisition
is performed when the HATRS-to-LATS 1line of sight is tangent to the LATS orbit.
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The effects of radial position errors are negligible in an RSS sense since the
radial errors are much smaller than the along track and cross track errors, and
the pointing angle error sensitivities also are much lower. The total RSS
pointing error for acquisition with the LATS on the "horizon" is approximately
0.072 urad/meter assuming equal errors.

4.2 ATTITUDE REFERENCE SYSTEMS. The sub-arc second open-loop pointing require-
ment for the long, passive links dictates stellar sensing, and hence only stellar-
inertial attitude reference systems (ARS) are considered. High-quality reference
gyros provide relatively high-bandwidth, short-term data and star sensors provide
precise low-bandwidth attitude measurements at discrete times. Optimal filtering
’genera11y is employed to process these measurements in order to estimate and
compensate for important measurement errors and to estimate spacecraft attitude.
Spacecraft angular rates can be derived from incremental attitude data or can be
measured with another set of gyros if higher bandwidth rate data is required.

Gyro drift rate bias must be estimated and appropriate compensation must be
provided in the attitude estimation algorithms to achieve high-accuracy attitude
determination. Sub-arc second attitude determination might also require periodic
calibration of additional attitude reference sensor parameters such as gyro scale
factor and gyro input axis alignment. Parameters which require infrequent
calibration, say every few days, could be estimated using ground-based computer
algorithms to minimize onboard computer requirements.

Gyro performance should not be a limiting factor in achieving sub-arc
second attitudé determination in the 1980's. Projected performance of the third
generation gyros (TGG) is compatible with sub-arc second pointing, and current
high-quality gyros such as the Honeywell GG334 are close to being adequate for
some attitude reference system mechanizations. A comparison of current gyro
performance and performance goals of the Draper Lab TGG is shown in Table 6.

The Draper Laboratory TGG has undergone significant 1aboratohyf§esting, and
results of these tests demonstrate the feasibility of meeting the specified
performance goals. The frequency response of the Draper Lab TGG is essentially
flat out to 30 Hz which is significantly better than the frequency response of
current high-quality reference gyros.

Gyro drift rate bias is a very large error contributor unless appro-
priately compensated. Random drift also is an important error source in any
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high-accuracy stellar-inertial reference system. The Honeywell GG334 gyro

has a 0.01 deg/hr (10) random drift specification, but much better performance
has been observed during Taboratory testing. The drift uncertainty performance
goal for the Draper Lab TGG is less than 0.004 sec/hour. This assumes that

the absolute drift of the gyro can be calibrated and compensated with resolu-
tion that is commensurate with the 0.004 sec/hour specification.

Other important gyro performance parameters are scale factor stability and
input axis alignment stability. Scale factor stability, which is a measure of
the angular uncertainty associated with torquing the gyro through a specified
angle, is extremely important if the spacecraft is slewed through large angles
or if input rates to the gyro are high. A scale factor stability specification
of 100 to 200 parts per million (PPM) represents current state-of-the-art gyro
technology. However, the scale factor stability can be calibrated to 10 PPM
or so. The performance objective of the TGG is quoted as 1 PPM with 0.1 PPM
potentially achievable.

The current state-of-the-art in strapdown stellar-inertial attitude reference
systems is exemplified by the Honeywell Space Precision Attitude Reference System
(SPARS) to which 3 to 4 §ec, 1o, 3-axis performance capability is attributed.

The SPARS employs two strapdown starsensors which are solid state devices

utilizing a silicon photodetector array as the sensing element, and three strapdown
pulse-rebalanced, rate integrating gyros (Honeywell GG334 series). Primary SPARS
attitude error contributors are star sensor random error (2 sec, lo) and random
gyro drift (0.01 deg/hr, 1o). No full-up SPARS has flown to date, but a modified
version with relaxed accuracy requirements (15 gEE, 30 per axis) is scheduled to

be flown early in 1975.

The SPARS initially was designed for low altitude orbit missions, but Honey-
well has performed a study for the Air Force in which they evaluated SPARS perfor-
mance in high altitude orbits--up to synchronous altitude. The study results
indicate that a SPARS type of attitude reference system warrants consideration
for the HATRS application. Higher accuracy star mappers and higher quality gyros
are required for the laser ranging system than for the SPARS, but the necessary
components could be available by the early 1980's if projected improvements in
sensor performance are realized.

The primary impact of high altitude orbits (hence lower orbit rates) on SPARS
performance is increased acquisition time since it takes much longer for filter
convergence with the less frequent observable star transits due to slower star
field scan. The frequency of observable star transits also defines the attitude
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reference update interval during normal operation, but the longer update intervals
should not be a significant problem by the 1980's with the extremely Tow drift
gyros currently being developed.

The state-of-the-art in stellar-inertial attitude reference systems using
gimballed star trackers is typified by the TRW Precision Attitude Determination
System (PADS) which was designed to provide a 3.6 §§E, lo, per axis attitude
reference in an equatorial, synchronous orbit. The PADS design activity is an
outgrowth of the Precision Pointing Control System (PPCS) study performed by
TRW for Goddard Space Flight Center since early 1970. The PADS employs a two-
axis gimbaT]ed star sensor using a photomultiplier tube detector and precision
strapdown, pulse-rebalanced, rate integrating gyros. Telescope gimbal angle is
measured by an Inductosyn. Kalman filtering is used to incorporate the star
sensor measurements and to provide periodic estimates of spacecraft attitude
and gyro drift rate bias.

Higher accuracy stellar sensing is achievable on spacecraft such as the
HATRS which have large optical systems if the star sensor is boresighted to
the experiment optics. Integration of the star sensor and the large optical
systems results in larger aperture diameter and focal length than normally is
feasible within size and weight constraints of separate star sensor assemblies.

4.3 OPEN-LOOP POINTING SYSTEMS. Two generic approaches can be employed for
pointing a space-based payload toward a desired target. One method of implement-
ing the pointing requirement is to mount the payload on a set of gimbals and to
slew the gimballed payload assembly in order to achieve and maintain alignment
of the payload sensor boresight axis with the host spacecraft-to-target line-
of-sight. The second approach, body pointing, is to rigidly attach the payload
to the spacecraft structure and to perform the pointing function using the
spacecraft attitude control system,

Brief descriptions and typical operational scenarios for three open-loop
pointing system mechanization concepts are discussed in this section. Two of
the pointing systems use the gimballed payload approach and the third employs
body pointing. The objective of this section is to identify major system com-
ponents and primary pointing error contributors in order to assess the
feasibility of achieving open-loop pointing capability between 5 to 10 urad
by the early 1980's in the long passive links. A1l three mechanization concepts
require significant improvements in component performance relative to current
state-of-the-art in order to realize this open-loop pointing accuracy goal.
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However, only components which currently are being developed or components
which are reasonable extropolations from current state-of-the-art are accept-
able since full implementation of the laser ranging system is planned for the
early 1980's.

4.3.1 Gimbaled Telescope Pointing Systems. Numerous gimbaled telescope point-

ing system implementation concepts can be contrived, with the system differences
being primarily the type and/or location of the attitude reference sensors. Two
implementation concepts which characterize the basic options available with the

gimbaled pointing system approach are discussed in this section.

One of the gimbaled telescope pointing systems -evaluated in this study
employs a SPARS type of ARS which consists of strapdown star sensors and strap-
down reference gyros, all mounted on a precision optical assembly (POA) which
is a precision mounting structure. The POA provides a stable thermomechanical
interface to the spacecraft for establishing and maintaining precision alignment
between pointing system components. Another star sensor is located on the focal
plane of the Taser telescope and is used solely for alignment calibration. The
second gimbaled system employs a star sensor located on the laser telescope
focal plane as the primary attitude reference sensor and strapdown gyros mounted
inside the Taser telescope gimbals. The telescope gimbals are rigidly attached
to the POA in both systems.

Gimbaled System with SPARS Type of ARS (System I). The basic elements of
this open-Toop pointing system are a SPARS type of attitude reference system and

a gimbaled laser telescope assembly. The ARS consists of two or more star
mappers and high-quality strapdown reference gyros, probably third generation
gyros. The star mappers are wide field-of-view sensors with no moving parts;
they depend upon spacecraft motion for star field scan. They contain no servo
loops or angle encoders, and hence these star sensors are mechanically simpler
than gimbaled star trackers.

The gimbaled telescope assembly contains the laser telescope, gimbals and
associated drive electronics, and gimbal angle encoders. Also, an image dissector
type of star sensor is located on the laser telescope focal plane for use in
calibrating alignment between the laser telescope and the attitude reference
system.
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The HATRS is controlled about a local vertical/orbit plane reference. Con-
tinuous star field scan is provided by the nominal spacecraft pitch rate that is
required to maintain a local vertical orientation, and thus attitude reference
updates can be provided throughout acquisition and tracking.

Whenever the laser ranging system is to be exercised, laser telescope point-
ing angles are computed using spacecraft attitude and position estimates and
estimated target location. These desired pointing angles are transformed into
laser telescope gimbal position commands, and nominal target acquisition is
achieved by slewing the telescope through the requifed gimbal angles. The initial
pointing uncertainty area then is searched to acquire the target, if necessary,
and the static and Tow-frequency boresight errors are estimated. Then the track-
ing phase is initiated, and the gimbals are driven in accordance with measured or
derived spacecraft angular rates during tracking.

The achievable pointing accuracy with this gimbaled system probably is
Timited by gimbal related errors. The two types of gimbal related errors which
are of primary concern are gimbal position reference error due to angle encoder
inaccuracy and gimbal control Toop tracking error due to gimbal servo nonlineari-
ties such as friction and torque motor hysteresis. Sub-arc second attitude
determination should not be a limiting factor by the 1980's if projected improve-
ments in sensor performance, particularly gyros, are realized. Gyro drift rate
uncertainty is the most important gyro error contributor with this approach.
Scale factor stability and input axis alignment stability are less important gyro
errors since the spacecraft angular rates are fairly smaf] with the spacecraft
closely controlled about a local vertical/orbit plane reference. The largest
spacecraft angular rate is orbit rate which is essentially constant in the
nominally circular HATRS orbit.

Only the short-period rates, which are small, produce attitude reference error
due to scale factor instability and gyro input axis misalignments. The gyro
measurement error due to scale factor and input axis alignment stability effects
with a constant input rate is compensated for in the state estimate of gyro drift
rate since this measurement error is a bias error in the short term.

The current state-of-the-art in gimbal angle encoder performance is inadequate
for the Laser Ranging System application with system mechanizations which rely
upon these devices for gimbal position determination during target acquisition
and tracking. No angle encoders with readout accuracy specifications in the sub-
arc second region have been space qualified to date. Both Inductosyns and optical
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shaft encoders have fractional sub-arc second measurement potential, but these
high-accuracy angle encoders probably will be fairly large with diameters of
twelve inches or greater since increased resolution is generally obtained by
increasing encoder dimensions. An angle encoder with veadout accuracy of 0.1
urad or better is required with this gimbaled system in order to provide 1 urad
pointing during tracking, and this is well beyond the performance of any angle
encoder currently being developed, to our knowledge.

Farrand Controls, Inc. has a twelve inch diameter Inductosyn with a +0.5 Sec
accuracy specification if the discs are directly mounted to the shaft. The
accuracy specification denotes the precision to which angular position can be
measured with respect to an absolute external reference. This should not be
confused with the resolution specification which defines the smallest movement
which can be measured or reproduced by the angle encoder. Thus the accuracy
specification includes mechanical misalignments and electronic noise and biases
in addition to the resolution of the device.

Baldwin Electronics has a ten inch optical shaft encoder with 21 bit resolu-
tion (0.62 §€E) and a full circle accuracy quoted as one bit RMS plus resolution.
Baldwin currently is working on a 16-inch diameter optical encoder with a 24 bit
resolution but they have not determined its readout accuracy capability so far.
Their goal is to calibrate the 24 bit encoder within +0.1 $ec full circle accuracy.

ARS Sensors Inside Laser Telescope Gimbals (System II). One approach to
improving open-Toop pointing accuracy with a gimbaled laser telescope system
is to locate the attitude reference sensors (i.e. star sensor and gyros) inside
the laser telescope gimbals. The star sensor is located on the focal plane of
the laser telescope and hence misalignment between the attitude reference axis
and the laser telescope boresight axis is minimized. Also, integration of the
star sensor with Tlaser telescope optics results in larger aperture diameter and
focal length than normally is feasible within size and weight constraints imposed
upon a separate star sensor assembly, and hence utilization of laser telescope
optics provides greater stellar sensing accuracy potential. The two primary
advantages of placing the gyros on the gimbals is a significant relaxation in
the gimbal angle encoder readout accuracy requirement and the availability of
higher bandwidth gimbal motion data relative to System I.

The acquisition scenario with this gimbaled pointing system concept differs
substantially from the acquisition scenario for the gimbaled pointing system
with the attitude reference sensors strapped to the precision optical assembly.
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When a command is received to perform a ranging experiment, the laser telescope
assembly is slewed to acquire a specified guide star. The inertial reference

is zeroed and a second guide star is acquired. Large angular separation of the
two guide stars (ideally 90 degrees) is desired in order to derive accurate
three-axis attitude information, but smaller angular separation is acceptable in
order to maintain reasonable gimbal angle range requirements. The gimbal angle
range required during acquisition depends primarily upon the number of star
measurements which can be obtained within the allowable acquisition period and
star measurement noise. Finally, after an attitude reference has been established,
the Taser telescope pointing angles are computed and the laser telescope is

slewed through the commanded gimbal angles. Then the initial pointing uncertainty
area is searched, the target is acquired, static and low-frequency boresight
errors are estimated, and tracking is initiated.

The gimbal angle encoder provides gimbal position information during acquisi-
tion of the first guide star. The gyros, which are mounted on the telescope
gimbals, are employed to provide a reference for precision slewing during sub-
sequent guide star acquisition and target acquisition maneuvers. Therefore scale
factor stability and input axis stability are very important error parameters
with the high gyro input rates and the large angles through which the gyros must
be torqued during the slewing maneuvers. Current gyros are inadequate but
acceptable position measurement accuracy is achievable over fairly large angles
using third generation gyros if their quoted performance goals are met. For
example, the telescope boresight alignment error following a 30 degree maneuver
is approximately 0.1 sec with a scale factor stability of 1 PPM.

Effects of gimbal dynamics such as friction probably are the largest tracking
error contributors. However, with the gyros mounted within the gimbals, higher
bandwidth gimbal jitter measurement is available than with the gyros strapped
to the POA, since, for example, the frequency response of the Draper Lab TGG is
essentially flat out to 30 Hz.

A disadvantage of boresighting the star sensor to laser telescope optics is
that no star measurements can be obtained during tracking when the laser telescope
is Earth oriented. Complete reliance is placed upon the gyros for maintaining
an attitude reference of sufficient accuracy. However, attitude error propaga-
tion due to gyro drift uncertainty during tracking should not be a problem with
the third generation gyros currently being developed. Attitude error due to a
0.10 sec/hour drift rate is a tolerable 0.05 sec for a 30 minute tracking period
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assuming a linear relationship between attitude error buildup and time, and

this is an order of magnitude larger drift uncertainty than is projected for

the third generation gyros. |
Comparative Evaluation of Gimbaled Pointing Systems. A qualitative compar-

ison of the two gimbaled telescope pointing systems is presented in Table 7.

There are many implementation options available within the class of gimbaled

pointing systems, but the two implementation concepts compared in Table 7 ade-

quately serve as a basis for discussing the important tradeoffs which should be

considered in selecting a gimbaled pointing system for the HATRS.

The basic conclusion is that the attitude reference sensors should be
located inside the payload gimbals in order to minimize the effects of gimbal
angle encoder error and gimbal servo nonlinearities on pointing system perfor-
mance. This conclusion is based upon projected gimbal angle encoder readout
accuracy attainable with Inductosyns or optical encoders of reasonable size.

If the ARS sensors are mounted within the gimbals, gimbal position information
is required only during acquisition of the initial guide star, and hence a
moderate accuracy angle encoder (say 18 to 20 bit full circle accuracy) 1is
sufficient. Also, low frequency gimbal dynamics can be measured if the gyros
are strapped to the gimbals.

The gimbaled pointing system with the ARS sensors mounted within the
gimbals has other comparative advantages in addition to making achievable pointing
accuracy essentially independent of gimbal angle encoder errors. Boresighting
the primary star sensor to the laser telescope optics eliminates the need for
a separate alignment calibration sensor, provides higher stellar sensing accuracy
potential, and minimizes the misalignment between the laser telescope and star
sensor boresight axes. However, star measurements cannot be performed while
tracking ground based or near Earth targets, and large gimbal angle ranges are
required for guide star acquisition. An additional star sensor mounted orthog-
onally to the primary sensor could be used to decrease gimbal range requirements
and to provide periodic attitude reference updates during tracking, if required.
This additional star sensor could be a lower accuracy device than the one bore-
sighted with the laser telescope optics.

A comparative disadvantage of gyro placement inside the payload gimbals is
increased sensitivity of laser telescope pointing error to gyro scale factor
stability and input axis alignment stability errors due to higher gyro input
rates and the larger angles through which the gyros are torqued during guide
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star acquisition maneuvers. However, the pointing error attributable to these
gyro erros is compatible with sub-arc second pointing if projected TGG performance
goals are met. Another adverse effect of mounting the gyros inside the gimbals

is increased power dissipation in the gimbaled assembly and attendant thermal
control problems.

Some advantages of the system in which the ARS sensors are strapped to the
precision optical assembly (System I) are less stringent gyro requirements,
"continuous" attitude reference update availability, and a smaller gimbal angle
range requirement (= +25 degrees). However, it is felt that these advantages do
not outweigh the primary comparative disadvantage of the system which is the
requirement for an extremely accurate angle encoder.

4.3.2 Body Pointing System. Body pointing is an attractive alternative to
gimbaled telescope pointing for the Laser Ranging System because it would
eliminate the potential problems directly attributable to the gimbals. A brief
description of a candidate body pointing system and a typical operational scenario

are presented in this section.

A SPARS type of stellar-inertial attitude reference system is employed with
two or more strapdown star sensors and strapdown, rate integrating, high quality
reference gyros (third generation gyros) mounted on the precision optical assembly.
The star sensors would be oriented to enable periodic attitude updates to be pro-
vided during laser ranging experimentation. The time between attitude reference
updates depends primarily upon spacecraft angular rates and detector sensitivity.
The Taser telescope also is rigidly attached to the POA, and another star sensor,
probably an image dissector type, is located on the laser telescope focal plane.
This star sensor is used for initial on-orbit alignment and periodic calibration
to compensate for a]ignmen% shifts due to thermal gradients.

A typical scenario for the acquisition and tracking phases with body pointing
is as follows. The target acquisition phase begins with the HATRS in some orienta-
tion which enables a precise attitude reference to be maintained between ranging
experiment periods. The desired inertial orientation of the laser telescope is
determined on the basis of HATRS and target position estimates. Then the space-
craft attitude maneuvers required to point the Taser telescope along the HATRS-
to-target LOS are determined using the estimated inertial attitude of the HATRS,
and the HATRS is slewed accordingly. The resulting orientation of the laser
telescope boresight axis relative to the true HATRS-to-target LOS will be within
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specified error limits which allows acquisition to be completed within a prescribed
time interval using a sequential search technique if neceésary. After the target
is acquired, a conical scan boresighting technique is employed to estimate static
and low-frequency boresight error. Then the tracking phase is initiated, and the
spacecraft precisely tracks the HATRS-to-target LOS.

Precision spacecraft slewing throughout the acquisition and tracking phases
is performed by the HATRS attitude control system using reaction wheels, control
moment gyros, or some hybrid combination of the two control actuators. Attitude
control accuracy requirements are tighter with body pointing than with gimbaled
telescope pointing since spacecraft angular rates are a direct measure of laser
telescope pointing stability with the body pointing approach. The factors affect-
ing achievable pointing stability with a momentum exchange attitude control sys-
tem include induced mechanical vibrations due to rotor imbalance and spin bearing
imperfections, servo nonlinearities such as friction torques and CMG torquers
ripple and compliance, and sensor noise. All these problems have been studied
in depth within the industry for other space-based optical system applications
(e.g., Large Space Telescope).

4.3.3 Body Pointing versus Gimbaled Telescope Pointing. A comparative evalua-

tion of the body pointing system and the gimbaled telescope pointing system
with the attitude reference sensors located inside the payload gimbals is pre-
sented in Table 8. Body pointing has the basic advantage of being the simpler
to mechanize. There are no gimbals, and hence no gimbal servos and no gimbal
angle encoders. However, more precise attitude control is required with body
pointing than with the gimbaled systems since the gimbal control system can
compensate for observable. spacecraft motion.

Both pointing systems require high accuracy stellar sensing. Star sensors
located on the focal plane of the Taser telescope provide higher accuracy stellar
sensing potential than is achievable with separate star sensor assemblies of

reasonable weight and size, but the use of laser telescope optics precludes
attitude reference updates when tracking ground based targets.

When body pointing is used, it is possible to locate star sensors on the pre-
cision optical assembly oriented to allow star measurements while the telescope
is earth oriented (active ranging). The boresight star tracker is used only to
periodically calibrate between the normal mode star sensors and the telescope
boresight. For the gimballed system, however, it is not at all certain that
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star sensors can be located for star measurements while the telescope is earth
oriented (host vehicle interference), thus we elected to rely on the boresight
star sensor for periodic ARS updates between ranging operations.

A very "quiet" spacecraft is required for both the body pointing and gim-
baled telescope pointing systems. This is an inherent requirement with body
pointing since laser telescope pointing stability is directly related to attitude
control system performance and attitude control bandwidth is constrained by the
lTower structural modes. The "quiet" spacecraft requirement also is applicable to
gimbaled pointing system for the long, passive ranging links since wideband

pointing error information is not available due to severe power limitations and
a low laser pulse rate, and hence no compensation for high-frequency pointing
jitter can be provided.

Body pointing is the recommended approach for implementing the very stringent
laser ranging system pointing requirements. Although attitude control accuracy
requirements are tighter with body pointing, it is felt that this comparative
disadvantage is heavily outweighed by the simpler mechanization and the absence
of the performance-limiting gimbal related problems due to angle encoder readout
error and gimbal dynamical errors. The body pointing approach contains fewer
components, probably is Tlighter, and alleviates thermal design problems attendant
to high energy dissipation rates inside the laser telescope gimbals. It also
is easy to implement redundancy with body pointing, whereas, an equivalent level
of redundancy is not feasible with the gimbaled system.

4.4 POINTING ERROR BUDGET FOR LONG, PASSIVE LINK. Preliminary pointing error
budgets for the recommended body pointing system are presented in Tables 9 and
10 for the long, passive ranging links. The open-Toop pointing requirements

for the acquisition and tracking phases are 5.0 prad and 1.0 urad respectively.
A1l pointing error contributors are assumed to be independent and normally
distributed.

A 1.5 prad pointing error allocation is specified for the effects of HATRS
and target position errors during acquisition. This corresponds to approximately
20 meter (30) along track and cross track position errors for the HATRS and the
target if acquisition is performed with the target on the horizon. This ephemeris
error allocation is about three times higher than required if the 3 meter (lo)
prediction capability projected by Goddard is realized.
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On-orbit calibration of the alignment between the laser telescope boresight
axis and attitude reference axes is required after the operational orbit has been
achieved in order to remove static misalignments attributable to manufacturing
tolerances and boost environment effects. Then, periodic on-orbit calibration
must be performed during the mission to measure alignment shifts due to thermal
gradients and structural creep. The pointing error budget for the acquisition
phase contains a 2.5 urad allocation for residual calibration error, low-frequency
alignment shifts between calibration periods, and high-frequency dynamics such
as structural vibrations.

A 1.0 urad error allocation is specified for attitude control errors. This
includes the effects of spacecraft and environmental disturbances plus actuator
nonlinearities and asymmetries. The remaining allowable pointing error during
acquisition is allocated to the attitude reference system. The ARS error com-
ponents include star sensor error, gyro errors and computational error, with the
primary gyro error sources being drift uncertainty, scale factor stability, and
input axis alignment stability.

A preliminary pointing error budget for the tracking phase is presented in
Table 10 for a 1.0 urad tracking requirement. It is assumed that static and
very low-frequency boresight errors are estimated using a conical scan boresight-
ing technique following target acquisition and prior to the start of the tracking
phase. Hence it is assumed that the only contribution of static boresight mis-
alignment and Tow-frequency boresight alignment shifts to tracking error is a
calibration or measurement residual. The boresight error estimator also measures
the pointing error due to HATRS and target location errors. There are short-
period ephemeris propagation errors but their effects on pointing error should

be small in a "root-sum-square" sense compared to the 1.0 urad tracking accuracy
requirement. Thus, a preliminary allocation of 0.33 urad is made for the residual
calibration error (i.e. estimation error) plus short-term ephemeris effects.

A 0.33 urad error allocation also is specified for attitude reference system
to laser ranging system misalignment due to short-period thermal effects and
structural vibrations. This imposes stringent requirements on the precision
optical assembly which is the thermo-mechanical interface between the ARS sensors
and the laser telescope. The HATRS attitude control accuracy requirement is
defined as 0.50 urad in the tracking error budget. This defines the allowable
pointing error due to angular deviation of the spacecraft relative to a desired
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reference as defined by the attitude reference system. The aéhievab]e attitude
control accuracy is influenced by HATRS and environmental disturbances, control
actuator performance, and the degree of interaction of the attitude control
system with spacecraft structure.

The remaining approximately 0.70 urad allowable pointing error is allocated
to the attitude reference system. The 0.70 urad error allocation includes effects
of star sensor error, gyro error,and computational errors. In order to satisfy
this requirement, third generation gyros and star sensors with an overall accuracy
of 0.25 urad or so are required. The availability of adequate gyros should not
be a problem, but the availability of star sensors with the accuracy just quoted
is less certain.

The pointing error budgets for the Laser Ranging System acquisition and
tracking phases impose very stringent requirements for ephemeris prediction,
attitude determination, attitude control, and spacecraft structural and thermal
design. However, it is felt that the 5 urad open-loop pointing requirement can
be met by the early 1980's with reasonable extrapolations from the current state-
of-the-art in ephemeris prediction capability, attitude sensor technology, and
attitude control system performance. Achievement of a 1 urad pointing capability
for tracking also appears to be feasible if an acceptable boresighting technique
can be developed to estimate static boresight errors following target acquisition.
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5.0 PERFORMANCE ANALYSES

Many types of system configurations were examined, and performance analyses
made, prior to selecting the preferred systems configurations, described in
Section 3. In this section, the performance analyses for these alternate con-
figurations are described and compared to the performance predictions for the
preferred systems. Additional performance analyses for the preferred system con-
figurations are also presented.

5.1 HATRS RANGING MEASUREMENTS. The first, and most fundamental, concern is to
determine the amount of received signal energy necessary to meet the rms range
measurement accuracy requirements. This can be expressed in several ways. The
most useful measures are in terms of detected photoelectrons per pulse and
detected photoelectrons per second. The former is used for systems which make
range estimates on a single pulse or average over a few pulses. The latter
description is more appropriate for systems which average over many pulses

to obtain range estimates.

A11 of the systems considered in this study employed side-band ranging
techniques, due to unresolved problems of coherent carrier detection at or near
visible frequencies. Side-band ranging techniques rely on estimating the range
by measuring the phase delay of the modulation waveform which is imposed on the
(optical frequency) carrier. When the modulation waveform is periodic, and the
period is less than the maximum possible propagation time, a range ambiguity con-
dition exists, which must be resolved in some manner for true range measurements.
When the modulation waveform period is significantly larger than the range un-
certainty, the ambiguity can be readily resolved. However, when the waveform
period is much less than the range uncertainty, the ambiguity cannot be easily
resolved, and the system is limited to estimating the rate-of-change of the phase
path length, commonly referred to as Doppler frequency measurements or range-sum-
rate measurements.

These techniques can be used in either a closed-Toop system or an open-loop
system. In this context, an open-loop system implies that the receiver and the
transmitter are physically separated, and the reference (transmitter) phase is
estimated at the receiver (as bpposed to measured). An open-loop system, by
way of illustration, can be configured by providing precision clocks at both
the receiver and the transmitter, and requiring that the transmitted modulation
waveform reflect the state of the transmitter clock at the time of transmission.
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The receiver then estimates the phase path length by subtragting the estimate of
the transmitted clock state from the receiver clock state to obtain a propogation
time estimate. The preceding arguments on waveform period apply also to this
system, thus, either open-loop range estimates or range-rate estimates can be
made.

5.1.1 Ranging with Passive Targets. Ranging measurement accuracy is fundamen-
tally a function of the signal strength, the magnitude of the system noise, the
net system bandwidth, and various uncompensated error sources within the system.
At optical frequencies, with high quality detectors and optical systems, the
received signal is said to be shot-noise limited, i.e., individual photoelectron
emissions are detectable. Under these conditions, the detector output can be
considered as a series of impulses, each signifying a photoelectron event,

which are passed through a filter representing the impulse response of the
detector and the amplifiers that precede the signal processing electronics.

Under ideal circumstances, the time of arrival of each detected photoelectron
event can be determined, and used to estimate the phase of the received signal
modulation waveform. If the estimation process is optimum, in some sense, the
expected accuracy (as a function of received signal energy) of this system is a
Tower bound on the achievable range estimation process in a realizable system.
In Appendix E, a maximum 1ikelihood estimation process is defined for the gener-
alized modulation waveform, and evaluated for the specific case where the wave-
form is a series of pulses. Several sub-optimum estimation algorithms are also
synthesized and compared to the maximum 1ikelihood estimation algorithm for the
pulse modulation format.

Two basic approaches to range measurements using pulsed systems are the
single pulse estimates, and estimates derived from the average of multiple
pulses. For the single pulse case, an estimate of the range or propagation
time is made for each received pulse which is detected. For the multiple pulse
case it is necessary to average over several received pulses prior to
making an estimate, hence we must include a predictor module, since the pulses
are spaced in time. In the simplest form, the signal waveform has a periodic
component, and the predictor module is a simple phase-locked loop. The loop
bandwidth is chosen on the basis of the 1ink dynamics. However, when the pulse
rate or the usable loop bandwidths must be reduced below the level necessary
for tracking with a simple (second order) phase-locked Toop, a more powerful
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predictor module must be employed. This is possible if the link dynamics are
governed by a known set of Taws. In general, this is the case for ranging

between two satellites in orbit about the earth; the laws of motion are well

known, only the initial conditions and the exact magnitude of the gravitational
harmonic terms and the disturbances are unknown. The results of these uncertainties
are what we refer to as prediction noise, i.e., errors in predicting the pro-
pagation time. In general, the effective bandwidth of the prediction noise is

much Tess than the effective bandwidth of the Tink dynamics.

CW Mode-Locked Laser Analysis - A cw mode-locked laser was initially considered a

viable approach for ranging applications. Conceptually, either dual apertures or
an interrupted cw mode could be used. However, the link was found to be seriously
background limited, which resulted in requiring excessive transmitter power, a
very large aperture, or a very large cross-section target. Further, if the target
has a finite dimension in range, the return pulse is broadened, and the effective
background Tevel increased still further. These considerations led to removal of
the cw mode-Tocked Taser from the viable candidate Tist.

Pulse-burst Mode-locked Laser Concept - Initially, we considered the pulse-

burst, mode-locked laser technique as an alternative to the CW mode-locked laser,
which could, conceivably, provide the advantages of narrow pulses, but with a
reduced duty cycle to reduce the effects of background. Conceptually, the laser
would be very similar to the CW mode-locked laser, with the exception that the
laser would be pulse pumped with a low duty cycle, high energy lamp. The
resulting output would be a series of mode-locked pulses, with a duration of
about one microsecond (~200 pulses/burst). The pulse bursts would be repeated
periodically, effectively resulting in a sampled system approach to maintaining
the phase-Tlock-loop in operation. A relatively high pulse burst frequency is
necessary to maintain phase-lock, since it would be very difficult to acquire
phase-Tock during a pulse burst. Since the pulse-burst laser does not now
exist, and significant development would be required to ascertain feasibility,
and no significant advantages (over the single pulse techniques) could be found,
this measurement concept was also judged inappropriate.

Single Pulse Laser Measurement Concepts - Two types of lasers were included

in this category, a Q-switched, cavity dumped laser, with a typical pulse-
width of ~4 to 6 ns FWHM, and a Q-switched, mode-locked, cavity dumped laser with
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a typical pulsewidth of 0.1 ns FWHM. The two lasers are very similar, the basic
difference is the addition of a mode-locking crystal in the cavity for the short
pulse laser. Clearly, addition of an intra-cavity element will reduce the output
power, thus we assumed 10 dB Tess output power for the short pulse laser than the
Tong pulse laser to account for this difference. Since the short pulse

laser does not exist even in breadboard form, the conservatism of this assumption
is unknown.

Two basic measurement concepts were investigated for these two low PRF lasers.
First, we investigated the performance of single pulse estimation techniques, where
each received pulse is processed to make a range estimate. Subsequently, we
analyzed a split gate rate tracking technique. This analysis was also applicable
to angle tracking when using a quadrant detection technique.

The single pulse estimation techniques were based on the concept of measuring
the time at which a transmit pulse is emitted, and estimating the time of arrival
of this pulse after reflection from the target. Even with an ideal target, an
infinite resolution clock, an infinite bandwidth detector, and a perfectly stable
laser, errors in estimating the time-of-arrival of the reflected pulse will be
encountered due to the statics of the detection process (shot noise). Appendix E
describes an analysis conducted to determine the optimum detection accuracy,
and to evaluate the performance of several suboptimum, but potentially more
readily implemented, time-of-arrival estimation techniques. The fundamental
concept was that a signal pulse was contained within a finite time "window", and
the problem was to estimate its location within this window. A number of
approximations were necessary to arrive at usable answers, so a simulation was
performed to verify the validity of the results. The simulation results matched
the theoretical predictions within the expected error of the simulation under the
conditions examined (Ns > 12 pe/pulse).

At Tower signal Tevels, however, the accuracy is expected to degrade signifi-
cantly, since there is an increasing probability that few or no signal photo-
electrons will be detected. In a practical system, we would impose a threshold
criterion, such that no time of arrival estimate would be made unless the detected
signal were above this threshold. In order to determine the effect of a threshold
1imit on the variance of the estimation error, we will begin with Equation (8) of
Appendix E. If the expectations are evaluated conditioned on the occurance of L



or more photoelectron events in the pulsewidth, we find, for the maximum 1ikelihood
filter and a raised cosine pulse shape, :
K

(NS + an)

7 T 2 7 -l _ Kt
eS| = (5;) N + npT = §2 Non.T + nlT? KoL (18)
ML = (N, +n.T)K
S oos b
k[-1 K

This is exactly the same expression obtained previously (Equation 31, Appendix
E) with a multiplicative threshold function. For the mismatched filter case
(correlator), ’

fi(Ng + an)K
R LA I (19)
“alcor  \242 NG @ (1 +n.T)K
T s Z XS b
-1 K

This is also exactly the same expression obtained previously (Equation 32,
Appendix E) with the multiplicative threshold function. If we choose L=1, the
thresnold function reduces to,

-(N_ + n.T)
g(1)=1-e S P (20)
Then, for ny = 0, and NS small,

-5 2
Lim ei =T (21)

NS+0 ML 4

ny=
5 2

Lim € = l—"z—

N0 *[COR  2n (22)
nb=0 '

Simply stated, these expressions show that if at least one photoelectron
event occurs, the variance of the time-of-arrival estimation error will not exceed
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(T/21r)2 for a maximum 1ikelihood estimator with zero background, or 2(T/21r)2 for

a correlator or matched filter. Thus, for a 4 ns FWHM pulse, the limiting rms
error, assuming a ML estimator, would be 1.275 ns rms (19 cm rms); for an 0.2 ns
FWHM pulse, the error would be .064 ns rms (.95 cm rms). Clearly, for the short
pulse Taser under these conditions, detection probabilities will govern the require-
ments for signal energy.

For the long pulse laser, however, NS = (4/n(.133))2 = 91.2 pe/pulse is
required to achieve the accuracy requirement. This implies, of course, an ultra-
stable pulse shape, optimum processing, and an ideal target.

As noted in Appendix F, the targets considered in this study are far from
ideal. Two significant effects are noted, pulse stretching and scintillation
resulting from coherent interference. When the target has finite range dimensions,
such as the LAGEQOS, coherent interference may result in a random variation of the
apparent mean of the return pulse. When the transmit pulse is short with respect
to the effective target dimension, the individual nulse shape can be grossly
distorted by the coherent interference, and the mean pulse shape will be distorted
by the impulse response of the target. Distortion of the mean pulse shape can be
countered, to some extent, by using optimal filtering in the receiver, however,
note that this pulse distortion results in an increase in the effective pulsewidth
and time-of-arrival estimation error, requiring an increase in mean signal level
to maintain acceptable performance levels. ’

Scintillation resulting from coherent interference can have a much more nrofound
effect on the performance of the system. These effects arise from two distinct
causes. First, consider the case where the target is a planar array of cube-
corners at, or near, normal incidence. In Appendix F we show that the optical
pulse energy (NS) of the return signal from such a target has a random variation,
with an approximately exponential probability distribution. The expected value of
this pulse energy is simply the mean energy computed assuming noncoherent summing
of the returns from each cube-corner. Since a maximum likelihood estimator requires
knowledge (or estimation) of the signal and background levels, this technique
appears to be inappropriate when the signal energy is a pulse to pulse random
variable. The correlator approach, however, does not require estimating these
parameters, and is, therefore, a usable process.

The effect of coherent interference on the variance of the TOA estimation error
can be determined for the zero background, unity threshold case by averaging

5-6



equation (19) over the probability space of Ng» resulting in,

:2"= {-2 en (1 + NS)
a 2 -
2n NS

(23)

For comparison purposes, consider a 4 ns FWHM pulse. Inverting Equation (23)
numerically to determine the required N to achieve 0.133 ns rms estimation error
results in NS = 1309.3, an 9.6 dB increase in required mean signal energy compared
to a nonscintillating target.

Next, we consider the case where a larger threshold criterion (L > 1) is used.
To accomplish this objective, we return to equation (8) of Appendix E, and evaluate
the expectations conditioned on the occurance of exactly K photoelectrons in the
pulse width. The result is,

- (Ns+an> (20)
K 202k \ Mg

Now, suppose we set the threshold for accepting a measurement large enough

2
€
o

such that the probability of obtaining a measurement is negligible unless NS is
much greater than an. Then, the variance of the error, given K, is effectively
dependent only on K and T. We could therefore choose L such that if a measure-
ment is accepted, the variance will not exceed the accuracy goal. For the 4 ns
pulse, this results in L = 183. If we assume that the background is negligible,
the probability of obtaining K pe events from the scintillating target was shown
in Appendix F to be given by,

£,(K) 1 ( % ) |
K\ T (25)
(1 + NS> 1+ N

Hence, the detection probability is,

L-1 N
Pp=1- (_L,_>(Ns )zl 's
K=0 \1 + Ng/\T + N; (] + i (26)




Now, if we assume the system can emit 10 pps, and we will accept an average
of one measurement per second, PD = 0.1, and N; = 79. However, since it requires
10 pulses, on the average, to obtain one measurement, the average required energy
per measurement is 790 pe. Using the concept of minimum energy per measurement as
a criterion, we select PD = 0.366872 and Ng = 182 pe/pulse, which results in
~496 pe/measurement, on the average. Thus, at best, we find the scintillation has
cost ~4 dB in 1ink margin for the long pulse laser. The short pulse laser concept
is also affected, although the criterion for selecting a threshold is more likely
to be minimization of false alarms due to background.

The next phase of the analysis will consider a split-gate tracking loop
as an alternative to single pulse detection techniques. Since the 1ink dynamics
are such that a 10 pps system cannot track unaided, a range prediction module
is required to drive the Toop. The phase-Tocked-loop is used to correct Tow
frequency errors and static biases in the range predictions. Consider a phase-
locked-1oop constructed using a split-gate integrator to derive an error
signal. The split-gate integrator simply counts the photoelectron events in two
disjoint segments of thé signal field, and uses the difference in the two
counts as an error signal to guide the repositioning of the partition boundary
to the center of the signal field. Since the events are not weighted by time
of arrival, the technique is suboptimum. Background photoelectrons do not bias
the estimate, provided the gates are balanced. When the loop is Tocked up, the
center of the window, on the average, will coincide with the mean centroid of the
received pulse, thus the time of transition from early gate to late gate is the
estimate of the time-of-arrival of the centroid of the received pulse.

The analysis begins by noting, for a fixed mean number of photoelectrons
detected per pulse, that the number of photoelectrons detected in each half of
the gate are random variables, governed by the Poisson distribution. For simplic-
ity, let us define the observed count (for one pulse) in the "early" gate as KE,
and KL for the late gate. Then, assume that the pulse is positioned in the
vicinity of the partition, such that Z(1 +e)/2 is the pulse energy in the late
gate, and ¢ is a positioning error term, -1>e<1. Define V = KE-KL. The next
step is to determine the mean and variance of V. These are most easily determined
in the transform domain. It can be shown that ﬂE(w) and ﬂL(w), the characteristic
functions for the early and late gates are:

¢op(w) = exp Z](ejw-l) ¢ (w)= exp Zz(er-l)
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Then, the characteristic function of V = KE + (-KL) is the product of o (w) and
oL (-w), since,

: {ejm(-KL)}___ . {e—jw(KL)}

Thus, . .
dy(w) = exp (Z](eJ“—]) + 17, (e‘Jw-1))
Since, E {vi= %-[9%%Qﬁl] 0 =0
and E {V2}= Q;%%le
we find, . Edl=2z, -7, - Z
E {vz}= nT + 7+ (2¢)° (27)

Then, if Z is governed by an exponential distribution, as shown in Appendix E,
f,(2) = 1/m exp (-Z/m),

o el £ dz = e (28)

{V} .g { } z |

E{vz} = ng T+ m o+ 2(ne)’ (29)
03 = an o+ (me)2 (30)

Then, the expected signal-to-noise ratio in the tracking loop is simply,
SNR = Nm2/(an +m), where N is the number of pulses used to form the estimate
(N = 1/1o0op bandwidth). Then, the rms tracking error, in the normalized form,
is simply epmg = 1//§Nﬁ7 For large SNR conditions (6-9 dB or more), and a
temporally Gaussian pulse, aMs = =/ 2n/SNR, where 2t is the pulse width at the
60% power points. For zero background, this becomes “RMS™ /2n/NM.  Assume
T = 0.2 ns. Then, we see that Nm > 3.53 is required to meet €pug > 0-133 ns.
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The rms error for a maximum likelihood detector, under zero background conditions,
never becomes as large as 0.133 ns for a 0.2 ns pulse (erms MAX = 0.061 ns) by
equation 21, if an estimate can be made at all (> 1 pe detected). However, the
assumption of zero, or at least negligible, background level is meaningful only
as long as the observation time, i.e., the period of time over which the return
pulse is expected is comparable to the pulsewidth.

In order to determine realistic estimates of required mean signal energy
under dynamic conditions, a series of simulations were performed for the split-
gate range tracking system concept. The first series of runs were made to
determine optimum system parameters, and employed a first order range tracking
loop, with no range prediction errors.

The simulation results indicated that an AGC function of the form, ]/Tﬁfiﬁfy,
yielded the best results, provided the AGC amplifier gain was clamped to a maximum
value of unity.

The simple first order loop was then replaced with a second order loop as
shown in figure 10. Conceptually, the transmit pulse departure time is used to
estimate the arrival time of the reflected pulse. This estimate is summed with
the output of the range tracking loop, and delivered to the gate timer. The
sequence is that the early gate is opened prior to the expected arrival time.

At the expected arrival time, the early gate is closed and the late gate opened.
Subsequently, the late gate is closed. Then, the sum and difference values of
the two integrator outputs are used to update the range tracking loop.

The return pulse arrival time prediction will be in error by some amount,
due to factors such as quantization noise, interpolation errors, unmodeled (or
incorrectly modeled) perturbations of the orbit path(s), and errors in the initial
conditions. The unmodeled perturbations were considered the most difficult error
source to control, since hard data on the higher ordered harmonics of the
Earth's gravitational field simply do not exist at this time, and, in fact,
one of the scientific objectives for this ranging system is to obtain this
data. In view of the lack of hard data, we elected to estimate the unmodeled
perturbations and then apply a suitable safety factor to the model and examine
the effects on ranging system performance.

The first step was to compute the frequency spectrum of gravitation forces
on a low altitude spacecraft due to a small point mass concentration on or near
the surface of the Earth. This was done by computing the radial acceleration
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force, as a function of time in the orbit plane, and then taking the Fourier
transform of the data. We used the fast Fourier transform (FFT) technique, so
the output is a line spectrum, in terms of harmonics of the orbit period, i.e.,

a(t) = i Dnej21rnt/1: (31)

n= -w

The n = 0 term was dropped, and the remaining terms normalized by dividing
by the magnitude of the first harmonic term. The resulting data, plotted in
Figure 13, shows that the magnitude of the coefficients (Dn) decreases in a nearly
exponential manner with increasing frequency.

If we assume the radial displacement function can be adequately modeled by

simply integrating twice, we obtain,

4

..oon
n#0

= D .
= % 21nt/q
d(t) = ¢ n} w2__(,,3( mt/c) (22)

The next step in this process is to sum the contributions of many coplanar
mass concentrations at various locations. Thus, each term in the harmonic
expansion is,

J m.
CD . J .
2n eJZnnt/r E ( m )e3n¢J

n j=1

Where m; is the mass surface concentration and ¢j is the angular location with

reSpect to the orbit plane. If we assume mj and ¢j’ are independent random

variables, we can express the autocorrelation function as.

R(T) = Z anequmT/T

2
D ..
(D . My ine.
%n 2 2o m €
n 3=1 "o
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Thus, assuming independence,

R(T) = ¢2 3 (P-le>2e32“"T/T (33)
n= -o

n

The next step is to assess the magnitude of the constant C. The simplest
approach is to compare the diffeﬁences in position for akspacecraft under the
influence of two slightly differing gravitation models. Figure 12 presents the
results of one such internal study, performed in 1971. The traces show
reasonably periodic deviations, with an estimated fundamental (one orbit period)
component of about + 60 feet. Improvements in models and increased number of
gravitational harmonics considered should significantly reduce this deviation,
perhaps to more on the order of a few feet by the 1980 time period. Thus, if
we assign a value of "C" equivalent to 60 feet, we are probably conservative by
an order of magnitude. ,

Figure 13 shows the simulation results, for a 200 ps laser system, obtained
for three values of C, equivalent to 0, 60 feet, and 120 feet, with mean signal
energies of 1, 2, and 5 pe/pulse, a scintillating target, and loop bandwidths on
the order of 0.5 Hz. This bandwidth setting appeared to be near optimum, as
wider Toop bandwidths had markedly increased variances, while narrower Toop
bandwidths experienced increasing bias terms. At 1 pe/pulse signal Tevels,
increasing "C" to 120 feet resulted in one loss of lock in ten trials, indicating
near marginal operation. Loss of lock was not observed at any other condition
examined. Thus, we can confidently predict that the system will function
satisfactorily at 1 pe/pulse, provided the prediction error does not materially
exceed the nominal 60 foot peak (120 foot peak-to-peak) level.

5.1.2 Ranging With Active Targets: The target was assumed to have a receiver
and a transmitter, and a precision clock. Both the ranging system and the target
would emit pulses repetitively, and record in Tocal clock time, the transmitted
pulse departure time and the times when received pulses were detected. These
disjoint event time recordings are used for subsequent processing to extract

range data.
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When the active target contains a receiver and a transmitter, the detection
problem is much the same as for passive target ranging, except that our
ability to predict the arrival time of the next received pulse is degraded
considerably. First, since we are not obtaining real time ranging data,
ephemeris errors are not reduced and the range will be changing in a different
manner than expected. Second, the receiver does not have knowledge of when
the pulse was actually emitted. If the transmit pulses could be emitted at
very precise intervals, it would be possible to reduce the uncertainty by
extrapolating from the last received pulse. . However, this is the only known
situation where precise control of emission time is advantageous. 'Consequent1y,
we elected not to require precise emission time control, and to use a time of
arrival estimation technique which does not require tight range gating. When
operating with an active target, the Tinks are not seriously power Tlimited,
thus a suboptimum TOA algorithm does not impose a serious penalty. A modified
version of the weighted counter with an adaptive threshold, discussed
in Appendix E, is shown in figure 14. The modifications are intended to adapt
this concept to ungated operation. When a signal is encountered, the operation
is identical to the circuit of Appendix E. When only background is present,
however, an AGC clamp is applied to reduce the false alarm probabilities to
acceptable levels. Also, the simple integrator has been replaced with a
sliding window integrator to permit continuous scan.

5.2 POINTING CONTROL SYSTEM ANALYSIS. The fundamental problem in the pointing
control system for the HATRS terminal is to control the direction of propagation
of the very narrow (5 urad) transmit beam to ensure that the transmit energy
illuminates the target. The sources of error in this control process include
prediction errors (ephemeris uncertainties), attitude reference uncertainties,
and thermal and mechanical errors. Many of these uncertainties have a low
frequency content, i.e., they change in magnitude very slowly, and thus can be
combatted with active signal sensing techniques. The energy of signal reflected
from the target can be used to form an estimate of the pointing error if the
transmit beam is dithered (systematically varied) about the nominal expected
direction. These estimates can then be used to bias the pointing commands to
center the transmit beam on the target. The accuracy of this centering

process is dependent on the mean reflected signal energy, the type and magnitude
of the dither process, and the bandwidth of both the disturbance spectrum and
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the filter used to smooth the error estimates. The pointing control concept
requires very precise open-loop pointing, which is augmented with heavily fil-
tered pointing error estimates to reduce static pointing errors. The attitude
reference system inputs the estimated boresight direction vector to the ephemeris
computer, which computes the desired boresight direction vector, and outputs a
pointing error estimate to the pointing control Toop filter. The loop filter sums
the computer error estimate the dither command, and the filtered bias error
signal and outputs acceleration commands to the pointing control actuators.

| The open-Toop error can be expected to contain very low frequency error
sources (thermal drift), moderate frequency error sources (ephemeris prediction
errors), and wide-bandwidth error sources (vibration). The boundaries of these
domains are related to the transmit pulse rate. The very low frequency error
sources are highly correlated over many transmit pulse periods. The moderate
frequency error sources are characterized by auto-correlation functions which
decay significantly in a finite number of pulse periods. The wide bandwidth
error sources result in errors which are virtually uncorrelated from pulse-to-
pulse. We note that the pointing error estimation process is noisy, and that
this noise 1is virtually uncorrelated from pulse-to-pulse. The pointing control
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system filter acts as a low pass filter to the estimation error noise, and
as a high pass filter to the pointing error noise. The optimum control system
filter is the filter which minimizes the residual mean square pointing error,
which is simply the sum of the estimation error noise which passes through the
system filter and the pointing error noise which is outside the system filter.

The first step in determining the performance of the system is to select
a dither process. We evaluated two techniques and found virtually identical
performance. The first dither process used a conical scan about the nominal
pointing direction. The second technique employed a bang-bang type of dither,
where the beam was deflected by a small angle (A68) is each of four direc-
tions (+x, -x, +y, -y). The latter approach was chosen as the best approach
since only four pulses were required to form a pointing error estimate.

The transmit beam has a nearly Gaussian spatial intensity distribution,
thus the mean reflected signal energy (m) is related to the pointing error at
the instant a pulse is transmitted by

m=m exp —(x2 + y2)/R2

where my is the received signal energy when x =y = 0, x and y are the coordinates
of the pointing error, and R is the transmit beam radius at the e~! power point.
X, ¥, and R may be expressed in linear dimensions (meters) or angular dimensions
(radians), or simply normalized in terms of the beam radius. The latter approach
simplifies the notation and is used subsequently.

Now, assume that the mean prediction pointing error (xg, yg) is constant for
four successive pulses. Denote the receiver output for these four pulses as
Zi’ i=1,2, 3, 4. We will assume the receiver is an ideal photoelectron
counter. Thus, the Z; are independent, Poisson random variables. Next, assume
that the actual pointing direction is offset from the nominal direction by an
amount Ax for the first pulse, -Ax for the second pulse, Ay for the third pulse,
and -Ay for the fourth pulse. Then, let gy and 9y be defined,

9y =

1
N
e
'
N
N

§
N

9y = L34



Consequently, 9y and g, are random variables with means n, and ny, and variances

cxz and oy given by

o (X + 8x)2-yo® _ e-(xo—Ax)Z-yo2

X 0

—(XO+AX)2-y02 te —(XO-AX)Z - y02$

e

for x, and similarly for y, and nyT is the background photo-electrons/gate.
These equations can be rewritten,
2 + sz)

- . “(on + Yy
n, = 2 m sinh (2X0Ax) e Y

(y. 2 2 + aAx2
0,2 = 2n, T + 2m, cosh (2Xo AX)e (%% * ¥o© + 8x°)
-~ A . .
When X,» ¥, and Ax are small, n = -4m X Ox, thus the estimate of x s
simply,

Xg = -0, /4m Ax

and the variance of the estimate of Xo is,
oxoz = oxz/(4moAx)2

Thus far, however, we have not employed all of the information available from
the return signal. If the receiver field-of-view is divided into four or more
non-overlapping detection areas, we can obtain an estimate, from each received
pulse, of the received signal angle-of-arrival with respect to the receiver bore-
sight. If the error between the transmit boresight and receive boresight is
small, the angle-of-arrival estimates are a good approximation of the transmitter
pointing error. Ignoring signal to noise ratio considerations, the usable band-
width of the angle-of-arrival estimation process is four times the bandwidth
of the transmitter pointing error estimation process.

The simplest solution to the angle-of-arrival estimation process is to
divide the receiver field-of-view into four quadrants. The angle-of-arrival
estimates are based on the detected signals from each quadrant, f(y) =
A+B-C-D, and f(x) = A-B-C+D, where the quadrants are lettered counter-clockwise
from the conventional first quadrant in an x, y coordinate system. As noted
previously, each signal is a Poisson random variable, whose mean is determined
by the amount of the target image energy on that quadrant. Now, A, B, C, and D
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are independent (Poisson distributed) random variables, thus the sum of any two
is also a Poisson distributed random variable, with a mean rate equal to the

sum of the mean rates. Consequently, we can use the analytical form developed
for the split-gate range tracker, where ¢, the division parameter, now refers to
the spatial (or angular error) division parameter.

As discussed previously, the split gate tracker was evaluated by simulation,
and we found under typical conditions that at one signal pe/pulse, it was
possible to achieve ~ 0.03 ns rms tracking error for a temporarily Gaussian
pulse of 0.2 ns width at the e-2 power points. Thus, the achieved performance
is ~ 0.15 ns rms per ns pulse width, which would scale to 0.15 urad rms per
urad image diameter at the detectors. For a one meter diameter collector,
the diffraction limited image diameter is 2.44 A/D = 1.3 uyrad, (at the first null).
Thus, with diffraction Timited optics the rms angle of arrival estimation error
would be less than 0.2 prad, which is well within the 0.5 urad budget.

In the split gate tracker simulation, prediction noise was a major
consideration in choosing the tracking loop bandwidth. For angle of arrival
estimation, prediction noise is several orders of magnitude smaller in angular
units and, hence, virtually negligible. The other pointing error sources, such
as mechanical vibration, must simply be controlled to acceptable limits. Under
these assumptions, therefore, we can confidently predict that if the range
tracking functions can be accomplished, angle of arrival tracking to ~ 0.4 urad
rms can also be accomplished.
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6.0 CONCLUSIONS

Laser ranging from a space-borne terminal to active and passive targets in
space or on the ground has been shown to be feasible, and that 2-cm rms range
measurement accuracy is achievable. Two laser ranging systems have been synthe-
sized, one to meet the requirements for very long range measurements, and the
other for relatively short range measurements. The very long range 1inks
(~30,000 km) are severely power Timited, requiring precision optical systems,
narrow transmit beamwidths (5 urad), and sophisticated signal processing
techniques if the ranging accuracy goals are to be met. These requirements can
be met with implementable systems provided the target is suitably configured.

A LAGEQOS type of target was evaluated in detail, and found to contribute
significantly to the uncertainties in range measurement accuracy. Both narrow
pulse (~200 ps) and wide pulse (4 ns) lasers were considered for the terminals.
If the narrow pulse laser can be developed for this application, the inherent
ranging accuracy capability is well within the sub-centimeter region, and will
be most seriously Timited by the target characteristics and signal processing
implementations. These limitations do not appear insurmountable, although
development 1is required. The wide pulse laser concept theoretically capable
of meeting the range estimation accuracy goals, provided the output pulses

are very stable and repeatable. The required precision pointing control and
alignment control functions are well within the state-of-the-art projected for
the 1980's time frame.

A laser ranging system concept for the relatively short range (300-500 km)
measurements was evolved for a Space Shuttle or Spacelab experimental mission,
with ranging to ground based retro-reflectors the fundamental requirement. For
this application, limitations in ephemeris prediction accuracy and available
target viewing time resulted in significant differences from the long range
terminal concept, although many of the components are identical. This concept
is considered feasible and implementable, but several unresolved questions
remain to be studied before the requirements for the experiment can be
established.

Measurement strategy was discovered to be a major factor affecting both the
experiment results and the design of the laser ranging system. Detailed evaluation
of the effect of measurement strategy on the target grid relative position
reconstruction accuracy is needed to determine whether simultaneous (multiple
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beam) ranging is needed, or if sequential ranging measurements can meet the
experiment objectives.
Another unresolved question of potential significance concerns the integration
of the experiment and the Shuttle/Spacelab. The Shuttle requirements and capabilities
are not ideally matched to the laser ranging experiment. Factors such as c.qg.
uncertainty, structural flexure, empheris uncertainties and vibration spectrum
may be very significant to the design and feasibility of the laser ranging
experiment, and deserve more attention than could be allocated in this study.
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APPENDIX A
FAR FIELD RADIATION PATTERNS - LAGEOS CUBE-CORNERS

1.0 INTRODUCTION

The far field radiation patterns and the programs used to generate this
data are included in this appendix. The data file generated in this activity
was also used by the program, discussed in Appendix B, to compute the return
pulse shapes.

2.0 RADIATION PATTERN ANALYSIS PROGRAM

The program used to compute the radiation pattern and gain was written in
Fortran IV, for MDAC's Sigma 9 time sharing computer system, and was used in
the batch (off-line) mode. The program is Tisted in the following pages.

RAYS NT7:59 MAR 06,75

1005PSs=2000

110 COMPLEX AX(512),AY(10Nn,100),ELEMT
" 120 COMPLEX ALEMT

130 DIMENSION DP(6),TRANC1LE)

140 COMMON AIN,AROT,FRAD,FR2,ADROT,ALAM, AGRAD, ICON,3MSPRD
150 NAMELIST FDIACM,ALAM, AIND,ADIHED, IREND, MMAX
160 P1=3,1415926535898

170 MMAX=256

180 NDIM=50

190KNDIM2=100

200 FDIACM=3.8

210 ALAM=,53

220 AIND=0

230 ADIHED=7.3

240 CALL OPENF1('RAYDAT!',1)

245 CALL OPENF2('RAYOUT',2)

250 IREND=0

260 1 CONTINUE

270 INPUT(CL)

280 IF(IREND.EN,NDGOTO210

290 CALL CLOSF1

295 CALL CLOSF2

300 sTOP

310 210 CONTINUE-



320 PRINT301,NMAX,FDIACM, ALAM,ATND, ADIHED

330 301 FORMAT(//'SAMPLE SPACING FACE DIA, LAMBDA INCIDENFF DIH.
3408 /5F12.2)

345 WRITE(2,)FDIACM, ALAM,AIND, ADIHED

250 FRAD=5¥FDIACH ‘

360 FR2=FRAD®¥2

370 DELX=FDIACM/5,

380 DELTIE=ALAM®1000, /NMAX/DELX
00 AIN=AIND*DPI/180,

410 DELZ=DELX/COSCAIN)

420 DELY=DELX

430 BMSPRD=4,75351%ADIHED

440 ADROT=ADIHED/2,

450 AINDF=ASINC,6849%SINCATIND)D

L6EC ALP=COSCAINDF)

h70D1=1,/SO0RT(3.)

480op2=1,/50RT(2.)

490 D3=1,/S0RT(6,)

500 AN=COSC(,95531T+AINDF)

510 AM=SORT((1.-AN%%2)/2,)

520 AL=AM

530 P=FRAD/D?2

540 X0=p¥D1

552 DSTOP=2%P/ALP

560 DO 2 1=1,100

570 ZP=DELZ®(I~-NDIM+.5)

580 DO 2 J=1,100

590 YP=DELY*(J=-NDIM+,5)

600RAD=ZPH®M24YPRED

61N ELEMT=0

620 1FCRAD.GT.FR2)GNTO201

630 X1=X0D-YP®D2~-7ZP*D3

640 Y1=X0+YP#D2~ZP%D3

650 Z1=X04+2%ZPHD3

660 X2=ALMDSTOP-XN-X1

670 Y2=AM®DSTOP~X0-Y1

680 22=AN¥DSTOP-X0-71

£O0 RAD2=X2¥H24Y2HND 422D

700 IFCRAD2,.GT.FR2)GOT0O201

710 PHAl=6,2832E3/ALAMHEBMSPRD

720 1FCYP,EN,.0)YP=1,E~Q

730 DX=X1/AL

740 DY=Y1/AM

750 DZ=Z1/AN _
760 IFC(DX.LE.DY).AND,(DY,LE DZ))PHA2=PHAL®(ZP*, 8A6034+YP/2,);G0TO3N3
770 1FC(DX.LE.DZ),AND,(DZ,LE ., DY))PHA2=PHALRYP;GOTN3INT
780 1FC(DZ.LE.DX).AND.(DX.LE,DY))PHA2==PHALN(ZP* BAANI-YP/D2 D:60TN203
790 IF((DZ.LE.DY),AND,. (DY, LE.DX)IPHA2=PHAL®(-2P% B6602-YP/2,);6NTO3N3
300 IF((DY.LE.DZ).AND,(DZ.LE,DX))IPHA2=PHAL*(~-YP);GOTNO3N3
810 PHA2=-PHALH*(-ZP* _866034YP/2,)

320 303 PHA2=PHA2/ALP

330 PHA=PHA2%1,.E-6 4

340 ELEMT=CMPLXCCOS(PHA), SINCPHAY)D
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850

860

870

880

390

- 900

910

Q20
93N

L0

959

960

970

3130

990

ERalals)
1019
1c2n
1130
inle
1050
1460
170
1080
1090
1100
1110
112"
11230
1156
- 1155
1160
11712
11420
119D
1293
121n
1220
1232
1249
1250
1260
1279
1230
1290
1300
1310
1320
" 1339
+ 1340
1359
1360
13790

201 CONTINUE
AY(CT,J)=ELEMT
2 CONTINUE
ISIGN==-1
po 3 1=1,100
DN 20 J=191,NMAX
20 AXCJI=0
DO 4 uJ=1,1n0
b AXCY =AY, )
CALL FFTCNMAX,AX,ISIGN)
DO B J=1,51
5 AYCI,D)=AXCD
DO 21 J=52,1M0
21 AYCT, D=AXGI+NMAY-100)
3 CONTINUE
DO 6 1=1,100
DO 22 J=101,NMAX
22 AX(D=0
DO 7 1=1,100
7 AXCJI=AY(), 1)
CALL FFTCNMAX,AX, ISIAND
bo 3 J4=1,51
ELEMT=AXCJ)¥CONJGCAX (I
8 AY(CJ, I)=ELEMT
DO 23 J=52,100
ELEMT=AX (J+NMAX=-100)%CONJUG CAXCJ+NMAX=100))
23 AY(J, I)=ELEMT
5 COMTINUE
FACTOR=(U4#n 131000 BDELX/ ALAM) 2 YD
CALL STATSCFACTOR,AY,DELTHE, TRAN)

URITE(C2,)TRAN

GOTO 1

END ,

‘ SUBROUTIHE FFTCNE, X, HNASCHN)
c - NMAX=LARGEST VALUE OF Il TO BE PROCESSED
¢ HOMDUMMY DIMENSTION MCNMAX)
C FOR EXAMPLE, IF NMAX=25 THEN

DIMENSTION M(9)

C DIMENS 10OM X(2%%N)

DIMEMSION X(NE)
COMPLEX X,V ,HOLD,"N
ASIGN=NASGN
IF(NE-1D10,10,1]
11 Dbo 12 1=1,15
TI=NE/(2%%1)
I11=1
IFC(I1-1>12,13,12
12 CONTINUE
GO TO 10
13 N=111
LX=NE
FLX=LX
PO 1 I=1,N
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1380
1390
1400
1410
1420
1430
- 1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670

1680

1690
1700
1710
1720
1730
1740
1750
1760
1770
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500

1 MCI)=2%%(N=-1)
DO 4 L=1,N
NBLOCK=2#%(L-1)
LBLOCK=LX/NBLOCK
LBHALF=LBLOCK/2
K=0
DO 4 IBLOCK=1,NBLOCK
FK=K
V=ASIGN¥6A,2331853%FK/FLX
WK=CMPLX(COS(V),SINCVYD)D
ISTART:LBLOCK”C{BLOCK-I)
DO 2 1=1,LBHALF
J=ISTART+1
- JH=J+LBHALF
N=XCJH)*WK
X(\JH):X(\))“Q
XCHH=XCJ)+n
2 CONTINUE
DO 3 I=2,N
11=1 .
IFCK.LT.MCID)) GO TO U
3 K=K-M(I1)
b K=k+M(ID)
k=0
DO 7 J=1,LX
1FCK. LTI GO TO -5
HOLD=XCJ)
AC)=XK+DD
XCK+1)=HOLD
5 D0 6 I=1,N
11=1 '
1IFCK.LT.MCID) GO TO 7
K=K-M(I)
K=K+M(1D)
IFCASIGN.LT.0,0) RETURN
DO 8 1=1,LX
8 x(1)= XCI)/FLX
10 CONTINUE
RE TURN
END '
SUBROUTINE STATS(F,A,DEL,TRAN)
COMPLEX AC100,100)
DIMENSION VAL(50 3), TRANC116)
AsP=2,5/DEL
AMIN=ASP/2
AMAX=69,5/DEL+AMIN
po 1 1=1,50
Do 1 |J=1,3
1 VAL(CI,JD=0
Do 2 1=1,100
I1=1
IFCIT.GT . 51)11=102-1
po 2 J=1,100
JJd=4J

ﬂo\ A\

At



2510 IFCJJ.G6T,.51)4d=102=J

2520 ARG2=FLOATC(ClI~ 1)”“2+(dd 1) ®2)4+1,E-6

2530 ARG=SORT.CARG2)

2540 IFCARG.LT.AMIN)GOTOY

2550 IFCARG,GT,AMAX+ASP)GOTOU

2560 1ID= 1+1NT((ARG~AM1N)/A5P)

2570 IFCID.GT, SO)rOTou

2580 X=REALCACI,JU))*F

2590 X2=X#X

2600 VALCID,1)=VALCID,1)+1

2610 VALCID,2)=VALCID,2)+X

2620 VALCID,3)=VALCID,3)+X2

2630 4 CONTINUE

2640 2 CONTINUE

2650 DO 3 1=1,29

2660 XI=VALCI,1)

2670 x2=VvAL(1,2)

2680 X3=VvAL(I,3)

2690 XM=X2/X1

2T00VAR=X3/XI=~XM®¥XM

2710 STD=SNRT(VAR+1.E-20)

2720 ANG=AMIN+ASP®(FLOAT(I)-.5)

2740 ANG=ANG®DEL

2741 11=4%7

2742 TRAN(CII=3)=ANG

2743 TRANCIT=2)=XI

2744 TRANCII=1)=ALOG(XM)

2745 TRANCIT)=ALOG(STD)

2750 PRINT 100,ANG,XI,XM,STD
- 2760 3 CONTINUE

2770 RETURN -

2780 100 FORMAT(G12,4,F6,0,2612,.1)

2790 END

3.0 RADIATION PATTERN DATA

Two programs were used to process the data, from the preceding program,
for presentation. These programs and the resulting data are presented in the
following pages. The first set of data, program GAINPLOT, shows the mean gain
as a function of point-ahead angle, for incidence angles from 0 (normal) to
40 degrees. The left-hand number is the point-ahead angle in micro-radians.
The number on the right-hand side is the gain product in dB. The plotting
field has 50 increments, with the scale factor shown in the heading. The first
half of the data is for 0.53 um wavelength illumination, the second half is for
1.06 um wavelength.

The second set of data, program CROSPLOT, shows the mean gain as a func-
tion of incidence angle, for point-ahead angles from 5 to 60 microradians.

The same conventions and scale factors were used, except that the left most
column of numbers are the incidence angle in degrees.
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GAINPLOT . 08:06 MAR 06,'75

100 DIMENSION TRAN(CB),ALIST(18,2/)

110 DATA STAR,X/'*','Xx'/,DB/4,34294/

120 CALL OPENF1('TEDAT', 1)

130 po 1 1=1,18

140 rREAD(1,)D1,D2,D3,D4

150 PRINT,D1,D2,D3,D4

160 po2 u=1,12

170 READ(1,)TRAN

180 ALTIST(I,2%)-1)=TRAN(C3)

190 ALIST(I,2%J)=TRAN(CTD

200 2 CONTINUE

210 DOo3 uJ=1,3

220 3 READ(1,)DUM

230 1 CONTINUE

240 CALL CLNSF1

250 AMAX=0,

260 AMIN=1,E4

270 poY4 1=1,18

280 pol u=1,24

290 DUM=ALIST(I,JD

300 IF(DUM,.GT.,AMAX)AMAX=DUM

310 1FCDUM,LT,AMINDAMIN=DUM

320 4 CONTINUE

330 vn=170

340 VX=INT(DBZAMAX)+1,

350 DV=VX-VO0

360 SCALE=DV/50,

370 PRINT100,VX,V0,SCALE

380 DPA=2.5

390 D019 1=1,18

391 IFCI.EN,1DOUTPUT', 53 MICROMETERS WAVELENGTH!
392 IFC(I.E0,1N)OUTPUT'1,06 MICROMETERS YAVELENGTH!
400 AINC=5,.%(1-1)

410 1FCI.GT.IO)AINC=AINC-45,

420 PRINT101,AINC

430 D010 u=1,24

440 DUM=DB®ALIST(I,d)

450 DS=(DUM=-VO)/SCALE

460 ID=INT(DS)+10

465 1FCID.LT,10)ID=10.

470 PA=J¥DPA

480 PRINT102,PA,STAR,ID,X,STAR,DUM

490 10 CONTINUE

500 sToOP

510 100 FORMAT('MAX,MIN',2F8,2/'SCALE="',F5,2,'/DIV")
520 101 FORMAT(/'INCIDENCE ANGLE',Fl 0,' DEGREES!
521&,/Th,'PAY TE5, 'GAIN')

530 102 FORMAT(F6.1,T10N,A,TN,A,T6N,A,F6,2)
540 END
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GAINPLOT  08:08 MAR 06,'75
3.80000 .530000 .000000
3. 80000 .530000 5,00000
3.80000 ,530000 10,0000
3:-80080- - 530680 15:00680
3.80000 ,530000 20,0000
3.80000 . 530000 25,0000

- 3.8n000 .530000 30,0000
3.80000 . 530000 35.0000
3.80000 .530000 40 ,n000
3.80000 1.06000 .000000
3. 80000 1.06000 5.00000
3.380000 1.06000 10,0000
3.80000 1.06000 15,0000
3.80000 1.06000 20,0000
3. 80000 1.06000 25.N0000
3.30000 1.06000 30,0000
3. 80000 1.06000 35,0000
3.80000 1.06000 L4o,0000

MAX,MIN 201,00 170,00

SCALE= .62/D1VY

.53 MICROMETERS WAVELENGTH

PA
2.5
5.0
70)
10.0

2.)—

15o{)

i

n

20.0
22.5
25.0
27.5
30,0
32.5
35.0
37.5
Lo.n
42,5 ®
5.0 =
4h7,5 =
50_0 ”
52.5 bid
55.0 #
57.5 %
60.0 *

7.5 %

INCIDENCE ANGLE 0,

DEGREES

7.30000
7.30000

7.30000

7:36006-

7.30000
7.30000

7.30000
7, 30000

7,30000
7.30000
7.30000
7.30000
7.30000
7.30000
7.30000
7.30000
7.30000

A=T.

X

GATIN
20N ,19
197.27
19n,71
191,51
196,25
198, R2
200,22
200,48
199,93
199.29
121,23
200,n1
2nn, uA
200,33
199.50
198,08
196,55
195,33
194,62
193,99
192,84
190,38
187.57
185,13



INCIDENCE ANGLE . 5,

32.5
35.0
37.5
4n.o
42,5
45-0
b7.5
50,0

52.5
55.0
575
60.0

INCIDENCE ANGLE 19,

DA
2.5
5.0
Te5
10.0
12.5
15,0
17'5
20.0
22.5
25.0
27.5
30.0
32.5
35.0
37.5
40,0
42.5
45,0
47.5
50.0
52.5
55.0
57.5
60,0

w
-

DEGREES
X "
X s
X :
X »
X "
X .
X %
X b4
X b
X H
X 1
X .
X o=
X >4
X i
X 1
X .
X
x »
X
X
X
X
X
DEGREES
X ®
b b
- X b
X ]
X b
X ®
X b
X “*
X *
X 4
e =
% ki
% b
X ]
X #
X .
X
X
X
X
X
X
X
X
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INCIDENCE ANGLE 15, DEGREES

PA

INCIDENCE ANGLE 20,

PA
2.5
5.0
745

101”0 ’

12.5
15.0
17.5
20.0
22,5
25.0
27. 5
30.0
32,5
35.0
37.5
ko,0
42,5
k5.0
47.5
50.0

52.5

55.0

57+5
60.0

(Y]
-~

DEGREES

HKXX XX

. A9

GAIN
139,34
172,M
194,21
195.31
195.33
195.52
171,972
194,37
174,39
195.03
195.93
196,55
196.75
196.53
196.99
195,30
194,48
194,03
193,55
193,07
192,37
191,58
190,42

GAIN
193.3M
194,77
193,99
193,43
192,41
192,26
192,66
192,81
192,64
193,11
193,42
193,58
194 ,n2
174,19
193,96
193,89
193,48
192,02
192,84
192,74
192,48
192,01
191, 7N
191,03



INCIDENCE ANGLE 25, DEGREES : .
PA ' - ‘ GATN

25w "X * 197,56
5.0 % X 196,78
20 . X * 195,39

10,0 % X * 193,87
12.5 ® - X ¥ 191,79
15.0 X ® 190,02
17.5 % : X ® 188,77
20,0 % X * 188,51
22,5 ® _ X i 188,87
25,0 : X * 190,28
27.5 ® X ® 191,35
30.0 % , X * 191,71
32.5 % "X " 192,48
35.0 # X ® 192.5%
37.5 ¥ X ® 192,23
10,0 % X 192,35
2.5 % X 191,71

5.0 S n % H 191.,0N
47,5 T % e 19n, 86
50.0 ® X » 190,77
52,5 X ® 190, by
5540 ® X ¥ 170 ,0h
5745 # X " 199,17
50,0 X # 139,97

INCIDENCE ANGLE 30, DEGREES

U
>

GAT!

2,5 % X 195,53
5.0 : X * 17k,9°
7.5 % X #0019k, 08
0.0 : X ) * 192,11
12.5 = X & 101, 8]
15.0 = | X W 190,53
17.5 % ' X S 199,123
20.0 % _ X _ ® 189,28
22.5 ® ‘ X (g 138,54

® 188,79
* 182,86
® 183,77
* 189.23
® 189,39
189,41
" 189,78
t 139.61
® 189,24
S 189,30
] 189,32
= 188,98
b 188.57
® 188,53
® 188,20

n

N

L]
Ot <

4
=X X

KX KX AXXK

U
no
®
Ul
X
‘I

w1

a3

T
X % X
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INCIDENCE ANGLE 35, DEGREES ‘ :
PA ' o GAIN

2.5 X 22 186'53
5.0 % X ® 1B6, 4N
7.5 2 X t 186,45
10.9 ® X ® 186,66
12,5 ®* X ®»  1R6,52
15.0 ® X , ® 186,95
17.5 # X ® 187,64
20.0 ® X ® 188,16
22.5 ® : X : * 188,16
25.0 ® : X g 188,68
27T.5 % X *  188,%1
30.0 % ¢ ® 188,52
32.5 ® X ® 188,75
35.0 X i 188.62
37.5 X 188, 4K
4n;0 X 188,57
k2,5 X LS 128.30
5,0 X ® 187.98
hr,5 % X *  188,n2
50,0 ® X b 137,81
52,5 % X : 187,41
55.0 ® ' X S 187,01
57.5 % ' X ® 186,67
60.0 ® : X 8 186.29
INCIDENCE ANGLE U0, DEGREES
PA GATM
2.5 g X ' % 185,40
5.0 ® ' X = 185,49
7.5 # 7 ' X . i 185.64
10.0 X 185,81
12.5 X 2 185.9?
15.0 X ® 186,11
17.5 X ® 185,32
20.0 ® X g 1R5 .80
22.5 % X 4 186,56
25.0 ® X 186,68
27,5 % X 186,71
30.0 ® X % 186,60
32.5 ® X ® 186,60
35.0 ® X ® 186,49
37.5 ® X 174,34
Un,0 ® X ® 186,30
ho2,5 % X 5 106,0A
45,0 ® X i 185,74
47,5 =% X ¥ 185,49
50.0 ® _ ' X ® 185,56
52.5 ¥ X * 185,22
55.0 ® X ® 124,87
57.5 ® ) S ES 184,60
AN N = X _ B 184,20



1,06 MICROMETERS WAVELENGT!

INCIDEUCE ANGLE -

PA

2o X

ap
P

LY IRRY BV RRY 1 . AP apl
6 4% dv d% v e g

an
e

.
b1y

INCIDENCE ANGLE

J
>

UT N D~NVUITN) -
e o 9 o o o

el
Ot O O

X

(v}
P14

0, DEGREES

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
- X
X
5. DEGREES
X
4
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

as
v

s
9

as
123

.
-

nATN

Ono
198,09
197.63
196.69
136,22
194,81
194,05
192,60
191,17
190,40
189,94
189,96
lan, 3L
190,68
190,95
100,98
191,75
190,35
189,54
188,57
137,38
185,77
184,04
182,87

GATHN
.00
197.21
196,82
196,04
195,60
174,45
193,731
192,55
101,22
190,36
189,05
182,01
189,26
189,48
189,64
189,64
189,4n
189.05
188,28
187,59
186,36
184,98
183,75



INCIDENCE ANGLE 10, DEGREES

PA
2.5
5.0
Te5
10,0
12.5
15.0
17.5
20.0
22.5
25.0
27.5

300

32.5
35.0

PA

X

Y]
~r

ap
«
LY)
"

(Y]
2

o

1
"

..
o~

K XX XX

LY
124

as

X s
i - »

-~

. LYy

3
ap

X -
s
b

as
Py

-
-

GATIM
.00
195,54
195,23
194,63
194,32
193,40
192,97
191,98
191,06
189,46
183 %h
1R8.53
188,32
188,21
133,23
188,1°
187,94
187,86
187,13
186,92
185,07
185,35
184,39

GATN

N
192,96
192,74
192,35
192,13
191,49
101,30
190,58
191,17
189,62
189,20
188,58
188,53
187.91
187,82
187, b0
187.17
186.96
186,57
185,98
185,69
185,00
184 60
183,F1



INCIDENCE ANGLE 20, DEGREES

PA

22.5
25,0
27.5
30.0
32.5
35.0
37.5
40,0
42,5
45,0
47.5
50.0
52.5
55.0
5745
6050

INCIDENCE ANGLE 25,
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GATHN

.00
189,85
188,74
188, 6N
188,47
188,14
188,24
187.79
187,96
187,60
187,76
187.25
187.75
186,96
187.35
186,81
186,46
126,58
185,57
185.90
180,79
184,52
183,68
183,18

GATM
nn

122162
182,70
133,01
133.nn
182,11
182, 66
183,49
134,37
184,1°
124,90
134,57
184,80
185,65
185,12
124,95
184, 20
185,30
183,81
184,12
182,93
183,47



INCIDENCE ANGLE 30. DEGREES

PA

=
Ul o O~ul o
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UIOWU Oul QWU
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\]
*

20.0

INCIDENCE ANGLE

55.0

2 xp aa ap 32 N
» ¢»  du av de

AY4
N

35.

X
X
X
X
X
X
X
X
DEGREES
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

A-15

.
b2

GAIN

N0
176 45
177.30
177.39
177,77
178,60
178,57
179,77
179,72
180,74
180,51
181,78
181,06
182,22
181,73
181.75
182,40
191,27
182,83
1R1 .34
192,127
180,89
182,11

GAIN

ks
178,83
178,77
178,68
178,61
178,41
178,48
178,20
178.31
178,09
178,24
177.90
178,39
177,78
178,35
177.92
177.81
178,23
177,29
178,52

177,27

177,90
176,90
178,08



INCIDENCE ANGLE 40, DEGREES

PP
X

o s
P
KX XX

XX X

32,5  # X

CROSPLOT  08:50 MAR 06,'75

100 DIMENSION TRANCS8),ALIST(C18,24)
110 DATA STAR,X/'®', tX'/,DB/4,34294/
120 CALL OPENF1('TEDAT!,1)

130 po 1 1=1,18

140 READ(1,)D1,D2,D3,D4
150 PRINT,D1,D2,D3,D4
160 pn2 uJ=1,12

170 READ(1,)TRAN

180 ALIST(I,2%J-1)=TRAN(3)

190 ALIST(I,2%J)=TRANCT)
200 2 CONTINUE

210 po3 u=1,3

220 3 READTA,-ODUM

230 1 CONTINUE

240 CALL CLOSF1

250 AMAX=0,

260 AMIN=1,El4

270 pol 1=1,138

GATN

.00
179,45
179.38
179,25
179,10
178,96
178,87
178.62
178,41
178,18
177.99
177.55
177.38
176,94
176,71
176,34
175.91
175,78
175.n1
175,24
174,33
174,25
173.37
173.77



230 pol y=1,24

290 DUM=ALIST(I,J)

300 IF(DUM,GT,AMAX)AMAX=DUM

310 IFCDUM,LT ,AMIN)AMIN=DUM

320 4 CONTINUE

330 vO=1T70

340 vx= INTCDB®AMAX)+1.

350 DY=VX-V0

360 SCALE=DV/50,

370 PRINT100,VX,VO,SCALE

380 DpPA=2,5

3917 boll 1w=1,2

400 IADD=9®(IW-1)

4ol 1FCIY.EN,1IPRINTLINY

4o2 1FCIW.EN,2)PRINTLO5

403 104 F0R4ATC'.53 MICROMETERS WAVELENGTH')
4ot 105 FORMAT(C'1.06 MICROMETERS WAVELENGTH')
410 pOl1l u=2,24,2

420 PA=u%DPA

430 PRINT103,PA

440 103 FORMAT(/ POINT~AHEAD ANGLE' ,F4.,0,"MTCROPADTANS'
hh1e,/TH,"INC,',TE5, 'GAINT)

459 DOll 1=1,9

450 DUM=DB¥ALISTCI+IADD,J)

470 1D= 10+INT((DUM—VO)/SCALE)

480 1FCID,LT,.10)1D=19

490 AINC=5,%(1-1)

)00 PRINT102,AINC,STAR, ID,X,STAR,DUM

510 11 CONTTNUE

520 sTOP

530 100 FORMAT('MAX,MIN',2F8.2/'SCALE=',F6.2,'/Drv')
puo 101 FORMAT(/'INCIDENCE ANGLE!,Fl,0,' DEGREES!)

50 102 FORMAT(F6,1,T10,A,TH,A, T60 A, F( 2)

500 EHD '

#RUN CROSPLOT

CROSPLOT  0B8:52 MAR 06,'75

3.80000 . 530000 .000000. 7,.30000
3.80000 .530000 5.00000 7.,30000
3.80000 . 530000 10,0000 7.30000
3.80000 .530000 15,0000 7.30000
3.80000 . 530000 20,0000 7.30000
3.80000 . 530000 25.0000 7.30000
3.80000 . 530000 30,0000 7.30000
3.80000 . 530000 35,0000 7.30000
3.30000 '« 530000 40,0000 7.30000
3.80000 1.,06000 .000000 7.30000

A-17



3.80000

3.80000
3.80000
3.80000
3.80000
3.80000

3.80000

3.80000

MAX ,MIN

SCALE=

1,06000
1.06000

-1.06000

1,06000
1,06000
1,06000

-1,06000

1,06000

. 5.00000
10,0000
15,0000
20,0000
25,0000
30,0000
35.0000
L4o,.0000

201.00 170.00
.62/D1V
.53 MEICROME TERS - WAVE LENG TH

POINT-AHEAD ANGLE

INC,
W0
5.0
19.0
15.0
20,0
25.0
30,0
35.0
40,90

-7.30000

7.30000
7.30000
7.30000
7.30000
7.30000
7.30000

5.MICRORANDTIANS

X
X

POINT-AHEAD ANGLE 10,MICRORADIANS

IHC.
.0
5.9
10,0
15.9
20,0
25.9
30.0
3540
4n,o

X
X

2P0TNT-AHEAD ANGLE 15 ,MICRORADTANS

INC,
W0

5.0
13,0
15.0
20,0
25.0
39,90
35.0
4o.0

LY
ey

POINT-AHEAD ANGLE 20,MICRORADTANS
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5.0
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X

A an wm er
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GAIN
197.27
197,02
192,01
194,77
196,78
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186,44
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GATH
171,61
194,00
196'ﬂﬂ
195,31
193,43
193,87
193.11
136,65
185,81

GATIHN
198,82
197,54
196.53
195,62
192,36
199,02
190,83
186,95
186,11

GAIN
200,48
199.53



10.0

15.0 ®
20,0 %
25.0 4
30.0 o
bo,0 = X
POINT-AHEAD ANGLE 25,MICRORADIANS
INC, '
.O ‘:
5.0 %
10,0
15,0 =
20,0
25.0 %
37.7 =%
35.0
4n .0 ] X
POINT=-AHEAD ANGLE 39.1ICRORADIANS
1HC,
0%
5N 1
100 *
15.0 B
29.0 ¢
25.0 °
30,0 1
35.0 %
ho,0 = X
POINT-AHEAD.ANGLE 35,MICRORADIANS
1:c,
O b
5.0 ¥
10,0 =
15.0
20,0
25.0
30,0 %
35.0 ¥
ho,0 = X
POINT-AHEAD ANGLE 40 .,MICRORADIANS
INC, '
'O b4
5.0 H4
10,0 #®
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20,0 %
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188,51
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GAIN
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199,16
197.37
194,39
193,11
190,38
188,79
188,68
186,68

GAIN
200,01
198, 87
198,14
195,93
193,58
191,71
188:77
188,52
186,60

GATIN
200,33
199,01
198,03
196,75
194,09
192,53
182,39
188,62
186,49

GAIN

198,08
197,88
196,73
196,09
193,89
192,35
189,78
188,57
186,3n
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POINT=AHEAD ANGLE 50 ,MICRORADTANS
INC,
.0 b
5.() bid
10,0 %
15.() b4
20,0 ®
25'0 b4
30_0 b1
35.0 #
40,0 ® X
DOINT-AHEAD ANGLE 55,MICRORADIANS
INC, ’
.O P
5.0 Hd
10,0
15.0 ®
20.0 S
25.0 *
30,0
35.0 ®
4o .0 # X
POINT-AIEAD ANGLE 60 ,MICRORADTANS
INC,.
o H X
5.0 *®
10,0 ®
15.0 ®
20.0 ®
25,0 5
39,0 b
35,0 ® X
40,0 ® X
.06 MICROMETERS WAVELENGTH
POINT-AHEAD ANGLE 5,MICRORADIANS

INC,
)
5.0

Y

YN
w» e

‘A=20'

.
o~

LY
en
Y]
2y
s
b4
>
-~

an
%

Y
£

s
>
s
-~
s
bxy

s
"~

an
-~

as
P14

us
>

GAIN
195,33
195,63
195.25
194,48
193,02
191,00
189,24
187,98
185,76

GAIN
193,99
193.33
194,03
193.55
192,74
190,72
189,32
187.81
185,56

GAIN
190.38
199.68
191,71
192,37
192.01
190,04
183,57
187,01
184,87

GATH
185,13
186A,94
188,36
19n, 42
191,03
189,97
188,39
186,29
134,20

GAIN
198,29
197,21



10,0
15.0
20,0
25,0
30,0
35,0
4o,0

T
. an e

> s
«n 4% do s

X
X

POTNT=-AHEAD ANGLE 1Q.MICRORADIANS

INC.,
.0
5.0
10.0
1500
20.0
25.0
30,0
35.0
ho.n

POINT-AHEAD ANGLE 15,MICRORADIANS

INC.
.0
5.
in,0

15.0
"M N

[=aw N

POIN
j

25.0
30.0
35.90
40,0

POINT-AHEAD AN
INC, -

o0
5.0
19.0
15.0
20,0
25.0
30.9
35.0
o ,0

as
o

sa
a3

Y
o~

p o

ar 1m e,
» I W e aw

a
.

By
>

s
-~

.
Y
An
v

an
“©~

Y3
-

ap
-
LY d
'Y
Y
PXY

.
e

EYd
rx
s
'
(Y]
o
s
>

.
«~

X
K
X

T-AIEAD" ANGLE 20,/1ICRORADIANS

X
X
X

GLE 25,MICRORADTANS

KX X

\Y4
~H

X

(Y3
.

Y
Hid

»
as
”

as
"

%

n»
o«

an
k2
A,

b
e
u
L 14
129
14
e
ptd
o
s
v
LYl
e

£Y)
113

as
e
s
-~

s
3

as
-

as
¥

195,54

192,96
188,85
182,62
176,45
178,83
179,45

GAIN
196,69
196,04
194,63
192,35
188,60
183,00
177,39
178,69
179,25

GATIN

194, 81
194,45
193.4n
171,49
188,14
183,11
177,77
178,41
178,96

GAIN
192,69
192,55
191,98
191,59
187.79
183.49
178,57
178,20
178,62

SAEN
190,40
190.36
1 n.

13925
187,60
184,18
179,72
178,09
178,18



POINT-AHEAD ANGLE 30.MICRORADIANS

INC,
.0
5.0
10.0
15,0

20,0

25,0
30,9
35.0
ho,o

d

o Em en s aw

-

ap xp as e

.

.
-

.
-~

3®

X
X

POINT-AHEAD ANGLE 35,MICRORADIANS

INC,
oD
5.0
12.0
15.0
20,90
25.0
30,0
35.0
4o.0

w
b1y
an
-
as
“»
as
o

s
Py

s
s
.
-

a»
14

X
X

POINT-AHEAD ANGLE L0 ,MICRORADIANS

INC,
0
5.0
13,0
15.0
20,0
25.0
30.0
35,0
40.0

5
Ped

an
-

YT ar Ar ap wp
" eb o% Im o dv n

w

X
X

POINT~-AHEAD ANGLE 45,MICRORADTANS

InC,
0
5.0
10.0
15.0
20,0
25.0
30.0
35.0
o,z

X
X

POTHT-AHEAD ANGLE 50 ,MICRORADIANS

™C,

.0
.0

10.0

®

A-22

an  ap

as
% v a4 <n

s

Y
¥

LY
-~

a»
v

"
-~
.
-~

n

GAIN
189,96
189,05
188,84
188,58
187,25
184,57
180,51
177.90
177,55

GATH
190,68
189,26
188,32
137,91
186,96
184, 8n
181,06
177.78
176,94

‘GATN
190,98
189,64
188,23
187,49
186,81
185,12
181,73
177.92
176,34

GAIN
190,35
189, 4n
187,94
186,94
186,59
185,38
182,40
179,23
175,78

SAIN
188,57
138,29



15.0 X
29,0 ® X
250 ¥ X
30,0 A X
35.0 X X
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INC,
0 X
5.() o X
10,0 * X
15,0 ® X
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APPENDIX B
LAGEOS SIGNATURE DATA

1.0 INTRODUCTION

The temporal response of the model LAGEOS target varies with point-ahead
angle, wavelength, and illuminating pulse width. The data and the program
used to generate this data is presented in this appendix. The gain data used
in this analysis was generated by the program in Appendix A.

2.0 SIGNATURE ANALYSIS PROGRAM

The program used to compute the temporal response of the LAGEOS target
is presented in the following pages. The program was written in Fortran IV
for the MDAC Sigma 9 time-sharing computer system.

COHVY N):16 MAR 006,'75

100 DIMRNSION AN79,20) ,AV(9,20), TRANCS)
110 coMMnN AM, AV

120 DATA DELT,Conl/1.87794E-11,2,5593/
130 WAYE=,53

140 22 OUTPUT HAVYT

150 READ,AVE

160 CALL OPENFLC'TFEDAT',1)
177 IFCUAVE,LT,1,)60T025
139 po2l 1=1,144

19" READC1,)D1,D2,D3,DH
290 21 COMTINUE

217 25 CONTINUE

220 po 29 1=1,9

230 READ(1,)D1,D2,D3,D4
240 PRINT,D1,D2,D3,D4

250 po 23 J=1,12

260 READ(CL,)TRAN

270 AM(I,2%0=1)=TRAN(3D
289 AT, 20 D)=TRANCT)

290 AY(T1,2%g=-1)=TRANCH)
300 AY(1,2%J)=TRAN(CE)

310 23 CONTLIHUE

320 READCL,DDUM

330 READCL, DU

342 READCL, )buM

B-1



o =3 Lol
N RS B & IR IS R )

w bt Loy
vt O

B

o
LD
3

11"‘
424
439
4uc
h5n
469
h79
ligts!
4an
500
)l"

759

DD DO DD DWW

“

OIO0 (O LD IO WLICHI~ 1~
—~3 VUT =l o DO o~

D

27 CONTINUE

CALL CLOSFL
1 ouTPUT'PULSE UIDTH!
READ; TP S
QUTPUTI THIN, TN, TSTED!
READ, T'HIM, THAX, TSTEP
I 1, 12

1

1
4 TH=- .S“DELT
SuU=n
SUMVAR=),
suUl=a.
vsl=9,
Qo 3 N=1,76
T MEDELT
\1—APO (L ,.=TN3COML)
IVC”AI.nT.?.TSSU)Dl=0.,;OTOI“
CALL ESTVALCDL,VYAR,GAN,TD)
SJl=sM14D1
vsl—VS1+VAP
OUNM=EXP (=2 S (T=-THY/ TP )R 2)
SUMYAR=SUMYAR+VARRDUNMN N2
13 CONTINUE
3 SM=SHM+DLIMDUN
IFCCT-TMIN).GT.TSTEP/2.)60T05
SAVE=10,%ALOGIOCSUMD)
SHR=2,%5AVE=19 ,"ALNGLOCY/S1)
1T 191,7A,(AYE,SNR
171 FORMATC/FT7.0,F8.2,F7.2)
3 CONTINMR B
GAYE=19, "ALOGlO(Sun)
S{IRZ2¥GAVE-1D ,HALNGLN(SUMYARD

BRINT 109,T,5AVE,SNR

100 FOPMAT(Y°FT7,2,PF3,2,F7.2)
T=T+TSTEP

IFCT.LE. THAX)GOTOL

5 CONTIMYE '

QUTPUT'HIE'! YALUES OR NEY RUN!
I't=9

READ, I

IFCT,EN,1)50T02
IFCTM,EN,.2)G0TOL
IFCIML,EN,3DG0T022

STOP

=D

SUBROUTINE ESTVALCGIIU, VAR, T IE, D)

DLSISTON AMCT,21),Av(9,20)
COMOM AM, AY
'”J—q
VAR=D,
XT=THE®L11,4592



380 TL=IHT(XID+1

390 1FCUP.GT . 2WRETURN

900 IFCIL.GT.9)RETURN

910 62=0,

920 va2=n,

930 G1l=AMCIL,JP)

9Un vi=Av(IL, J®)

950 IFCIL.EN,9)GNTOL

260 G2=AMCTIL+1,J™)

270 Vv2=av(TL+l, ")

980 1 6=61l+(G2-01)"CXT+1-1L)
999 Vavl+(V2=/1)%CX1+1-1L)
1070 GHU=ZEXPIRD

1019 VAR=EXO2HY)

1020 RETUYRY

1537 EMD

3.0 SIGNATURE DATA

The following pages present the tempoeral response characteristics of a
LAGEOS type target, when illuminated by a 200 ps pulse at 0.53 um and at
1.06 um wavelengths.
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APPENDIX C
LAGEOS SIGNATURE CENTROID CALCULATION

1.0 INTRODUCTION

The nonsymmetrical shape of the return pulse (Appendix B) from LAGEOS
results in the pulse centroid varying considerably with conditions and pulse
width. This program used to calculate the centroid and the resulting data
are included in this appendix. The data used for these calculations were
generated by the programs presented in Appendix A.

2.0 BIAS ESTIMATION PROGRAM

The program used to compute the centroid of the pulse was written in
Fortran IV for MDAC's Sigma 9 time-sharing computer system, and was used in
the on-1ine mode. The program is listed in the following pages.

BIASIST  10:30 MAR 08, 75

160 CINZNSION AM(S,24) ,AV(S,24), TRANC(Z),ACTS)
110 COMMON AM,AV )
120 LATA DELT, CONL/1.377942-11,2.5E3/

156 DATA Al,42 A3, ,A4/.278353,.230389,.000972,.073108/,RTP1/1,77245/

140 ZAF(HIZ 1=l o/ C1 o+ Xk CALHXK CA2H XK (AZHXKAL) ) D) Kk 4
150 WAVZ=.53

56 22 QUTPUT WAVE

170 RIAD, WAVE )
130 CALL OPENF1CTZDAT , D
SO IF(WAVZ.LT.1.)G0T025
200 TN21 L=1,144
210 RZADC!,)D1,D2,D3, D4
220 21 CONTINUE
230 25 CONTINUE
240 0D 20 I=1,9
250 REZAD(C1,)D1,D2,D3,D4
260 PRINT,J1,D2,D5,D4
270 D7 28 J=1,12
230 RZADCL,) TRAN
290 AMCI,2%J=1)=TRAN(3)
300 AMCI,2%J)=TRANCT)
310 AY(I,2kJ=1)=TRANC4)



520 AV(I,2%J)=TRAN(S)

330 23 CONTINUZ

340 READC1,)DUM

350 RIADC1,)DUM

350 RTADCL,)DUM

370 20 CONTINUE

330 CALL CLOSFI .
350 1 OUTPUT PULSZ WIDTH
400 READ, TPW

410 D05.1=1,12

420 11=2%1

430 PAz5.%I

440 4 TNz=.5%DELT

450 DO 7 J=1,76

450 7 ACJY=0.

470 DO 10 N=1,76

430 TN=TN+DELT

450 GAM=ACOS(1.-TN*CONI)
500 CALL ESTVAL(DI,VAR,GAM,1I)
510 A(N)=DI

520 10 CONTINUE

530 SUM1=0.

540 SUM2=0.

550 D7 3 N=1,75§

560 SUM1=SUMI+DELT*(N-1)%A(N)

- 570 3 SUM2=SUMZ+ACN)

580 SDLT=SuUM!l/SuUM2

550 SUM1=0.
500 D03 Nz, 76
S10 NNz

520 SUMI =SUMI+ACN)
530 IF(SUM!1.3T.SUM2/2,)GOTO9

540 3 CONTINUE

550 S SDST=(FLOATCNN)=.5)*DELT

660 ZRRzSDST

670 IF(TPW.GT.0.5E=9)ZRR=SDLT

580 11 SUMF=0,

650 SUMDF=0.

7606 D7 12 N=1,76

710 DUM=(DELT*(N-1)=ERR)/TPW

720 DUMI=ERF(ABS(DUM))

730 DUM2=SIGN(DUML, DUM)

740 SUNF =SUMF+A(N)* DUM2

750 12 SUMDF=SUMDF+A(N)*EXP (~DUMk*2)
760 DELIRR=SUMF* TPW+RTPI/SUMDF /2,
770 ZRR=ERR+DELZRR

780 IF(ABS(DELZRA/ZRR) «GTol.E-4)GOTOIL
750 PRINTI00,PA, ZRR, SDST,SDLT

200 100 FORMAT(FT.0,9PF8.3,2F3.3)
210 5 CONTINUE )
220 QUTPUT “NIW VALUES OR NZW RUN

730 1M=0

340 RAAD, IM



250 IF(IM.EQ.2)GOT9l

260 IF(IM.ER.3)GOT222

270 STOP

@30 Z=ND

250 SUBROUTINE ESTVAL(CGNU, VAR, THE, JP)
S00 DIMENSION AM(S,24),AV(9,24)
S10 COMMON AM, AV

920 GNU=0.

935 VAR=0.

540 XI=THiE*x11.,45%2

950 IL=INT(XI)+!

$80 IF(JP.GT24)RETURN

970 IFCIL.GTS)IRETURN

980 G2=0.

990 V2=0.

1000 Gl=AMCIL,dJP)

1010 Vi=AvV(IL,JP)

1020 IF(IL.EQ.9)GOTOI

1030 G2=AMCIL+1, JP)

1040 W =AV(IL+1,JP)

1050 | G=Gl+(G2~GI)*(XI+1-1IL)
1060 VzVI+(V2-V1)*(XI+1-1IL)
1070 GNUZEXP(G)

1080 VAR=EXP(2xV)

1090 RETURN

1100 ZND

3.0 DATA.

The'data'resulting from running this program is presented in the follow-
ing pages. The printout is in two distinctive parts. The first part of the
printout contains 9 lines of data, read from the data file containing the
LAGEOS cube-corner gain data, and is printed to ensure a correct data input
has accured. Following entry of the (half) pulsewidth, the next twelve lines
of data list the pointahead angle in microradians, the computed pulse centroid
(nanoseconds) for the chosen pulsewidth, and the short and long pulsewidth
approximations for the centroid (nanoseconds).

GIASEST  10:34 MAR 06, 75

WAVE = .530000
? :
3.80000 «530000 .000000 7.30000
3.30000 «530000 5.00000 7.50000
3.80000 «530000 10.0000 7.30000
5.30000 «530000 15,0000 7.30000
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3.80000 .530000 20.0000 7.30000
3.30000 .530000 25,0000 7.30000
3.30000 «530000 30.0000 7.30000
3.30000 +530000 35.0000 7.30000
3,300060 .530000 40.0000 7.30000
PYULSE WIDTH
2.1E-9
5. .333 347 .333
10. 2178 291 .308
15. . 130 178 .255
20, 152 .14l .238
25, 166 . 160 e 2417
30. 153 . 150 236
35, 170 . 180 .238
40, .19¢ 157 262
45, 222 215 . 235
59, .255 254 311
55, 284 251 .333
350, .338 347 372
NZ¢ VALUES DR NZW RUN
72
PULSZ WIDTH
2.%5-9
5. .333 347 0333
10 .307 291 .308
15, «254 173 .255
20, 2354 . 141 $233
25, 246 . 150 . 247
30, 235 . 160 236
35, W 237 150 . 239
40. 251 197 262
45. 0284 0216 -285
50, 310 0254 311
55, «333 291 .333
50, 371 0347 372
NI+ VALUZS OR NEW RUN
73 '
WAVE = ,530000
?21.08 _
3.30000 1.06000 .000000 7.30000
3.30000 1.08000 5.00060 7.30000
3,30000 1.05000 10.0000 7.30000
3.30000 1.068000 15.0000 7.30000
3.30000 1.08000 20,0000 7.30000
3.30000 1.,06000 25.0000 7.30000
3.30000 1.08600 30.0000 7.30000
3.20000 1.06000 35,0000 7 .30000
380000 1.08000 40,0000 7.30000
PULSE WIDTH
?2.12-9
5, .038 .0385 125
10, .098 . 025 . 138



NZW VALUES Or N

(e
PULS% WIDTH
72.%-9

d
{

15.
20 .
25.
30,
35,
40 .
45.
30

550 :

60 .

5,
10,
15,
20.
29,
50.
35,
40.
45.
50.
55,
S0,

110
130
o161
. 187
«196
204
0220
« 248
258
« 304

124
137
154
175
234
o241
248
0258
«230
«290
326

L]

i

W

NEW VALUES OR NEW

sl

o103
122
. 160
<157
197
216
235
«254
272
310
RUN

- N85
. 085
.103
o122
«1 680
157
o197
216
0235
0254
l2 72
«310
RUN

«155
o179
o211
0235
241
e 246
«258
«280
0291
« 326

125
138
155
0179
211
0235
241
« 246
238
« 280
291
.326
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APPENDIX D
LINK MARGIN ANALYSIS

1.0 INTRODUCTION

The link margin analysis summaries and the program used to generate them
are presented in this appendix.

2.0 LINK MARGIN ANALYSIS PROGRAM

The program used to compute the 1ink margins for the various links and
terminals was written in Fortran IV, for MDAC's Sigma 9 time-sharing computer

system, and may be used either on-Tine or in the batch mode. The program
is listed in the following pages.

naAhAnl 11:48 MAR 05,175

170 TATEGER LISTCR240), LTI (36D
117 DINENSTON VALC3IM)

120 BATA P1,PLANCK,SPNL/3,.141592653,1
1>ﬂ DATA LIST/TTRANSHITTER POER

N
-
k;\
jo NN
(SR
C\

<

'-34,2.0079é558/
T

2

LGNG TTRANSIITTER LOSSES DB ',
1508 P TRANSHMIT ANTENMA GAIN D3 ',
16176 ' POTATING LOSS DB ',
170G *FREE SPACE LOSS DB ',
IO”G'ATMOFDWCPIC LOSS(DOUN) DB ',
1005 TARGET GAIHN PRODUCT DB 't
)“‘s'\rrosnxLRIu LOSSCU™) D3 ',
2175 'FRED GPACE LOSS N3 ',
277;'chhrv: ANTENMA GATH D3 ',
22NGYNECEIVER LOSSES DB ',
ZHNGVLICITIVED SIGHAL POUE D3Y ',
2506 "TRANSIMIT PULSE RATE N3/sSEc t,
25NCVINERGY PER PULSE D3J ',
2705 VLHERGY PER PHOTON. D3 ',
9“*"'w*c:1v_u PHOTONS /PULSE DB ',
2305 "YYANTUM EFFICIENCY DB ',
3““°'“'c IVED P=E/PULSE D3 ',
3176 "BACKGROUND RADIANCE nBY 2N
02”“' WCEIVER FOV(STERRAD.) D3 ',
3375 'OPTICAL FILTER BANDUIDTIHDS ',
JUNETRECEIVE ANTENNA AREA DBM2 ',
3500 'RECETVER LOSSES n3 ',
3506 IRECEIVED BACK, POWER DBY ',
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37NE YINERGY PER P {OTOHN NB.J ',
3B TRECEIVED PHOTONS/SEC D3/SEC ',
3905 PYUANTUM EFFICITNCY n3 ',
4008 *SACIIGROUND P-E/SEC Ns/sec ',
4176 'RECETVER GATE WIDTH pD3-SEC ',

NONS YSACLGROUND P=L/GATE ©oDB v/
430 DATA LINK/ Y HATRS TO LATS(PASSIVE) © U,
BUng Y IATRS TO LATSCACTIVE)D ' '
4505, YLATS TO '{ATRS '

45178, VIATRPS TO GROUID(PASSTVED !

NTASVSHUTTLE TO GROUND '

G805 1GR0unD BEACON TO SHUTTLEY/

520 DATA SIGHA,PUNT!H, TMAR/.13333E-9, .,2E-9,1/
500 DATA APT,ALT,34WDT:H,P0INT,UAVE/, PO, 8,5,F-6,1,F=6,,53E-6/
5176, RANGE , ATHD, DTAR ,ATHU/3,F7,1,,208,5,1./
5205 PRIDIA,SECDIA, ALR, PRATE,NE/1,,.,19,.4,1,,.25/
5306 ,8RAD, FOV, FILTER ,RG',SPG,LTPOL,NEXT/,"17,.55-4,5,,2.E-9,1,,1,1/
SU0e,PuD, PEA,3LOOR /L, E-6,1,E-8,10,/

550 NAMELIST

560 DBCXI=10,2ALOGINCX)

577 CALL OPENFIC'ARANMT, 1)

530 G0T021

530 22 CORTINUD

00 TFCHEXT (E0,1)60T02N

610 CALL CLOSF1

520 STOP
520 27 CONTIWUE
SNNC COMPUTE LINK PARAMETIIRS

DUM=STGHMA ™

N IFCDUM,GT N, 2%PUNT.A)NDUM=N, 28PYNT'
ACON=(P IRDUM/PHDT )2
1.INEX=0

53N ITSCLTROLGEN,2)INDEX=]

Th0 ITFCLTROLOEN, 3DIMNDEX=1

710 IFCLTROL.EN O THNEX=2

727 DPT=Ds(APT)

7237 OLT=DBCALT)

TUG DUM=32, /BHDT D

750 6TX=Ds(DUM)

760 DLPTG=-8,68589%(2%00INT/BUDTH)%RD
770 DUNM=UAVE/L, /P T/RANGE

30 FsL=2.%D3(DUM)
790 DATMD=D3CAT!ID)

2110 DATHU=D3 CATHUD

317 RAASPIN(OPIDIANEO-GECDI ANY2I/Y,

320 TRGIRAAMY NPT /1 AVESRND

827 ATRG=DSCTRG)

847 pL"=D3 (ALR)

357 DPRX=DPT+DLT+GTX+DLP TH+23FS L+ DATMD+DTAR+NDATMU+G TR G4+DLP
860 1FCIIDEX.EN,.N)GOTOLN
870 nPRX=DPRX-FSL-DATIMJ=-DTAR
A3% IF(1DEXEN,2)DPRX=DPRX+DATHI=DATHD
337 10 CONTINYE

TvON O

SV IO O
Co~3 vt
DD

]
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9NN DPRATE=DB (PRATE)

910 DEP=DPRX-DPRATE

220 TPP=PLANCKESPDL/YIAVE

930 DEPP=DB(EPPR)

94N DRPP=DEP-DEPP

950 DOYE=DBCNE)

960 DRPEP=DRPP+DNE

Q70 RPEDSEDBRCDRPEP AL, )

950 DBRAD=DUBCBRAD)

990 DUM=PI®*(FOV/2,)%H2

1009 DFoV=DB(DUM)

1010 DFILT=D3(FILTER).

1720 DRAA=DS ( RAA)

1730 DR3P=DBRAD+DFOV4+DFILT+DRAA+DLR
1040 DRPS=HRLBP-DEPP

1057 D8P ES=DRPS+NNE

17959 DRGI=DBCRG)

1INT7H DUPEGENLPES+DRGY

1230 BPEG=1IN, H#H(NBPEG/10,)

1199 IFCIMAR.EN,1)GOTO250 :
1199 RSIG=CL +SORTCL +2%BPEGHACOND) /ACON
1110 TFCIMAR, EN,2)RNSIG=5RBLO0PHOL  +50RT (1 +, U3 EGHPRATE/ZLONOP )Y /PRATE
1115 TFCINMARLEN,3DCALL TARESH(PFA,PND,37EG,RNISIG)
1129 250 CONTINUE

1130 DROSIG=DBCRNSIG)

1140 AMARG=RPEP/RNOSING

1159 DMARG=DBC(AMARG)

1160C PUT QUTPUT PARAMETERS INTO VYALUE LIST
1170 vaL(l)=DPT

1187 vAL(2)=DLT

1130 YAL(3)=GTX

1290 YALCH4D=DLPTG

1219 YAL(H)=FSL

1220 VYALCH)=DATHD

1239 YAL(7)=DTAR

1240 VALC8)=DATMU

1250 YALC9)=FsL

1260 VYAL(LC)=GTRG

1279 VALCL1)=DLR

1280 VAL(12)=DPRX

1290 YALC13)=DPRATE

1390 YVALC1l4)=pz&P

1312 VYALC15)=DEPP

1320 vALC16)=DpPP

1339 VALC17)=DOL

1340 VALC18)=DRrLP

1359 VALC19)=DBPAD

13569 YAL(20)=DFOV

1379 YAL(21)=DFILT

1289 YAL(C22)=DRAA

1330 vaL(23)=DLR

1400 vAL(24)=DRaP

1410 VAL(C25)=DEPP

1420 YAL(26)=DRPS

pD-3'



1430 vaL(27)=DNE

1440 vAL(28)=D3PES

1450 VAL(29)=DRGY

1460 VAL(30)=DIPEG

1470C PRINT LINK SUMMARY

1480 JJJ=6¥LTROL

1)4)0 tJd:i)lJ'J"S

1500 PRINT200, (LINKCJD,J=dd,d:1d)

1510 270 FORMATC(//5AM)

1520 PRINT100,MAVE,RANGE ,PUDTH

1530 100 FORMATC'CIRCUIT MARGIN SUMMARY */'OPTICAL WAVELENGTH?,
154066PFG, 2, . MICROMETERS ,RANGE ' ,-3PF7,0,' KM'/

15508 'PULSEWIDTH=",9PFL, 2, ' NANOSECONDS'//T6, 'PARAMETER?,
15606732, YUNITS ', TUY, "VALUE")

157" DO 3 I=1,30

1580 IFCINDEXJEN.0)GOTO11 o

1590 IFCCCILLT.7).0R, (1.6T.9)).AND, INDEX,EN,1)G0TOL1

16720 IFCCCILLT.5).0P,CI1.GT.7)).AND, INDEX,EN,2)GOTO11

1612 60TO12 '

1620 11 CONTINUE

1030 111=8%1

1540 11=111-7

1650 IFCI.EN.IDPRINTING,T,(LIST(I),d=11,111),VALCI),AT;G0OTO12
1660 1FCILEN.3IPRINTING, T, CLISTCY),U=11,111),VAL(L),B4DTH;GOTNL2
1670 IFCILEN,BPRINTI06,1,CLISTCU),d=11,111),VAL(L),POINT;;GOTOL2
1630 1FCTEN,10)PRINTIL0, T, (LISTCY),J=1T,111),VALCI),PRINIA;GNTOLL
1690 IFCI.EN,13)PRINTI2L,T,CLISTCY),d=I1,111),VALCT),PRATE;ANTOL.
1709 TFCILEN,29)PRINT112,T,CLISTCJ),J=11,111),VALCI),RGI;6NTOL2
1710 IFCL.EN,17DPRINTINT, 1, CLISTAU),d=11,1T1),YALCT),NE;GNTOL2
1729 1FCI.EN.18)PRINTING, T, (LISTC),d=11,111),VALCI),RPEP;60TNI2
S 1730 TFCTLEN.1D)PRINTING,T, (LISTCU),d=11,111),VALCD),37AD;60T012
1740 TFCLLEN 20)PRINTING, T, CLISTCU),,J=1T, 111D, VALY, FOY/;anTnl2
1757 TFCLLEN,IMPRINTING, T, (LIST(Y),d=11,111),VALCT),3PEC;6OTNTY
1767 po1nT1, 1, CLISTCI),d=11,111),VALCT)

1777 IFCLI,50,12),07, 01,80, 24))PRINTIND

1787 12 CONTINUE : -

1799 1FCCI.EN.18),0R,(1,EN,30))PRINT1O3

1809 3 CONTINUE

3.0 LINK MARGIN SUMMARIES

The 1ink margin summaries are listed in the following pages.

1810 IFCIMAREN,1DPRINT251

1329 251 FORMATCTO,1LiLINK MARGIND

1337 [FCINAR.END,0)PRINT252

1949 252 FORMATCTS, 'LINK MARGIN-MAX LIKELYHOND DETECTOR')
1359 IFCINARLEN,2)PRINT253,8L00P
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1369 253 FORMATCTE, 'LIiK MARGIN,LONP BANDUIDTII=',GB,3," JAERTZY)
1352 1FCIIMARGEN, 3)PRINT254U,PFA,PND

18G4 254 FORMAT(TE, 'LINK MARGIN,PFA,PNDY,2010,2)

1870 1=18 .

1830 111=8%1

1890 11=IT7T1-7

1900 °RINTING,T,CLISTCJ),d=11,111),YALCI),RPED

1912 PRINT113,DROSIG,ROSIG

1320 PRINT114,DMARG,AMARG

1937 113 FOR1AT(T3,'31' TG, 'kCOUIPED P-E/PULSE',T32,'D3',TL2,F8,2,
19406F9.2," P-EY)

1952 114 FORMAT(T3,‘32' TG, 'LINL MARGIN',T32,'Du',TU2,F8,2,F9,.2)
196C PRINTI1OH ) .

1770 21 CONTINUE

1330 1dPUTCD)

1)90 GOTo 22

2000 101 FORMAT(T3,12,T5,6A4,732,2A4,T42,F8,2)

20117 105 FORMAT(T3,12,76,6A4,T32,2A4,TH2,F8,2,37F9,1, " HMILLIVATTS ")
2020 106 FORMAT(T3,I12, T6 6xu ,T32, 2Au Tuz FR,2 CPF) n ! MICRORADIANS ')
2030 107 FORMAT(T3,12, Tf (Au T32, ?Au Tu2 F8. 2 2PF9, 1 ! DERCENTY)
20940 108 FORMAT(T3,12, T6 6AL, ,T32, 2Au T42 Fu.2 F.,2,!

2050 109 FORMAT(T3,12, Tf GAM ,T32,2AkL, Th2 F8.2,F9. 4, ATTS/M2-A-ST")
2060 110 FORMAT(T3,I2 T( 6AL ,T732, 2Au Tu2 F8. >’ ,F9, 2 ' METERS DIA.Y)
2070 111 FORMAT(T3,12,TO (mu ,T32, 2Au Tu2 F3. ? F9,0," ”ULSES/JEC D)
2080 112 FORMAT(T3,12,T6,6AM,T32,2AM,TM2,F8.2,9DF9 2,' NANOSECONDS')
2090 102 FORMAT(LH )

2170 103 FORMAT(/)

2110 1724 FORMATC///777)D

- 2120 END

2200 SUBROUTINE THRESII(PFA,PND,BACK,5I6)

2210 ALPFA=ALOG(PFA)

2220 ALPND=ALOG(PND)

2230 GAMSBACK+5,0%SNRT(BACK)

22410 1 DUM=ALOG(GAM/BACK)

2259 F=GAM®(1,-DUM)=3ACK-ALPFA

2250 DG=F/DUN

2270 GAM=GAM+DG

2289 IFCABS(DG/GAM) .GT,. 1, E-1HGOTNL

2290 SIG=GAM=BACK+5,*SORT(GAM)

2300 2 DUM=GAI/ (BACK+SIG)

2317 F=GAM=BACK-SIG-GAM* ALOF(DUM) ALPND

2320 FD=DuUM-1,

2330} DS==FAFD -

2340 SIG=S16G+DS

2350 IFCABS(DS/SIG) . .GT«1,E-4)GOT0O2

2360 RETURN

2371 E'D

Pa c:l)
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AATRS TO LATS(PASSIVE)

CIRCUIT
OPTICAL WAVELENGTH

MARGIN SUMMARY

PULSEVIDTH= ,20 NANOSECONDS

O 0--3 W N

—
O

12

N o
(AR

18
31
32

PARAMETER

TRANSHITTER POWER
TRANSMITTER LOSSES
TRANSHMIT ANTENMA GAIN
POINTING LOSS

FREL SPACE LOSS
ATHOSPHEPIC LOSSCDOVN)
TARGET GAIN PRODUCT
ATHOSPHERIC LOSSCUP)
FREE SPACE LOSS
RECEIVE ANTENNA GAIN
RECCIVER LOSSES
RECEIVED SIGHAL POUER

TRANSHIT PULSE RATL
EdzRGY PER PUYLSE
ENERGY PER PHOTON
RECEIVED PHOTOKS /PULSE
OUANTUM EFFICIENCY
RECEIVED P=L/PULSE

BACKGROUND RADTANCE
RECEIVER FOV(STERRAD.)
OPTICAL FILTER SANDUIDTA
RECLEIVE ANTENNWA APEA

"RECEIVER LOSSES

RECEIVED BACK, POYER

EHERGY PER PHOTON

RECEIVED PIHOTONS/SEC

NUANTUM EFFICIENCY
BACKGROUND P=-E/SEC
RECEIVER GATE WIDTH
BACKGROUND P=E/GATE

LTINS MARGIN
RECEIVED P-E/PULSE
RENUYIRED P-E/PULSE
LINK MARGIN

UNTITS
DaY
DB

Do

D3

D3
nB
no
28
DB
Ny
N
DG

DB/SEC
DY
DBdJ

na

D3

D3

D3V
Dy
Di3
D3M2.
D

Dy

Di3.J
DB/SEC
DB
NB/SEC
DB=-SEC
DB

D3
DB
ba

D-6

+53 MICROMETERS ,RANGE 300NN, KM

VALUE
-2n .10
—Q97
121,07
-1.39
ks
219,00
.00
-297,04
131,00
-3008
‘159~ 9)3

10,00
~169.35
~194, 25

14,91

~5.02

2,989

-17070

6.99

-5051
‘107026

~184, 26
77000
-G,Nn?
70.98

-86.99
-16.01

8,89
.00
3.89

10,9

=\
.

10,

2,00
N3

~ -3
. L] L
-3.2-3
Ul O Ut

MILLTYATTS

 MICPNORANI ANS
MICROPADT AMS

METERS  DIA,

PULSES/SEC,

PERCENT
P-E

) UATTS /M2-A=ST

MICRORADT ANS

MANOSECONDS
n-E



HIATRS TO GROUNDCPASSTVE)

CIRCUIT
OPTICAL UAVELENGTH

MARGIN - SUMMARY

PULSEVIDTH= ,20 NANOSECONDS

o b= OO0 o WU W v

=0

i

bt it 2 b

o3 O

(NSIAPI IO IV 6 I
[SURRAVIE S len NS

-—

[N RO IO IS B I W)
O ND D -3 S

31
32

PARAMETER

TRANSMITTER POWER
TRANSHMITTER LOSSES
TRANSMIT ANTERNA GAIHN
POINTING LOSS

FREE SPACE LOSS
ATMOSPLERLC. LOSSLDOVWN)D
TARGET GAIN PRODUCT
ATHOSPHERIC LOSSCUP)
FREE SPACE LOSS
RECZIVi ANTENNA GAIN
RECEIVER LOSSES
ReCEIVED SIGHAL RPOUER

TRANSHMIT PULSE RATE
CERNGY PER PULSE
EGERGY PER PHOTON
RECEIVID PHOTONS /PHLSE
NIANTIM EFFICIENCY
RECZIVED P /PULSE

B3ACSGROUND PADIANCE
RECEIVER FOVY(STERRAD.)
OPTICAL FILTER BANDYUIDTH
RECETYE ANTENIA AREA °
RECELYER LOSSES
RECEIVEL BACK, POUER
SHERGY PER PHOTON
RECEIVED PHOTONS/SEC
NARTUN EFFICLENCY
3ACKGROUND P=E/STC
RECEIVER GATE WIDT
BACKGROUND P=-E£/GATE

LINK ARG
RECEIVED P-E/PULSE
PENUIRED P=E/PULSE
LINK MARGIN

.52 MICROMETERS,RANGE

UNITS
nBY
nB
nBH
DB
DB
DB.
ns
DB
Di3
DB
N3
DBW

DB/SEC
DB
D

DB

ni
DH

P33y
DB
D3
none
D3

‘DAY

ni3.)
NB/SEC
D3
D3/SEC
DB-SEC
N3

DB
B]E]
DB

D-7

2hn0n, KM

VALUE
~27.,09
e 9 7
121.n7
9

.

-295,10
- -1*65
210,00
4,66
-295.1n0
131,19
"3# 98

117,90
-170.78
=184 26

13,19

-5 .no

7,45

-87.07

A9
-5.51

-2,02

-107,26

-184,26
77.00
-5,02
77.98

-356,99
-156,01

7,46
2
7.46

11,0

1,

10,

Sl o
e
e
KR

JAL1T7N

59.

2.09
.03

5¢57
1,00
5,57

MILLIVUATTS

MTCRNRADTANS

MICRORADIANS
HETERS DIA,

PYLSES/SEC,

PERCENT
O~

WATTS/M2-A-ST
ICRORADIANS

HANOSECONDS

—

P=f

P-E
P-E



AATRS TO LATS(PASSIVE)

CIRCUIT
OPTICAL

MARGIN
WAVELENGTH

SUMMARY

.53 MICROMETERS ,RANGE

PULSENINT 4=U4,00 NANOSECONDS

PARAMETER JHITS
1 TRANSHMITTER POVWER DBW
2 TRANSMITTER LOSSES D3
3 TRANSHIT ANTLNNA GAIN DB
L pPOTITING LOSS D3
5 FRZ< SPACE LOSS nB
6 ATHOSPHERIC LOSS(DOYN) DB
7 TARGET GAIN PRODUCT niz
8 ATMOSPHERIC LOSSCUP) D3
2 FRIE SPACE LOSS N3
197 PICLIVE ANTENNA GATN D3
11 NECCIVEDR LOSSES ‘ ip¥
12 RECEIVED SIANAL POMER DY
12 TRANSITT PYLSE pATE N3 /SECG
14 ENERGY PER PULSE P8 -
15 ENERPGY PER PHOTO N3
156 RECEIVED PHOTONS/PULSE NS
17 DUANTUID oFFICTIEACY o
15 RECETVED P=E/PULsE B
1) BACKGROUID RADIANCE RV
20 uEcElvEr FOV(STERRAD, ) N3
21 OPTICAL FILTeER BANDIIDTA N3
22 NICETYE ANTENNA AREA nEM2
27 MECEIMYER LOSSES ng
24 RECEIVED BACIL, POUER D3
25 ZJAERGY PER PHOTON DB J
25 RECEIVED PHOTONS/SES DL /SEC
27 NJANTUM EFFICIENCY ns
25 BACKGROUND P=-E/SEC DB /SEC
20 PECEIVER GATE WIDTH N3-SEC
30 BACKSGROUID P=E/GATE n_
LINK MARGIN
18 PECEIVED P-E/PULSE N3
31 RENUIRED P-E/PULSE DB
32 LINK MARGIN N3

D-8

3N000, KM

VALUE
-10,00
-,07
121,07
-1,39
-297,04
L ,nn
209,00
0N
135,30
-3,0R%
“l”StOB

19.09
‘155005
29,21
-5,02

23.13

-17.7"
6,99
-1.21
-3-3q
~1n2,96

-184,26
81,20
-6,02
75,28

-83,01
"7‘73

23,19
14,77
8,42

100,00 MILLIVWATTS

5.
1.

MICRORADT AMNS
MICRORANDTANS

PILSES/SEC,

PENCENT
Py

ATTS /HM2=-A=S5T
HTCPORADT ANIS
MANOSECONDS
P
22
P=i



AATRS TO GROUND(PASSIVE)
CIRCUIT . MARGIN SUMMARY
OPTICAL WAVELENGTH

PARAMETER o
TRANSMITTER POWER
TRANSMITTER LOSSES

POINTING LOSS
FREE SPACE LOSS

TARGET GAIN PRODUCT

CO~JOVI I O

o

FREE SPACE LOSS

ft gt
= O

RECEITVER LOSSES

-
o

13 TRANSMIT PULSE RATL
14 ENERGY PER PULSE
15 ENERGY PER PAOTON

10 RECEIVED PHOTONS ZPULSE

17 NUANTUM EFFICICNCY
19 PECEIVED P=-E/PULSE

BACKSROUND RADIANCE

NECEIVYER T LNSSES

PO PO D O 1D
=0 DD

ENERGY PER PHOTON

W

=

OUANTUNM EFFICIENCY
SACKGROUND P=F/SEC
RECEIVER GATE UIDTH
SACKGEQUND P-i/GATEC

VR NI CEe
S

-

LINK MARGIN
18 NECEIVED P-E/PULSE
31 RENUIRED P=E/PULSE
32 LINK MARGIN

TRANSMIT ANTENNA GAIN

ATMOSPHERIC LOSS(DOUN)
ATHNMOSPHERIC LOSSCUP)
RECETVE ANTENMA GAIN

RECEIVED SIGNAL POWER

DECEIVER FOY(STERPAD,)D
NPTICAL FILTUER BANDIIIDTH
PECETVE ANTEMNA AREA

NECEIVYED BACK, POYWEPR

RECEIVED PHOTONS/SEC

URNITS
DBW
DB

DB

DB

8]

D3

DB

D3

DB

D3

nB
DBW

D3/SEC
D3]
"3y

DB

- DB

N3

nBY
ns
D3
ni3M2
DJ

nBW

DEN
DL /SEC
DB
N3 /SEC
D3~-SEC

D3

23
Dt
nB

D-9

.53 MICROMETERS ,RANGE 24000, KM
PULSEYIDTH=4,00 NANOSECONDS C

VALUE

--97'

121,07
-1.39
-295,10
-1,65
219,00
~-4,66
-295,10
135,320
-3,08
-146, 48

10.00
-156,48
-184, 26

27,78

-6,02

21,76

-17,70

i e

-857.07
5,70

-1.°1

0
-3.9°

-102,96

-184, 27
A1,3n
-G,N?
75.28

-83,71
-7,73

21,76
14,77
6,99

100,0

De
1.

1.00

19.

25.0
143,92

5,00
17

149,92

30,00
5,17

MILLIVWATTS

MICRORADIANS
MICRORADI ANS

PERCENT

PoZ

Y UATTS /HM2-A-ST

MICPORADY AMS

HAROS ECONDS

o



SHUTTLE
CINCUIT
OPTICAL
PULSEVIDTH=

QU o

18
31
30

T0O GROWUND

MARGIN-  SUMMARY
UAVELENGTH 53
« 20 MANOSECONDS

PARAMETER

TRANSMITTER POUER
TRANSMITTER LOSSES
TRANSHIT ANTENNA GALN
POINTING LOSS

FREE SPACE LOSS
ATMOSPHERIC LOSS(DOUWN)
TARGET GAIIl PRODUCT
ATHMOSPHERIC LOSSCUP)
FREE SPACE LOSS
RECEIVE ANTENMNA GAIN
NECEIVER LOSSES
RECEIVED SIGNAL POWER

TRANSMIT PULSE RATE
EHERGY PER PULSE
cHERGY PER PHOTON
RECEIVED PHOTONS/PULSE
DUANTUM EFFICIENCY
RECEIVYED P-E/PULSE

BACKGROUND RADIANCE
PECEIVER FOV(STERRAD,)D
SPTICAL FILTER BAHDMIDTY
RECEIYVE ANTEUINA AREA
RECEIVER LOSSES
RECETVED BACK, POYER
:sc 5Y PER “iOTON
RECEIYED PHOTONS/SEC
NYANTUNM EFFICIERCY
BACKGROUND P=E/SEC
DECEIVER GATE MIDTH
3ACKGROUND P-E/GATE

LINK
PZCEIVYEID P—E/PULSE
RENVIRED P=E/PYLSE
LINi MARGIHN

MICROMETERS ,RANGE

UNITS
DBW
N&
DB
nB
D3
D3
nB
D3
DB
Ny
DBW

DB /SEC
Di3J
DB

Da

ng
N3

nEW

NG

D3
DBM2:
N3

D3

nB.Y

D3 /SEC
DB
D3/SEC
DB-SEC
DB

HMARGIh=1AX LIKELYHOOD DETECTOR

N3
03
N3

D-10,

)
Ul

VALUE
-30,00
-.97
3457
-.62
-258,38
-1.65
196,00
-4,66
258, 28
125,01
-2,98
-15%,05

L0
-15,‘1005
_1RL 26

,\ .2.1.
-5,N2

2,19

-17.70

6,99

-11.50
-3. 93
_-95- 75
-184,26
88,51
-5.02
82,49
-96,N2
-13,52

24,19
7.n8
17,10

=

1.0

375,
50,

«30

-
DN
=\

- .

nf2, 2L
5.11
51,32

ATLLIWATTS

MICRORADIANS
MICRNRADIANS

METERS DIA,

PULSES/SEC,

PERCENT
P-E

JATTS /M2-A-ST
MICRORADT ANS

MANNS ECONDS
Pi

g 3
1
r ny



SIWITTLE TO GROUND

CIRCYUIT MARGIN SUMMARY

OPTICAL WAVELENGTH 1,06 MICROMETERS ,RANGE 350, K1
PULm.JI')Ti" + 20 NANOSECOWNDS

PARAMETER HNITS -~ OMALYE
1 TRANSMITTER POYER Nyl 23,29 L% MILLIYATTS
2 TRANSHMITTER LOSSES Ny -97
3 TRANSHMIT ANTENNA GAIN N3 T7+55 750, MICRORADIANS
I POINTING LOSS | ng -415 50, MICPORADIANS
5 FREE SPACE LOSS g -252,36
65 ATMOSPHERIC LOSS(DNHN)D DB =456
7 TARGET GAIN PRODUCT NG 190,00
3 ATMOSPHERIC LOSSCUP) DB -3.,57
3 FREE SPACE LOSS NG -252,25
N NECEIVE ANTENNA GAIN DB 118,99 .30
11 PLUCEIVER LOSSES 11} -2,98
12 RECEIVED SIGHNAL POVWER pBY -151, 38
13 TRAMSMIT PULSE RATE N3 /SEC 00 1., PULSES/SFEC,
14 EERGY PEFR PILSE N34 -151 ?9
15 SERGY PER PHOTON NBJ -187 27
16 RECEIVED PHAOTONS/PULSE D3 35.89
17 DUANTUM EFFICIENCY ni3 -2n,N0N 1.0
18 RNECEIVED P-E/PULSE DB 15,89 38,82
19 3ACKGROUMD RADIANCE nBYW -20n,58 NNRT7 UATTS/M2-A=ST
29 ’"CLIVL” FOV(STERRAD,D D3 -63.55 759, MICROBADIAMS
21 OPTICAL FILTER BANDUIDTY DB £,99
2 PECEIVE ANTENNA APREA NDEM2 -71 50
23 NECEIVER LOSSES N3 -3.98
24 RECEIVYED BACK, POUER nBY -92,61
25 ENERGY PER PHOTON npBY -187.,27
26 NICEIYED PHOTONS/SEC DB /SEC 9l , 64
7 OUANTUM EFFICIENCY pls} ~2n,00
28 BACKSROUND P-E/SEC DB/SEC Th, a6
29 DECEIVER GATE WIDTH DB=SEC -96,02 .25 HNANOSECONDS
30 BACKGROUND P-E/GATE nB -21,36 N1 ==
LINK MARGIN=-1AX LIVELYHOOD DETECTOR
18 RECEIVED P-E/PULSE ni 15, 89 28,82 p-g
31 PEAYIRED P-E/PULSE ’ ng 7.05 5,07 P=E
8, 3 7.65

32 LI UK MARGTH ' nB

D-11.



SHUTTLE TO GROUND

CINCUIT MARGIN SUMMARY

OPTICAL WAVELENGTH +53 MICROMETERS ,RANGE 350, KN
PULSEYIDT!H=4,00 NANOSECONDS '

PARAMETER UNTTS VALUE

1 TRANSHITTER POWER NBW -2n,00 10,0 MILLIWATTS

2 TRANSMITTER LOSSES DS -.97

3 TRANSMIT ANTENNA GAIN DB 83.57 275, HICPORADIANS
4 POINTING LOSS Dy Y 50, HMICRORADTANS
5 FREE SPACE LOSS DB -258,38

6 ATMOSPHERIC LOSS(DOUN) ni3 ) -1.65

7 TARGET GAIN PRODUCT nB 196,00

8 ATIOSPHERIC LOSSCUP) na -4 .66

9 FREE SPACE LOSS DB -258,38

10 RECEIVE ANTENNA GATN DB . 123.5% JU6 METERS  DIA,
11 RECEIVER LOSSES N3 _ -3,98

2 RECEIVED SIGNAL POWER pa - ~140,53

13 TRAWSMIT PULSE RATE nB/SEC .00 1. PYLSES/SEC,
14 £ERGY PER PULSE DY -140,53

15 ENERGY PEP PHOTOM NBJ ~1R4, 26

16 RECEIVED PHOTONS/PULSE DB h3,72

17 NYUANTUM EFFICIENCY ‘nB -5,02 25.0 PERCENT
18 REGEIVED P-E/PULSE nB 37.71 5900 .40 o_g
19 BACKGROUND PRADIANCE DBW ~17,70 JO1TN YATTS/M2-A=5T
27 RECEIVER FOV(STERRAD.) NB -69.57 375, MICRORADIANS
21 O“TICAL FILTER 3ANDUIDTH D3 6,99 .

22 RECEIVE ANTENNA AREA PBM2 -7.9R

23 RECEIYER LOSSES NG - =3.99

20 RECEIVED BACK, PNYER nE -92,23

25 E1=°rv PER PHOTON P3J -18L 264

26 RECETIVED PHOTONS/SEC D3 /SEC 92.,N2

27 WUA:TUH EFFICIENCY nB -5.0n2

28 BACKGROUND P=£/SEC NB3/SEC 865,01

29 RECEIVER GATE WIDTH DB-SEC -83.0n1 5,00 NANMOSECONDS
30 BACKARNUND P=E/GATE nB 2,10 2,00 N :

LTidl MAPGTIH=YAX LIKELYYNOD DETECTOR ’

1P RECEIVYED P-E/PULSE ni 27.71 5acn b noz=
31 PENIERED P-E/PULSE NG 22,66 18U .36 p.E
32 LTINK MARGIN N : B : 15.05 32.00

D-12/



SHUTTLE TG GROUND:

CIRCUIT MARGIN
OPTICAL WAVELENGTH

SUMMARY

OSULSEIIDTH=4,00 NANOSECONNS

o o CHlT W N

T
AN ]

j2
U

S
O3 O

- 19
2N
2
22
23
24

25
26
27
28
29
36

18
31

32

PARAMETER

TRANSMITTER POWER
TRANSMITTER LOSSES
TRANSMIT ANTENNA GAIHM
POINTING LOSS

FREE SPACE LOSS
ATHMOSPHERIC LOSS(DOWN)D)
TARGET GAIN PRODUCT
ATHOSPHERIC LOSSCU™)
FrZg SPACE LOSS
RECEIVE ANTENNA
PECEIVER LOSSES
RECEIVED SIGNAL POWER

GAIN

TRANSMIT PULSE RATE
£UERGY PER PULSE
ENERGY PER PHOTON
RECEIVED PHOTONS/PULSE
DUANTUM EFFICIENCY
PECEIYED P=-E/PULSE

RACKGROUND RADIANCE
RECEIVER FOV(STEPRAD.)
OPTICAL FILTER BANDWIDTH

RECEIVE ANTENNA AREA
RECEIVER LOSSES
RECEIVED BACK, POYER
ENERGY PER PHOTON
RECEIVED PHOTONS/SEC
DUANTUM EFFICIENCY
BACKGROUND P-E/SEC
RECEIVER GATE WIDTH
BACKGROUIND P-E/GATE

LINK MARGIN=-MAX LIKELYHODD DETECTOR

PECEIVED P-E/PULSE
RENUIRED P-E/PULSE
LIHK MARGIN

1.06 MICROMETERS ,RANGE

UNITS
DBW

DB

DB
D8

bB

D3

DB

D3

P8

D3

ng
DBW

N3/SEC
NG
nBdJ

‘DB

D3
DB

D3
DB
D3
nBM2
DB

nBY

NB.J
D3/SEC
nB
D8 /SEC
DB=-SEC
ps

DB
DB
nB

D-13

VALUE
-13,98

-20,58
6. 39

-39,09

-1%7,27
98.18
-20,00
-83,01

29,11
22,62
5.79

ho,0

750

52

.N187

5.00
« 23

873,146
182.72
4,70

MILLIWATTS

MICRORADIANS
MICRORADT ANS

DIA,

PYLSES/SEC,

WATTS /M2=A=5T
MICRORADIANS

MANOSECONDS

D_E



GROUND BEACON TO SHUTTLE

CINCUIT
OPTICAL WAVELENGTH

MARGIN  SUMMARY

DULSEYNIDTHES,00 NANOSECOMDS

1o

™ P PO PO O

=N OO

NN

N NN
O o3 O

30

13
31
32

PARAMETER

TRANSHMITTEDR PNOUER
TPANSHITTED LOSSLS
TRAMSMIT ANTENUNA GAIM
POTNMTING LOSS
ATMOSPHERIC LOSSCUP)
FREE SPACE LOSS
RIECIIVE ANTENNA GALH
RECEIVER LOSSES
RECEIVED SIGIAL POMER

TRANSIIIT PULSE NATE
LHERGY PER PULSE
EMERGY PER PHOTON
RECEIVYED PHOTONS/PULSE
NUANTUM EFFICIENCY
RECEIVYED P=Z/PULSE

B3ACKGROUND NADIANCE
RECEIVER FOV(STERRAD,)
OPTICAL FILTER BANDWIDTI
NECEIVE . ANTENNA AREA
AZCEIVER LOSSES
NECEIVED BACK, POWER
ENERGY PER PHOTON
RECEIVED PHOTONS/SEC
JUANTUM EFFICIENCY
BACKGROUND P=[F/SEC
RECEIVER GATE /IDTH
BACKGROUND P=E/GATE

.88 MIcrn

METERS , RANGE

LINK MARGIN, LOOP BANMDWIDTH=100,

RECEIVED P-E/PULSE
RENUIRED P-E/PULSE
LINK MARGIHN

UNITS VAILYE
iy -22,N1
B -.97
D3 F9.Nn2
10]5] -2.,17
D3 -3,01
93 ~250,12
N3 127,61
D -3.75
Do -111.62
D3/5EC 50,00
AT -161,62
BJ -135,46
ng 20,84
Ny -15,99
.DB 7,25
Ny -27,79
NG -55.072
D 13.93
nR2 -11,50
D3 -3.993
N3W ~76,53
N34y -18G,46
P8 /SEC 179,94
DB -15,99
DB/SEC 92.95
DB-SEC -817,0n
DB 12,95
HERT?Z
DB 7.85
DB -3.,43
D3 11,33

D-14,

5A0, 11

2001,
500,

L1060
2000,

10,00
19,72

6.19
U5
13.57

MTILLTYATTS

MTEPNPANT ANS
MICRNRADI ANS

METERS DIA,

PULSES/SEC,

PERCENT
D=

UATTS /M2-A-ST
MICRNRADTAMS

MANOSECONDS

DL
oy

30
[ ]
mm



ZROUND BEACON TO SHUTTLE

CIRCUIT
OPTICAL YWAVELENGTH

MARGIN SUMMARY

PULSEWIDTH=5,00 NANOSECONDS

1)

"6

o}
-4

{
b

N
n

[NCREN]
A

WD
DS o~ O

13
31

22

PARAMETER UNITS VALUE
TRANSMITTER POWER DBW -30,0N
TRANSMITTER LOSSES pB -.97
TRANSHATT ANTENNA GAIN DB by 17
POINTING LOSS nB -, 71
ATHNSPHERIC LOSSCUP) D3 -3.,01
FREE SPACE LOSS ng -2A0,1R
RECEIVE ANTENHA GAIN D3 122,60
RPECEIVER LOSSES ng -2,01%
RICEIVED SIAGNAL POWER DBy -132,n1
TPANSMIT PULSE RATE N3 /SEC 1n.nn
EJERGY PER PULSE Do) ~142 .01
ENERGY PER PHOTON DB -185,43
RECEIVED PHOTONS/PULSE N3 W3, 42
DUYANTUM EFFICIENCY D13 -17,n0
NLCEIVED P=E/PULSE N8 2,02
BACKGRQUND RADIANCE DY -17§70
DUICETYER  FOYCSTERPAD, D N3 =55,
OPTICAL FILTER BANDVIDTH DB 13.7%
RECETVE "ANTENMNA AREA nBM2 -11.5n0
NECEIVYER LOSSES Di -3.93
NECEIVED BACK, POWER DBW -7h,22
ENERGY PER PHOTON D3 -185,42
RECEIVED PHOTONS/SEC DL /SEC 111.21
NUANTUM EFFICIENCY DB -1n,00
BACKGROUND P-[F/SEC NB/SEC 101,21
RECETVER GATE WIDTH DB-SEC -3n,00
BACKGROUND P=-E/GATE DB 21,21
LINK MARGIN,PFA,PND C1NE-NT7 . 1NE~05
RECEIVED P=E/PULSE DB 33,42
RENUIRED P-E/PULSE i} 22,17
LINK MARGIN nB 11,36

«69 MICROMETERS,RANGE .

D-15

564, KM

1.0

35000,
5000,

« 3N

1.

10,00
122,25

7199,34
150,93
13,66

MILLTYATTS
MICRORANDTI ANS
MICROPADI ANS

HETERS DIA,

PIULSES/SEC.
PERCENT
Pog

"LATTS (?'12—/%‘_ 5T

CMICEORADT ANS

NANDSECONDS
P-g



APPENDIX E
PRECISE OPTICAL PULSE TIMING

1.0 INTRODUCTION

The data in this Appendix presents fundamental results of investigations
into optimal range estimation techniques, and was partially funded under this
study. This material was presented in IEEE Southeastcon '75, in April, 1975,
and published in the proceedings. The reprint is included in this Appendix
for completeness. ‘



PRECISE OPTICAL PULSE TIMING*

by Gary Lee and George Schroeder t

McDonnell—Douglas Astronautics Company

St. Louis, Missouri

ABSTRACT

This paper evaluates the performance of the ML and several
sub-optimum arrival time estimators for optical pulses. The per-
formance analysis of a *'sliding window’’ counter followed by a
threshold detector is achieved by deriving an expression for the
first crossing density of the output of the counter. A sub-optimum
arrival time estimator using a threshold rather than a maximum
detector is suggested and evaluated by simulation. It appears to
provide near optimum performance.

INTRODUCTION

Lasers permit the use of very narrow pulse widths for both
communication and ranging. The combination of very narrow
pulses and narrow beamwidths offers the promise of heretofore
unachievable efficiencies in terms of the power required to achieve
a given data rate or ranging accuracy.

Pulse position modulation allows the conversion of precise pulse
arrival time resolution into high data rates with minimal
transmitted power per pulse. If reasonable data rates are to be
achieved, it is necessary that the pulse detection technique not be
so complex that it limits the rate at which pulses can be detected.
Thus it is desired to achieve the best possible pulse resolution
without limiting the usable pulse rate. The number of received
signal photoelectrons per pulse will always be small (i.e. on the
order of 50 or less) so that analyses of achievable pulse resolution
with non-coherent detection depend on the properties of non-sta-
tionary Poisson processes.

Ranging requires lower pulse rates than communication and
thus may, depending on the application, use more complex pulse
detection techniques. Some programs (such as the NASA EQPAP
program) require satellite borne ranging systems with very precise
{centimeter) range resolution. These systems must be small, light
and reliable but yet capable of less than a hundred picosecond
pulse arrival time resolution with only a few raceived signal photo-
electrons per pulse.

This paper defines achievable optical pulse resolution as a
function of the pulse shape, received signal and background power,
and the pulse detection technique. Optimum (maximum
likelihood) detectors, simple counters and weighted counters are
evaluated both analytically and by simulation. A novel
approximate solution for the first crossing density of the output of
a *finite window’’ counter or integrator is used to define both false
alarm rates and pulse resolution properties for the “finite window”
counter case.

ANALYSES

It is desired to determine the achievable pulse arrival time
resolution for a single 200 picosecond optical pulse, Two hundred
picoseconds is about the minimum presently achievable pulse
width from a Nd: YAG laser. Since non-coherent detection must be
used, the output of the optical detector will be assumed to be a
non-stationary Poisson process. Thus the output of the optical
detector consists of a Poisson process whose mean rate A(t,a) is
given by

A(t, o) = S(t, o) + nb (1)

where S(t, 0 ) represents the contribution of the signal pulse and
ny, represents the uniform background level. a is the unknown
pulse arrival time and [0, Tpgx] is the total observation interval.

Hoverstenetal 1, 2 obtained a partial differential equation for
the conditional density of a using non-linear filter theory. These
results, although useful for developing insight into optimal
estimator structures, are not directly implementable into hardware
without a considerable number of approximations.

Bar-David 3 derived an expression for the maximum likelihood
estimate of a conditioned upon the observations obtained during a
fixed observation interval. Let{ty, ta. ... tm} ={Tp} be the set of
observed photoelectron arrival times. Bar-David showed that the
probability of {TM}, given a , is

M
(2)
P {T,} = exp[-Q(a)] T A(t., @)
M =1 3
where T
max
Qo) = f A, o) dt

0

The maximum likelihood estimate of o is the value which
maximizes the value of P{TM} or equivalently log P{TM}.
Bar-David also determined the following approximate expression
for the variance, £q2,0f the estimate of a for the special case of
S(t,a } everywhere differentiable and S(t, -T/2) = S{t) = 0 for il
2T/2.

L 2 o, |7
e 2= BEICD (3)
a sS(t) + ny
-T/2
Figure 1 shows a block diagram for generating log P{’I‘M} and

the ML {maximum likelihood) estimates of a . It is probably
possible to implement the ML detector digitally for the case where

~ the average number of received photoelectrons per pulse is small,

say less than 20. This could be accomplished by detecting the
arrival time of individual photoelectrons (i.e. {t1. tg, . . . tm}h
digitizing the arrival times, and using a computer to determine the
value of a which maximizes P{Tp}. Individual arrival times can
be resolved as close as 5 picoseconds using an optical detector with
an image converter. Animage converter is a rather complex device
which first uses a cathode ray tube face to map and store an image
of a received pulse. The tube face is then scanned and the output is
sampled and A/D converted with a spatial sampling rate which
corresponds to a 5 picosecond sampling rate across the original
pulse. The tube has sufficient gain to detect the arrival of an
individual photon within a resolution element. Note that this
approach for implementing the ML detector is neither simple nor

1George Schroeder is also with the Department of Engineering,
Southern Illinois University at Edwardsville.

*This work was partially supported by NAS5-20646.
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capable of being performed rapidly enough not to be the limiting
factor in determining data rate for an optical PPM communication
system.

OPTICAL FILTERWITH | DETERMINE TIME] 3 -
—~~™ ETECTOR IMPULSE REPONSE f—=bd FILTER OUTPUT ==

LOGS (=0 + np 1S MAXINUM

FIGURE 1 MAXIMUM LIKELIHOOD ESTIMATOR

Analog maximum detectors, though conceptually simple, are
seldom practical. The basic approach is to first differentiate the
signal representing log P{TM } and thenuse a threshold detector to
determine when the derivative passes through zero. The value of
the signal and the time of occurrence of these relative extrema are
sampled and stored so that the time of the absolute maximum can
be determined at the end of the measurement period. Note that for
a small number of photoelectrons per pulse there will be several
relative maxima per pulse. Thus the sampler must be capable of
taking samples on the order of a few picoseconds apart in order
that the detector look like an “‘ideal”” maximum detector. This, if
possible at all, would be very difficult.

The preceding discussion has been mainly concerned with the
practical difficulties involved in building maximum detectors.
Another area of difficulty with the ML detector is the uncertainty
in knowledge of S{t). Laser amplitude instability and multi-path
(for the ranging case) limit the ability of the receiver designer to
specify S(t). Note also that even if S(t) is known exactly it may be
very difficult to build a filter with several gigahertz bandwidth and
an impulse response matched to log [S(t) + np]

Thus, in summary, although it is probably possible to
implement the ML detector at some cost in size, weight, and pulse
rate, it is clear that this should only be attempted if the achievable
gain in resolution of the ML detector over other simpler
approaches is substantial. The goal of this paper is to define this
gain so that the tradeoff can be made by each designer for his own
application,

EFFECTS OF FILTER MISMATCH

First, the effect on resolution of mismatch between the signal
and the filter response in the ML estimator will be determined.
This is accomplished by deriving an approximate expression for
the variance in the estimate of a assuming the filter response is
designed for a signal S’ (t) when, in fact, the signal is S(t). Since a
signal pulse shape of S’ (t) is used in the filter design

r(t) = log [S'(t) + nb] (4)
and
F(a) = Z r(tj - a) (5)
g

F(a} is the input to the maximum detector and the tj's are the
times of occurrence of the received photoelectrons. Proceeding in a
manner similar to Bar-David, an approximation to the variance of
the estimate is obtained.

Expanding F(a) about the actual delay, a 3, and uging the
definition of @

F(a) = 0 = %(ao) + (a - a) Flap) + . . . (6)
This yields '
F(ao)

-
€E = a, -~ o =
(51

0 )

Fla)

Thus 0
7 S EA[F (o)1)
Eu = 0

— (8)
[EF (ag)}12

E~-3

where E (=) represents the expectation with respect to the time and
number of occurrences in the input process. The characteristic
functions of f“('ﬂo) and 'F( a) are found using the expectation of
product functions with A(t) = 8(t —a ) + ny

Blexp [ix F(a)]} = Efexp [-x T ey - o]}
: ]

(9)
= E{fTexp [-ix r:'(':j -a)]}
3
This expectation can be evaluated in terms of
max . (10}
G = [S(t - a.) +n ] exp [-ixr(t - a,)] dt
and / 0’ T 0
4] T
max
Q= / A(e)dt {11)
0

Neglecting end effects, let, ag = Tmax/2. Then, with
T=1 - Thax/2

T
= . (12)
G = f [8(t) + nb] exp [-ixr(r)]ldz

and

Pol
]

max
2
f [S(x) + m )dr (13)

max
2

It can be shown that

E{exp [ixl'?'(u.)]} = exp (-Q + G)

T (14)
max
=exp 1-Q + 2 [8(t) + An] exp [-ixr(t)ldT
~T
max
2 I
In the same manner, letting
max
G a[ 2 [s(t) + nb] exp [ix ;(T)]dr
-T .
max
2
E{exp[ixf(a)]} = exp(~Q + G)
(15)
T
max
- exp |-Q + 2 [s(0) + n ] exp [ixr(v)]d
-T
max
2

Using these results



max max
2 v
. . 2
S(t)+n ] (1)d [s()+ r d
[s(x)+n Jx(r)dr . O+, 1{r(t)]%dr
~T LT
max max
2, 2 2
< =
o
T 2
max
2 - 16) !
/ [s(z) + nb] r(t)dt (16)
~T
max
2
Assuming that
T . T
r i m;x =r i mgx =0

T T
max 2 cmax
2 . 2 . 2
r{t) S(t)dt + [S(T) + nb] [r(1)]%dT
_T P
— max max
7 _ 7 2
Fa
Tnax 2
. . (17
r(t) S{r)dt
-T
max
2

and if T (7 ) =0 for |71.> T/2 the limits in the integrals of (17) can
be replaced with * T/2.

SLIDING WINDOW COUNTER

By replacing the maximum detector with a threshold and the
matched filter with a “sliding: window”’ integrator or counter, a
simple analog detection system is obtained (see Figure 2). This
system estimates arrival time by observing the number of photo-
electrons received during the previous T seconds and thresholding
this value. Determination of the timing resolution of this system is
not simple since it requires the calculation of the “first crossing”
density of theoutput of a “finite window" counter. To the best of
the authors knowledge, there are no other results for this problem

(either exact or approximate).
+ :

FIGURE 2 “'SLIDING WINDOW'' COUNTER ESTIMATOR
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Lee and Fogle 4 obtained an expression for the “first crossing”’
density of a random process in terms of a function a(t) somewhat
analogous to the infinitesimal transition probability for Markov
processes, Appendix A summarizes this development and shows
how aft) can be approximated for a Poisson process and a “finite
window” counter. Note that the optimum threshold value is
determined by numerical optimization.

To calculate the variance in threshold crossing time, it is
necessary to determine the probability density function, p(t), of
the time of the first threshold crossing 7. From Appendix A,

t
; -, - (x)d
p(t) =.a(t) exp |- f a(x)dx 18
[¢]
'where

a(t) = lim ] Prob. {crossing in (t, t +4 )| no crossing before t}
A-04 ,

a{t) can be approximated by
L-1

2

0

(HT)k )

=y L1

a(t) = A(t,a%j‘

(19)

where L is the threshold and
t

AT = f A(x, a)dx
) t-T

For the problem under consideration

i

M, o) = {n + S(t-a)

nb

(20)

0<t<a-T/2
o ~-T/2 <t <a+ T/2 (21)

a+ T/2 <t

A

And, ignoring end effects for 0
( ar

t

0O<t<a=-T/2

¢

an + f S(x)dx g

-T/2

T/2 <t <a+ T/2 (22)

nT= -{

T/2

S(x)dx a + T/2 <t < a + 3T/2

n.bT+

t-a~T

L n T a+ 3T/2 < t
With a finite observation interval there is a non-zero probability
of no threshold crossing. Therefore, for comparison purpose we
determine the mean square error given that there has been a
threshold crossing in (0, Tmax).
} = Prob. {(t < )N (1 < Tmax)}

Prob. {t < T___}
max

Prob {t <t | 1 < Thax

Prob.{t < t}

Prob.{t < Tmax]

< T
max

(23)

~ T

1 t

max

Thus the conditional density used in finding the expected values
given a threshold crossing before Ty gy is
Wt

Prob.{t < Tm }

ax
(t)=

P
max

(24)
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Thus the mean threshold crossing time, given there has been a

crossing before Tmay, is .
N (25)
f a(x)dx | dt
o

and the mean square value of crossing time is

T
max
E(0) * Prob Tl< T }f ta(t) exp
max”- Yo

T t
max .
E(T?')é 1 t:za(t)exp -1 a(x)dxldt (26)
Prob {1< Tmax} o
o .
Integrating (25) and (26) by parts
E(r) = 1
Prob {1 < Tmax} (27)
T
max
max _
o {-T __ exp -j a(x)dx +/ exp J‘a(x)dx de
max [+ ]
o o
and
Eoax
2, . 1 ey _
g(t™) = Prob i < T 7 T exp [ a(x)dx | +
max max o
Fmax )2 (28)
Zf t exp "fa(x)dx dt
o )
where

T t
max
f a(t) exp —/ a(x)dx |dt
[} o (29}

T
max

1 - exp -f a(x)dx
o

Note that by replacing Ty, ay With the time the signal pulse begins

Prob {1 < Tmax}

o .2 .
one obtains the probability of an early detection. €, can easily

be obtained from equation (27) — (29).

COMPARISON OF ESTIMATION TECHNIQUES

Comparing the optimum (ML) arrival time estimator shown in
Figure 1 with the more practical estimator configuration shown in
Figure 2, two differences become obvious. The first difference is
that the ML estimator uses a filter that is in some sense matched
to the signal and background conditions whereas the ‘‘sliding
window’’ counter configuration does not. The other difference is
that the ML estimator requires a maximum detector where as the
“sliding window’’ counter uses only a simple threshold detector.

The variance in arrival time estimation will now be computed
assuming a raised cosine optical pulse shape. Note that this pulse
shape was chosen in order to meet the conditions on S{t) required
to derive equation (3). It is not required for evaluating variance for
the “sliding window’’ counter. :

n

-E-(l-i-cosz—"t)

= 7 el < 1/2

(30)
s(t) =

0 |t} > T/2

ng is the mean number of received signal photoelectrons per p
From (3) the mean square timing error using the ML estima:-

2
v T

®a * 41r2' [ns +nT —anT (2 n_ + an)]

To develop an intuitive feeling for how much of the performance
difference between the ‘‘sliding window’ counter and the ML
estimator is due to the difference between a threshold and
maximum detector and how much is due to mismatch between the
integrator impulse response and the pulse shape, the performance
of a mismatched ML estimator was also evaluated. Figure 3
compares the rms error for the ML estimator configuration just
evaluated

(31)

2n nS + - ns 2%
r(t)=1leg [(1 +cos T t)T— nb] and S(t)'T_(l + cos i‘—t)

with the rms error for a mismatched ML estimator configuration
with

' Zm 2 s Za
r(t) = [1 + cos T~ t] and S(t) = T (1 + cos T'E)

The rms error for the latter case using equation (17) is given by

2 ns+n.bTT2

ST T (32)
25" n
s

Figure (3) also shows some computer simulation points for the
mismatched case. The simulation is discussed later.

0
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1T 1T T 77T T 71
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FIGURE 3

Note that for this particular case mismatch does not cause much
degradation from the optimum.

The “sliding window” counter and ML estimator will now be
compared.

For the sliding window counter and a raised cosine pulse shape,
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0<t<g ~T/2

b
s 1 2x - <q+T/2
A, o) = nb+ E—[l‘i‘cos T (t-a)la T/2<t< g /
n, a +T/2 <t (33)
and
(—an o<t<a-T/2
. l t-a 1__ t-ao -T/2<t<a+T/2
n'b”“s[f“"T"‘ o ain(2r = )]u. [2<t<a
=r _< (34)
oT =
3 _t-o 1 . t-o +T/2<t<o+3T/2
an+ns[2‘ 21r:31n(21r T )] a+T/
L n, T a+3T/2<t

Thus, equations (27) and (28) can now be evaluated numeric'ally
using equations (19), (29), (33), and (34).
Figure (4) compares the rms error in estimating arrival time

optimum ranging threshold level for the counter is expected to be
approximately given by

n -nT+ log (Tmax/T) (35)
L' = InT

3
log( ng / an)

where InT(x) is the smallest integer greater than or equal to x.

Figure (5) compares L’ with the optimum threshold determined
numerically using equations (27) and (28). Note that L’ appears to
be a good approximation for the optimum threshold.

VALIDATION BY SIMULATION

Since the derivation of both the expressions for resolution of the
ML estimator and the “sliding window”’ counter contain approxi-
mations, a computer simulation was performed to verify the
analytical results.

The first step in the simulation is to generate the sequence of
photoelectron arrival times. This is done by first dividing the pulse
width, T, into 500 intervals each of width A = T/500. The
probability of receiving n photoelectrons in an interval centered
about time t is approximately

an = 0.1 an = 1.0

(normalized by the pulse width) for the ML estimator and the
“sliding window”' counter for a background level of 0.1 and 1.0
photoelectrons per pulse width. Note that the ML estimator is
roughly a factor of 2 superior to the counter in resolution. This
corresponds to an extra 6 dB of required laser power which is
definitely significant.
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FIGURE 5 COMPARISON OF EXACT AND APPROXIMATE THRESHOLDS

P(n) = exp [-AA(E)] - [AA(t)1"/n! (36)

{The approximation is due to the fact that A(t) is not constant
over A ) For each interval a uniform random number, X, is

n-1 0
A value n is then determined such that. E P(j) < X < E P(})
j=0 3=0

n is then the number of photoelectrons received in the interval. For
our case with A = T/500, n is never greater than 2 and is usually
1 or 0. When n = 2 occurs it is treated as a single occurrence of
double strength.

The signal pulse is centered in an interval of length 4T. Since the
effect of false alarms or anomalous errors on rms timing error is
not considered in the analysis of the ML estimator performance, it
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was desired to eliminate the effect of these errors on rms timing
error of the “'sliding window” counter so that a direct comparison
could be made. The choice of Tpay = 4T was a compromise
between minimizing these errors and eliminating end effects.
In the simulation of the *‘sliding window'' counter, the number
of photoelectrons received over the last T seconds are added and
when the sum exceeds a set threshold, the threshold crossing time
is used as an estimate of the pulse delay. To save computer time,
several thresholds are considered simultaneously, and when the
highest has been exceeded the generation of a new process is

started. The minimum value of Q:i)/ T from the valuesobtained

for the different thresholds is plotted.

The ML estimator applies a weighting function obtained from
the desired filter response, sums the values obtained, and selects
the time of the absolute maximum of this sum as the estimate of
the delay. The weighting function corresponds to a filter matched
to log [S(t) + nyl.

Figure (6) compares the simulation and analytical results for
rms timing error for both the ML and ‘“‘sliding window” counter
estimators. Note that even though both analytical results involve
approximations, the simulation results for both are identical with
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FIGURE 6 VALIDATION BY SIMULATION

the analytical results to within the expected error of the
simulation.

WEIGHTED COUNTER SIMULATION

An intuitive design of a pulse arrival time estimator might use a
weighted photoelectron counter with the weighting function
matched to the received pulse shape. Instead of simply integrating
the output of the optical detector over the previous pulse width,
the weighted counter includes a weighting function, w(t) in the
integration. Thus the output of the weighted counter is given by

f : Tx(t’) w(t’— t + T/2)dt’, where x(t) is the sequence of impulses

E-7

from the optical detector. This is equivalent to replacing the
“sliding window” integrator with a filter. The output of the
weighted counter is applied to a threshold detector. This design
comes about either by analogy with the matched filter result from
Gaussian detection theory or by mdoifying the ML estimator by
replacing the maximum detector with a threshold detector.

Performance of this estimator is difficult to evaluate
analytically because the instantaneous distribution of the counter
output is a complex shot noise process. Figure (7) compares the
rms estimation error of two weighted counters with the “sliding
window” counter. One counter uses the weighting function log
[S(t) + np] while the other uses S(t). Use of S(t) as a weighting
function appears to be superior to use of log [S(t) + n},] and
roughly 20% superior in rms error to the ‘“finite window'" counter.
Thus, using a “matched” filter rather than the “sliding window”
integrators (i.e. a filter with a square impulse response)} before the
threshold offers some performance improvement but is not as good
as the ML estimator. i

Comparison of the previous results indicate, but definitely does
not prove, that the use of a maximum detector rather than a
simple threshold provides significant performance gains. Some of
the difference between the ML estimator and the “sliding window "’
counter can be eliminated by replacing the integrator with a
carefully designed filter but the magnitude of the improvement is
limited.
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One way to approximate a maximum detector is to use an
adaptive threshold or equivalently an instantaneous AGC. One
solution to this problem is to delay the estimationof a by at least
Tmax- This allows an estimate of the total energy in the pulse
which is then used to normalize the received signal before
thresholding. This system is shown in Figure 8. Figure 9 shows the
performance of this system using both a “'sliding window'" and
weighted counter (weighting function is S(t} )ywith AGC. Note that
the weighted counter with AGC is as good as the ML estimator for
this case. The main difficulty with this approach is the realization
of wideband ideal delay lines.
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SUMMARY

The timing resolution of various sub-optimum estimators were
compared with the resolution of the ML estimator using both
analytical and simulation techniques. For typical signal and back-
ground parameters the ML estimator is approximately a factor of
2 superior in timing resolution to a simple “sliding window”
integrator followed by a threshold detector. It appears that most
of this difference is due to the use of a maximum rather than a
threshold detector. This difference can be made up by using an
adaptive threshold detector. :
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APPENDIX A

Let S(t, a) be a function of time and the random vector process
a. It is desired to find P {t) where P (t) is defined to be the proba-
bility that the first t for which equation (37) holds is less than t.

.

§ (1,2 2L (37)

Pit) can now be determined by the same reasoning as that used

for a two state Markov process with one absorbing state.

P(t+A) = Prob{no crossing before time t } (38)
*Prob { crossing in the interval (t, t+4)
Ino crossing before time t | +
Prob {ﬁrst crossing occurs before time t }
Prob{first crossing before time t} = P(t) (39)
Prob { no crossing before time t} =1 — P(t) (40)

P(t+4) = [1-P(t)] Prob |crossing in the interval (41)

{t,t+8) 1no crossing before time t} +P (t)

Thus dividing equation (41) by A and taking the limit as A — 0
equation (42) is obtained.

lim P{t+4) — P(t) _ _ [1—P(t) lim

D=0 A A=0 (42)
Prob {crossﬁn in the inverval (t, t+A) |no crossing before
time t
A
dP
= [1-P(t)} a(t) {43)
where a{t) = lim 1 Prob{crossmg in the interval

A+0p  (tt+A) Ino crossing before time t}

Thus,

P(t) = 1 - (1-2y) exp (5 a(ende'] (44)

where P(0) = Po.
Equation (44) is a formal solution to the first level crossing
problem. The remaining problem is the determination of the
transition probability a(t).

Let S(t+ 4, a) - S(t, a) = AS (45)
If S(t, a) is assumed to be mathematically well behaved, then in
the limit as A » 0, S(t, a) can have only one zero crossing in the

interval (t, t + A).
a(t) = 1im% 57 Prob {AS>L-X | S(t,a) = X, S(t', a) <L,
A0
(46)
0 <t' <t} Prob {S(t, a) = X | S(c', a) <L,
0 <t' < t}dX

- Assuming S(t, a) is a suitable smooth function, AS can be
determined from equation (47).

n

Z dS(t,_) Aa

If S (t, a) is not a continuous function of t, P (t) must be updated at
each discontinuity using the laws of conditional probabilities.
Equation (47) shows that the distribution of A S can be found if the
joint distribution of the 43; is known.

For many cases of practical interest a or S(t, a) is represented as
a vector Markov process. When Sit, a) is a vector Markov
process,

ds(t a)At

AS
{47)

Prob {AS>L-X |S(t, a) = X, S(t', a) <L, O<t'<t} (48)

= Prob {AS>L-X |S(t, a) X}



Note that the right side of equation (48) can usually be evaluated
without difficulty. Using the Markov assumption, Prob {s(t, a)
=X | §(t, a) <L, 0 < 1 < thean be determined from,

Ps (x,t)

T (49)
[" B, (y,t) dy
o

Prob {S(t,a)= X|S(t',a)<L,0<t'st} =

where Pg {y,t) is the solution to the diffusion equation for S(t, a)
with an absorbing boundary at S(t, a) = L.

Using the idea of an absorbing boundary, several authors 6,7
have considered the special case where S(t, a) is a process with
independent increments since the first crossing density can then
be determined directly by solving a Fokker-Planck equation. For
this case the derivative of S(t, a) with respect to time exists almost
nowhere and it can be argued intuitively
lim Prob{S(t,a)=X|S(t',a)<L,0<t'<t}=
XL
X<L

1im P (X, t) =0
X»L 8
<L

Unfortunately, the zero boundary condition comes directly from
nonphysical attributes of independent increment processes (for
instance, an infinite number of level crossings in zero time). There
appears to be no general technique for evaluating the boundary
condition for Prob S (t, a) = X | S(t’, )<L, 0st’<t}at X = L for
physically realizeable processes. Yang and Shinozuka 8  have
suggested a way around the unknown boundary value problem by
formulating the solution in terms of the Kolmogorov backward
equation rather than the forward (Fokker-Planck) equation.

Perhaps the most valuable attribute of this whole approach is
not that it leads to exact solutions of previously intractable prob-
lems (which it usually does not), but that it expresses the first
crossing distribution in terms of quantities that can often be
accurately approximated.

APPROXIMATION FOR THE CONDITIONAL DENSITY

The conditional density of AS can often be exactly determined,
however general solutions for the conditional density of S(t, a) are
not known, One useful approximation is given by equation (50).

Prob{S(t,a)=X|s(t’, a)<L,0<t' <t} Prob{s(t,a)=X|8(t,a)<L}(50)
By definition,
o] for X > L

(61)
for X < L

Prob {s(t,a)=x]S(t,a)<L}=

f(X,t)

L
7 E(X,t)dX
where f(S,t) is the distribution of S(t, a).

The use of this approximation and this general approach in
obtaining closed form expressions for the first crossing density for
various types of random processes is discussed in reference 4 .
The approximation makes uses of the fact that for many processes’
of practical interest specifying that the process has not crossed
some level in the past does not significantly alter its present
distribution.

We now consider the optical pulse detection case where photo-
electrons are being emitted from an optical detector according to a
Poisson distribution with mean rate (o, t). A “sliding window”
counter, that is a counter which determines the number of photo-
electrons received during the previous T seconds, is used to filter
the optical detector output. The output of the counter is then
applied to a threshold detector which estimates pulse arrival time.

Let N(t) = the number of photoelectrons received in the interval
[t — T, tl (i.e., signal and background).

Define,

P(t) = Prob {N(s) <L, O<s<t}.
Thus P(t) is determined by equation (44) where

_Thus for the case of background alone (n =

a(t) = lim L Prob {N(t+A)>L|N(t")<L, O<t'st}
430

" L-1
- lim : Z Prob {N(t+A)>L|N(t)=M,N(t')<L, O<t'<t}
a0 4 M=l .
*Prob {N(t) = M |[N(t') <L, O<t'<t}
- M B
'_(_lll;._exp(—r_ﬂ’)
Prob {N(t)=M|N(t)<L}= for M <L {52)
L-1 - .K
(nT) -
Z ~—exp (-nT)
K=0 K!

where 1 is the effective mean rate for the interval {t — T, t].

In the limit as 4 +~ 0, L prob (N(t+) > L | N(t)=M, N(1)
<L, 0 < 1 <t} approaches zero unlessM =L — 1. For M =
L—1, the probability of a threshold crossing due to one or more
counts dropping out and two or more counts occuring in time
Aalso goes to zero faster than 1

Ao X prob IN(E4A)2LIN(E)=L-1, N(e")<L,0<t'st}= 0 (53)
where n is the instantaneous mean rate at time t. For the case
where L = 1, a(t) can be evaluated exactly since

Prob {N(t)=M|N(1)<1,0<t<t}=Prob{N(t)=M|N(t)<1}=8,  (54)

n, ), the false alarm
probability in a time period t is exactly given by

= 1 - 55
Pfa Ll-exp( nbt) (565)
For the general case
(ET)L_]'
(L-1)!
t) =n(t
a(t) =n(t) 43 -z (56)
2 G-
K=0

where n(t)=X(t,a) is the instantaneous mean rate at time t. Note
that the density of the first crossing time can easily be expressed

dP(e) _

p(t) = ¢

t
a(t)exp[-f a(thde']  (57)
[e)
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APPENDIX F
TARGET SIGNATURE ANALYSIS

1.0 CUBE-CORNER GAIN AND ANTENNA PATTERN

For this study, the LAGEOS type of optical retro-reflector was chosen as
the model retro-reflector. The LAGEOS retro-reflector is a 3.8-cm diameter,
fused silica cube-corner, with an intentional dihedral angle offset of 1.5
+0.5 arcsec. This specific design was chosen to optimize the return at 0.6943
um wavelength for ranging from the ground to a low to medium altitude satellite.
Over the broader range of conditions encountered in this study we find the
cube-corner is usable but not necessarily optimum.

The cube-corner is modeled as a receiving/transmitting aperture to which
an incident phase wave is applied. As the wave passes through the cube-corner,
the phase is perturbed, both by systematic effects, such as dihedral angle
offsets, and by nonsystematic effects, such as temperature gradients. The
amplitude of the wave is also affected. The LAGEOS cube-corners use total
internal reflection, which cause a linearly polarized incoming wave to be
decomposed into two, nonuniform]y(]) distributed, orthogonally polarized
reflected waves, and some net energy loss is encountered. For the purposes of
this study, both temperature gradient and polarization state transfer effects
were ignored.

We define the gain product of an ideal cube-corner retro-reflector as the
product of the effective receive aperture antenna gain and the effective
transmit aperture antenna gain. At normal incidence, the effective aperture
is the face diameter, and the on-axis gain, with respect to isotropic radiators,

is simply,
6(0) = (nD/2)* (F-1)
D = face diameter, m
A = wavelength, m

(])R. F. Chang, et al, "Farfield Diffraction Pattern for Corner Reflectors with
complex reflection coefficients," Journal of the Optical Society of America,
Volume 61, Number 4, April 1971, ps 431-438.
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The far-field antenna pattern is then given by,
s [2 3, (ren/)|?
60) = ()" [ ~anay

This is the well known (J](X)/X)2 pattern from a circular aperture with uniform
amplitude and phase distribution within the aperture.

(F-2)

In order to compute the antenna pattern when the effective aperture is
noncircular, and the phase is nonuniform, we must resort to numerical techniques.
The starting point is the Fraunhoffer approximation to the Fresnel-Kirckhoff
1ntegra1.(2)

. iK, 2 2y »
~ KL - 2(x5 + yE)
Expay,sl) = 48— 2L72 0 T2 ff & ik ;
23¥9sL) = 5T E(xq57:0) expdi™x; ,x, + y]yz)} ey (F-3)

E is the complex spacially dependent "wave function," and X1, ¥y are dimensions
in the plane containing the transmit aperture, Xps Yo are dimensions in a
parallel plane, spaced a distance L from the aperture plane, which describes
the Tocation of the point detector, and K is the wave number, 2n/Xx. The
exponential external to the integral is simply a phase term, and may be dropped
from this expression for our purposes.

The power within the aperture is simply,

P, = £ E
A /]E(X'l sy] so) € E?‘X] 3}’] ’0) dx]dy] (F"4)

When the amplitude is uniform over the aperture, as we have assumed,

E(X] sy] 90) = EO exp {1f<x] a.Y'l )} 9 (F'S)
within the aperture and zero elsewhere
_ 2

where A is the aperture area.

(2)K1ein, Miles V.; "OPTICS," John Wiley & Sons, New York (1970), pg 421.
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The field from an isotropic radiator with power PA'is,

2
~ ’AE
- o -
EI(XZ"YZ’L) = 7 (F 6)
4rl

The cube-corner receive gain, compared to an isotropic radiator, is
4nA/A2. Thus, the normalized field at the detector is,

E _ E(Xzayz:]-) 4t A
nevel) = Bl 2 (F-7)

~ _ 4..'.”_ . K
Ey{xpsy,5L) = 2 /,/ exp {’[f(x1 yp) + plxyx, + y1y2)]} dxy dx,
A

Next, let ¢, = Xp/L and by = Yo/l

Then,
~ 4 .
En(,00,) = ;—S— ff exp {1 [f(x1 2¥q) + K(xp0, + y1¢y):| } dx;dyy  (F-8)
A

Equation (F-8) reduces to Equation (F-2) for uniform phase (f(xl,y])=o).

In this form, we clearly see that EN is simply the two-dimensional Fourier
transform of e1f(x1,y1)’ taken within the aperture. Since we wish to describe
the entire far-field pattern over the region of interest, it is most economical,
numerically, to use the fast Fourier transform (FFT) technique. This requires
representing the function to be transformed as a set of samples,

E(x;.y;,0) "
171
_...__E_(_)__._=§:§:AA Em,n 6(x] - mAX,yq - nay) (F-9)



where

m
i

mon = &XP {if(m,n)} » MAX, nAy within the aperture,

0 elsewhere,
and

EN(¢X,¢y) = %%(AxAy)E: E:Emn exp {1K(mAx¢x + nAy¢y)} (F-10)

Then .
Gy(6,50y) = Ey(oy00y) = Ey (0y50y)

A short digression on the FFT is in order. The basic purpose is to com-
pute the Fourier transform of a periodic process, represented by a set of
samples. There are two significant requirements for reliable application of
this technique. First, the sample spacing must satisfy the Nyquist criteria. ,
Second, the sample set must be sufficiently long to provide the desired output
resolution. |

In spatial terms, a one-dimensional transform, with sample spacing Ax, and
a length NT (samples), results in a sample spacing after transform, of A¢ =
A/NTAX.

The domain of the sample set, after the transform, 1S'i¢F(¢F = A/2Ax). In
this context, ¢F can be considered as the folding frequency. If we choose Ax
sufficiently small, and NT sufficiently large, the transformed sample set is
a good estimate of the Fourier transform of the nonperiodic process.

The two-dimensional transform process is accomplished by first trans form-
ing each row of a sample matrix, S(I,J), and then transforming each column
(or conversely). Finally, we note that the sample matrix (MxM) may be smaller
than the transform set (NT), provided only that the transformed sample matrix
covers the domain, in transform space, that is of interest.

The output antenna pattern in units of receive/transmit gain product is
obtained by processing the transformed sample matrix, '

2
G(IA¢X,JA¢y)'= (%WAXAy/AZ) « S(I,J) - S*(1,J) : (F-11)

The next step is to establish the process for obtaining the sample matrix.
This would be a trivial operation for an open cube-corner with no dihedral
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angle offsets, since the output aperture is simply the input aperture folded
successively about each axis, and a ray which intersects the face plane within
both the entrance and exit aperture is a valid (nonzero) sample ray. However,
for the solid fused silica cube-corner, with dihedral angle offsets, it is
necessary to account for both refraction and phase taper.

The technique we employed was to construct a rectangular sampling matrix
normal to the input wave direction vector. The intercept of each ray with
the face plane was computed, and the ray was refracted into the cube. If the
ray was within the entrance aperture, the reflection surface contact sequence
and exit coordinates were computed. If after reflection the ray was within
the exit aperture, the phase was computed based on the contact sequence and
the magnitude of the dihedral angle offset. A complex variable with unit
amplitude and the computed phase was then stored in the sample matrix.

After the sample matrix was completed, the two-dimensional FFT was
performed, followed by the scaling conversion shown in Equation (F-11).

The resultant data matrix was processed by several data presentation
subroutines. The subroutine used for most subsequent data processing con-
verted the data from the rectangular sample spacing into the mean gain in
annular slots, typically 2.5 urad wide. For the final production runs, the
annular slot gain data was stored in a file for subsequent access by other
programs.

The complete data file includes the annular slot mean (and variance)
gain data for the nominal cube-corners, at incidence angles from zero to 40°
in 5° steps, for both 0.53 um and 1.06 um illumination, in 2.5 urad bins
from 2.5 prad (center) to 72.5 urad. During execution of this program,
180,000 gain points were generated, which were compressed to 540 values
for the mean and variance of the gain product in the annular slots. This
program, and two of the data conversion programs used to process the gain
data, are presented in Appendix A.

2.0 LAGEOS SIGNATURE DATA

Conceptually, the LAGEOS type of target presents a uniform signature
regardless of the direction of the incident radiation, resulting in a target
which can be used for ranging purposes both from the ground and from a space-
craft in a high altitude orbit. For this reason, the LAGEOS was chosen as a
prototype for the passive Tow altitude target (LATS).
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The LAGEOS configuration, which was used in this study, is shown in Fig-
ure F-1. Retro-reflectors are installed in rings (constant latitude), and slightly
recessed into the surface. Each retro-reflector is identified by a location
vector in polar coordinates, summarized in Table F-1. When illuminated by an
impinging laser pulse, with a direction vector v, each retro-reflector, whose
position {in terms of central angle between the retro-reflector location
vector and the complement of the pulse direction vector) is less than some
critical angle, will contribute to the return pulse. The angle between the
first contact point and the retro-reflector location vector is given by
Equation (F-12).

a4 = ARCCOS(COS(LATP) COS(LATR) + SIN(LATP) SIN(LATR) COS(LONGP—LONGT)) (F-12)

This is shown, schematically, in Figure F-2A.
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TABLE F-1: LAGEOS RETRO-REFLECTOR LOCATIONS

(UNIFORMLY SPACED WITHIN RINGS)
TYPICAL, EACH HEMISPHERE

RING LONGITUDE
NO. OF LATITUDE OF FIRST RETRO
RING RETROS (DEGREES) (DEGREES)
1 32 4,87° - 5.625°
2 32 13.25° 0°
3 31 22.98° 5.806°
4 31 31.23° 0°
5 27 40.96° 0°
6 23 50.69° 0°
7 18 60.42° 0°
8 12 70.15° 0°
9 6 79.88° 0°
10 1 90° B

Figure F-2B shows this geometry in the plane containing the two vectors.

The pulse reflected from this retro-reflector must travel 2d furfher than if

it were aligned with the pulse vector. Thus, for the nth retro-refiector, ther:

is a characteristic delay time, T

2d 2r
1= —L = 31 - cos an)

n c c (F-13)

radius of the sphere (m)

-
"

speed of Tight (2.997925 x 10° m/s)

(@]
i

Now, if the Taser pulse has an amplitude time envelope, g(t), g(o)=1,
the reflected pulse has a mean amplitude envelope, S(t).

S(e) = 2, 9t - ) 2y (F-14)
n=



where

a, is the gain product constant for the Nin

retroreflector, with an incidence angle, L

The spherical surface area of the annular ring defined by a, otAa, is
simply ZwrS(Ad). Thus, if the spherical surface area is divided into N such
rings, we would find aAd = anS/N. Thus, a LAGEOS type of target with a
"uniform" retro-reflector distribution would have one retro-reflector in each
annular ring, resulting in a target impulse response consisting of a series
of equally spaced impulses (At = 8wrs/CN), whose amplitudes nominally decrease
with increasing delay.

Now, if the incident laser pulse is temporarily Gaussian, the incident
pulse g(t), is defined by Equation (F-15).

2
- e,
g(t) = exp { z7 cht} (F-15)

Then, by substitution in Equation F-14 S(t) is given by Equation (F-16)

(t-1 )°

N
S(t) = 3, a, exp |- ——g—+iW t - Ju T, (F-16)
n=1|

The exp{jwct} term is simply the T1laser carrier frequency term.
The jwcrn = (jen) term 1is a phase term which is, effectively, a random variable,
uniformly distributed in 2 radians. When the return pulse is detected, the
detected signal, X(t), is given by Equation (F-17).

N N
X(t) = S(t) S*(t) = gg% gé% aa. cos(en-em) exp -

(t-t)? + (t-)?

T2

(F-17)

Now, the a, are random variables whose randomness is principally attributable

to angular distribution variations. The 6, are random variables determined by
en = (wcrn) mod 2w. Since W is very large, en and T, are therefore relatively
independant. Finally, the T, are random variables, where the randomness is

attributable to the randomness in the latitude and longitude of the incident
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wave direction vector, in terms of the target coordinate system. The expected
value of X(t) can be obtained by first taking the expectation with respect to

0, then with respect to a_.

E{X(t)} = gg% E{aﬁ} exp ‘-

n This results in Equation (F-18)

2(t-'cn)2
T2

(F-18)

The term, E{aﬁ}, is simply the mean power gain of the retro-reflector at the
incidence angle corresponding to Ty

The next step in the process is to determine the relative magnitude of

the various contributers to the randomness of X(t).

The first step is to

integrate X(t) over all time, resulting in Y, the total energy in the pulse.

Y = .[m X(t) dt

Then, let,

Then,

N N
ki)
'TVE; gz% &g% a,a, cos(e -0 ) exp -

]
m
o atm,
-
[o3]

=
-

S
\V’
]!
Nj—

N~ =

I\)[-l
o
M=
m
PN
Q2
SN
W—/

(

-T
"n"m

2T

2
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Now, if we consider E{Y'} as the "signal", and 02 as.the noise, due to gain

variations, the target signature signal-to-noise power ratio (SNRG) is given by
Equation (F-24).

2 o)
5 [efet - ety

Thus, we conclude that the mean, or many pulse, integrated average detected
power SNR is dependant only on the gain variation noise, assuming variations
in location cause negligible effect on the mean gain. Figure F-3 shows the
dependance of SNRG to point-ahead angle magnitude at both 0.53 um and 1.06 um
wavelengths. These curves were computed using the data from the cube-corner
gain analysis discussed in Section 1.0 of this Appendix, using the program, CONVV,
shown in Appendix B. The data shows that the effective target SNR, although dependant
on point-ahead angle and wavelength, is on the order of 15 to 20 dB, which is A

SNR, =

o (F-24)

considerably greater than the expected shot-noise signal-to-noise ratio for
narrow pulse ranging.

In order to evaluate the effect of the nonuniform distribution of retro-
reflectors over the surface of the LAGEOS sphere, we resorted to a simulation.
For each time (t), an incident wave direction vector was chosen randomly (over
4n steradians), and E{X(t) T,} was computed. The variance of E{X(t) rn} was also
computed. This process was repeated on the order of 50 times for each sample
time, and the mean and variance of the estimates of the mean gain, due to incident
wave direction variations were calculated. The variance of the estimate of the
mean gain, due to direction variations, was uniformly small compared to the
variance of the gain due to gain variations. These data were generated for a 0.2
ns laser pulsewidth. The results, therefore, allowed us to consider, in all
subsequent work, that the LAGEOS was well modeled as having a uniform distribution
of retro-reflectors. For a less symmetrical target, this assumption cannot be
made, and target signature variations with incident wave direction vector must be
considered. , .

The effect of point-ahead angle and wavelength on E{X(t)} as defined by
Equation F-18 using the cube-corner gain data, discussed in Section 1, of this
Appendix, was evaluated for a temporally Gaussian incident pulse of 0.2 ns width
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at the e'2 power point. This data, and the generating program, are presented in

Appendix B. A considerable variation in mean return pulse amplitude, shape,

and width was observed.
We can examine the effect of the variation in mean return pulse amplitude, shape,

and width on a split gate range tracking loop by considering the function f(e).

f(e) = fm X(t) dt - [ X(t) dt (F-25)

=0

where x(t) is given by Equation (F-17).

With E{X(t)} defined as in Equation (F-18), this results in an expected
value of f(e) given by Equation (F-26). /

N T -e
g(c) = E{f(e)} = 3 V7 n; E{aﬁ} erf{ n } (F-26)
where, | )
erf(x) = = fx e dt

If we expand g(e) in a Taylor series, and ignore the second and higher
ordered terms, we find the g, such that g(eo) = J, is given by Equation (F-27).

{aﬁ} erf { 1,/7}
et 1)

Equation F-27 is evaluated in Figure F-4 as a function of point-ahead angle,
for two laser pulsewidths and at both 0.53 and 1.06 um wave1engths. The program
used to compute this data is shown in Appendix C.

_1N®

N
> E

- n=1

o 2 N
> E

n=1

(F-27)
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Two approximations of Equation (F-27) can be oBtained, for the cases

where the pulse is either very long or very short. Where the pulse is very
long,

N
r12=:1 “n'n
g, = —iﬁ:——-——— : T >> ™ (F-28) -
a
n=1 "

When the incident pulse is very short (T << TN), and T, = NnAT, € is within the
range of values which satisfy Equation (F-29).

INT(eO/Ar) N

2 A =2 a (F-29)

n=1 n=1+INT(€0/AT)

In addition to computing €y We also computed the two approximations, and
found close agreement between €2 computed using Equation (F-27), and the
approximations, where we compared the 200 ps pulse to the very short pulse
approximation and a 4 ns pulse to the very long pulse approximation. The
calculated pulse centroids, for the 200 ps pulsewidth, were also shown
on the signature curves in Appendix B. We conclude that is the cube-corner
response is uniformly close to the "ideal," which was used to compute the
mean gains, we can easily compensate for the static bias, since the point-
ahead angle is well known in operation.

Note, however, that manufacturing tolerances and thermal gradients cause
variations in the far-field response of the individual cube-corner. These
variations are most like to significantly affect the location and depth of deep
nulls, which are only observed at near normal incidence angles. Thus, we
would nominally expect to find manufacturing tolerances and thermal gradients
having maximum influence on the leading edge of the pulse. The nominal,
near normal incidence angle antenna pattern at 0.53 um (Appendix A, page A-9)
exhibits a significant reduced gain region at small point-ahead angles. This
reduced gain is responsible for the significant rise in static bias at small
point-ahead angles as shown in Figure F-4. This effect disappears at
1.06 um, since the aperture is only half the number of wavelengths in diameter.

The effects of thermal gradients on the far field antenna pattern are,
of course, a function of the type and direction of the gradient. The axial
gradient, i.e., where the temperature within the corner-cube varies Tlinearly
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from apex to face, and is constant in planes parallel to the face is a good
example. This type of thermal gradient produces a parabolic phase shift in

the reflected energy, which may either enhance or combat the phase shift

caused by dihedral angle offset. Depending on the direction and magnitude

of the gradient, then, the far-field pattern can vary from near diffraction
limited performance for zero phase error, to many interference rings within

the nominal range of point-ahead angles. Thus, the extremely important

leading edge of the return pulse is strongly influenced by local conditions
with the target, and we could hypothesize that the static bias could easily
very, at small point-ahead angles, between the 80 ps value calculated for

0.53 um and the 340 ps value calculated for 1.06 um. Gradients of 1 to 2°C

are sufficient to cause this magnitude of effect. This should be much less
severe at larger point-ahead angles. Note that for ranging between two space-
craft, small point-ahead angles are encountered only for nearly coplanar space-
craft, and even then, only for short periods. For a HATRS/LATS link, with
coplanar spacecraft at 22000 km and 1000 km altitudes, respectively, the point-
ahead angle is less than 15 urad for about 36% of a viewing opportunity, roughly
centered between acquisition (at horizon) and closest approach. This effect
should be virtually unobservable from the ground, since the point-ahead angle
nominally remains large over a viewing opportunity. Finally, we note that the
potential variation in static bias is relatively unaffected by laser
pulsewidth.

3.0 COHERENT INTERFERENCE EFFECTS

In the previous section, the LAGEOS signature was computed, assuming
noncoherent (power) summing of the returns from the individual retro-reflectors.
In this section, we address the more general situation, and determine the
statistics of the processes as fully as-possible. Figure F-6 shows the detection
process in block diagram form. Previously, we noted that the return pulse, S(t),
was simply the convolution of the laser pulse with the 1mpu1se response of the
LAGEQGS. Since these processes are linear, the order is immaterial, and is shown
in Figure F-5to emphasize the contribution of laser pulsewidth on the overall

process.  The responses are summarized below.
N jen
hL(t) = gé% a e s(t—rn) (F-30)
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2 ,-2

ho(t) = et /T | ' (F-31)
t-t 2
je,_- L
N n T2
S(t) = hy (t)*hy(t) = n§=:1 a e (F-32)
(t-rn)z (%~Tm)2
X(t) = S B P
= ° * =
(t) » S*(t) éé% %é% aa cos(en-em)e (F-33)
MODEL DETECTION PROCESS
IMPULSE
T hL 0 X 1 nowstamionary | YO | *
— b)) > hpit)y —» ()2 F——{ POISSON ——» f —— OUTPUT
PROCESS .
LAGEOS LASER DETECTOR
PULSE SURFACE DETECTION INTEGRATOR
STATISTICS
FIGURE F-5

Equations (F-30) through (F-33) describe the processes through the detection
block. Note that ag and b, are random variables. Y(t) can be described as a
non-stationary Poisson process, whose mean rate varies in a random manner.
Equation (F-32) is the same as Equation (F-16) with the carrier frequency term
dropped, and Equation (F-33) is the same as Equation (F-17). We would like

to determine the statistics of the output of a perfect integrator, Z, on

a8 pulse by pulse basis.

When the laser pulse is narrow compared to the mean temporal spacing
between individual impulse responses of the LAGEOS retro-reflectors, the phase
terms drop out, and power summing is exactly correct. Then, the probability
distribution of Z can be determined by repeated convolutions of the probability
distribution of Zn, n = 1,2 *.-, N, where Zn is the incremental increase in Z
due to the nth impulse.
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-C
Thus, we write, Pr{Zn =K Cn} = (Cn)K/K!e N where Ch is a factor which
relates the retro-reflector gain, aﬁ , to detected photoelectrons. Then,

Pr{Zn - K} - f Pr{zn = K

Since we will be convolving a number of these individual functions, it is
convenient to work in the transform domain, i.e., to compute the characteristic
function, ¢Z(w).

cn} an(cn) dc,

_ o5 iwk -
o )= % e Priz, =
¢Zn(w) = 4? exp{cn(eiw - 1)} fc(Cn) dCy (F-34)

In order to proceed to the solution, we need to assume a model for the
probability distribution of C. One simple model is the exponential dis-
tribution, which has equal mean and root variance, which is a reasonable
match to the cube-corner gain statistics. Thus, assuming fc(C) = %_e—c/m
results in Equation (F-35).

; -1
4, (w) = [mn(e1w - 1) -1] (F-35)

n

(This is the characteristic function of the Geometric distribution.) Then,
Z has a characteristic function which is the product of the characteristic
function. of each term.

N . -1
¢Z(w) = II [mn(e1W -1) -1] (F-36)

Then, solving for the mean and variance of Z, we find

N .
vy (w) = znr¢z(w) == 3 4n [mn(e1w - _1]

n=1




P5(0) = in, = i m
Z z s on
.
n, = m F-37
Z oppom ( )
N m (m + 1) e
) = - > —n F-38
Z = [mn(ew 1) _]]2 ( )
n —-— 2
‘Pz(o) = 'UZ
N
2
o = n; (n + m ) (F-39)

Thus, if the m, are small (<<1), the distribution will retain a Poisson
type of characteristic; if they are large, the distribution will tend toward
the exponential distribution.

Other distribution models for fC(C) will alter these results somewhat,
however we expect the small m, cases to retain the Poisson characteristic
virtually independant of the actual probability distribution of cube-corner
gain.

For the:.long laser pulse case, the results are similar. In this case,
T>>NAT thus, equation F-33 reduces to,

2,42

X(t) = e 2t /T )

E;% a ay cos(e -0,),

5
n=1
which can be written as

2,12 N 2 N 2
-2t°/T .
= e
X(t) ( E] a_ cos en> + (éi] a, sin e%)

n:

Thus, X(t) is the product of a non-time-dependent random variable and the non-
random pulse amplitude time function.
The statistics of the random variable can be deduced readily. Let

N N
A= a_ cos 6 , B= D a sine._.
n=1 n n n.:] n n
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A and B are then orthogonal random variables with zero-mean and equal variances. By
invoking the Central 1imit theorem, we hypothesize that A and B tend to normal random

variables, thus the sum of A2+B2 will have an exponential distribution.
Then, the statistics of the output of the integrator (Z) can be deduced
from,

Pr{Z=K|s} f.(s) ds

- [
PMﬂ=f@e>*Wm

00

1 K -s(1+
il [

)

Hence, Z has a geometric distribution, with =, c§=m+m2.

S|~

Pr{z=k}

For the case where the pulse is larger than the cube-corner spacing but shorter
than the overall impulse response of the target, the preceding approximations
cannot be relied upon. A simulation was conducted to determine the pulse shape
variations that could be expected for the intermediate pulse width condition.
Figure F-6 shows the mean pulse shape and six return pulses obtained in successive
trials, where the optical phase terms in equation F-33 were chosen randomly for
each pulse. A laser pulsewidth of 0.15 ns (FWHM) was used.

As a first order approximation, then, we can divide the return signal into
several segments, each of which is essentially uncorrelated with the others.
This results in the probability distribution of Z determined by convolving the
probability distributions of the individual segments.
Thus, we can see that independant of the pulsewidth, the mean value of Z is,

Z=1Y, mo. The variance of Z differs, however, for differing laser pulsewidths.

This is shown in the next three equations.

N N, '
L 2 Mot Y me T<AT (F-40)
" n=1 n=1
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N ny 2 n, \2 N 2
a2 = Yom + m + m + +H X m At<T<NA (F-41)
~ eos s T < T -
z n=1 " n=1 " n=n1+1 n n=n.+1 N
X
, N N\2
o7 = éé% m + ég% m] > T>NAT (F-42)

In conclusion, we see that as the pulsewidth increases from very small to
very large, the mean value of the integrator output is unchanged, assuming equal
energy per pulse, but the variance increases with the pulsewidth in the transi-
tion region. Thus, assuming that the mean detected signal has an exponential
distribution is a conservative estimate with the degree of conservatism
decreasing as the pulsewidth increases to values larger than the maximum target

delay.

If the target were a planar array of retro-reflectors at near normal inci-
dence, the coefficients (an) would be the same, i.e., the randomness is signifi-
cantly reduced. For large numbers of retro-reflectors, the orthogonality argument
is still potent, and the probability distribution of Z should tend toward
exponential. This was verified by simulation, and Figure F-7 shows the cumulative
probability distribution for four planar arrays, containing 4, 9, 25, and 36
retro-reflectors. A1l four cases represent the histogram results of 1000 trials,
and confirm the reasonableness of the exponential distribution model. Thus, for
all subsequent work, we elected to use the exponential distribution as the limit-
ing case, regardless of target geometry or laser pulsewidth, when the target is
composed of several individual retro-reflectors.

4.0 GROUND TARGETS

Ground targets may be single retro-reflectors or arrays of retro-reflectros.
Both types of targets were considered during the study. The basic problem is
obtaining enough signal return to satisfy the ranging function. Since the
ground targets do not exist, at this time, a modest amount of latitude in
selecting cube-~corner characteristics is assumed, i.e., we can tailor the cube-
corner physical characteristics to optimize the return.

The major factor in determining the fundamental 1imits on the achievable
cube-corner gain is the restrictions which must be imposed on the far-field

F-22
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antenna pattern, due to velocity aberration (point-ahead angle) effects. When
viewed from the ground, the maximum point-ahead angle occurs when the host
spacecraft passes directly overhead. Assuming a circular orbit, the spacecraft
tangential velocity component is the orbital velocity at this point, and ranges
from approximately 3.75 to 7.73 km/s for altitudes of 22000 km to 300 km,
respectively. The maximum point-ahead angle (ZVT/C) is therefore between 25
and 51.5 prad, assuming negligible effect from Earth rotations (VTg < 0.074
km/sec, PAG < 0.5 yrad). The minimum point-ahead angle occurs at minimum
elevation angle, when the spacecraft orbit plane passes through the ground
site. The variation in point-ahead angle with elevation angle under these
conditions is,

2VS ’ re COS E 2
PA = —C—-‘/'l- —— (F-43)
s

where VS is the spacecraft orbital velocity

¢ =3x 10° km/s

re = earth radius = 6378.16 km
rs = S/C radius = re + hs

E = elevation angle

For the high altitude S/C, hS = 22000 km, Vs = 3.75 km/sec, and the point-
ahead angle varies only slightly with elevation angle. (from ~ 24.4 to 25.0). For
the Tow altitude spacecraft, hS = 300 km, Vs = 7.73 km/sec, the point-ahead
angle varies considerably with elevation angle, as shown in Figure F-8. For a
minimum usable elevation angle of 30°, the PA varies from 29 urad to 51.5 prad.

For the low altitude S/C-ground 1ink, when the target latitude is com-
parable to the orbit inclination, the angular orientation of the tangential
velocity vector may be in almost any direction, thus we require the "optimum"
cube-~corner transmit antenna pattern to be circularly symmetric, with nearly
uniform gain in the annular ring between ~35 and 55 urad. The gain product
for this coverage is, therefore,' '

2
G = 4 TTD/)\ (F-44)
2 2
o2 = ¥
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Evaluating equation F-44 results in,

Gpg = 227.676 + 20 log (D) | (F-45)
where
D = face diameter (m)
and
A = 0.53 um

Table 2 summarizes the gain product for several cube-corner sizes.

FACE DIAMETER GAIN PRODUCT
(cm) ‘ (dB)
3.8 199.3
5.0 201.7
10.0 207.7

For the high altitude S/C ground link, the point-ahead angle range is much
smaller, permitting substantially larger net gain products. Further, since
the high altitude spacecraft orbit is near polar inclination, the range of
tangential velocity vector orientations for most target latitudes is substan-

F-25



tially reduced, permitting some additional freedom in shaping the cube-corner
transmit antenna pattern. ' '

The next step in this process is to determine which cube-corner character-
istics can be used to optimize the far-field pattern. One possible alternative
is to grind the face to provide a lens effect, i.e., a physical radius of
curvature which provides a parabolic phase shift in the return wave front. For
relatively modest values of phase shift, this process should provide an other-
wise undistorted wavefront. .

At normal incidence, for a circular aperture, the far-field pattern of
the cube-corner with a parabolic phase shift is shown in Appendix G to be,

N 2 0 . .
J
- (- i(KrMZ)Z) _
-4 .(l<_zt)_ 3 L [1 - e (-i2) e‘Z] (F-47)
=4 J1 J

Where
N

>
im0 M

ey(2)

The second form is obtained by expanding the Bessel functions in series form
and rearranging themterms. This expression is convenient for numerical evaluation.
The gain is G(9¢) = En(¢) . En*(¢).

Figure F-9 shows the gain, vs point ahead angle (¢) computed from equation
F-47 for a 10-cm diameter cube-corner, at normal incidence, as the parabolic
phase shift, measured at the edge of the aperture, is increased from w/2 to 13
m/2 in steps of = radians. The shaded portions of the curves denote the regions
where the gain product is greater than 200 dB. In the nominal region of interest,
the shading is deeper. The shift of energy from the center out to 50 urad is
clearly evident. The ripples in the gain curves result from the physical size of
the aperture and exhibit a period of 6.5 urad, which is the nominal period of the
diffraction pattern for the uniform phase front case.
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Figure F-10 shows the gain product vs peint ahead‘angle for a 5 cm diameter
cube-corner. In this case, the region above 194 dB gain product is shaded. We
note, when comparing this figure with the preceding figure (for a 10-cm diameter
cube-corner), that analagous performance characteristics are obtained with
approximately one-half the phase shift at the edge.

CUBE CORNER ANTENNA PATTERN VARIATION WITH

PARABOLIC PHASE TAPER
5 CM DIA
NORMAL INCIDENCE
0,53 um
/ /é T
220
™
! : 1n/2
210
) )
é 200 /) A 5e/2
190 3n/2 Q"\}g@
V (Q;@
180 /2 O
0 2 N 4 50 7 ®
POINT-AHEAD ANGLE - RAD FIGURE F-10

Thus, based on these two figures, we conclude that the desired cube-
corner pattern characteristics, for normal incidence, can probably be achieved
for any reasonably sized device, and that the net gain-product in the region
of interest increases essentially in proportion to the cube-corner face area.
Also shown in Figures F-9 and F-10 are the gains (dashed lines on the last
curve), for the low altitude S/C computed from equation F-44. The computed
gain produced is within 3 dB of this gain over most of the region of interest.
At nonnormal incidence angles, the effect of a parabo]ié phase shift is
less clear. The changes in gain at nonnormal incidence angles results from two

distinct effects. First, as the incidence angle increases, a "cos (8)" scaling
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term begins to be effective. This scaling term, for an otherwise unperturbed
aperture shape, results in a re]ative1y minor beam spread;

For a cube-corner, however, as the'incidence angle increases, the effective
aperture decreases rather significantly. The basic concept is that the path thru
the cube-corner can be shown as a straight line, which is analagous to folding
the cube-corner about the three reflecting planes, in the ray contact sequence.
Then, the exit aperture is in a plane parallel to the entrance aperture, and
spaced a distance of D2 tan OpE- Thus, the projection of the entrance and exit
apertures shows an offset as a function of incidence angle. When the aperture
face has a large radius of curvature, resulting in a small parabolic phase shift,
the net phase shift is the sum of the excess phase at the entrance and exit points.
The resulting phase shift is also a paraboloid of revolution, whose center is
exactly half-way between the two centers. Thus, the dashed lines in Figure F-11,
represent lines of constant phase.

FACE-PLANE PROJECTION - 150 INCIDENCE ANGLE

EXIT APERTURE

ENTRANCE APERTURE

DVZ TANO pf ‘-— EFFECTIVE APERTURE
FIGURE F-11

Since the paraboloid of revolution is unchanged, the defocussing effect is
also unchanged. Thus, as the incidence angle increases, the first effect to be
observed is simply the area decrease, and the transmit beamwidth is virtually
unaffected. However, as the incidence angle continues to increase, the nominal
diffraction Timited beamwidth of the cube-corner increases, so that the effective
beamwidth begins to increase, resulting in an increasing steeper rate of reduction

of gain.
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We find that an approximate gain law vs incidence angle is G a 756/25,

where 6 is the incidence angle in degrees, is a quite reasonable approximation
in the region of interest, and seems to hold fairly well provided the beam is
spoiled at normal incidence angles.

Thus, we can now project the expected performance capability for optimized
cube-corner retro-reflectors which are used singly or in arrays for ground
targets. Equation (F-48) presents this projection for the low altitude S/C target
configuration,

pg = 225 + 20 Tog D - 8/2.5 (F-48)

o
i

diameter (m)

incidence angle, degrees

For the HATRS/ground 1link, the target is assumed to consist of a planar
array of cube-corners, in a 4 x 4 arrangement, which is used only for local
elevation angles of 60° or above. The individual cube-corners are 6-cm diameter,
and spoiled to maximize the return at 25 urad point-ahead. The expected gain
for each cube-corner is ~200 dB at 30° incidence angle (60° elevation), yielding
a mean array gain of ~212 dB. At 60° elevation angle, the physical dimensions
of the array result in a significant amount of pulse spreading. Alternatively,
the array could be mechanically gimballed to reduce the incidence angle. Several
techniques seem reasonable for this purpose, and could be used in conjunction
with environmental protection devices to reduce periodic maintenance requirements.

In any event, it is reasonable to assume a ground target gain product of
210 dB for use by the HATRS radar, which results in comparable 1ink margins for
the HATRS/ground and the HATRS/LATS Tinks. For the Shuttle or Spacelab experiment,
however, the target viewing opportunity is rather short, and it would be pre-
ferable to choose a ground target configuration which resulted in a single cube-
corner response, to facilitate dual frequency (1.06 um and 0.53 um) ranging for
atmospheric delay evaluation.

Thus, for reasonably sized cube-corners, the maximum usable mean target gain
product is considerably less, more on the order of 192 to 196 dB at 0.53 um, and
186 to 190 dB at 1.06 um wavelength, for incidence angles up to 30°. Environ-
mental protection is desirable, although possibly not required during a Shuttle

mission assuming favorable locations and weather conditions.
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APPENDIX G

FAR FIELD RADIATION PATTERN
TRUNCATED GAUSSIAN APERTURE

1. INTRODUCTION. This appendix presents a solution of the integral describing
the far field radiation pattern of a finite aperture illuminated with a
Gaussian intensity distribution.

2. ANALYSIS. The far field radiation pattern of circularly symmetric plane
radiation from a finite circular aperture is described by,(G1)

a
I= [(] + cos(G»A(L)J/. f(r)Jo(Kr sine) rdr]z (G-1)
: 0

where
8 is the angle from the optical axis
a is the aperture radius
K is the wave number (21/2)
A(L) is a propagation constant
Jo is the zero order Bessel function

and
f(r) is the electric field distribution in the aperture

For small angles, and neglecting unimportant constants, this reduces to,

a
I - [f £(r)J, (Ker) rdr]? (6-2)
0

A Gaussian intensity distribution in the aperture is described by,
- 202 ‘
f(r) = exp {-rc/R“} (G-3)

where R is the radius of the e'2 power point of the intensity distribution.

Substituting equation (G-3) into equation (G-2) results in,
’ 2
a - m——

L ]

Ty
- )

N —
TR
1)

=)

Jo(Ker)rdr (G-4)
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Next, we substitute t = r2, resulting in,

1 a? - L
Z 1 R : i
12-1 f e Xy (ke/D)at | (6-5)
0
Now, the Laplace transform of J0(2{5E3 is,(Gz)
_b
L 13,(2/BE)} = %-e 3 (G-6)
Hence,(G3)
_ b
-ct - 1 (S+C)
L {e JO(ZV/R)} = -(-S—_I_C‘y e (G—7)
Therefore,(G-4)
t b
Lt f e ™ 3 @0 = e O (6-8)
0
_b
Lge ™t [ e ™ty (2/)aty = ﬂ‘;-—c) e S (6-9)
00 '] - p.. .
c S
= 3 — e : (G-10)
j=o §2t
Hence,(GS)
1+
© . 7
ect f Cto@ht)dt =z < (D) 9y, (2/ED) (6-11)
1=O
Then, let,
2/b =
¢ = 1/R®
t = a2



We find, therefore,

a2
1 : -
1,2 = 2R % (2a/ker%)" 3, (Kea)e R (6-12)
i=1
Next, we find,
a2 a2 i a2
7 1.0 & ®) 1.2, R
Lim I, =z R"e D i E'R (1-e ) (G-13)
8 >0 i=1 :
This is the result obtained by solving equation (G-2) with e=0. In order
to establish the limit of 111/2 as a -~ «, we use the identity,(GG)
%'Z(t'%) S
e = I t Jn(Z) (G-14)
n=-c
Thus,
2 2
-2 KoR, 2 n -3
” 2\ RZ_ -G = yeR? RZ
(2a/KeR") Ji(Kea)e = e - I (?E_") Jn(Kea)e
i=1 n=0
Whence,
7 1.2 -(595)2
Lim I1 =5 R™ e 2 (G-15)
a > «

This is the expected Gaussian intensity far field pattern for a nontrun-
cated Gaussian plane radiation.
Last, we note that,

7 g e
Lim 1,7 = 2% (—57—) (6-16)

R—)oo

Thus, as R + =, the aperture illumination becomes uniform, and the
expected (J](x)/x)2 intensity pattern is obtained. Note that Equation (G-12)
also applies when a defocus condition is postulated. In this application
we simply replace éi-with the complex quantity,

1+ J.x2
R2
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