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SYSTEM CHARACTERIZATION OF MOBLAS-7 FOR COLLOCATION WITH TLRS-1 & -2

T. Varghese
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Telephone (301) 7318916 - 2867743
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ABSTRACT

The Moblas 4-8 systems are characterized by separate transmission
reception axial geometry and hence produce parallax in ranging to short
range targets. The conventional targets for these systems are located
at distances of approximately 3 km and produces significant errors
during survey as well as range measurements due to terrain and environ-
mental features. An optical package with dual capability for parallax -
free short/long external ranging and internal calibration at levels
better than 1 mm was designed and performance evaluated on the system.
This paper describes the system characterization test results performed
with the above configuration.
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1.0  INTRODUCTION:

A major collocation effort has been under-way at the NASA Goddard
Optical Research Facility between the Goddard Laser Tracking Network
(GLTN) " standard " Moblas-7 (Mobile optical Laser ranging System) and
TLRS-1 & 2 (Transportable Laser Ranging System) since May 1986. The
goal of NASA Crustal Dynamics program is to obtain ranging agreement
between these stations on simultaneously collocated passes under lcm.
This may appear to be an ambitious goal considering the complexity
of the number of parameters involved. However,the technology
incorporated into these systems are robust enough to yield results
comparable to the set goals provided, sufficient care is taken in the
calibration and satellite operation of the system. Considering the
number of error sources ,systematic and otherwise, present in the
system it was recognized to be important to characterize the system at
the mm level to meet the above goal. The precision of the system has
been considerably improved after receiver wupgrade(l,2) whereby
calibration RMS is typically 4-S5mm and satellite RMS 7-8mm.

This paper describes some of the recent improvements in our
calibration techniques to establish systematic errors at the few mm
level., The results presented in this paper are preliminary;
refinements in techniques and analyses will be published(3) elsewhere
at a future time.

2.1 SYSTEM DESCRIPTION

The schematic of the data-loop comprising the transmitter and
receiver is shown in fig.2-1 and the corresponding optical layout in
fig.2~2. A beam splitter reflects part of the output onto a
photodiode(PD) which initiates the time interval counting process.
The receive optics consists of a 30 inch telescope (Cassegrain with a
f/1.5 primary mirror) which images the target return-optical beam
onto the MCP-PMT after collimation and spectral bandpass filtering
(used only for daytime tracking) The output from PD/PMT is allowed to
undergo constant fraction discrimination in the Tennelec TC 454 CFD
which provides a NIM pulse output for the HP5370 to start/stop
counting. A part of the output is also fed to the LeCroy224 Quad
Integrator for energy measurement. ,

The separate transmission reception geometry of the ranging system
reduces the effectiveness of the system for horizontal ranging on
short range targets due to problems of parallax. The system has been
traditionally ranging to targets 3 km away for calibration purposes.




The meteorological measurements are performed on station and can be
significantly different from the target location. The topological
constraints dictated putting up the target at heights of about 40 ft
which when subject to temperature ,wind and solar loading produces
variations of several mm. The overall error due to all the above
problems were around a cm. By establishing a target close to the
station on a stable structure the above problems can be significantly
reduced provided ranging can be performed without parallax.

2.2 PARALLAX-FREE OPTICAL RANGING.

The schematic for parallax-free optical ranging is illustrated in
fig.2.3. It consists of two mirrors Ml and M2 mounted on mirror
mounts and are aligned parallel to each other within few arc-secs.The
mirrors are mounted such that the line joining their centers makes an
angle of 45 degrees with the reflecting surfaces of the mirrors and is
orthogonal to the transmit receive axes.This arrangement is held
together in a rotary fixture and can be swung into position for
calibration and moved out of the way for satellite ranging. The
reflectivity of Ml is 50% while that of M2 is 100%.

The partially transmitted beam leaving the system hits the target
and retro-reflected to Ml. M1 reflects part of the return beam to M2
which couples the light into the telescope and from there to the
detector. A target can also be mounted on the system as a reference
for internal calibration. The distance from the center of rotation
to the internal target can be accurately measured using a vernier to
better than a mm and thus provides a powerful tool to examine survey
inaccuracy. This arrangement also provides a means to measure any
changes in the path length of the system as a function of mount
pointing angles and apply the corresponding correction to the
satellite data.

2.3 RESULTS AND DISCUSSION

Fig.2.4 1illustrates the system delay as a function of time for
two targets measured over a period of two hours. Each division on the
vertical axis is 1.5mm. The number shown along with each box is the
ambient temperature in fahrenheit. The displacement of the two data
sets is due to the wrong range value used in station processing of the
data for internal calibration. The pertinent feature to examine here
is the close agreement between internal and external calibration as a
function of time. The difference between the system delays stays as
a constant over the time interval of the experiment. When the system
was stabilized over a period of time, the system delay did not vary
more than a mm and this feature is depicted in fig.2.5.




The variation of system delay as a function of elevation and
azimuth were also studied. Fig.2-6 &7 illustrates the Az-El
dependence under two alignment conditions of the coelostat which holds
the coude optics. Although the nature of response differed, the
magnitude of variation remained essentially the same.

Satellite passes were simulated using the target mounted on the
telescope. Fig.2.8 illustrates the plot of system delay as a
function of elevation angle for a 66 degree (PCA) elevation Lageos
pass. It is clear that for the particular geometry of this pass, the
system delay is a monotonically decreasing function (within the
uncertainty of measurement) of elevation. Further experiments are
planned for future to examine mm problems due to mount pointing angles
and apply appropriate correction to the satellite data.

2.3 SUMMARY

The demonstration of a parallax—free optical ranging scheme has
been accomplished with the means to study mm problems in horizontal
ranging. The optical closure that can be realized between the
transmit and receive axes can be used for the alignment of optical
components following the telescope. The ability to verify survey
- ranges and characterize mm problems due to mount orientation angles
are unique advantages of the system.

2.4 REFERENCES

(1) "Sub-cm Multiphbi:oelectron Satellite Laser Ranging", Thomas
Varghese, Michael Heinick, Sixth International Workshop on Laser
Ranging Instrumentation, Antibes, France, Sept.1986.

(2) Thomas Varghese, Technical Report, Allied-Bendix Aerospace,
BFEC, #1909A-B-05/10/85-5-C.

(3) Thomas Varghese (to be published)
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CALIBRATION ERROR SOURCES
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Greenbelt, Maryland 20771

Telephone (301) 286 8119
TWX 2579559 CDPO UR

ABSTRACT

Through gradual improvement in laser ranging hardware and software,
we have reached an era where sub-centimeter ranging precision and two-
minute normal point data at the millimeter level are routinely obtained
at Moblas 7. Systematic error sources, once buried in the noise of mea-
surements, are now being identified and investigations are underway to
determine the means through which we can minimize these errors with sub-
centimeter ranging accuracy as our near-term goal. An overview of some
of the error sources and possible means to reduce their effect is presented.
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CALIBRATION ERROR SOURCES

Robert L. Appler
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771
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ABSTRACT

Through gradual improvement in laser ranging hardware and software,
we have reached an era where sub-centimeter ranging precision and
two~minute normal point data at the millimeter level are routinely
obtained at Moblas 7. Systematic error sources, once buried in the
noise of measurements, are now being identified and investigations are
underway to determine the means through which we can minimize these
errors with sub-centimeter ranging accuracy as our near-term goal. An
overview of some of the error sources and possible means to reduce their
effect is presented.

1. Introduction

Substantial hardware changes directly and/or indirectly influencing
the time-of-flight measurements in satellite laser ranging have been
incorporated into laser ranging instrumentation within the Goddard Laser
Tracking Network. Laser pulse widths have been reduced to 200
picoseconds or less. Timing is within 100 nanoseconds of Universal
Time. The jitter in the measurement of system and satellite delay is
less than 30 picoseconds. Discriminator time walk as a function of
signal amplitude at signals greater than three photoelectrons is
negligible. Signals at three photoelectrons or less are rejected by
gating. Photomultiplier time walk as a function of image position and
signal level is virtually nonexistent. Better alignment techniques have
been initiated. Multi-photoelectron ranging has substantially increased
the signal~to-noise ratio. These and a multitude of other refinements
in instrumentation and technique have brought the single-shot precision
even in daylight LAGEOS ranging to the eight millimeter level on a
regular basis at Moblas 7. Similar results should be seen on Moblas 4,
5, 6, and 8 after the installation of the microchannel plate detector
and the Tennelec discriminator on these systems.

The enhanced ranging precision brought about by events discussed
above increases our ability to identify the sources of systematic errors
that exist. We are making an in-depth effort to uncover and diminish
the effects of known error sources and we are constantly on the look out
for new error sources to be identified and eliminated. The following
areas are being scrutinized to determine whether systematic errors




leading to range biases are present or whether they indirectly cause
range biases in other data loop optics, mechanics, or electronics:

* System Timing ,
Optical/Mechanical Path

* Data Processing Software
Atmospheric Model

Atmospheric Monitoring
Temperature and Humidity Control
System Calibration

* *

* ¥ ¥

As new sources of error are uncovered, these too, will be
investigated and attempts will be made to eliminate, or at least,
reduce them.

I. System Timing

Cesium clocks used in the network are known to have excellent long
term stability but to exhibit significant short term phase and
frequency jitter which may or may not translate into a systematic range
bias. Distribution amplifiers and time code generators currently used
in conjunction with the cesium clock were installed in the network
during an era of much lower system precision and have looser
specifications than is desired. The output of these devices provides
epoch time to 100 ns when locked to epoch time obtained from the GPS
receiver. The cesium also provides the clock frequency input to the
time interval units used to measure system delay and the round trip
time of flight to the satellite.

In an attempt to determine whether any systematic bias is
‘contributed by the timing system, a spectrally pure disciplined crystal
oscillator will be purchased, tested against a hydrogen maser, and then
used as a standard of comparison against timing electronics presently
in the network. If results indicate the need, network timing
electronics will be upgraded to meet the more stringent performance
requirements needed to achieve sub-centimeter system accuracy.

The time interval counters used in the GLTN will also be
investigated to determine what timing error is introduced by its
electronics when driven by the disciplined oscillator. Measures will
be taken to correct resulting systematic biases.

II. Optical/Mechanical Path

Bvery system alignment of the optical path to the mechanical axes
is subject to some alignment error which is difficult to routinely
measure to an accuracy of a few millimeters. Systems where the
transmit and receive optical paths are separated and especially in
those systems using a Coude' path having four or five mirrors, are
subject to translational errors as a function of mount pointing because
of the very difficult task of aligning the optics to the mechanical
axes exactly. Certainly, routine alignment which is necessary due to
thermal and other shifts during operations does not permit the time
neccssary to achieve a "perfeci" alignment, if indeed, a "perfect"
alignment were possible to achieve.




Solar loading and other thermal effects, minor misalignment during
laser repair and/or alignment, mechanical disturbances to the laser and
mount, deviations of the azimuth axis from vertical due to settling and
other causes, inadvertent relaxation of spring load when adjusting
spring-loaded optical mounts represent some additional probable causes
for alignment errors. Care must be taken to minimize most of these
problems through proper mount design.

Some steps that can and must be taken to improve system alignment
integrity include the use of special paints and/or shielding of
critical mechanical components from the sun to minimize the effects of
solar loading, making adjustments against spring loads, and designing.
adjustment mechanisms to work with gravity wherever possible.

III. Data Processing

A thorough investigation must be made to insure that all
measurement resolution available by the hardware is used during the
processing of data. For instance, is epoch time analyzed to a
resolution of 100 ns? Is atmospheric pressure analyzed to a resolution
of 0.1 millibar? Are temperature effects on range analyzed at a
resolution of 0.1 degree C? If the answer to any of these and/or
similar questions is no, immediate steps must be taken to see that all
available resolution is used in processing data.

_Similar questions relate to correction during data processing for
known sources of range biases such as:

* Use of neutral density filters‘during system calibration.

* Correction for parallax resulting from the use of near-in
calibration targets.

*¥ Minor changes in optical path caused by residual alignment errors
after system alignment.

* Range bias as a function of return signal amplitude.

Care must be taken in all of these areas to eliminate these and
other similar sources of data processing error as well as.in the
verification of system and data processing software to ensure that
avoidable errors are not introduced. ’

IV. Atmospheric Model

Marini and Murray of NASA Goddard Space Flight Center developed an
atmospheric model for refraction which has been the Network standard
for many years. Dr. Jim Davis and Dr. Tom Herring of the Massachusetts
Institute of Technology have added coefficients to the Marini-Murray
model which improve the model from an accuracy of approximately 1
centimeter to one of approximately 0.5 centimeters.

A it S




Although not a source of ranging system error, the error in the
atmospheric model still produces a systematic error in the range
value. Until such time that two color ranging can be implemented into
the network, at least the updated Davis-Herring version of the model
must be used in satellite range determination.

V. Atmospheric Monitoring

Care must be taken in regard to the location of atmospheric
monitoring instrumentation on a site and in the calibration of that
instrumentation. The pressure sensor should be placed as close to the
elevation axis as possible and any tubing required between the sensor
and the axis should have its open end pointed upward in order to avoid
the trapping of air in the tube--thereby introducing an error in the
actual pressure. Temperature sensors should be placed sufficiently far
from artificial heat sources and protected from direct incidence of the
sun so as to avoid an error in the reading in the ambient temperature.
Significant range biases have been introduced in the past because of
improper placement of these instruments.

Vi. Temperature and Humidity Control

In order to minimize their effects on wavefront propagation, laser
alignment and power, data loop electronic stability, etec., it is
imperative that environmental control be given high priority. Errors
in range measurement can be significant if the environment is not
maintained to high tolerances. The effect of heat on instrument
reliability is already well known. Temperature and humidity control is
being heavily stressed now in the network and measures have already
been taken or are being taken to hold these parameters constant to
practical levels.

VII. Calibration

System calibration errors are deeply interwoven with the error
sources discussed above. Station timing, optical/mechanical alignment,
data processing, etc., when combined, lead to an unacceptable level of
systematic errors. In addition to these errors, which are internal to
the system, another perhaps largpr source of error lies in the system
calibration, itself.

Target boards and corner cubes are traditionally placed at distant
ranges in order to minimize parallax problems encountered in those
systems which transmit on one path and receive on another. Newer
systems having a common transmit and receive path, perhaps by tradition
rather than for any other reason, have continued using these distant
targets. As a consequence, atmospheric ambiguities continue to
compromise the measurement range to the target during the surveying
process and during system calibration. In addition to atmospheric
concerns, the target heights have been excessive in order to
accommodate site conditions. As a consequence, small, random changes




in target verticality have led to significant calibration biases.
Errors in the survey of a station monument as well as errors in the
determination of system eccentricities compound the problem.

Recent steps have been taken to minimize the effects of parallax
and atmosphere. Unfortunately, only preliminary data has been taken
and it is too early to report on the results at this time, although the
data appears encouraging. Dr. Thomas Varghese of Bendix Field
Engineering has developed an anti-parallax attachment for Moblas 7 to
demonstrate the enhanced precision possible with such a device. This
device can be used for near-in ranging as well as for internal
calibration (IC) wherein the IC feedback optics covers the total
optical path so as to avoid any subtle alignment errors leading to an
incorrect determination of system delay via internal calibration
itself. It provides an independently calibratable optical path which
can be subtracted from the total time of flight from transmit start to
detect stop so as to be able to accurately determine true system
delay. This can be done in all pointing directions. The system delay
thus determined can be compared against near targets as a redundant
check on calibration.

In addition to the parallax-free internal calibration system
discussed above, short, concrete reinforced piers are gradually being
installed in the network to minimize the atmospheric and target
instability problems. These piers are virtually identical to the first
order surveying monuments which have proved to be very stable at the
millimeter level. When used at the Goddard Optical Research Facility,
each system ranges on the same corner cube with negligible parallax.

As a result, any minor changes in the target position does not negate
the use of the target as a valuable means to achieve system
intercomparisons.

An open corner cube has been developed by NASA Goddard to provide
another means to check system calibration. This cube has an effective
aperture of 0.5 m to permit ranging by Moblas 7 without parallax.
great care has been taken in the design to insure that the range
between the vertex point and the laser system reference point can be
surveyed to an accuracy of about 1 mm. Unfortunately, there has not
yet been time available to check out this device.

VIII. Summary

As discussed above, ranging precision is currently at the
subcentimeter level on Moblas 7. Some sources of error known to exist
include:

System Timing
Optical/Mechanical Alignment
Time Tagging

Data Processing

Atmogpheric Model
Atmospheric Measurements
System Calibration

The measures being taken to implement hardware/software changes
are discussed.
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It is clear that the degree to which system accuracy can approach
system precision depends upon the amount of success achieved in the
elimination of these and other errors.

It is hoped that this paper will assist anyone who is not aware of
the potential problems mentioned to take advantage of the experience of
others to avoid known pitfalls during the development or modification
of a laser ranging system.
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ABSTRACT

, The deficiencies of the calibration procedures in general use by SLR
stations are examined in the context of sub-millimetre precision systems
and their calibration requirements. It is shown that calibration accu-
racies of a few millimetres are possible if great care is taken with
conventional procedures. Two new calibration techniques which yield sub-
millimetre accuracy are proposed, and the results of applying one of these
to a fully operational SLR station are presented.




CALIBRATION OF SUB-MILLIMETRE PRECISION SATELLITE
LASER RANGING SYSTEMS

B.A. Greene

1. Introduction

The precision of satellite laser ranging systems has improved dramatically
over the past 10 years. It is now possible to obtain, within 2 minutes,
over 400 range measurements to satellites 1-10 000 km distant, with each
measurement having associated with it an uncertainty of only 8 mm. Data
of this quality and quantity allow the satellite position to be described
with a statistical uncertainty of 0.4 mm each 2 minutes ('normal' points).
Even better performance can be expected in the future.

Clearly, the accuracy of the measurement will depend on systematic error .
terms which must be removed from the data by means of system calibration.
In this paper the characteristics and in particular the deficiencies of
existing calibration techniques are reviewed. It is found that no
existing technique can provide sub-millimetre accuracy and thus allow
removal of all systematic errors to below the noise level of the 2-minute
satellite range normal point presently being obtained.

Two new techniques for calibration are then proposed.
2. Current Calibration Techniques

There are currently two modes of calibration in general use in operational
laser ranging systems. These are:

. target board calibration
. real~time calibration

Target board calibrations utilise a sequence of range measurements to a
fixed terrestrial target to determine the system constant delay. These
calibrations are normally carried out to a target 0.2 - 4.0 km distant on
a regular basis, and always before and after a ranging operation
(satellite pass). This technique is deficient in ‘several ways:

. It includes a component of system delay which is not replicated in
ranging mode -~ the horizontal path;

» It gives the system delay before and after the pass, not during-the
pass, which is the time of interest;

. Because the range is short, critical errors in elapsed time
measurement are not sampled in those systems utilising time-interval
techniques;

. The technique is limited by survey accuracy, which is sometimes poor
because of inaccessibilility of system reference points;




. Because the range measured is so short, the return signal enters an
electromagnetic environment which can be different from that
experienced by a satellite return (electromagnetic asymmetry ) ;

+« Because of the way calibrations are made, the system is very open to
abuse. It is not rare for post-ranging calibrations to be continued
by operational crews until a 'satisfactory' result is obtained.

To overcome these disadvantages, the real-time calibration (RTC) technique
was pioneered by the University of Texas . This technique uses

real-time optical feedback to the detector, via the same (identical) path
as the range measurement uses, to determine on a shot-by-shot basis the
system delay. A great benefit of the technique is that any system
hardware element, even in the measurement chain, can be modified,
repaired, or replaced without adversely affecting the system delay or the
calibration accuracy, as the system delay is measured during the ranging
process each time. Another major benefit is that the calibration data is
securely written into the 20-30 000 long record of ranging, and is
virtually tamper-proof, so a true record of station calibration is
assured.

The RTC technique also has several disadvantages:

. the range is still very short, so electromagnetic asymmetry will
apply; :

. the calibration (feedback) path does not usually include all of the
transmit and receive optics, so some categories of system delay
associated with (e.g.) misalignment of optics may pass undetected,
and cause systematic errors.

Figures 1-U4 show the result of real-time calibration of a state-of-the-art
SLR system, the Natmap/NASA Laser Ranging System at Orroral (Australia).
The time walk of this system is evident in these figures, which show
actual RTC results for 4 consecutive LAGEOS passes taken in July 1986,
plotted as 1 minute normal points. Also clearly evident is that pre- and
post-calibration techniques would show differences of up to 2 mm, with no

indication possible of how the system temporal drift took place in terms
of time distribution.

According to the theory of RTC, time walk in a system monitored by RTC is
irrelevant, since RTC gives the system delay as a function of time.
However, it is not common for analysis centres of SLR data to allow a
time-varying system delay, despite the physical impossibility of it being
anything other than time-varying. This has been because very few stations
can determine time-dependent system delay during ranging, and also because
errors arising from taking system delay as a constant are rarely greater
than 5 mm. A 5 mm maximum error has, until recently, been acceptable.

3. Real Time Differential Range Calibrations

The data shown in Figures 1-b4 is typical of Orroral calibration (RTC)
data. It contains some interesting features which suggest fine temporal
structure within the system delay at the 1-2 minute scale. A second
real-time calibration, to a target at a different range from that used for
the existing RTC, should reflect all real temporal structure in the RTC
estimate of system delay. In addition, if the range difference between
the two targets was known, then the accuracy of the system can be




determined, since the difference in system delays should equal the range
difference between targets.

Since it is trivial to obtain optical mounts, rails, and components which
can be positioned to 0.1 mm or better, an extremely precise accuracy
calibration of the system is possible, if the system is based on epoch
timing, as all submillimetre systems must be. Epoch timing is essential
because even events closely spaced in time, such as two calibration
pulses, will be Jointly random in phase with respect to the epoch timing
system timebase, and so will sample the error space randomly, as desired.
If the differential range is never varied, some sectors of error space are
never sampled due to the fixed phase relationship between calibration
pulses. That is, the first event is random in phase with respect to the
system time base, but the phase of the second is completely determined.
In practice it has been found that only a few differential range settings
are required to estaeblish accuracy, with occasional changes to the
differential deley sufficing to maintain it. For = properly designed
timing system the error due to completely ignoring the fact that the two
calibration epochs are correlated is never more than 0.5 mm RMS.

The result of applying real-time differential range (RTDR) calibration to
the NLRS is shown in Figures 5 and 6. The range difference used was 19.0
picoseconds, and the two real time calibrations can be seen together in
Figure 5 against elapsed time. In Figure 6 the difference between the two
calibrations minus the known range difference (system error) is plotted
against elapsed time. The accuracy specification of the NLRS at this time
was 0.5 mm, and the calibration data for this pass gives:

True range difference : 19 ps
Average measured difference : 17.95 ps
Standard deviation : 3.0 ps
Mean error : 1.05 ps

Clearly, despite the evident loss of calibretion after approximately 20
minutes of ranging, the specification is met. The error from 20 minutes
onwvards was due to a temperature change in one part of the timing system.
When these excursions can be controlled, a specification of 0,25 mm RMS is
achieveable, as can be seen from the initial data segmsnt of Figure 6.
Absolute calibration using RTDR methods is contributing significantly to
the refinement of timing circuits and techniques for SLR. :

The RTDR method allows tracking of system delay  -to 0.1 mm accuracy.
However, it suffers from the same principal deficiencies as the
conventional RTC method from which it was derived, i.e.

. electromagnetic asymetry
. some potential errors (optical) not sampled.

Testing using the actual ranging environment whilst electrically and
magnetically shielding detector and timing systems can determine the
impact of transient electromagnetic fields on the SLR system. Independent
tests can be made by generating optical pulses using high speed laser
diodes to avoid electromagnetic transients, and cbserving the performance
of the SLR system under calibration. As a result of such testing at the
NLRS, conventional PMTs are completely magnetically shielded in mu-metal
cases for operations. At the 0.5 mm level MCP PMTs do not exhibit bias in
magnetic fields such as are generated by typical SLF laser systems.



The sampling of all possible errors in a SLR system requires additional
calibration techniques.

L, Terrestrial Target Array Calibration

‘SLR systems normally define their site coordinates in relation to a number
(at least three) of intervisible prime geodetic marks within 100 m of the
SIR system. It is normal for all marks on the site, or in the case of a
-mobile SLR, on the pad, to be subordinate to these prime marks, which can
be surveyed and located to 1 mm RMS in 3 coordinates.

State-~of-the-art SLR systems can provide 0.5 mm precision over virtually
any range, as well as possessing sub-arcsecond precision readout of
angular position. If these capabilities were utilised to connect the SLR

system directly to the prime geodetic .markers, many advantages could be
obtained:

+ The accuracy of the SLR system could be determined in the context of
conventional geodetic measurements. Although the SLR system can be
accurately calibrated by RTDR, a second calibration is afforded by
the closure calculations when surveying the control marks. In this
application the marks are used as ultra-high precision terrestrial
targets, the redundancy in which yields a measure of system accuracy.

« Monitoring of tilt, subsidence, and local movement is automatic. .
This is useful for fixed stations, and for mobile systems allows the
concept of a highly mobile 'padless' design. That is, a mobile SLR
which does not require a concrete pad or the normal marks contained

in/on it. This greatly enhances mobile SLR productivity and
flexibility.

. A-proliferation of instruments (and errors) is avoided, as the

ranging system surveys itself onto the éite, and maintains its own
coordinates. h

v

.« If the geodetic markers are fixed in any major datum, very good
initial offsets for mount modelling of the telescope can be obtained
from the terrestrial targets alone. Similarly, mount model recovery
can be expedited, even if the marks have not been fixed.

o .Any desired reference point in the SLR system can-be solved for.

In practice, a specially constructed target must be placed very precisely
on each marker. Ranging to at least 3-targets produces a sub-millimetre
solution for horizontal coordinates. The 3-D error ellipsoid is elongated
in the vertical direction, because all targets are approximately coplanar.
However, arcsecond precision elevation angle observations readily produce
sub-millimetre vertical coordinates over 100 m distances. Once angle and
range observatlons have been combined, the solution can be obtained. Six
targets, randomly distributed in azimuth, are recommended.' This allows
for one or two marks to be damaged, obscured, or inaccessible at any time,
whilst still providing adequate redundancy for sub-millimetre solution.

The technique is clearly sensitive to survey errors in the ground geodetic
marks. In practice it is not difficult to isolate one or two errors from
the solutions. Scale errors can also be easily detected, although not
attributed. In general, if a sub-millimetre solution is not possible




initially, with the geodetic marks constrained in 3 dimensions by the
ground survey results, then the mark coordinates must be unconstrained,
and small adjustments made as the optimum solution for station coordinates
is sought. Releasing the constraint on the marker coordinates is not done
unless the SLR system has successfully calibrated at all other levels.
This procedure could be necessitated by ground survey error, target
installation (on mark) error, or atmospheric model error. Standard
geodetic techniques can apply to the establishment and maintenance of the
station coordinates and system delay determined by this technique.

The single weakness in this technique is that elevation-dependent
misalignments .which can cause systematic error are not sampled., An
additional, infrequent, calibration technique must be applied to measure
these errors. This technique involves the erection of a simple
calibration jig which allows retroreflectors to be placed at any point in
the transmitted beam, and RTC to be executed as elevation angle is
altered. Rigorous:.testing is tedious and time consuming, but is required
very infrequently. Mobile systems could be taken to a standard
calibration facility, whilst fixed systems can more readily program the
effort required on-site.
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ABSTRACT

Amplitude dependence of the return pulse discriminator contributes
significantly to the ranging-machine error budget, if multiphoton ranging
is considered. Constant fraction discriminators of improved design are
most commonly used to reduce this dependence, yet these must be - and
remain - well adjusted. Even then, a rest of doubt remains, because
characterizations are often done in an ideal, not real, test environment.

The present paper introduces a characterization method which confronts
the discriminator under test with a real ranging environment. The same
setup is also used to monitor the performance during the ranging session.

Several discriminator types have thus been investigated, and attempts
undertaken for computer-modelling of remaining systematic errors.
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1.AGAIN: THE TIME-WALK PROBLEM

This problem. as 1illustrated in Fig.1] for a simple fixed-
threshold discriminator, seemed solved when the stations changed
to picosecond lasers and single-photon ranging. This resulted in
a very limited dynamic range of echo-pulse amplitudes: multi-
photon events were deliberately purged from the data by signal
attenuation and data screening. Any remaining amplitude depen-
dence was taken care of by a constant fraction discriminator and
hence deeply buried in the timing noise caused by the
photomultiplier. (5..15 cm r.m.s.)

However, after some operational experience  with the new or
upgraded systems it was found that multiphoton-events were
sometimes quite numerous -perhaps caused by "hot spots” in the
laser beam- and operators had to be alert to react accordingly.

With the advent of microchannel-plate photomultipliers, the si-
tuation changed again. The r.m.s. values dropped to the 1..3 cm
level, and millimetre precision ranging to satellites became
feasible. Systematic errors had to be reduced accordingly:
better constant-fraction discriminators were selected | 2 |

Another trend that became apparent was the revival of multi-
photon ranging with stations affording large telescope apertures
and more powerful lasers: the dynamic range of the received
signal became larger again and had to be well controlled for the
ultimate in precision.

The japanese satellite AJISAI with its great effective cross-
section and diameter imposes such a pulse distortion (Fig.2).so
that it was suggested to use some sort of leading edge detection
to preserve the inherent ranging precision of the observing
stations. '

To conclude this brief review, we suggest that the discriminator
problems are far from solved, and it 1is certain that new
products and concepts will continue to be introduced into the
LRS’'s. Prior to their introduction, however. they have to be
sufficiently well characterized to make sure that no additional
systematic errors will bias the low r.m.s. data.

+2.CHARACTERIZATION OF TIMING CHANNELS

CHARACTERIZATION MEANS DETERMINATION OF ALL RELEVANT SYSTEM
PARAMETERS WITH REGARD TO ALL RELEVANT VARIABLES ( TIME,
TEMPERATURE, GEOMETRY. AMPLITUDE, NOISE ETC.).

In practice, though, only a few parameters are characterized,
while others are either thought to be less relevant. have been
measured once by some reputed agency | 2| . or it is depended
upon the manufacturer‘s specifications. This attitude is poss-
ible because a total system delay is elaborated frequently in
which all individual parameters are lumped together. Neverthe-
less, we sometimes would like to determine individual parameters
for optimization.




An ideal setup for characterizing a typical timing channel
(consisting of: optoelectronic detector, solid-state amplifiers.,
cables, pulse discriminator and time-interval digitizer) would
include an optical pulse source, a variable attenuator,some
pulse amplitude measuring device, a background events counter.,an
oscilloscope or pulse digitizer and a computer. (Fig.3)

Our practical installation, though presented earlier |3 |. is
depicted in Fig.4. We use our actual ranging equipment for the
characterization, with only a few additions: a 1lid on the
receiving telescope with an iris diaphragm for control of
background illumination, a counter and a second fast fotodiode
to provide an additional, 1low jitter stop-channel. A pulse
generator for simulating pulses of variable width ( from 1 ns
FWHM) exists, but is not used for amplitude characterizations
because of 1nev1tab1e time shifts when attenuating the pulse.

The internal feedback path used for in-pass calibration readily
can be used for characterizing a chain of devices. which are
intended to work together. The advantages against testing
individual devices separately in the laboratory are numerous:

*A similar electro-magnetic environment 1is
effective as when actually ranging to
satellites

*0Optical attenuation introduces no variable
delays (as electrical attenuation might do)
*Possibility of verification any time and on
site

*Pulse shapesl. amplifier distortions, cable
bandwidth limitations and background noise as
in real LRS

3.TESTS

3.1 DEVICES UNDER TEST
Two types of discriminitors have been tested so far:

-FIXED THRESHOLD: Various models (LeCroy 120, 623 and 4202, the
latter included in the time digitizer) differ mainly in the num-
ber of channels and the minimal thresholds available. Threshold
in the 4202 can be set as low as =5 mV, thus affording addi-
tional receiving gain. Their amplitude response is smooth and
naturally reflects the 1leading edge of the input signal. It
easily can be modelled .{viz. Appendix). They behave well also
with sub-nanosecond pulses.

1 One fundamental limitation of the concept is the failure to
simulate the target depth function. We have to trust that the
transmitted pulse shape is only slightly altered by the
satellite’'s reflectors. \



—~CONSTANT FRACTION: The earlier "network-standard"” Ortec model
934 has caused serious time-walk problems even with the 3 ns
FWHM pulses of our conventional photomultiplier | 3 |. The device
is not specified for sub-nanosecond pulses. Minimum threshold is
-30mV, but it was found that up to -100 mV operation was not
satisfactory. Adjustment of minimum walk is a cumbersome
procedure.

A successor (ETL 103 model) features an automatic walk adjust-
ment utilizing a slow feedback loop to keep the DC/level at the
input zero. It also allows a minimum threshold setting of =5 mV,
and contains a faster trigger circuit.

The new Tennelec 454 model arrived just recently: hence we can-
not comment much on 1its merits. Initial tests 1indicate a
significant improvement in performance and ease of adjustment.
However, it was noted that a slewing effect near threshold also
exists. ’

3.2 TEST PROCEDURE

The program for internal calibration was run, which operates the
laser and data acquisition. The stop ND-filter was placed in an
initial position. attenuating the laser pulse to single-photon
level. Then a short calibration run was performed to aid adjust-
ment of the start ND-filter( to make sure that the start
detector was operating in its specified amplitude range). After
this, a few hundred calibration points were taken while opening
the stop~ND filter to run through the dynamic amplitude range at
the receiving side. After completion, the relevant wvariables
were noted and the data-set screened. A following computer
evaluation yielded the time-delay vs. amplitude curve.

As an optoelectronic detector., both photomultipliers and a PIN
diode were used. Time intervals were measured with the LeCroy
4202 TDC and not with the HP counter for practical reasons.

3.3 RESULTS OF MEASUREMENTS
Some results are summarized in the table below and plotted in
Figqures 5-12:

Figs. 5 and 6 reflect the amplitude dependence of a typical con-
stant-fraction and 1leading-edge discriminator, respectively.
They were taken using a conventional photomultiplier.

In Figs.7 and 8, the effect of modelling the amplitude depen-
dence of a fixed-threshold discriminator is shown. Here. the
microchannel- detector was used.

Fig. 9 shouws the effect of linearly modelling the same constant-
fraction discriminator as in Fig.5. The slewing near threshold
still visible in Fig. 5 was removed by raising the threshold.

In Fig. 10 the improved constant-fraction discriminator is cha-
racterized, using the diode detector.

" Figs. 11 and 12 show the effect of modelling on the residuals
of a satellite pass, which was AJISAI, observed by microchannel-
plate. ‘

The results of the amplitude dependence characterizations are
summarized in the following table:




SUMMARY OF _RESULTS

TIMEFE - WALK
‘AL'. VALUES IN PICOSECONDS PEAK)
DETECTOR D341 R1294 HP-5082
TYPE: (PM) (MCP-PM) (DIODE)
METHOD:
CONSTANT FRALTION (NO MODEL)
ORT 934 ¥210 @ 1:10
¥650 @ 1:50
ETL 103 460 @ 1:10
¥630 @ 1:30
TENN 454 ~ 125 @ 1:10 * 55 @ 1:5
¥175 @ 1:50 285 @ 1:10 s
CONSTANT FRACTION (LINEAR MODEL(
ORT 934 ¥200 @ 1:10
+200 @ 1:50
ETL 103 ¥210 @ 1:10
¥210 @ 1:30
FIXED THRESHOLD (NO MODEL)
LCR 4202 ¥780 @ 1:10 ¥120 @ 1:10
LCR 623 725 @ 1:10
FIXED THRESHOLD (LINEAR MODEL}
LCR 4202 325 @ 1:10
FIXED THRESHOLD (GAUSS MODEL)

LCR 4202 * 80 @ 1:10

$ Note: TIME "SLEWING" NEAR THRESHOLD
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FIG. 3
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APPENDIX COMPUTER MODELLING OF DISCRIMINATOR AMPLITUDE
DEPERDENCE

A)LEADING EDGE ,
If Gaussian pulse is assumed:

(t -t )

u(t)=U_.,=A53%exp -

th (2t »°

o

with: Ui h threshold voltage

A amplitude

t-t, time correction to centroid

ts half pulse width at .607%A

we get for the time correction:

t - to = .60 * tFHHMJ -1n (Uth/A)

with: t ruEM full pulse width at .5%A

In the above formula, the term Ug /A must not become greater
than 1. Threshold usually is deflneg as the amplitude where 50Z
firings occur. Here, care must be taken to use the smallest amp-
litude value permitted to fire the discriminator as Ui
Correction is most prominent with low amplitudes, and becomes
very small above tenfold threshold. (viz. Fig.1l)

When the calibration values are evaluated, a table is created
which contains correction values vs..amplitude. Intermediate va-
lues are 11near1y interpolated. For the whole procedure note
Table A.1.

B) CONSTANT FRACTION

A linear correction. removing the slope, was applied. It then
was found., that the remaining "roughness” was possibly of syste-
matic nature, but its law is not easily found from the elec-
tronic circuitry involved.

s

FINAL REMARK

The chosen approach utilizing a table of correction data allows
an empirical model which can be tested immediately. We finally
wish to point out that all observation data remain unchanged:
in particular the in—-pass calibration points can be used at any
time later—on to adjust or test the applied model.




CALIBRATION PROCEEDURE

CALOBS CALOBS SATLAS
Off Line Calibration Off Line Calibration On Line Program:
~Range Registration
-Calibration
-estc.
CORSIG

Cross Correlation
Cal. Range - Amplitude

B Estimation of Time Walk
Model Paramaters

WALKST

Creation of the File
*WALKTB.DAT®

WALKTB.DAT
CALSCR CALIBR
Off Line Calibration Tabular Representation On Line Calibration
Data Screening of Discriminator Time Data Screening
Walk Model
Time Walk Correction Time Walk Correction
ZCPROT LST SCREEN
Log File containing Range Data Screening
Calibration constants using Orbit Improve-
and System Status ment Techniques
Information
STORE
Store Data in a
Internal Format

TABLE A.1 FLOWCHART FOR MODELLING OF AMPLITUDE DEPENDENCE
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ABSTRACT

MTLRS-1 and MTLRS-2 performed a series of ground tests in 1485/86.
Thereby they were using their internal as well as this target
calibration capabilities. Five different test procedures are described
and data are presented for each procedure at least from one MTLR-System.
The mean RMS of MTLRS calibration normal points was found to range
between Tess than .4 and 1 cm, well within the system specifications. No
indications for systematic biases at the 1 cm level could be found under
normal MTLRS operation conditions.
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1. Introduction

The two European Modular Transportable Laser Ranging
Systems [1] operated by the Institut fiir Angewandte Geodisie in
Frankfurt / Federal Republic of Germany (MTLRS-1) and the Delft
University of Technology / The Netherlands (MTLRE-2) were for
the first time collecting data in Italy and Greece in 1986.
Before the systems were shipped to these countries to start the
WEGENER-MEDLAS observation campaign (Horking Group of European
Geo-Scientists for the Establishment of Networks for Earthquake
Research - MEDiterranian LASer Project) they went through a
series of collocation and performance verification tests. It is
the purpose of this paper to report on the results of ground
measuraments done during this testing period. ’

The paper is organized as follows: In section 2 the
internal calibration procedure for the MTLR-Sytems is described
because most of the tests are based on this capability.
Furthermore an overview is given on the electronical devices in
the time of flight detection circuits. Section 3 starts with a
discussion of system stability over time periods typical for
LAGEOS passes. Temporal variations of the time of flight caused
by internal noise sources are superimposed to all data. For
this reason they have to be well known before in the remaining
parts of section 3 systematic dependences of range data on the
PMT voltage, the laser beam wave front, the pointing direction
of the mount,. and on the signal strength can be studied. In
section 4 the results of the ground tests are critically
summarizad.

2. Internal Calibration and Brief System Ovaerview

In Fig. 1 the optical and opto-electronic components of
the MTLR-Sytems and the pathes of transmitted and received
light are shown schematicly. Light pulses originating in the
Nd:YAP Laser are transmitted through a neutral density filter
package (which optionally allows attenuation), through various
mirrors and prisms to the beam splitter assembly. There the
laser beam is divided into two symmetric semi-circular beams
which are guided through the mount into the telescope. A cross:
section of the emitted laser beam at the telescope exit is
shown schematicly in Fig. 2.

The tiny fraction of the transmitted light pulses which is
reflected at any target is received by the same telescope. It
follows a light pass common to the transmitted light up to the
beam splitter assembly. There it is separated and guided into
the detection package.

The MTLR-Sytems are calibrated by fixing a retroreflector
in the laser beam at the telescope enterance (see Figs. 1 and
2) . The retroreflector is mechanicly integrated in a cover
which can be screwed on the enterance. During calibration and
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during ground target measurements the transmitted 1light Iis
attenuated by 8 to 12 orders of magnitude.

ince the retroreflector is fixed with respect to the

telescopey the emitted laser beam rotates relative to the
reflector when the mount is moved. This is evident from the
optical design. 1In Fig. 2 a 90° rotation is shown. It can be

achieved 1in three different ways: PEither the azimuth of the
mount is rotated by 90°, or the elevation is changed by -90°,
or the elevation is moved by X° and the azimuth by ¥X° -~ 90-°,
The rotation of the semi-circular beam halfs with respects to
the retroreflector puts constraints on the possible mount
pointing directions during calibration. These constraints are
important for the tests described in section 3.4.

Retroreflektor

Elevation + 90°
oder Azimut - 90°
oder.Elevation X° und Azimut x°~90°

Hilfsteéeleskop
Strahlbiindel 1
Strahlblindel 2

Fig. 2: Cross section through laser beam (hatched areas) at
the telescope enterance in two different telescope
positions.

Nearly all electronical and opto-electronic components of
the MTLRE time of flight detection circuits are commercially
available. As a reference their types are given in Table I.

TABLE 1I ;
Etart-Detector . HP 5082-4207
Constant Fraction Discriminators ORTEC 934
Range Counters HP 5370A/B
Photo Multiplier Tube (PMT) RCA 8850
PMT High Voltage Supply LABEN 8122
PMT Amplifier TRONTECH W500F
Frequency Standards Cs (FTS 4010) or

Rb (EFRATOM FRK)

Table 1: Commercially available components of the MTLRS time
of flight detection circuits.




3. Ground Tests

1

3.1 Stability Tests

During the collocation period in Matera starting in
January and ending in March 1986, MTLRS-1 and MTLRS-2 went
through a stability test which was done by calibrating
continuously to the retroreflectors (as described in the
previous section) for a bit less than one hout. Times of flight
measured in this way are shown in Fig. 3 as a function of time
together with single shot RMS-values and return rates. In the
upper part of the figure data from MTLRS6-1 are displayed,
whereas the lower part shows data from MTLRS-2.

The full and dashed lines in the first panel of the figure
distinguish average <calibration values measured by the two
MTLRS-1 range counters 1 and 2 within 5 minute bins. The RMS of
the average calibration values is .03 ns which corresponds to
-.45 cm. The difference between the maximum and minimum bin
averaged time of flight is .09 ns which corresponds to a range
difference of 1.35 cm. The mean calibration value for MTLRS-1
is about 116.10 ns.

In the second panel single shot RME-values are shown for
each 5 minute bin and for each range counter. The RMS-values
vary between .30 and .42 ns. There is a weak indication for
about 20 ps greater RMS-values for counter 1. This could be
caused by a quarz of inferior quality installed in this
counter.

The third panel shows the mean return rates per bin
measured by counters 1 and 2. They are defined as the number of
accepted data points in one bin (for each individual counter),
"divided by the number of laser shots in the same bin. Because
MTLRS lasers usually operate with a pulse frequency of 10 Hz, a
return rate of 5% in a 5 minute bin means that 150 measurements
contributed to a bin averaged calibration value. During the
stability test the return rate was fluctuating between 5% and
8%.

The variations of the mean calibration values and of the
the single shot RMS-values in the MTLRS-2 data shown in the
lower part of the figure are smoother than those for MTLRS-1.
The mean calibration point RMS is .0l ns corresponding to
.15 cm. - The mean calibration wvalue for MTLRS-2 1is about
138.5 nsy the mean single shot RMS .36 ns, in agreement with
the value characterizing MTLRS-1. The return rate varied during
the MTLRS-2 stability test between 10% and 14%. Eventhough this
is twice the MTLRS-1 return rate, both systems were testing at
the same light intensity levels. MTLRS-2 has only one counter,
therefore 1its return rate has to be compared with the sum of
the MTLRS-1 return rates.



The differences in scatter of the MTLRE-1 and MTLRS-2 mean

calibration- and single shot RMS-values have possibly
statistical reasons. The numbers of data points contributing to
the mean calibration values shown in Fig., 3 differ by a factor

of 4 approximately between MTLRS-1 and MTLRS-2. A factor of 2
comes from the fact that MTLRS-1 data were measured with two
counters whereas MTLRS-2 was only using one counter. Another
factor of 2 is caused by the bin size which was chosen to be 5
minutes for MTLRS-1 and 10 minutes for MTLRS-2.

Assuming Gaussian statistics the RMS of bin averaged
calibration values should be smaller than the single shot RMS
by a factor of 1/N-® (where N is the number of accepted data
points within a bin). This leads (for the bin sizes and return
rates shown in Fig. 3) to an expected RMS for bin averaged
calibration values of .2 and .4 cm for MTLRS-2 and MTLRG-1
respectively, in reasonable agreement with the data.

Another meaningful number characterizing the temporal
stability of Laser ranging systems over time periods typical
for LAGEOS passes 1is the mean pre- minus post—-calibration
value. Before and after each measurement the MTLR-Systems are
calibrated as described in section 2. The difference between
these calibration values is the pre~ minus post-calibration
value.

For all measurements made during the Matera collocation
period the mean pre- minus post-calibration values were found
to be .B cm and 1.0 cm for MTLRS-1 and MTLRS-2 respectively.
They are slightly larger than those found during the Matera
stability tests. However, they are within the system
specifications.

3.2 PMT Test

In PFig. 4 mean calibration values, single shot RMS and
return rates are shown as a function of the voltage applied to
the MTLRS-1 and MTLRS-2 photo mulitplier tubes (PMT). The
voltage was changed from 30 V below the nominal PMT voltage
(which is -2000 V for MTLRS-1 and -1900 V for MTLRS-2) to 30 V
above the nominal voltage 1in steps of 10 V. It was the
intention of this test to westimate the influence of
instabilities in the high voltage power supply on range
measurements.

The calibration values of both @ systems decrease with
decreasing PMT voltage. This 1s in accordance with our
expectations because the transit times of primary and secondary
electrons in the PMT should decrease with increasing potential
differences inside the tube.
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FIG 4 Influence of the PMT-voltage on the calibration
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FIG 3 Calibration constant, single shot RMS, and return
rate versus time. For MTLRS-1 5 min bins have been
used. MTLRS-2 data were evaluated in 10 min bins.




The decrease of the calibration values with decreasing PMT
voltage is not as smooth and steady (in particular for MTLRS-2)
as might be expected. This can not be fully attributed to
statistics. The main reason could be the uncertainty of the PMT
voltage actually applied.’ It was adjusted in both systems with
the adjustment knobs at the high voltage power supplies and not
verified with a volt meter.

The calibration values changed by about .4 ns and .3 ns
for MTLRS-1 and MTLRS-2 over 60 V. This corresponds to range
differences of the order of 1 cm per 10 V deviation of the PMT
voltage from its nominal value for both systems.

@ number of

9  accepted

Fig. 5: Retroreflector positions in the MTLRE-2 beam during
the Matera cube map test. The beam had a diameter of
about 1.5 m at the target 1146 m from the system. The
retroreflector positions are labeled with numbers
between 1 and 20.



In order to estimate the influence of the PMT high voltage
power supply on system stability we will investigate in the
near future the temperature coefficient, switch on effects, and
the long term stability of this device.

The single shot RMS values were not affected by the PMT
voltage changes. For both systems the return rates during the
PMT test were about 5%, indicating that MTLR8-1 was testing at
about twice the light intensity used by MTLRS-2.

3.3 Cube Map Test

Wave front distortions originating very often from multi-
mode laser operation can lead to biases which depend on the
location of the target inside the transmitted laser beam. It is
the purpose of the cube map test to detect these kind of
biaseas.

MTLRE-2 tried a cube map test during the Matera
collocation period. The test was originally planed to take
place in two steps. The aim of the first step was to measure an
intensity map of the beam. 1In a second step ranges as a
function of the target location inside the beam should have
been measured. Thereby it was forseen to use the intensity
information to compensate for intensity differences within the
beam with the ND-filters.

The retroreflector used for the cube map test was at a
distance of 1146 m from MTLRS6-2. With maximum beam divergence
the diameter of the beam at the target was about 1.5 m. In
Fig. 5 the «cross section of the beam at the target is shown
schematicly. The distribution of retroreflector positions
inside the laser beam (seen towards MTLRS-2) is indicated. All
positions are labeled by numbers between 1 and 20. The ranging
time to one position was 2.5 minutes. Positions were changed by
redirecting the mount. The number of accepted returns from each
retroreflector position is also indicated in Fig. 5.

Mean times of flight, single shot RMS values, and total
numbers of accepted returns are shown in Fig. 6 for the
retroreflector positions indicated and labeled in Fig. 5. The
sequence in which the data are presented was defined by the
number of accepted returns contributing to a mean range.

Mean times of flight calculated for positions with more
than 100 returns show an extremely smooth behaviour. All of
them differ by less than 100 ps from each other, indicating no
biases, eventhough the light ° intensity during these
measurements varied by 1% orders of magnitude.




The deviations of the times of flight for positions with
less than 100 returns are larger. The maximum deviation is
300 ps for position 20 with 56 returns. All these positions are
located on the outer semi-circle of the right beam half in
Fig. 5.
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FIG 6 Range,single shot RMS, and number of returns

measured during 2.5 min at the retroreflector
positions marked and labeled in Fig. 5.

In order to verify whether there is or there is not a wave
front distortion problem on the outer semi-circle, the second
part of the test. was planed, as described above. Unfortunately
it was impossible to complete this step in Matera because of
instrumental problems.



3.4 Mount Biases

Fig., 7 shows mean calibration values as a function of
universal time which were measured by MTLRS-1 at the Goddard
Optical Test Facility in June 1985. During the test which
lasted for nearly 4 hours the mount was moved. Dots represent
mean calibration values calculated from data within 51 sec
bins. Vertical dashed lines separate intervals of different
system states. System states are characterized by three
parameters which are also indicated in Fig. 7: Azimuth and
elevation of the telescope pointing direction and mean number
of accepted calibration points per 51 sec bin. Horizontal
dashed lines mark mean calibration values for each system
state.
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Fig. 7: MTLRE-1 calibration constants measured at GORF in

June 1985. See text for details.
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The test was done in three phases. 1In the first phase the
telescope was in the normal calibration position and the system
was runing for about one hour. In the second phase the mount
was moved in a way that the retroreflector for internal
calibration was either at the same position within the beam as
during normal system calibration, or at the conjugate position
which 1is reached after a 180° rotation of the reflector (see
Fig. 2). Thereby the constraints discussed in section 2 were
taken into account. In the third phase of the test one beam
half (see 'Figs. 2 and 5) was scaned azimuthaly by the
retroreflector in steps of 10-,

The difference between the maximum and minimum mean
calibration value for the system states shown in Fig. 7 is
70 ps corresponding to a range difference of 1 cm. This is in
excellent agreement with the tests discussed in sections 3.1
and 3.3. No significant systematic variation could be found in
the data which is associated with the mount pointing direction.

3.5 B8ignal Strength

MTLR-Sytems up to now do not directly measure pulse hights
of PMT signals. Therefore indirect means have to be applied to
infer the intensity 1level of light pulses received in the
detection package. A number related to the received light
intensity 1is the return rate defined in section 3.1. For low
light intensities it is directly proportional to the 1latter.
For higher intensities its slope decreases and goes to zero at
return rates of 1 for very high intensities, '

Fig. B8 shows mean calibration values as a £function of
the return rate measured by MTLRS-1 in two different tests. The
calibration values shown in the upper panel of the figure are
the system state averages from Fig. 7. In the lower panel data
from a signal strength test in Matera are presented. During
this test the light intensity was varied with ND-filters. One
data point corresponds to one ND-filter setting. The ranging
time for these data points varied from 30 minutes for very 1low
intensities to 3 minutes for high intensities. The data point
on the left hand side represents 100 range measurements, the
data point on the right 1600.

A careful analysis of both data sets shown in Fig. 8 could
not reveal a stongly significant tendency. There is a weak
indication for decreasing calibration values with increasing
return rates. However, it must be less than 30 ps between 0%
and 30% return rate, where MTLRE is normaly operated.

Fig. 9 shows the results of the MTLRE-2 signal strength
test in Matera. Mean calibration values are plotted as a
function of the ND-filter setting attenuating the transmitted
laser light by factors of 10-*® o 10-12-3, All nmean
calibration values are within less than 50 ps of each other for
light intensity variations over 2% orders of magnitude.
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4, Summary and Conclusions

Data from five different ground tests have been presented
from at least one MTLR-System. Mean calibration RMS values were
always found to be well below 1 cm which 1is in excellent
agreement with the system specifications. No significant bias
of the system could be identified.

During the Matera collocation the mean pre- minus post-
calibration values for MTLRS-1 and MTLRS-2 were .8 and 1 cm,
also within the system specifications but slightly above the
RMS of the mean calibration values discussed in this paper.
This probably could indicate that there are not yet identified
noise sources either in the system hardware or in the operation
procedures which can be eliminated. In order to do this we plan
to continue and to complete the tests described here. We will
try to «clarify still open questions concerning for instance
temperature effects, intensity dependent biases, wave front
-distortion, or PMT power supply stability.
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D. Samson who spent many hours to discuss, to prepare and
finally to do the described tests. Without their help this
paper would not have been possible.



References

Hilson, P., and H. Visser, Development of the Modular
Transportabel Laser Ranging System, Fifth International
Horkshop on Laser Ranging Instrumentation, Royal Greenwich
Observatory, Herstmonceux, UK, Sept. 10 - 14, 1984




ZERO RANGE REALTIME CALIBRATION
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ABSTRACT
A real time feedback calibration system 1is described in which the

range to a mirror mounted within .5mm of the elevation axis of the
transmitting telescope is measured for each outgoing laser pulse.
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In a general feedback calibration system a small portion of
the outgoing laser pulse is fed back into the stop detector and
its delay relative to the start pulse is measured by the timing
electronics. One of the primary motivations for using feedback
calibration is +that some stations are unable +to range ¢to
terrestrial calibration targets. There are, however, many other
advantages to such a system. First it simplifies the ranging
operations since the calibration is done automatically during
the ranging session. Secondly, it eliminates +the need for a
surveyed calibration target, which is particularly advantageous
in the case of mobile stations. Also, as we begin to talk of
millimeter accuracies survey errors and target stability will
become greatexr problems introducing errors at the centimeter
level. At +the millimeter 1level correcting for' atmospheric
delays in the calibration path which is close to ground and
subject to temperature gradients and other local effects will
also introduce errors.

In going from an external calibration target to an internal
feedback calibration path you trade the surveying problem for
one of measuring internal telescope delays. While +trying ¢to
solve +this problem we were reminded of a technique reported by
John Degnan (1) at the last Workshop. Tom Zagwodzki and his
coworkers * installed an open corner with 1its vertex on the
elevation axis of the telescope, to return some of the outgoing
laser pulse +to the receiving photomultiplier where it was used
to start +the +timing electronios., This is a very elegant
solution to the calibration problem since +the ranging
calibration is now zero. Unfortunately this scheme did not work
as well in practice as it did 1in theory and was, at least
temporarily, dropped by the Goddard group. This +technique is
not directly applicable at the single photoelectron level, since
we would have to run the start pulse at the multi-photoelectron
level in order to get a reliable start for each shot. The start
and stop energies would then be different introducing a energy
dependent calibration shift. By using a separate start detector
optimized for fast response and low jitter we can remove start
jitter from the system error budget. At the present time we are
using a bulk GalAs Austin switch with a 20ps rise +time as our
start detector. It monitors the output of the laser oscillator
and thus should provide a start pulse which 1is independent of
laser energy. Since the start and stop channels are independent
we must measure the the difference 1in their delays which we
accomplish by +timing +the return from a small mirror placed at
the elevation axis of the telescope. This gives us all the the
advantages of a feedback calibration and some additional
advantages specific to the =zero range configuration of the
feedback path. Since +the feedback path exactly measures the
delay to the reference point for the telescope there is no need
for  a separate measurement of the internal telescope delay. In
fact, any angle dependent telescope delays will automaticly be
mapped out in the course of ranging, since the telescope delay
is measured for each shot. In short, this system automatically
measures virtually all calibration corrections without operator’
intervention.




1.

There are several requirements imposed . by the
implementation of such a system. The most fundamental
requirement is that the same telescope be used as transmitter
and receiver, with the transmitted beam filling the telescope
aperture. Next, there must be an attenuated path through the
transmit/receive switch to allow a small portion of the fedback
laser pulse to hit the stop detector. 1In addition the detector
must be immune to the electrical noise associated with the laser
firing. Finally, the timing electronics must be able to measure
the very short calibration delay and still be able to measure
the full range.

Since there is a good fit between +these requirements and
our system it was easy for us +to implement a zero range
calibration system. I will describe +those features of our
system which affect the feedback calibration. We have mounted a
small mirror on a micrometer translation stage attached +to the
side of the telescope +tube. By adjusting the micrometer the
front surface of the mirror can be made +to0 coincide with the
elevation axis of the telescope. This can be checked by moving
the telescope in elevation while viewing the mirror through a
small telescope. Then if a point on the surface of the mirror
seems to remain fixed it is on the elevation axis. . Using this
technique we were able to position the mirror to within .5 mm of
the elevation axis. We use a passive polarization sensitive
transmit/receive switch(2). This means that there is a feedback
path from the telescope to +the detector at all times. The
detector is blocked when the laser fires by a rotating vane. We
have modified this vane by cutting a hole in it which is +then
blocked by a ND 13 filter which attenuates the fedback laser
pulse to the singles level. The detector 1is a solid state
Geiger mode diode(3) which puts out a five volt pulse for a
single photon input amnd +thus is virtually immune +to the
electrical noise from the laser firing. Finally, for timing we
use a four stop event timer with the start pulse being measured
by the first stop and +the calibration pulse measured by the
second stop. This is one weakness of the system since the
offset between the first and second stops of the event timer
must be separately calibrated. For the present this calibration
is limited to an accuracy of about 50 ps.

We have just started working with +this system and <there
will undoubtedly be changes, particularly in the area of event
timer calibration. Our preliminary studies suggest -that this
should be a viable method for automatically calibrating ranging
systems at the millimeter level.
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SYSTEM STABILITY USING MODE LOCKED TRAIN
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ABSTRACT

The calibration procedure of the INTERKOSMOS satellite laser ranging
station is described. Several system configurations and calibration set
ups were tested within 1984 to 1986. The satellite ranging and calibration
echo signal strength in single PE only. The receiver detector is the main
contributor to the system jitter and stability. The jitter and stability
performance of the dynode PMT and silicon photodiode HP S5 operating in
Geiger mode were compared. Replacing the PMT by the HP S5 photodiode, the
ranging jitter dropped from 300 psec down to 100 psec rms and the (pre-
post) calibration differences spread dropped from 110 psec down to 26 psec.
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SATELLITE LASER RANGING ERRORS
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Wuhan Technical University of
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ABSTRACT

‘Satellite laser rang1ng systems are used effectively to determine
earthcrustal dynamic parameters. The accuracy and reliability of SLR
products are of extraordinary 1mportance for an appearance of new scien-
tific information. This paper has d1scussed all potential SLR errors and
their magnitude, and given some recommendat1ons for decrease, such as
how to take meteorological data, how .to approximate optimal calibration,
how to control transit time J1tter
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Satellite Laser Ranging Errors

by Liu:Jiyu Wuhan: Technical University of Surveying and Mapping
23 Loyu Road, Wuhan, The People's Republic of China

ABSTRACT: Satellite laser ranging systems are used effectively to
determine earthcrustal dynamic parameters. The accuracy and relia-
bility of SLR products are of extraordinary importance for an appea-
rance of new scientific information. This paper has discussed all
potential SLR errors and their magnitude, and given some recommen-
dations for decrease, such as how to take meteorologiml data, how

to approximate optimal calibration, how to control transit time

v

jitter.

ZUSAMMENFASSUNG: Um dynamische Parameter der Erdkruste zﬁ messen,
werden die LaserentfernungsmeBsysteme zu kinstlichen Satelliten be-
nutzt. Die Genauigkeit und Zuverldssigkeit der Ergebnisse der Laser-'
entfernungsmessung besitzt auBerordentliche Wichtigkeit fir neue
wissenschaftliche Erkenntnisse. Der Artikel hat alle potentiellen
Fehler der Laserentfernungsmessung und ihren Gr6Ben diskutiert und
zeigt einige Vorschldge, z. B. wie bessere meteorologische Daten
zu gewinnden sind, wie ein optimale Kalibration durchzufihren ist
und wie der Jitter zu verbessern ist.

Fixed and highly mobile satellite laser ranging systems, which lo-
cated at 40 stations distributed in 19 countries, haw been ranging
to satellites for the Crustal Dynamics Research Program (acronym
CDRP), Part of NASA's Geodynamics Program. In order to execute the
CDRP a lot of fund have to be expended, for example, expending
approximately $ 2.8 million in FY 1986 [Edelson, 1985]. The accu-
racy and reliability of the products are of extraordinary importance
for being able to provide valuable and exciting new scientifié in-
formation on géodynamics. On the basis of unstable ranging products
would scientists be able to make the reliable conclusions which,

for example, will indicate that the rates of motion of the larger
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to find out all potential source of

tectonic plates are within 1 cm/yr? Therefore, it is very necessary
‘SLR errors and to search out

Some methods for eliminating, at least decreasing them.

There have beem some effective efforts to improve SLR accur801es

such as making use of pulsewidths as short as 30 picoseconds, micro-
channel plate photomultipliers, zerf delay configuration and two-
|
|

color laser. When a greater improvement is expected for SLR accura-
cies it will be very useful to systematically investigate all po-
tential errors for SLR. This paper will try to achieve this pur-

pose.

1. SLR Error Expression

It is knowhvthat a distance between a ground station and the satel-
lite specially equipped with retroreflectors (laser satellite), D

measured by SLR systems can be written as

D = —0 gy (1)
2 n f
Where, C0 = velocity of light in a vacuum;
n = effective refractive index on the laser pulse path;
N = number of a timing clock pulses recorded by a time

interval unit (TIU);

f = clock frequency of the TIU;

d = additional constant, including two portions: one is

an equivalent length cahsed by a difference between
the electro-optical centre and the mechanical centre
of the SLR system be1ng simplified into system con-
stant; another is a correctlon resulting from that the
effectlve reflecting p01nts of retroreflectors have to
be reduced to the center -0f- mass of the laser satel-
lite, equaling 25.8 cm for LAGEOS, 7.5 cm for STARLETTE.

.

From the above distance equation the following error expression for
SLR has,. been derived [Liu, 1985]:

. M .
2 co, 2 n, 2 21 . ne
"MD = [(E—c-)—) + (—n-) + (=) +| (=) 7] D™ + Mdo (2)




Where, M = errors whose subscripts depend on the foregoing respec-

tive marks.
On the’basis of the above expression we shall discuss all errors

emerging from SLR as detailing as possible and give some recommen-
dations for decreasing them.

2. Index Error, Mn

The Marini and Murray (MM) formula has been used to calculate atmo-
spheric refration corrections for SLR [Sylvania, 1974, Bufton, 1978,
Tapley, et al, 1982). The MM formula based on that of atmospheric
refractive-index in consideration of an elevation angle, site lati-
tude. and site altitude [Marini and Murray, 1973]. The surface level
measurements of atmospheric pressure, temperature and relative hu-
midity are required when using the MM formula [Bufton, 1978]. How-
ever, to the best of writer's knowledge some operators for SLR
systems have taken the meteorological data only at one surface point
near the earth surface. The height of the point is often lower than
that of a transmitted and received telescope of SLR system, achie-
ving several meters lower at the fixed station. How can these rea-
dings represent the meteorological data along the laser pulse path
in an atmospheric layer? On the other hand, they have always taken
one time for the meteorological data while observing one satellite
pass, and reading in only ranging start. In general one satellite
pass has to last in skveral decade minutes for LAGEOS. In such long
time interval the meteorological tata can not keep to the same va-
lues at all. When using the same data to calculate the overall re-
fraction corrections, how can the ranging products escape the error
effect due to not matching meteorological data? In this case there
is a natural difference between the start and end ranging products
of one satellite pass due to the only incoordinate refraction cor-
rection. ' .

It was- pointed out that atmospheric refraction corrections héQe
achieved accuracies within a few cm at 20° elevation when only ta-
king the meteorological data at the ranging site [Abshire and Gard-
ner, 1984]. If taking in consideration of the above two man-made
errors the correction accuracies have to be reduced again. Whep re-

fractive indices calculated contain the error of + 2 x 10-8 the




distance error, M, will achieve # .4 cm for the atmospheric

layer of 1200 km. If the difference |between the temperatures is
equal to only + 0.5° C the distance |error will achieve #+ 0.53 mm/km
for a ground laser ranging under the condition of P = 760 mmHg,

-20 < t < + 40° C. In order to escape the man-made errors the

following recommendations appear as being useful:

|
- the meteorological instruments ha%e to be settled at least as

high as the transmitted and received telescopes of SLR systems;

- the meteorological readings for each satellite pass should be
made with a few times, for example, taking them in the start,
mid and end of each satellite pass|. We, of course, would better
make use of an interpolation of the meteorological data at the

weather stations of the region near a ranging station;

- the psychrometer and barometer have to be checked to send them
to a meteorological bureau for a few times per year. For example,

|

when the drift of the zero point of a barometer equals within

only + 2 mmHg the distance error due to this will achieve + 0.76

mm/km for a ground laser ranging.

Applications of two-color laser ranging technique can omit not

only the exact measurements of the meteorological data, but also

- improve the accuracy to one order of magnitute for measured distances

[Liu, 1984]. When making use of the two-color technique for SLR we

must not consider atmospheric refraction corrections. In recent

|

years a few scholars have been investigating two-color laser appli-

cations in SLR systems and getting desirous progress [Abshire and

Gardner, 1984, Mastrocinque, 1985]. Towever, pulsed two-color SLR

systems require some advanced equipments, such as mode-locked mul-
tiple frequency lasers, streak camerg receivers and atmospheric
delay measurements with an accuracy gf 0.5 cm or better. This re-
stricts its wide applications at once.

It must be pointed out that the path curvature correction is:iess
than 1°'cm when. the zenith angles do|not exceed only 70 degrees.
If the zenith dngles are greater than ones, the path curvature
corrections have to be taken into cogsideration. For example, when
the zenith angle is'equal to 74 degrees it is greater than 1.5 cm
[see Fig. 1, Sylvania.., 1974]. To neglect the 1.5 cm correction is

. . |
equivalent to introduce the same as error.
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3. Velocity Error, Mco

The velocity of light, in a vacuum used for calculation of the fore-
going distance, D was obtained by means of measurements at a field

or laboratory, beginning at the year of 1676 by Roemer. The recently
precise value (299792458 m/s) was also measured to make use of the
laser metrology. The latter can only provide an accurate measurement,
but not escape any error to influence the velocity value of light in

a vacuum. It is Kknown that there is an error for measurements all the
time, but it will be different to have its size. Therefore, the follo-

wing velocity value of light in a vacuum proposed by IUGG in August
1975 1s very right:

C0 = 299792458 + 1.2 m/s

It is very .neccesary that the error of + 1.2 m/s will be considered
for laser ranging far off several thousand kilometers, even far off
about 380 thousand kilometers, that is

MCO




For examble, when only taking the elevation angles from 70° to 15°

for LAGEOS the correspondent distances are equal to 6000 km to

9000 km. In this case, even if assuming all other sources of error

are zero, the distance error, MDCo prodqceq only by the velocity
error, + 1.2 m/sec will achieve + 2.4 cm to + 3.6 cm. If the mea-
sured error of the velocity of lighf in a vacuum were to be deerea—

0.12 m/sec, the MDCO would be
able to be neglected. Except this the only velocity error, M

DCo
makes the real accuracy can not ach&eve + 1 cm for SLR. If we do

not employ C0 = 299792458 + 1.2 m/ch, but other values for the

velocity of light in a vacuum, such| as C0 = 299792.5 + 0.4 km/sec,

sed from + 1.2 m/sec to at least +

the velocity error will be much gfeater than that. This is very
worthy to be considered.

+

4. Frequency Error, Mf

'On the basis of the analyses to materials desirable discriminators

have to match with an ideal time interval unit. For example, under

the condition of using a constant fraction discriminator (CFD) the

measurement accuracy for flight time depends essentially on the TIU.

S . . \
' If an advanced event timer is used to measure the flight time, t

d
the following expression can be given:
td = NOT0 +. t1 - t2 Lﬁ)
Where, N = number o% period of thT clock pulse train;
T0 = period of the clock pulse train;
t1 = front part for the timL interpolation;
t2 = additive part for the/ ime interpolation.
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When we select To/Tr = k, where Tr is the desired timing resolution,

the following widths of the interpolating pulses are measured:

kt, = N.T Ke, = N,T,

N N
. - 1 _ 2
ty= Ny v = -=x) T,
= (KN_ + N, - N,) —0_ (4)
0 1 2 kf
Where, f = clock frequency of the event timer;
k = stretching coefficient of the event timer;
N1N_= period number of the clock pulse for the front part;
N2 = period number of the clock pulse for the additive part.

From the above equation the following error expression for the
measured flight time can be acquired:

M. M
Meg = 2 (KNg + Ny = Np) —5= =+ 514 (5a)
kE
or written as
Mg ,
Mpg =2 F0 (5b)

If Mc/f <+ 1 x 1of9

measured distances to the satellite is not greater than + 1 cm for

, the distance error, MDf which varies as the

the foregoing distance range.

5. Period Error, MN

The period error consists of a resolution error, pulsewidth er;or,
wavefront error, fluctuation error and timing error. If the reso-
lution of the event timer is equal to 66.7 psec, its equivalent di-
stance resolution will equal 1 cm. In this case the SLR system can
only measure the distances for how many times of 1 cm, but not the

distance portions within 1 cm. The time interval unit used by SAO




has a resolution of 0.1 nsec [1.5 cm

\
In a word the resolution error is pr

which cannot be enough small.

1983].
the distance resolution is, the greater the resolution error gets.

Pearlman, The lower

oduced by the timer resolution

The pulsewidth error results from that the energy of a laser pulse

is not centralizing in a moment, but

distributing in a shoter inter-

val. For example, the pulse of 5 to 7 joules generated by the ruby

laser system has the FWHM of 25 nsec

[Pearlman, et al, 1978]. Nd:YAG lasers with

light pulses as short as 30 psec [Pu‘

the laser pulses impinge on a photoc

light pulse to an electronic pulse h

disturbance. The pulsewidth error, Mw

ell,

for early SAO SLR system
modelockers can generate

1982, Degnan, 1985]. When

athode the conversion from a
as to be distorted due to some

is of a random ranging one

which varies as the laser pulse width and the number of received

photoelectrons [Degnan, 1985]. It can

be written as

(6)

k 1
Mw= _P__P
v Nr
Where, T_ = FWHM of a laser pulse;
Nr = number of received photoelectrons;
kp = coefficient depending on’

An external which consi

pulse slicer,
sitvated between croséed polarizers,

strict the laser pulse width from 20

1985]. Due to its lower efficiency
was substituted for it rapidly. At pr
ére mostly used to obtain a shoyfer an
been seen from the ranging results

at least 50 % after the pulse width w

nsec by means, of a pulse chopper in the SAO SLR systems [Taple

et al, 1982].

The wavefront error is caused by the

mitted and returned laser beam. It is
tion modes which are possessed of dif
property, build up at their own rates

they appear out of the laser cavity t

different detection.

sts of a Pockels cell and is
was used early in order to con-
nsec to about 4.5 nsec [Degnan,
e cavity dumped Nd:YAG laser
esent modelocked Nd:YAG lasers

d single mode laser. It has

that the accuracies increased to

as reduced from 25 nsec tp 6

¥,

wavefront distortion of a trans-
known that individual radia-

ferent spatial and temporal

When

hese different spatial modes

in Q-switched lasers.




will have different far field patterns. The latter is defined as
the wavefronﬁ distortion of the transmitted beam. When the distor-
ted wavefront beam is used to measure the distances to a laser
satellite the satellite-borne individual retroreflectors will
catch different wavefronts. The returned signal received by SLR
systems is an ensemble of reflections from all those retroreflectors
facing in the general direction of the ranging station. When the
distortion returned signal is used to stop the operation of TIU
this will have to produce a ranging error, so - called wavefront

- error. The latter measured by SAO has shown peak to peak change of
4,5 cm to 7.0 cm [Pearlman, 1983].

At present modelocked Nd:YAG or Nd:YAp lasers are used in the most
modern SLR systems. The lasers operate in the fundamental TEM00
mode. The latter produces the smallest beam divergence, the highest
power density, and, hence, the highest brightness. Furthermore, the
radial intensity profile is uniform and uniphase [Koechner, 1976].
This makes the laser beam transmitted by modelocked Nd:YAG lasers
does not exhibit the wavefront distortion. The experiment data on
the ground baseline have also demonstrated that the performance of
modelocked lasers is far superior to that of other laser types

[Degnan and Zagwodzki, 1982].

The fluctuation error is produced by. the strength fluctuation of

a returned laser pulse from the satellite-borne retroreflectors far
off several thousand kilometers. The strength fluctuation makes the
output signals from PMT become ones with a randomly varying ampli-
tude. When the latter drives a discriminator, such as fixed thres-
hold, rise time compensated and hybrids one, the varying signal
amblitudes will produce time biases on the order of half the input
pulse width. Even if using a constant fraction discriminator with

a compensation circuitry for the varying signal amplitudes the-
strength fluctuation can not be compensated wholly due to the
‘rapidly varying atmospherics. It will be seen from the experimen-
tal data that when changing input pulse amplitudes from 0.1 voltages
to 4 vbitages the time walk due to this will be equal to + 3 cm

to -2 cm for ORTEC 934 CFD currently used in the NASA MOBLAS net-
work [Degnan, et al, 19847. The analogous experiment by SAD indi-
cated that the average fluctuation error has achieved + 2,2 cm,

the maximum + 4.5 cm [Pearlman, 1983].




According to the experience of Mc
be any significant signal strengt
satellite data when the SLR syste
photoelectron domain. it

When there are signifi

However,
operation.
this will result in a high dynami
strength [Ricklefs, et al, 1985].

Currently single-stop TIU's are u
systems to measure the flight tim
the stop discriminator threshold

measurements for this sort of TIU
b
proterty which can not be as good

the pseudo-measurements at all,

interpolated and triggered error.
the flight time an interpolation

For example, the'interpolated err
ing coefficient, k has not been ¢
When the stretching coefficient o
mlnal value achieves + 0.5 the in
psec., The interpolated error resu

to the smaller components, 1 2 ¢

event timer [Guan, et al, 1982].
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1975].
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by SLR systems. Any noise can sup
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ng accuracy of 100 psec [Deghan,




6. Constant Error, Mdo

The constant error contains a transit error, calibration error, syne
error and satellite error. The transit error results from the tran-
sit time jitter for the photoelectrons from the photocathode to the
anodehin PMT. The transit time jitter is produced essentially by

the following factors:

- the fluctuation of the photocurrent transmitted by the photocathode
due to a strong scintillation of the returned laser from Satellite-

borne retroreflectors;

- the variance of the position and size of the light spot illumina-
ting on the photocathode;

- the unstability of DC power supply voltage for PMT.

For example, the transit time jitter varied with DC voltage between

a pair electrodes has been given [Liu, 1983]:

: M 2
_ v [/ 2 md
Mte -2 U eu : (7)

-28

Where, m = electron mass, m = 9 x 10 ’grams;
e = electron charge, e = 4.8 x 10'10 statcoulombs;
u = DC voltage between a pair electrodes in statvolt;

d = distance.interval between a pair electrodes in centi-
meter.

When there are nine dynodes in the PMT the overall transit time is.
equal to ‘'18.8 nsec under the condition of d = 0.7 cm, u = 155 V.,

If the voltage change rate of DC power supply for the PMT, Mu/U
equals + 0,019 the overall transit time jitter will achieve + 180
psec (+ 2.7 cm). If MU/U = + 0.002 the jitter will be equal to

+ 19 psec (+ 3 mm). It will be. seen from this that a strictly re-
gulating circuitry has to be used for the DC power supply to the

PMT, so as to decrease the transit time jitter.

The exﬁqriment results measured by E. Bergstand to RCA 1P21 PMT
indicated that the transit time difference between an illuminating
centre and eccentric point on the photocathode with + 3 mm is equal
to 1.9 nsec (28.5 cm). It will be seen from this that a position
stability of the illuminating point has to be required strictly for
the photocathode. The variance with time can not be permited during

ranalinao.




It is will be known that in an illuminating region on the photo-
cathode the photoelectrons from the respective transmitting points
are not synced due to the photoeffect feature. Therefore the tran-

\
sit time is a statistical averge for the photoelectrons. If the

| : :
size of the illuminating spot on the photocathode varies as time,
the averge will be changed with it, so as to result in the transit

time jitter.

The transit time jitter for microchannel plate photomultipliers
(MCP/PMT) is much smaller than that for dynode chain PMT's. Experi-
ment data have shown that the one sigma transit time jitter for an
Ungated ITT F4128 MCP/PMT. was equal to about two centimeters for
single photoelectron inputs, but one for the Amperex 2233B PMT

achieved ten centimeters [Degnan, ?t al, 1984]. There is also faster

impulse }psponse for MCP/PMT'S. It will be seen from these that it
is desirable to use MCP/PMT in SLR systems.

The calibration error varies as different calibration. It is the

purpose of SLR calibration to contﬂol the change of the system con-

stant which is produced by the jitter of an internal circuitry de-

lay. When signals in SLR system‘ar? transfering from one circuit
to other circuvit it is necessary t? spend a certain time. The spent

time in circuitries is defined as the internal delay. Its value can

be not only calculated on the basis of the circuitry parameters,

but also determined by means of gréund baselines whose lengths were.

measured precisely. If the system constant should not vary there

would not be any errdr for corrected ranging data with one. In fact
the system constant is of changing due to that of the internal de-
lay. The latter of the start pulse| gotten through the start channel

can not compensate that of the stop pulse gotten through the stop
\
channel. The system constant contains the difference between the

internal delay of the start and stgp pulse. The optimal calibration

is defined as being able to eliminate the jitter influence. How-

\ .
ever, in practice there is any difficulty to achieve this purpose.

For example, it can .be demonstrated with the following experience
[Mangin, 1982]: '




On June 17, 1981: cal. = 199.0 nsec.

On September 16, 1981:

- Single round trip: cal. = 198.7 nsec,
- Double round trip: cal. = 198.5 nsec,
- Silverberg method: cal. = 198.7 nsec

- ' 1 nsec.

Internal target: cal. = 199.

According to the above calibration results we can calculate that
one sigma is equal to + 0.219 nsec (+ 3.3 cm), and know:

- the results are varying with the different calibration method;

- there are the different results for the variant time.

Experience by SAO has also indicated the typical values for the

jitter range’from + 0.15 nsec to + 0.20 nsec (+ 2 - + 3 cm), not
including PMT; when including PMT from + 0.2 nsec to + 0.3 nsec

(+ 3 - + 4.5 cm) [Pearlman, et al, 1982].

It will be known from the above experience data that the greater
delay jitter has to be taken enough notice for precisely ranging.
In order to approximate the optimal calibration a few SLR systems
have employed some internal calibration, such as the feedback cali-
bration of TLRS ranging system [Silverberg, 1982], the double cali-
bration of MTLRS mobile system [Wilson, 1982] and the zerodelay .
system of Goddard new experimental facility [Degnan, 1985]. In
writer's opinion there will be a much smaller jitter due to each
other compensation for the start and stop delay when the start and
stop pulse emerge in common from one channel circuitry based on a
common PMT. If the SLR systems with the internal calibration were
"to make use of one common channel circuitry they would be able to
- approximate the optimal caiibratibn mostly.

When making use of ground baselines for the SLR calibration the
baseline length has to be measured precisely. For example, whenﬂj
t. relines are measured to use AGA Geodimeter 8, due to its standérd
diviation{of + (5 mm + 1 x 10'60) the measured error for 5 km base-

line will achieve + 1 cm. If microwave distance measuring instruments




are used to measure the 5 km baseline the measured accuracy of +

1 cm will be unable to be achieved| at all. For example, when using

MRA-5 Tellurometer the measured accuracy will only achieve + 2.5

‘cm. The low measured accuracy for ground baselines will become
e | .
into a limitation for the calibration accuracy except using.still

\
more precise baselines. In performing the SLR calibration the meteo-

|
rological data must be taken for the calibration refraction correc-
tion. We would better take them on two end points of the ground
baseline whose length is equal to severalkllometers, so as to im-

prove the calibration accuracy.

When the momentary time arriving at the satellite for the laser

pulse can not be exactly reduced to UTC the following sync error
will be produced [Liu, 1985]:

M_ =-V_M_ cosa (8)

s s t
Where, Vs = movement velocity of The satellite in the space,
Mt = ranging moment error in respect to UTC,
' )
Satellite elevation.

QR
it

It was pointed out that the best synchronization results have an

RMS of a half microsecond, and the|worst synchronization results
have been a four microsecond RMS [Oaks, et al, 1982] . It was

known that Vs = 5698 m/sec for LAGFOS Vs = 7400 m/sec fof STAR-
LETTE [Mastrocinque, 1985]. If taking Mt = + 4 pys, a = 15°, we will

know MSL =+ 2.2 cm for LAGEGS, Msg = + 2.9 cm for STARLETTE. Assu-y
ming Mt = + 7 pys, we .,will obtain MgL = + 3.8 cm, M = + 5.0 cm.

If using Mt = + 0.5 ps, we will get MSL = + 3 mm, MSS = % 4 mm. It\
will be seen from these calculated| sync errors that there will be
greater sync errors for both a high and low satellite wﬁen the mo-

ment error, Mt 2 + 4 ps and the elevation is smaller. Therefore,
an exact time synchronization has to be performed in order to re-

. | .
duce the sync error. It is better to use a Time Transfer Receiver

\
(TTR) operatlng with the NAVSTAR Global Positioning System (GPS)

Its t1me synchronization accuracy %s expected to achieve a RMS of

less than 50 nsec [Oaks, et al, 1982]. GPS TTR s were started to

synchronize the time for some SLR Lystems, such as the mobile MTLRS

system in Winter 1985,



The satellite error is caused by a deviation from the satellite
center-of-mass (SCM) correction and a coherent fading effect. The
sételliteborne retroreflectors are distributed on each laser satel-
lite crust. The effective reflection points depending on a centroid
of the incoming laser pulse have to be reduced to the sateliite
center-of—mass; For LAGEOS the SCM correction is theoretically
equal to 258 mm. However, the SCM correction varies with a func-
tion of incidence angle, iaser pulsewidth, detection means and re-
ceiver impulse response. The experimental data have shown that the
SCM correction was changed from 245.7 mm to 253.8 mm when the laser
pulsewidth was equal to 1 nsec to 61 psec. The SCM correction for
centroid detection was 249 mm with a standard deviation of 1.7 mm
[Degnan, 1985]. For gravity gradient satellites the incidence angle,
P between the laser beam and the axis of symmetry of the satellite
can be approximately expressed [Carpenter, 1978]:

cOoSsaQ

P = arc tg (9)

sina +

oo

Where, D

distance between a ground station and laser satellite;

s
i

earth's radius.

It will be known from the above mention that the satellite error
has to be produced due to the different pulsewidth, detection means
and incidence angle. On the other hand, there is the so-called co-
herent fading effect for the returned beam. The latter is an ensem-
ble of reflections from all those retroreflectors facing in the
general direction of the observation station. Due to superimposing
from the individual returned signals eath other this results in a
coherent interference for corresponding electric fields in the re-
ceiver. The coherent fading effect will cause a random timing error
with a standard deviation of 77 psec [1.15 cm, Degnan, 1985].

7. Conclusions

From what has been said above, we know that the real accuracy for
SLR ean not achieve + 1 cm proposed by them at all, but only a few
centimeters for the executed experiments. SLR errors can be divi-

ded into two types:




- condition errors caused by exterior conditions in laser ranging,

- [instrumentation errors caused by the properties which are not
enough good for SLR systems,

-
v

and summarized in the following table:

~ velocity error resulting from the measurement error for

velocity of light in a vacuum;

index error resulting from inaccurate meteorological dats;

satellite error resulting from the inaccurate satellite

.center-of-mass correction and coherent fading effect;

sync error resulting from an inexact clock synchronization;

calibration error resulting from the inexact measurement

condition, errors

- for the system constant;

—~ frequency error resulting from the difference between the
nominal and real value of a cl?ck frequency;

resolution error resulting from the counter resolution which
can not be enough small;

timing error resulting from the counter property which of

itself can not be as good as possible;

: . | .
fluctuation error resulting from the strength fluctuation

of a returned laser pulse;

Satellite laser,ranging errors

pulsewidth error resulting froT that the energy of a trans-

mitted laser pulse is not centralizing in a moment;
wavefront error resulting from the wavefront distortions

of a transmitted and returned laser beam;

, . | . . .
transit error resulting from the transit time jitter for

the pﬁétoeleétrons from the photocathbdg to the anode in
~ a PMT.

instrumentation,errors
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SOME CURRENT ISSUES ON LASER COLLOCATIONS
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ABSTRACT

Collocation experiments are being conducted to isolate and study
systematic errors in laser ranging systems. Proper use of the unique
collocation configuration requires that these experiments be allowed to -
focus on effects that would be difficult to find in single system ground
and readiness tests. This requires that (1) the systems be fully tested .
and field ready prior to collocation and (2) sufficient time and resour-
ces be allocated for proper test and analysis. A brief review of recent
collocation requirements and experience is presented along with current
issues and shortcomings. ’
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INTRODUCTION

Laser collocations allow us to isolate and study the
systematic errors in laser ranging machines. To the extent
that the error sources are independent from one machine to
another, systematic effects appear as offsets in short arc
analyses between the collocated systems. The unique geometry
of machines in close proximity permits comparative analysis
without corruption from modelling errors such as atmospheric
refraction, spacecraft center of mass, and spacecraft orbit.
To obtain full value from the collocation, each participating
system must be operated in a fully independent manner, thereby
simulating conditions and performance that would be anticipated
from stations operating on their own at remote locations. The
more the systems have in common, the less rigorous is the test.

Even though it 1is not the intent, collocations have
traditionally provided a full test of entire ranging operations
from predictions, through hardware and procedures, to final
data analysis. This is both good news and bad: A full stress
test exposes all of the weak points in the system, but using
the collocation configuration to find very mundane problems is
a waste of very limited resources. .

NATURE OF COLLOCATION RESULTS

Historically, collocations have revealed three kinds of
results:

(1) INCIPIENT PERFORMANCE LIMITATIONS which refer to
limitations in capability imposed by the
characteristics of the ranging system in its current
configuration, 1limitations which would be difficult
to find with the existing single station ground tests.

(2) CHARACTERIZATION EFFECTS which refer to 1limitations
which should have been observed and measured with
single system ground tests. /

(3) FAILURES.

Incipient performance limitations are system shortcomings
which may be very elusive and frustrating, but discovery
represents experiment success; something unexpected and
possibly new was discovered. In the past, effects such as
wavefront variations, signal strength variations, variations
with equipment temperature and azimuth dependence were
discovered, and in most cases procedures were then added to the
standard ground tests to include these effects.

Characterization effects are effects that we have seen
before, effects for which ground based tests already exist




within the standard test procedures. Problems in this category
usually arise because preliminary ground tests and engineering
tests have not been properly conducted and/or analyzed.

Failures are those things that inhibit us from measuring
the system performance. These are items that should have been
detectible with single station preliminary testing: Failure of
the equipment, improper use of operating procedures, and

failure of the data processing ahd/or support systemns.

There may be some philosophical dispute over the boundary
between categories, but the basic tenet should be that a
collocation is a unique event and should be allowed to focus on
effects that are difficult or impossible to find with single
station testing. :

PREREQUISITES

To insure that we‘get~the most value during collocation
experiments, we should insist on the following prerequisites:

° Both systems should be yorking at a satisfactory level

in terms of target acquisition, data yield, range

noise, etc. -

° Both systems should be working independently
including: timini, soﬁpware, meteorological
equipment data preprocessing, etc.

° Both systems should have completed and "passed" the
specified ground tests (including system
characterization)

° Fully tested comparison software should be available

° A management plan witp schedules, responsibilities,
~data flow, and anticipated system performance should
have been developed.

GROUND TESTS

The ground tests and the related data analysis have been
specified .in detail in previouﬁ sessions of the Workshop (see
Pearlman 1984) and 1in the Collocation Plans prepared by
NASA/Bendix for measurements at  GORF. These tests have
included:

1. Multiple Ground Target Fests (MINICO) in which several
ranging sequences are taken sequentially off of two or
more ground targets aq different ranges and azimuths
to verify reproducibility, system linearity, and mount
eccentricity model. '



2. Stability tests in which ranging sequences are taken
off of a single ground target for one to two hours to
examine temporal stability of the system over a time
period <consistent with a full LAGEOS tracking
sequence.

3. Wavefront tests in which a corner cube map is made to
measure the laser wavefront spatial variations.

4. Signal strength tests in which extended target
calibrations are taken over the full dynamic range of
the ranging instrument to measure and characterize the
variation in system calibration.

5. Specialized engineering tests (as necessary) including
the measurement of changes in system delay with (1)
PMT voltage, (2) position of return within the range
gate, (3) stop channel (in multistop system), etc.

The data set for a collocation test consists of more than
just simultaneous satellite ranging data. It should include
the information, data and results from all of the preliminary
activities, ground calibrations, and post analysis. Without
this, proper interpretation of collocation results 1is not
possible. /

SATELLITE TRACKING REQUIREMENTS

The satellite data requirements for the collocation
experiments conducted by NASA are based on the following:

° Adequate data volume and coverage to disclose
systematic effects on LAGEOS

° ‘Evaluation of performance on daytime tracking on
LAGEOS

° Evaluation of performance on low orbiting satellites

Proper engineering evaluation of a laser system requires a
data set sufficient not only in data volume (enough passes with
simultaneous data), but also sufficient sky coverage to observe
azimuth and elevation dependent errors, adequate temporal
coverage to achieve the needed sky coverage and to test system
reliability, and adequate operation under daytime conditions.

The requirements for satellite tracking by NASA have been
specified as follows:

l. Twenty simultaneous passes on LAGEOS with:




.DATA ANALYSIS

° Data spaced over 30 minutes per pass

A minimum of seven |two-minute overlapping normal
points per pass

° Five passes in daylight

° Two of the passes in Lach sky quadrant

° Two passes in each of the ascending and descending

equatorial modes
Two simultaneous passes| on Starlette or BE-C

° A minimum of three simultaneous normal points per
pass

Collocation satellite data lare analyzed at several levels.
The first examination is made jon a single station basis and

includes:

(]

At the

Calibration RMS ' -
Calibration stability
Pre/Post calibration shift

Satellite data RMS

Satellite normal point RMS

Residual signatures to orbital solutions

next level, the data for the collocated systems are

compared using short arc solutions to investigate effects such

as:

Mean offset
Drift and temperal variations
Range dependence
Elevation and azimuth dependence

Signal strength variations

Diurnal variations




° Variation with system calibration
° System changes
°‘Temperaturé variations

RECENT EXPERIENCE AND ISSUES

Some of the recent collocation experiences are tabulated
in Table 1. Analysis is still underway on several of the
experiments, so that results since early 1985 are still
preliminary. For this summary, the offset value is expressed
simply as the mean difference between the systems over the full
data set, paying no additional recognition to residual
signatures or the actual nature of the systematic biases. As
noted above, however, these signatures are a fundamental key to
system performance and their close scrutiny is an essential
part of any collocation evaluation. Specific experiments will
be discussed by others in this session.

A tabulation of problems encountered during collocation
experiments 1is shown in Table 2. The difficulties fall
basically into two categories: (1) The ranging machines and/or
their supporting systems were not ready for collocation, or (2)
the machines /did not stay long enough to acquire a sufficient
set of data or to allow proper engineering scrutiny. We are
historically behind schedule in development, construction,
deployment, etc., and as such, the preliminary phases to
collocation have in almost every case been compromised.

Many laser systems have participated in collocation
experiments, but in most if not all cases, the collocations
have been inadequate. In some cases, the machines have not
really functioned. Less than half of the tests provided twenty
passes of data, and even in these cases some of the passes were
inadequate for proper analysis, due to 1insufficient data
volume, insufficient coverage, and/or changes that were made
during the tests that precluded test continuity. The greatest
‘'void in data acquisition, however, has probably been the lack
of daylight ranging.

The maintenance of configuration control in hardware,
software and procedures has been a traditional problem. In
principle, the systems should be operated in a fixed,
independent manner. Almost without exception, however, we have
succumbed to temptation to adjust, repair, and modify.
Unfortunately, there 1is never enough time to start the
collocation test over again, and we end up with discontinuous
data sets that are hard to relate.

Many problems have surfaced that relate to data
processing. This, of course, becomes more prevalent as more

-




systems built and operated by d1fferent groups are collocated
(although it has been experlenced in collocations with only
NASA systems). Inconsistent| use of models (refraction,
spacecraft center-of-mass, ca11bratlon correction, etc.) and
differences in data manlpulatlon and screening have recently

required attention. One of the most notorious problems is
probably that of ground surveys- to calibration targets and
over the interstation vector. Ground surveys, although a
routine process, must be done very carefully and analyzed
properly. Surveys must be repeated on a regular basis to
insure the results and to detect any local movements. More
than once, ground motions or stable calibration target

structures have compromised ranglng results. The ground target
is in most cases the basis of our entire measurement program,
vet it is often the weakest link.

Speed of data processing has been a perpetual headache.
As noted earlier, analyses of experlments taken over a year ago
are still underway. The lasers leave the collocation, and may
take data for a year or more before we fully understand the
performance characteristics. At times, even when there are
indications of anomalous behav1or, we do not apply the manpower
and time to pursue the ev1dence in a timely manner. As a
result, problems surface later Tt an even less opportune time.

Proper interpretation of the collocatlon results relies on
the conduct of complete pre11m1nary ground tests, analyses of
this data, and timely availability of the results. This
information 1is «critical to |the understanding of machine
performance and may play a |crucial role 1in proper data
reduction. A recent example is system delay variation with
signal strength. In those |systems where the effect |is
pronounced, algorithms based on calibration data could have a
very significant effect on satelllte results. Yet, if the data
is not readily available, we see serious degradation in system
performance and have no opportunity to apply proper data
corrections. '

CONCLUSIONS

The difficulties experlenced in past collocations, and
improvements seen in some of the recent tests, reiterates again
that collocations must be as |carefully managed as any other
activity making use of scarce resources. Every collocation
requires a detailed plan encompa351ng everything from the
readiness of support systems through the management of the data
flow and analysis. Compromlses have not served us well. The
"Rush to Collocation" and the "Rush to Deploy from Collocation"
have been very costly to us. In the future, every effort must
be made to use collocations \more effectively to study the
fundamental limitations of the systems rather than merely




cleaning up the routine problems that we just did not have time
to examine before.

Reference:

Pearlman, M.R., "Laser System Characterization", Proceedings of
the Fifth International Workshop on Laser Ranging
Instrumentation, Herstmonceux Castle, September 1984,
published by Geodetic Institute, University of Bonn, Bonn, '
Federal Republic of Germany 1985.




RECENT COLLOCATION EXPERIENCE

o DATES ~ COMPARISON LOCATION PAggES OFFSET
7/81 MOB7- STALAS EORF 12 3-4cm
9/81 -~ 1/82 HOLLAS - MOBl HALEAKALA 45 <1 cm
9/81 - 10/81 MOB4 - MOB7 LORF 4 7 cm
7/82 - 10/82 MOB6 - MOB7 GORF 27 1-2 cm
7/82 - 8/82 MTLRS - TLRS1  McDONAL 23 6 cm
9/82 ~ 11/82 MTLRS - TLRS2 GORF 27 <1 cm
5/83 - 6/83 MOB4 — MOB7 GORF 13 1 cm
7/83 - 8/83 LTRS1 - MOBS8 QUINCY 15 - 2-3 cm

10/83 TLRS1 - MOB4 M%. PEAK 7 6 cm
4/84 - 5/84 MTLRS1 - KOOLAS KOOTWIJK 2 -

9/84 - 10/84 TLRS1 - MOBS QUINCY 43 2-3 cm
11/84 MTLRS2 - WETLAS LETTZELL 5 -

5/85 - 8/85 MTLRS1 - MOB7 GORF 13 1-2 cm
10/85 -~ 1/86 MTLRS1 - MTLRS2 MATERA 13-36 1-2 cm

- MATLAS

TABLE 1




FAILURES

SYSTEMS NOT READY
- INADEQUATE SHAKE-OUT ON  SATELLITES
- INADEQUATE GROUND TESTING

INSUFFICIENT DATA SET
- NOT ENOUGH ACCEPTABLE PASSES
- LIMITED SKY COVERAGE/DISTRIBUTION
- LITTLE OR NO DAYLIGHT DATA
- INADEQUATE TEMPORAL COVERAGE (30 DAYS)

LACK OF CONFIGURATION CONTROL
- HARDWARE
- SOFTWARE
- PROCEDURES

LACK OF PREPARATION FOR PROCESSING
- INCONSISTENT USE OF MODELS
— INCONSISTENT DATA MANIPULATION
- INCONSISTENTDATA SCREENING
— INCORRECT SURVEY DATA
- SLOW DATA PROCESSING

LACK OF AVAILABILITY OF ENGINEERING DATA
~ GROUND TEST RESULTS

SURVEY PROBLEMS
- CALIBRATION TARGET SURVEY
~ CALIBRATION TARGET STABILITY
- INTERSTATION VECTOR SURVEY

TABLE 2




MANAGEMENT OF THE LASER RANGING SYSTEMS COLOCATION

A. Cenci

Telespazio S.p.A.
Via A, Bergamini, 50
00158 ~ Rome Italie

Telephone (39) 6 4987407
Telex 610654 TSPZROI

ABSTRACT

The colocation testing for satellite laser ranging systems provides
a unique opportunity to test the ranging capabilities and to identify
possible sources of systematic' errors.

Being the colocation experiment gtrong]y influenced by many unfore-
seeable aspects, 1like atmospheric conditions, systems failures, logistic
problems and so on, the management of the experiment has to be carefully
organized in order’to reduce any othe& possible sources of problems as
well as to optimize the operational and analysis activities.
~ This paper concentrates on various aspects of the colocation manage-
ment, starting from the identification of the major requirements to be
satisfied prior the beginning of the colocation, like site requirements,
systems errors characterization, definition of tasks and responsibilities,..

The main procedures and tests to be performed during the colocation
period are also discussed, with partibu]ar emphasis to the ground test pro-
cedures and supporting information data set.

Further possible sources of errors to be carefully investigated, concer-
ning data handling and processing, are discussed too in a section dedicated
to the Software Benchmarking. ’

Finally, a general overview of the colocation data analyses is given,

This paper refers in particular to the proéedures and criteria adopted
during the colocation experiment recept]y performed at Matera between the
MTLRSI, MTLRS2 and MATLAS systems (January-March 1986).
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MANAGEMENT OF THE LASER RANGING SYSTEM COLOCATION

INTRODUCTION

The laser ranging stations differ from each other in several aspects: characteristics
of the laser, mount system, receiving electronics, optics, timing system, software
capability, operating procedures, etc.

Any of these aspects can map into systematic errors in measurements.

The colocation testing is the only reliable method to identify laser system problems
comparing two or more, stations, isolating station dependent systematic errors from
other major sources of errors, like atmosphere, orbit determination, station location,
etc.

Being the colocation testing strongly influenced by many impredictable aspects, like
atmospheric condition, systems and logistic problems etc., the management of the
experiment has to be carefully organized in order to reduce any other possible
sources of problems, as well as to optimize the operational and analysis activities.

A real time supervision during the colocation period is also necessary together with a
joint cooperation between all the involved groups.

This paper presents the requirements and procedures to perform the colocation
testing, with particular reference to the procedures and criteria adopted during the
colocation experiment performed at Matera with the MTLRS1, MTLRS2 and MATLAS
systems.

Writing this paper, reference was made in particular to the standard colocation plan
of the Bendix Field Engineering Corporation (ref. [2], [3]) and the 1986 Matera
Colocation Plan (ref. [1]).

The report is divided into five sections: the f1rst section summarizes the various pre-
requisites to be satisfied prior the beginning of the colocation.

The second section analyzes the procedures and tests to be performed during the
colocation.

Section 3, is dedicated to the benchmarking of the processing software.

In section 4 an overview of the analysis procedures is given.

The last section gives a summary of the colocation reports.

An overview table is also given for each section.




1. COLOCATION PREREQUISITES

1.1. COLOCATION SCHEDULE

Particular attention has to be given to the choice of the colocation period, in relation
with weather conditions and satellite visibility, in particular if second generation

stations, which have only night time traéking capa‘bility, are involved.
The colocation test period must be long enough to meet the colocation data set

requirements for the analysis of both short anc\i long term biases (see sect. 2.2.).
Distribution of data over at least one month is in general required.

1.2. ON SITE FACILITIES

1.2.1. Power Supply

The requirements for the electrical power are in general not critical, being at least
one of the colocating stations connected to the cémmercial power.

In any cases, if power requirements are not larg‘ ely satisfied, interactions between.
the systems are possible during laser firing, mainl‘y if high energy lasers are involved.

In this case, independant sources from power generators are requested. -

1.2.2. Communications

The basic communication systems needed at the site are:

- telephone line: for general communication and quick-look transmission (to
access MARK III data rlmetworok);

- telex line: for information exchange and quick-look transmission;

- mail/carrier: express mail or carrier is necessary to maximize the full-

|
rate data timeliness. Complete data flow tests are strongly

advised before the coiocation starts, in order to evaluate
the real possibilities;

- on site: an internal phone line between the colocating stations
should be installed in order to allow the crews to
communicate each otr%er during tracking or tests as well as
for meteo measurements exchange, time comparison,

emergency and so on.




1.3.  COLOCATION SITE REQUIREMENTS

~

The main requirements for the colocation site are summarized in the following:

- re-inforced concrete slabs are required for mobile systems to accomodate for
a leveled and stable support for the mounts. SLR universal NASA pads are
recommended. The reference markers must be carefully isolated from the pad
and extended sufficiently into the subsurface for maximum stability {4];

- the colocating stations should be positioned as close as possible, to reduce
errors in local survey measurements and geometrical data analysis (60 meters
or less is recommended);

- a reference marker network with a typical side lenght of 100 to 200 meters
around the site is strongly advised;

- appropriate electrical ground network has to be installed around and under
stations locations. In case of risk for excessive storm conditions, proper tie-
downs are also required;

- at least three ground targets at different azimuth and distances (typically 500
to 2000 meters) should be available (corner cube reflectors and/or billboards
depending on type of stations), to allow terrestrial ranging tests.

1.4. SITE SURVEY

One of the most frequently experienced source of systematic errors in colocation
data analysis concerns the survey of the relative station positions and critical
calibration ranges (reference markers and calibration target).

Errors on survey directly map into relative station biases, so that absolute accuracy
better than 0.5 cm is required.

Accurate local survey, including pads and reference markers measurements, must be
‘performed prior the beginning and directly after the completion of the colocation
period. ‘

Connection to the national geodetic network is also advised, although it does not
impact directly the colocation experiment.

A report of the pre-survey results must be distributed to all involved analysis groups
prior the first colocation data is available, as reported in sect. 5.2,

Being the survey one of the most critical pre-requisites to be satisfied for the
colocation, particular attention is necessary for:

- calibration of instruments;
- measurement procedure;

- data reduction;

- error control.

Details about the above topics are given in ref. (5] and [6].




1.5. SYSTEMS CHARACTERIZATION

One of the objectives of the colocation experiment is to verify and compare the
performances of the laser stations.

A complete characterization of each system is therefore required prior the
colocation in terms of definition of system performance and estimation of errors
budget.

With reference to the model proposed by M. Pearlman at the 5th International
Workshop in Laser Ranging Instrumentation (ref. (7] ), the system characterization
- must include at least the following items: -

RANGING MACHINE ERRORS

Systematic:

- Spatial Variations (Wavefront distorsion, cube map);

- Temporal Variations (Pre-post calibration shift, long term system
delay variations);

- Signal Strength Variations (unmodelled variations of system delay with
signal strength);

- Calibration Path (survey, meteo - if applicable -).

Statistical noise:

- Single Shot Precision (day/night; high/low satellite);

- Calibration S.S. Precision (day/night; high/low satellite).

TIMING ERRORS

- Broadcast Monitoring (timekeeping accuracy).

MODELLING

- Data Aggregation (Normal points model accuracy,

' Normal Points precision/data availability);

- Atmospheric Correction (Model Accuracy,

Meteo measurements accuracy).

The overall error budget should specify the relevant time period or periods for each
component (pass, day, month, etc.).

The statistical means of characterizing each component must be also specified (one-
sigma, peak to peak, etc.).

In order to verify the above characteristics during the colocation phase, adequate
hardware and software configurations and operational procedures should be prepared
prior the beginning of the experiment (see also sect. 2.6.).



1.6. MANAGEMENT AND RESPONSIBILITIES

The management of the colocation experiment needs to be organized prior the
beginning of the experiment as much in detail as possible in close cooperation with all
the participating groups.

All the tasks and responsibilities have to be clarified not only at high level but also at
crew level which directly impacts the colocation results.

Fig. |1 shows the block diagram of the management structure which has been adopted
during the Matera colocation.

The tasks performed by the various members are summarized inside the blocks.

A management on site is needed to coordinate the crews and the colocation
activities.

Depending on the involved personnel and systems, different responsibilities may be
attributed to the colocation manager who operates in any case in close cooperation
with the stations managers under the supervision of the operational manager of the
compaign. ‘

One of the most critical areas to be handled by the colocation manager concerns the
supporting information collection and exchange and the reporting.

In fact, difficulties and confusion may be experienced in colocation analysis due to
missing or incomplete supporting information.

A strict control of hardware and software configurations during the colocation period
is also required. :

Any forced change in systems or procedures must be adequately documented.

2. COLOCATION PROCEDURES

2.1. OPERATIONAL SCHEDULING

The scheduling of the operational activities include:

- organization of the crews (shifts);
- pass scheduling;

- test scheduling;

- data and information exchange.

The definition of the acquirable passes depends on operatiohal staff availability and
organization. .

Due to the particular kind of the experiment, a flexible organization is in general
preferable, to reduce the effects of forced unactivity periods (due to weather,
failures, etc.).




An a priori scheduling is in any case necessary together with the definition of priority
criteria for both acquisition and off line activities (e.g. minimum culmination,
daytime or nighttime passes, etc.) depending on forecasts and kinds of involved
systems.

The requested colocation data set (see sect. 2.2.) is also considered in this context.
All the requested ground test are scheduled too, following the assigned priority, as
well the frequency of the data and information exchange (pass, daily, weekly, etc.).

2.2. SATELLITE RANGING

The raw satellite data set required during the colocation consists of the following:

1) All raw satellite data taken during the colocation period, including both
simultaneous and non-simultaneous passes.

2) Each system should have observed a minimum of 20 LAGEOS passes with any
other system spaced over a period of at least 30 days. Depending on the
analysis method used the 20 passes should have either a minimum of seven
consecutive overlapping two minute normal points (geometric analysis) or four
consecutive two-minute normal points in three groups at the ascending,
highest elevation and discending side of the pass (dynamic analysis).

3) these 20 passes should include a minimum of five daytime simultaneously
tracked LAGEOS passes responding to the same normal point overlap criteria
(if applicable).

4) These 20 passes must include a minimum of two simultaneously tracked -
LAGEOS passes in each sky quadrant and a minimum of two passes in both the
ascending and descending equatorial nodes. :

5) A minimum of two simultaneously tracked STARLETTE passes to confirm low
satellite tracking capability. Each pass must contain a minimum of three 2 min
normal points (if applicable).

The possibility to satisfy the above minimum data set requirements must be a priori
verified in relation with the colocation schedule (ref. sect. 1.1.).

2.3. SYSTEM DELAY CALIBRATIONS

All tracking calibration data taken during the colocation must be included in the data
set. ‘ '
Particular attention needs to be given to the system delay variations in both short
(pre-post calibration shift) and long period.



A real time analysis on this area is useful to identify system problems as well as to
detect anomalous atmospheric effects along the calibration path, in case of using
calibrations with external target, which directly map into systematic errors.

One interesting example is visible in fig. 2.1, where the behaviour of the calibration
system delay and pre-post shift relative to the Matera colocation is shown.

Some anomalous system delay values were observed for both MATLAS and MTLRS2
systems. In the case of MATLAS, being this fact due to atmospheric effects of the
external calibration path, station biases up to 10 cm have been detected on final data
analysis. The jumps of the MTLRS2 system delay, due to internal system variation,
did not affect on the contrary the final data, being present also during satellite
ranging.

2.4. EPOCH TIMING

The philosophy which has been followed during the Matera colocation in definition of
colocation procedures and criteria was to remove any possible source of a priori
known errors.

Under this philosophy the system clock closure between the three systems was
measured (generally on daily basis) with 100 nS accuracy and maintained to 500 nS
level. ,
The effort to maintain time closure to less than half microsecond appears to be not
fully justified being the epoch resolution in the archiving data formats actually
. limited to one microsecond.

In case of using Rubidium standards or in case that better time keeping accuracy be
approached, comparisons made on pass-by-pass basis are necessary.

If closure within 0.5 microsecond with respect to the reference scale (USNO, BIH) is
also maintained (this represents also a colocation test), both Full Rate and Quick
Look data do not need in general time corrections, unless the epoch resolution be
increased to accomodate the subcentimeter accuracy. '

Being the colocation a unique opportunity to compare and test the entire system
configuration, the comparison of different methods of synchronization is important
too. In the case of Matera difference up to 0.3 microsecond between LORAN-C and
GPS have been found, mainly due to the accuracy of the LORAN-C Master station
offset. The storing of all timing intercomparison measurements allows also to verify
and compare the system clocks stability.

A summary of timing closure informations should be included in the final colocation
report.




2.5. METEOROLOGICAL DATA

Meteorological data closure between the colocating systems should be established and
maintained at least to the following tolerance:

- Pressure: +0.5 mBar;

- Temperature:  +5 degrees for satellite ranging,
+1 to 3 degrees C for terrestrial ranging, depending on the
distance,

- Humidity: +30%.

In case of terrestrial ranging, averaging of temperature and pressure measurements
taken along the target path is necessary (a variation of 1 degree in temperature
introduces an error in range of about 1 mm per km).

For satellite ranging the most critical point concerns the pressure measurements.

In the case of Matera colocation, for example, a difference of about 0.8 mBar was
found between the MATLAS and MTLRSI barometers, which also represents about the
difference between the Bendix and "IFAG standards (used to calibrate the
instruments).

In order to remove any known source of relative error bias, readings from a unique
pressure reference (MATLAS) were therefore used on data.

In case that a unique set of meteo instruments is used by all colocating stations,
comparison between the various instruments must be also done and stored.

It is also to point out that an accuracy in the pressure readings (and relative closure)
better than 0.5 mBar appears to be actually not fully significant because:

- archiving data format resolution is limited to 1 mBar;

- meteo reading are (in general) recorded only once per pass, so that changing
conditions during the pass are not taken into account (variations up to 1 mB
and 3 degrees have been observed during Lageos passes).

Upgradings of systems capability and data formats appear therefore necessary to
accomodate subcentimeter accuracy.

A summary of the meteo closure informations should be included in the final
colocation report.

2.6. GROUND TESTS

A minimum set of ground tests to be performed during the colocation period in order
to evaluate system performance or to explore performance problems is described in
the following.




Further investigation appear to be necessary to make the full ground test data
available to all involved groups (formats and procedures need to be decided).

2.6.1. Terrestrial Targets Ranging

This test consists of a minimum of five daytime and five nighttime range series of a
significant number of returns (depending on systems), over at least 3 minutes period,
with the calibration data, each taken on at least three range targets at significantly
different azimuth and distance.

Ranging must be done simultaneously by all the colocating systems to reduce
unmodelled atmospheric effects.

The ranging conditions, e.g. return energy, should be similar to the satellite ranging.
This data can be used to confirm range bias deduced from satellite data and/or verify
and compare terrestrial ranging capability.

2.6.2. Stability Test

It consists of at least two one-hour ranging on internal and/or external target to
evaluate:

- range RMS stability;
- range drift;
- return energy stability.

Analysis of the pre-post calibrations data can be also used to verify the system
stability ( [7}, [8]).

2.6.3. Signal Strength Variation Test

It consists of ranging on internal and/or external target over the full dynamic range
of the receiving system.

This is obtained performing various set of range series with a significant number of
returns, changing for each set the ND optical filter in the transmitting or receiving
section.

The RMS and mean variations from all set of data allow to evaluate the unmodelled
variations of system delay with signal strength (arising because the performance of




devices within the systems including PMTs are amplitude andf/or pulse width
dependent) [7], [8].

2.6.4. Wavefront Map Test

It consists of mapping the wavefront variations by ranging on an external cube
reflector several range series, at different azimuth and elevation angles (with
adeguate steps depending on beam divergence) in order to cover the entire laser
beam. ’

The evaluation of the return energy variations and range variations give the map of
the beam shape and the spatial wavefront distorsion respectively (two tests must be
done separately to remove signal strength dependance from wavefront distorsion).
The measurement sets are taken in random order with return to the central reference
position to check for temporal drift [7], [8].

This test is particularly important for systems with high energy laser pulses (duration
over 500 ps FWHA) because the effect of spatial distorsion has been experienced to
be in general no more than 10% of the pulse duration.

2.6.5. PMT Test

It consist of producing a smooth systematic change in system delay as a function of
PMT voltage.

This test is mandatory in case that change in PMT voltage is used to manage the
received pulse to maintain the receiver system in the linear region.

2.7. QUICK LOOK DATA FLOW

The Quick-Look data are normally transmitted from the stations to the data
' processing centers on daily basis using telex or Mark III line.

To accomodate for a more reliable quick data analysis, the quick-look data set was
expanded to 200 points per pass during the Matera colocation.

Quick Look data from all colocating stations were also collected and merged on site,
after calibration corrections, in order to perform the polynomial fit analysis and a
preliminary colocation data analysis (data were reformatted and processed in
Telespazio, Rome; see also sect. 3.2.).

The Quick Look data flow during the Matera colocation is shown in fig. 2.2.



It has to be noted that in case of maintaining timing closure within tolerance, the
quick look informations are only limited by the 0.1 nanosec. resolution in range, so
that quick look analysis accuracy is expected to be comparable with that of the full-
rate analysis (depending also on accuracy of the pre-post calibrations).

2.8. FULL RATE DATA FLOW ‘

As mentioned in sect. l.2. the timeliness of the Full Rate data flow must be
optimized depending on: k

- express mail/carrier availability;

- site location;

- involved pre-processing groups (number and locations);
- involved analysis centers (number and locations).

Full Rate data transmission should be in any case done at least on weekly basis.

Fig. 2.2 shows also the Full Rate data flow for the Matera colocation.

Copy of Full Rate data from MTLRS! and MTLRS2 were also directly sent to DUT
and IFAG respectively (on weekly basis) for analysis and benchmarking.

It has to be noted that several groups were involved in both pre-processing and data
analysis, during the Matera colocation, so that the best timeliness for the complete
full rate data flow was in general about three weeks.

The Full Rate data set and exchange procedures may also differ between the groups
depending on: /

- data formats (system format/standard; binary/ASCII; etc.); \
- data support (9 tracks magnetic tape/Linc tape/floppy disk; etc.);
- Full Rate informations.

All the above differences may introduce difficulties in data processing and bench
marking (see sect. 3).

2.9. SUPPORTING INFORMATION

One of the major sources of confusion and delay in data analysis effort, experienced
in the past colocation experiments, concerns the supporting information collection
and exchange.

. One of the criteria adopted during the Matera Colocation was to issue a weekly
report on which the principal information to support both system performance
evaluation and data analysis were summarized.




A summary of these informations, collected from each stations on daily basis, is
shown in Fig. 2.3.

All tests and analysis results, not included in this form, were added as off-line
activities as well as any crew comments and problem description (the Polyfit analysis
section reported the results of an independent polynomial fit analysis performed on
site by Telespazio using Quick Look data).

A final operational updated report, on which all the supporting information are
summarized, should be issued at the end of the experiment and distributed to all
partecipating groups (see sect. 5.).

Any additional supporting information generated on site, like tracking log, on site
detailed analysis output, non-recorded test data, detailed crew comments etc., should
be included in Full Rate data shipments.

3. SOFTWARE BENCHMARKING

_The colocation experiment offers a unique opportunity not only to compare the
performance of the hardware systems, but also to detect differences in the on site
station and data control software and in the models and procedures for data
preprocessing and aralysis.

In our experience, a "Benchmarking" and comparison of the above software appeared
as important as the system hardware comparison, in particular considering the
subcentimeter accuracy being now approached in laser measurements.

3.1. SYSTEMS SOFTWARE COMPARISON

The on site software capabilities are in general dedicated to:

- system orientation;

- raw orbit propagation;

- satellite tracking;

- real time data acquisition;

- post-pass processing (raw data);

- Quick Look data generation;

- system delay calibration (raw data);
- data formatting;

- off line tests and procedures.

Although many different techniques are used, depending on hardware configurations,
some common output and procedure can be verified and compared, like the following:




- Quick Look and Full Rate data formats;

- Quick Look data sampling criteria;

- Pre-Post calibrations evaluation;

- Pre-Post calibrations editing criteria;

- Raw data screening procedure;

- Full Rate data editing criteria;

- Timing and Meteo data handling;

- Modeled system delay corrections (PMT, attenuator delay).

For example, during the Matera Colocation, some differences (at centimeter level) on
Quick Look system delay evaluation between MTLRS1 and MTLRS2 systems have
been found, although the two system configurations were basically identical.
Different procedures and editing criteria have also been experienced concerning data
screening (in both raw manual pre-screening and post fit editing).

In case that identical hardware configuration systems are involved, the
interchangebility of the system software needs to be previously tested.

The same set of real or simulated data should be processed by all systems to verify
> and check the mentioned results and output.

In case of different systems, it may be useful to make available some software and
procedures to convert data formats and maximize the compatibility between the
colocating systems, to accomodate for pre-processing benchmarking and data
analysis.

3.2. PRE-PROCESSING BENCHMARKING

We can divide the data pre-processing phase in the following sections (basically):

- Modelling of system delay variations;

- Pre-Post system delay calibrations; ' \
- Timing corrections (reference to standard scales);

- Satellite time correction;

- Center of mass correction;

- Atmospheric refraction correction;

- Data re-formatting (if requested);

- Normal points generation (if requested).

The above procedures are in general not all performed by the same centers and,
generally, data from different stations are processed by different centers.

To benchmark the pre-processing software, appropriate procedures must be therefore
adopted each time depending on:

- systems;




- pre-processing centers; \
- data formats;
- data supports;

- data availability;

and so on.
In general the philosophy 'should be to compare a same set of raw data after pre-
processing made by different groups, looking at the pre-processed data sets in terms
of:

- timing and pre-processing indicators;
- " epoch differences;
- range differences;
- correction values.

Analysis can be made in terms of:

- ' single observation differences;

- pass-by-pass statistics (single pass average, RMS, Peak to Peak of the
differences);

- global statistics (mean and RMS of the differences over all passes in data set).

The above informations may be useful to individuate the cause of eventual
discrepancies (for example a constant range bias through a single pass may be
attributed to differences in pre-post mean system delay evaluation).

Fig. 3 shows the two data processing flows adopted durmg the Matera Colocation to
perform the Telespazio Analysis.

In the flow B the Full Rate data were pre-processed separately by DUT, IFAG and
Bendix for MTLRS2, MTLRS! and MATLAS respectively (part of MTLRS! and
MTLRS2 pre-processing was made by Bendix).

Data distributed by GLTN have been used for colocation analysis using GEODYN
without any pre-processing option.

A independent analysis was performed using data collected directly on site (flow A in
fig. 3.1) and pre-processed in terms of:

- Center of mass correction (GEODYN);
- Satellite time correction;
- Atmospheric propagation (GEODYN);

- System delay calibration.

The results of the comparisons between the two pre-processed data set in addition
with a separate benchmarkmg performed jointly by DUT and IFAG on MTLRS! and
MTLRS2 data, pointed out some discrepancies (at centimeter level); the subsequent
analysis pointed out some critical points of general interest:



- Data truncation or roundoff in the Full Rate (e.g; epochs) and Quick Look
formats introduce errors of several millimiters. Sequential corrections in
'separate processor and/or at separate centers may worsen the problem.

- Pre-processing parameters should be carefully verified (e.g. laser wavelength).

- Data flags and applied corrections should be verified (some confusion on sign
of applied corrections was experienced).

- The atmospheric refraction correction models should be periodically verified
to accomodate their evaluation. ]

- Different screening and editing criteria may influence significatively the pre-
processing (in term of pre-post system delay evaluation).

The last point is particularly important for low rate firing laser systems, for which a
limited number of points from pre and post calibrations is available (at relatively high
noise level). ‘

For example, comparisons between Bendix and Telespazio pre-processing on MATLAS
data showed bias differences up to 1 cm (occasionally 2 cm) on single passes (the
differences averaged to zero over several passes), to be mainly attributed to
different editing criteria on pre-post calibration data (ref. [10]).

A further point to be investigate concerns the normal points generation.

Due to different procedures and criteria adopted by the various centers to generate
normal points (and consequently different bin widths and reference epochs),
comparison can be made in general only looking at the results obtained after
geometrical and/or dynamical analysis, using the same data set span from different
normal point sources.

Tab. 3.1 summarizes the principal sources of preprocessing differences.

3.3. DATA ANALYSIS BENCHMARKING

Since several different groups are independently working at the analysis of data, the
Matera Colocation experiment provided a unique opportunity of benchmarking the
pre-processing and processing software and the method of analysis.

Besides of the global analysis approach (geometrical or dynamical) several
differences in procedures and criteria have been experienced as well as consequent
not negligible systematic effects on final results.

The various possible differences are summarized in tab. 3.2,

The effects on the final results caused by these different approaches are difficult to
evaluate a priori, depending on data quality and quantity and on systematic effects in
data distribution. ,

For example, differences up to 0.5 cm ‘were found on final mean relative station
biases for MATLAS using 2.5 or 3 sigma rejection criteria (up to 2 cm bias
differences were found on single pass mean residuals) on Matera colocation data (ref.

[10]).




About the same amount of discrepancy has been found using Full Rate data or
sampled Full Rate data (every 5 seconds).

In order to accomodate the subcentimeter level accuracy, being now approached, we
can therefore observe that: '

- Comparison of the results from different groups appears to be fully significant
only if the software used for data analysis are compared by means of a
detailed benchmarking procedure.

- Aggregation of the results appear to be fully significant only in case of
compatibility of all or part of the analysis approach criteria, in particular
concerning data set and screening/editing procedures.

- In general, the colocation analysis (as well other data analysis) appears to be
fully significant only if a detailed characterization of the adopted procedures
is in addition given.

4. COLOCATION DATA ANALYSIS
4.1. ON SITE ANALYSIS

The analysis normally performed on site, having interest for colocation purpose‘,\
should include the following:

- Post pass analysis of the residuals (versus predicted orbit);

- Polynomial fit (applied to residuals and/or range);

- Data screening and editing;

- Pass statistics (duration, number of returns, sky coverage, etc.);
- Range bias determination (referred to predicted orbit);

- Time bias determination (referred to predicted orbit);

- RMS noise determination (after polynomial fitting); -

- Ground test analysis (raw);

- System delay evaluation (pre-post calibration, modelling).

4,2, SATELLITE DATA ANALYSIS

Two general approaches are recognized in colocation analysis:

- Geometrical approgch; basically the POLYQUICK analysis performed by
Bendix (polynomial fit techniques);



- Dynamical approach; based on Orbit Determination Techniques
(GEODYN, UTOPIA, etc.) including:
- multi-short arc analysis,
- long arc analysis, :
- long arc analysis and polynomial fit.

In both cases the following tests and relative plots can be performed:

- Mean range bias;

- Range bias drift;

- Range bias versus range;

- Range bias versus elevation;

- Range bias versus azimuth;

- Long term mean range bias stability;

- Diurnal effect;

- Range bias correlation with applied system delay.

Details on Dynamical approach analysis are given in ref. [9].

4.3. GROUND TEST ANALYSIS

Detailed ground test analysis may require additional software capabilities not
available on site.
In general the analysis relative to colocation ground tests include:

- Terrestrial Ranging + similar procedures applied on satellite post-pass
processing, including pre-post calibrations.
- Stability test : data b,inning and statistical estimation (RMS,

Peak-to-Peak averaging).

data binning and statistical estimation.
additional software/hardware configuration is
required to accomodate the beam mapping (in
automatic way).

- Signal strength variations
- Wavefront map test

All ground test analysis should include appropriate graphics facilities like:

- targets ranging residuals (or relative differences) versus time;
- statistical ranging parameters versus time;

- statistical ranging parameters versus signal strength;

- beam map plot.




4.4, ENGINEERING ANALYSIS

Detailed data processing and additional investigation are necessary if the bias get out
of the expected tolerance or problems arise.

In this case detailed system oriented engineering analysis is requested.

A detailed knowledge of the hardware/software configuration, as well as a complete
access to the station logs and operational archives and procedures is necessary.

This kind of analysis may be therefore fruitfully performed only by or in close
cooperation with the system operational teams and analysis centers.

Appropriate procedures should be jointly investigated each time depending on the
type of problems. )

5. COLOCATION REPORTS AND DOCUMENTATION

Tab. 5.1 shows a summary of the ;olocation reports.
This report plan has been adopted for the Matera colocation following also the past
colocation experiences.

5.1. COLOCATION PLAN

A pre-colocation document, to be jointly issued by all participating groups, defines all
the experiments requisites and activities, including:

- colocation prerequisites;
- colocation procedures;

- analysis procedures;

- responsibilities;

- results and reporting.

5.2. SITE SURVEY REPORT

As discussed in sect. 1.3, a technical report of the site survey should be distributed
prior the beginning of the colocation and updated after its completion with the
results of the post-colocation survey.

The report should include the following:




5.3.

Site description;

Geodetic information;

Equipment description and calibrations;

Survey measurements procedures;

Astronomical determinations;

Data processing;

Summary of results (colocation vectors and error budget);
Pad measurements;

Target measurements;

Eccentricity vectors.

OPERATIONAL REPORTS

As discussed, in 2.9., the weekly reports as well as the final operational report should
include:

5.4.

timing information;

meteo information;

statistics of the satellites passes;
on site analysis;

ground test preliminary results;
off line activities;

crew commentary.

ANALYSIS REPORTS

Intermediate analysis results should be interchanged between all the involved analysis
centers as soon as the first batch of data has been received and analized.
Results to be exchanged include:

Pass identification;

Station identification;

Reference station identification;

Number of points (accepted/rejected);

RMS of fit; ‘
Estimated station relative range bias.

A brief description of analysis techniques and criteria adopted is also requested.

A final detailed individual analysis report should be issued as soon as the complete
analysis and final results are available.

A final review of the results should by jointly performed by all part1c1pat1ng groups.




5.5. FINAL REPORT

A final colocation report, including both operational (supporting information) and
analysis activities is jointly issue by all participating groups.

The analysis results consist of data and data graphs which describe the performance
of the colocating systems and best reflect the results of the colocation test.

This information are supplemented by comments and data provided by all
participation groups.

The final report should include:

- laser systems description;

- site description;

- site survey (separate report);

- data acquisition statistic;

- description of ground tests;

- verification of epoch timing;

- verification of meteorological data;
- Quick Look data flow;

- Full Rate data flow;

- supporting information data flow;
- software benchmarking;

- analysis group reports;

- comments and conclusions.
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ECCENTRICITY VECTORS FOR COLOCATION PURPOSES

D.L.F. Van Loon

Delft University of Technology
Observatory for satellite Geodesy
P.0. Box 581

7300 An Apeldoorn - The Netherlands

Telephone 32 5769 341
TWX 36442 SATKO NL

ABSTRACT

Colocation testing is accepted as the only reliable method to determine
systematic differences between operational laser ranging systems. To enable
a direct comparison between two such systems the eccentricity vector between
the reference points of the concerning instruments has to be determined. The
current satellite laser ranging systems perform observations at the centimeter
and even sub-centimeter level. Consequently the connecting eccentricity vector
has to be determined with similar or higher accuracy.

In pratice the determination passes -in two steps :

- determination of the eccentricity vector between the prime markers on the
respective pads, provided by a first order geodetic survey, and

- determination of the eccentricity vector between the reference point of
the instrument and the prime marker, based on known instrumental parameters,
eventually supplemented either with a typical instrumental establishing proce-
dure or with other necessary goedetic measurements.

To identify systematic differences in laser ranging systems different ob-
servation techniques are applied viz : range measurements to terrestrial targets
and range measurements to satellités.

Dependent on the observation technique and the analysis procedure the final

eccentricity vector has to be given either in a local or in a global reference
frame.
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{. Introduction.

In planning of establishing a geodetic network using similar
or even different types of Satellite Laser Ranging (SLR) stations,
both stationary and transportable, a calibration of the concerning
instruments is toc be considered as necessary before going into the
field.

Since third generation laser systems have a single shot precision
of some centimeters, the colocation testing procedure seems to be
the only reliable method to recognize systematic ranging
differences between such instruments.
A direct comparison of both satellite ranging observations and
terrestrial target ranging observations taken by the individual
stations during simultaneous tracking offers the opportunity to
evaluate laser ranging performance at the centimeter and
subcentimeter level.
Different analysis methods are applied for the evaluation of
colocation deata, whereby the relative position of the involved
instruments (the eccentricity vector) anyhow has to be determined.
MERIT guidelines for geodetic survey [MERIT,83] recommend a
precision better thanmn 5 millimeter.
The determination of the eccentricity vector (fig.1.1) between the
reference points of the instruments passes in practice in two
separate steps: ‘
1.between the prime markers at the respective pads (Section 3},
2.between the reference point of the instrument and
the prime marker at the pad (Section 4),
both with their specific requirements.

fig.1.1 Eccentricity vector between two SLR systems.

I refers to the reference point of the instrument,
while A refers to the prime marker at.the pad.
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2. Reference frames.

2.1 Introduction.

Satellite ranging observations and terrestrial
ranging observations are performed
whose orientation are referred to
plumbline and the astronomical north.
A direct ' comparison
determination of

target
by astrometric instruments,
the directions of the local

between the range observations emphasizes a

the eccentricity vector in a reference frame of
an orientation, referred to the same directions.

2.2 Station coordinates.

.

The station position itself is on the surface of the earth

defined relative to the GBreenwich meridian and the equatorial
plane.

As mentioned
to the local
and fig.2.2).

The astronomical
and

previously the observations are made with reference
plumbline at the station of observation P (fig.2.1

latitude is referred to the normal of the geoid
does not coincide exactly with the direction of the plumbline
at station P and needs therefore a standard correction of

AQ{”=—0.000/7/ A&tnzﬁ (2.1)

where ¢ is the latitude and h the geoid height at P.
In general this correction can be neglected.

The longitude of station P is the angle between the meridian plane
of station P and the Greenwich meridian plane.

Astronomical determinations refer to an instantaneous axis and to

the equator, and by @ motion of the eerth relative to the axis of

rotation, reduction to a common or mean position of the pole is
then required. '

2.3 Tranformations.

Dependent on the analysis method and using either ranges to

satellites or ranges to terrestriel targets, the eccentricity
vector is required either in a local reference frame whose axes
are referred to the local vertical and astronomical north or in a
globel . reference frame whose axes are referred to the
instantaneous pole and the Greenwich meridian.
It is to recommend to follow the MERIT Guidelines [MERIT,83]
defining the offsets DX, DY, DZ in & coordinate system defined by
the FK-4 Fundamental Star Catalog and referred to the pole and
origin of longitude using polar coordinates and time information
published by the Bureau Internationel de 1°‘Heure.



Transformation results into the following formulas:

(_Xz)= /€3(X)-(A(’) | (2.2)
(XBJ= ’?3 KA)EZ@O*@(X‘? (2.3)

where C%O is the eccentricity vector in an arbitrary local system,
referred to-the local vertical,

C&zis the eccentricity vector in a local system oriented to
the astronomical north direction and referred to the 1local
vertical

A7/is the eccentricity vector in the global system oriented
to the pole and Greenwich meridian,

J’is the rotation angle in the horizontal plane in order to
orient the system with respect to the astronomical north
direction,

JJi_are respectively astronomical latitude and longitude.

3. Eccentricity vector between the prime markers.

3.1 Introduction.

Determination of the eccentricity vector between the prime
markers at the respective pads has to be performed by a first
order geodetic survey.

Mutual distances and 3-dimensional geometry of the colocating
stations affect the accuracy to be required. )

3.2 Survey equipment.

Table 3.1 summarizes geodetic survey equipment that has to
be available in general. Section 2 mentioned already the rotation
parameters to be determined, but alsoc for setting-up the local
network disteance, angle and height difference measurements have to
be made. !

Besides this list is completed with information of precision, use
and purpose of each individual instrument.
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EQUIPMENT ) PRECISIGN TO USE FOR MEASUREMENTS OF

measuring tape 20 ppm )

invar tape 2 ppm ) 1. distances

EDM instruments 2 mm + 2 ppm )

theodolite 1-4 mdegrees 2. horizontal angles
' 3. vertical angles

leveling instrument 2 ppm 4. height differences

clock and stopwatch 0.1 sec. 5. hourangle of sun

or stars
PURPQOSE :

1.) + 2.) + 3.) Determination of vector in an arbitrary
local reference frame
) To measure direct height differences
.) + 5.) Determination of astronomical azimuth
.) or 4.) +5.) Determination of astronomical latitude
and longitude

wN s

Table 3.1. Summary of equipment and its purpose.

3.3 Survey reconnaissance.

3.3.1 Influence of distance and vertical angle measurements on the
vertical component of a local coordinate system.

The influence of distance and vertical angle measurements on

the vertical component can simply be derived, assuming without
correlation:

|}

;{2.
O;,=\ﬁ-/oi.q;2+”02+ HZ -Gp* (3.1

where CZ;:is the precision in the vertical angle measurements,
<jb is the precision in the distance measurements,
HD is the estimated horizontal distance,
H is the estimated height difference,
H is the expected precision in.the vertical component.




HD('m) H(m) G, (mm)

xr

20 0-8 1.6
30 0-8 1.8
40 0-8 2.2
50 0-8 2.7
60 c-8 3.2
70 0-8 3.7

Table 3.2 Expected precision in H:(0y).
Assumed precisions:(ﬂ: = 3 mm,(;(= 0.003 degr.

Table 3.2 gives an example for the Matera station and it should be
noted that if a maximum tolerance of 3 mm is accepted and if the
horizontal distances are larger than S0 m, it is to be preferred
to measure the vertical component direct -with a leveling
instrument instead of calculating it from distance and vertical
angle measurements.

3.3.2 Influence of astronomical observations.
‘An astronomical azimuth determination in order to rotate an
arbitrary local system to a 1local system referred to the

astronomical north direction, causes & maximum error in the
horizontal vector components, simply expressed as

HD.Gp

e= ——YA (3.2)
206.265
where e 1is the maximum error in the horizontal components
(in mm), .
HD is the horizontal distance between the stations (m),
and CE: is the estimated precision in the astronomical

azimuth determination (arcsec.).

The influence of the astronomical . latitude and longitude
determination on the vector components can be derived from (2.1)
and (2.2).

However for practicael reasons it is to be preferred to ascerteain o
maximum tolerance in the individuel vector components and then to
consider the highest precision of determination of latitude and
longitude to require after their successive rotations.




i
] .G'¢ € +206.2.65

2 = ZCtos Nscos@- DX Fcos A ssmB «DZ (3.3)
" e 02.06.265
G¢z = ZStnAsCos@BeDK +ShA e Sing - DZ. (3.4)
I
e 206.265 .
G¢,3=--5ffn¢-bx —Ccos@PsDz ~ (3.5)
G‘" €e206.265 i

L, = Sin A sin@e DX st ecos P DZ-Cos Dy 1 >®

n . Le206265 "
Un, ey

A .

=" 3o5Ae StnB DX + cos. e cos@eDZ 1+ 5im A [ag (3.7

where G@,Gd ’@3 is the precision in the

required latitude,
TR

required longitu&é, .

DX’DY’ DZ are the coordinate differences between the

stations (in m),

e is the maximum error in the individual components of
the coordinate system (in mm),

Qz_44, are resp. latitude and longitude.

is the precision‘in the

STATI

7839 0 o 0

7540 -17.3 -31.7 -7.2 36.9 3 17 37 24
1 6 12 8

7541 -33.7 -33.6 -7.5 48B.2 3 12 22 12
1 4 7 S

Table 3.3 Requirements for the determination of the

ON DX DY DZ HD e G. (;3 QZ~

(m) (m) (m) {m) (mm) A(ar‘cs c.)

astronomical rotations at the Matera Station.
Latitude = 40.6 degr. Longitude = 16.7 degr.
‘DX) approximate differences in resp. east,
DY) north and up vector components

DZ) .
HD approximate horizontal distance
e max. tolerance in the vector components

after rotation
G, ) max. acceptable error in resp. the
(TA) astronomical azimuth, latitude and
J&) longitude determination.




Table 3.3 shows a survey reconnaissance with respect to the
astronomical parameters, i.c. the Matera site as an example.

If we accept a maximum error of '3 mm in the separate vector
components, the determination o¥ resp. azimuth, ' latitude and
longitude must be perforqed with a precision better than 12, 17
and 22 arcseconds.

Obviously in this case we may not use the geodetic latitude and
longitude as rotation parameters, because we Know from geoid maps
[ BRENNECKE et al, 1983] that the defléection of the vertical
(fig.2.2) at the Matera site is more than 30 arcseconds.

3.3.3 Final measurements and results.

\
.
-

After a thorough reconnaissance and selection of the right
survey equipment and after the geodetic survey has been
performed, the final results of the network, successively in an
arbitrary local coordinate system, a local coordinate system
oriented to astronomical north direction and a global coordinate

system, have to be tested properly on the precision and
reliability anyhow. /

- DETERMINATION OF: USED EQUIPMENT RMS
eccentricity vector EDM and theodolite 3 mm
in the'arbitrary ’ ( KERN)

local reference frame

astronomical azimuth KERN: theodolite 11 arcsec.
and clock/stopwatch

astronomicael latitude MTLRS-1 and MTLRS-2 S arcsec.
astronomical longitude MTLRS-1 and MTLRS-2 5 arcsec.

Table 3.4 Some results at the Matera site.

Table 3.4 shows the tested final results for the Matera site as an
example [CENCI et al,1986].




4. Eccentricity vector between the reference point of the
instrument and the prime marker.

Determination of the eccentricity vector between the
reference point of the instrument and the prime marker at the pad

can be performed by an establishing procedure dependent on the
specific characteristics of the instrument.

The precise reference point of each instrument must be identified

thoroughly e.g. the intersection of azimuth and elevation axes.
It 1is important that the observed ranges to‘both»sétellites and
terrestrial targets are also referred to this precise reference
point. : P
Usually the offset of an auxiliary reference point to the prime
marker 1is determined, while the offset of the precise reference
point to this auxiliary point is reconstructed from the design.’

( .
To seek for a determination procedure of the separate offsets is
strongly recommended,  where especially & regular calibration of
the instrumental offset parameters is certainly included.
A reliable determination procedure of this eccentricity vector is
applied with the MTLRS [ VERMAAT et al, 1983 and VERMAAT, 1984].

Because the eccentricity ‘vector between the reference points of
the instruments is required with a Aﬁecision better than 5 mm, and
while 1in :general the precision 1in the determination of the
eccentricity vector between the prime markers will be in the order
of 3 mm, consequently the precision of the eccentricity vector
between the reference point of the instrument and the prime marker
must be then guaranteed with & precision better than 2 mm. ’

S. Conclusions and recommendations.

Prior to the definitive construction of the pads at o
colocation site, their relative location has to be settled on

basis of geodetic requirements such as geometry, mutual distances
and height differences.

The first order geodetic =survey has to be performed with great
care and with the proper geodetic instruments. The final results

have to be tested on precision and reliability. A pre and post
geodetic survey is to recommend.

A critical part of the determination of the final eccentricity
vector is the determination of the offset of the precise reference
point to the prime marker, that often seems to be neglected. A
regular calibration, eventually verified with a geodetic survey is
not abundant and to seek for a8 well defined determination
procedure with testing possibilities on precision and reliebility,
is highly recommended, certainly in'case of transportable systems.
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POLYQUICK COLLOCATION ANALYSIS

V. Husson, D. Edge
Bendix Field Engineering Corporation,
Columbia, Maryland - U.S.A. -

Telephone (301) 344 5013
TWX 197700 GLTN

ABSTRACT

POLYQUICK is a purely mathematical collocation analysis system that
has been used as a key analysis tool of collocated ‘laser data for the
last five (5) years. POLYQUICK geometrically corrects the ranges from
the standard system to the test system using measured or computed angles.
The range error 4introduced in the geometric correction is dependent on
the closeness of the two systems and the standard system angle accuracy.
The range error is less than 1 cm if the two systems are within 60 meters
of each other and if the standard system angles are accurate to 0.01 degrees

Only collocated simultaneous passes are analyzed. A least squares
polynomial is fit through the standard system geometrically corrected range
on a passby-pass basis. The polynomial generated for each pass is then used
to analyze the test system data and to generate residual statistics for both
stations for every simultaneous pass. Time batched normal points are created
from the polynomial fit for each system for each collocated pass. These
normal points are then differenced if there is an acceptable amount of data
from each station in that time interval. The normal point differences then
are stored for every collocated pass so that the aggregate collocation data
set can be analyzed for every bias test contained in the collocation analysi
plan. These bias tests have revealed systematic biases when there is an .
adequate number of healthy simultaneous LAGEOS passes taken over an extended
period of time.
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POLYQUICK COLLOCATION ANALYSIS CONCEPTS

MATHEMATICAL TECHNIQUES
- SIMULTANEOUS COLLOCATION SATELLITE RANGING UBSERVATIONS
SATELLITE ANGLE DATA FroM ONE STATION

~ STATION SURVEY GEOMETRY
GEOMETRIC RANGE TRANSLATION
FOLYNOMIAL DATA FIT TO REFERENCE STATION
COMPARISON OF OBSERVATION RESIDUALS .
,.EVALUATION OF PASS AND AGGREGATE DATA SET STATISTICS




INPUTS

Merged Collocation
Satellite Ranging
Observations With
Supporting Angles

Survey Data For
The Collocating
Stations

POLYQUICK COLLOCATION ANALYSIS SYSTEM

PROCESS OUTPUTS
Geometric Range Translation Plots
Simultaneous Data Selection Histograms
Polynomial Fit Statistics
Normal Point Computation Data

Observations and Normal Point
Residual Computations

Comparison Statistics Computations

PERFORMANCE EVALUATION

Pass Analysis

Aggregate Data Set Analysis
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1981-82

1983

1583-84
1984-85

1986

~Polyquick Development History

Polyquick prototyrpe

GEODYN benchmarking, GEDODYN output plots, esarly collocation
U - . . - .

Normal boint analysis added to identify sub-pass bias
structure’ : -

Enhanced Fittiﬁg procédures.Eimpfoved statistical techniques
Aggregate data set analysis, specieal bﬁas tests

Exﬁended-gréphicé. Collocation Analgsis Package (CAP)
developed paralleling- GEODYN update changes
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POLYQUICK COLLOCATION ANALYSIS SYSTEM
SUMMARY
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*  EFFICIENT

CompLIMENTS ORBIT DETERMINATION TECHNIQUES
CoMPREHENSIVE COLLOCATION ANALYSIS INFORMATION
MULTIPLE APPLICATIONS

*  PrRIMARY TooL FOR GLTN COLLOCATION ANALYSIS
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COLOCATION DATA ANALYSIS : DYNAMICAL APPROACH

A. Caporali
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Universita di Padova

Via F. Marzolo 8
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Telephone (39) 49 844 278
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ABSTRACT

Colocation experiments of satellite laser ranging systems have
proved to be much more interesting than simply a "precampaign calibra-
tion". They, in fact, permit the intrinsic precision of different
‘ranging systems to be compared and exploited in depth. They also provide
a unique source of information both to the engineer, and to the scientist.

The data analysis is the process which creates such body of informa-
tion. Although virtually every group has its own technique of analysis,
these can - in a broad sense - be classified within one of two different
approaches : one is geometric, the other is dynamic, in the sense that a
nominal ephemeris is used to filter the bulk of the curvature in the ranging
data and to produce residuals.

We discuss here the basic featurés of the dynamic approach, in parti-
cular :

data selection

generation of nominal ephemeris and residuals

criteria of editing and their impact on the results

computation and analysis of ranging biases and calibration constants.

467



1. Introduction

All laser stations of the international 1laser tracking
network differ from each other 1in several aspects. The
characteristics of the laser oscillator, the mount, the
receiving electronics, optics, timing system make each
tracking station a unique instrument. And even in those
cases, like -the German and Dutch stations MTLRS1 and MTLRSZ,
where the stations are nominally identical, different
procedures for calibration and satellite tracking can produce
non negligible effects in the measurements..

Because any of these differences can map into systematic
errors in the baseline, it 1is crucial for a successful
campaign to dedicate sufficent' time for an exhaustive
calibration experiment.

This need has been recognized by NASA and the European
Organizations participating in the,WEGENEﬁ Consortium. In the
past, colocation experiments have been done both in the Unit-
ed States and Europe.

From April to May, 1984 the German mobile system MTLRS1
was colocated at the Kootwi,jk Observatory with the fixed
laser KOOLAS (Van Gelder and Blumer, 1985, Noomen, Ambrosius
and Wakker, 1985). In November 1984 MTLRS1 was colocated at
Wettzell with the fixed installation (Hauck and Lelgemann,
.1985). In March and April 1985 MTLRS1 and 2 joined in Wet-
tzell ‘for’a three—syéteﬁ colobation"expefiment (Hauck, van
Gelder et al., 1985). ' ; 5

From May to July 1985 the NASA station MOBLAS7:and the
German station MTLRS1 were .colocated at Greenbelt,. Maryland,
with the objective to intercompare tracking technology and
techﬁiqqesk.of data analysis, and wfo‘yfansfer,the Crustal
Dynamics :Project"Laser standard' to Europe (quehkiewicz,
1986). The data from this experiment have been anélyzed by
three groups, NASA, -Bendix " and IFAG, and their findings
extensively documented (Husson 1986;- Hessels et al. 1985,
Kolenkiewicz_etlal. 1985, Hauck, Herzberger et al. 1985).

Finallx, at the beginning of the Wegener MEDLAS 1986
Campaign, MTLRS1 and MTLRSZ2 were extensively colocated at
Matera, before  leaving for remote sités 'in the East
Mediterranean Region. Table 1 summarizes these experiments
and permits . to appreciate - how this type of e#periment has
evolved. A more complete list of colocation experiments is
given by Pearlman (1986).
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2. Dynamical Approach to the Analysis of Colocation
Experiments.

2.1 Range bias, time bias and calibration constant.

It 1is common practice to call "range bias”" and "time
bias" the mean translations in space and time respectively by
which the actual observed path of data differs from the path
computed using a nominal ephemeris. These biases are computed
by fitting the .residuals r relative to predictions to a
curve

Ar(t) = rbo + r(t) to

where rbv and tbo are the range and time biases, and r is the
range rate. The time and range biases quantify how "early or
late", or "off" an ephemeris is in predicting a pass over a
station, and should not be confused with system biases of the
ranging equipment, for which we reserve the word of "cali-
bration constants".

If two stations are colocated, relative timing and
position errors are negligible and one might expect that an
ephemeris is range-and time-biased for the same amount
relative to each station. This is not exactly true, as it can
be seen with the following example. Given two colocated

stations, compute for all passes, common and not, the range
bias and time bias. Now select the range bias and time bias
relative to the common passes, and note that these biases
have been computed - for,a given pass - using time intervals
which, in general, do not exactly overlap.

Because the ephemeris is not "tailored"” on a specific
pass, the least squares estimated values of the range and

time biases will depend on the tracked portion of the pass.
Consequently, it is reasonable to expect that if two stations
do not track the same portion of the pass, different
estimates of range bias and time bias may result.

Only if the ephemeris happens to fit a pass with random
residuals (as for multi-single pass methods, see next
section) then the time bias is zero and the range bias is
constant and independent of overlap. )

Figures 1 and 2 have been obtained with a non tailored
ephemeris for the Matera experiment (full rate data). They
give the differences in range bias and time bias as a
function of overlap time. They indicate that the longer the
overlap, the higher 1is the probability that the relative
range bias and time bias approaches zero.
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Note that differences of several centimeters exist even
for maximum overlap ( 45 min.). This is due to the use of
unevenly spaced, full rate data, with noise of variable
frequency added by the numerical differentiation of ranges to
produce range-rates.

Our conclusion 'is that pass comparison should be safely
- limited to the simultaneous portion, . unless  one is very
confident on the randomness of the residuals produced by the
adopted ephemeris. : T ‘

2.2 Dynamical Computations of the Calibration Constant.

The methods of analysis so far used differ in two
important aspects: one 1is the <criteria for data selection,

the other is the computational technique. The Matera
experiment shows an unprecedented variety of options (tab.
"2). There 'is clearly considerable space for subjective

decisions which may have non negligible impact on the final
results. - . .

The computational methods are summarized in tab. 3. They
imply that there exist two basic methods of computing the
relative calibration constant - between two ranging systems:
one is to consider the range bias as a "solve for" parameter
in a multi~single pass" (see below) least squares adjustment.
The other is to define the calibration constant as a mean
difference - for each pass - between pairs of residuals re-
ferred to a same smooth 'curve (ephemeris, polynomial or
both). : :
' Concerning the first method we note, with reference to
tab. 2, that by multi-single pass method it is meant a least
squares fit to data of a_ - single pass, done
simultaneously for several passes. The "solve for" parameters
consist_of a subset of the orbital parameters chosen so that
the resulting normal equations are non degenerate, and per-
haps a range and time bias for- -each station, to accomodate
for model unaccuracies. The difference in range bias is in-
- terpreted as an estimate .0f the calibration constant for the
pass, provided the post-fit residuals are random.

Concerning the second method, the subtraction of a best
fitting, smooth curve from the residuals to the predicted
ephemeris removes the effect of the predicted ephemeris being
not tailored on the actual data. In the Telespazio approach,
the polynomial fit is done three times: first with station A
‘residuals, and station B residuals downweighted; second, with
the roles' of A and B interchanged; third, residuals of A and
B fitted, adtogether to a polynomial. The pair of time series
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of residuals resulting from each fit is plotted together.
The "full rate residuals" are replaced by means at common
epochs, for sake of easier comparison. The three means of the
polynomial residuals are finally averaged to produce, for the
given pass, the estimated calibration constant.

Again the all procedure should produce random time
series. It some time happens that this is not the case, due
to real relative random walks of one system relative to the
other , or to numerical unstabilities of the filtering proce-
dures. Having different types of approaches available should
permit to separate numerical unstabilities from system unsta-
bilities.

Fig. 3 gives an example of residual plots obtained for
the same pass by IFAG and Telespazio, during the Matera
Colocation Experiment. IFAG used a "multi-single arc
technique" and estimated by least‘rquares the range bias of
the ephemeris relative to each st.tion simultaneously with an
along track, radial, inclination and node correction.
Telespazio instead subtracted from the orbital residuals a
best fitting polynomial and computed the mean of the post-fit
residual differences. '

The agreement between the two methods is evident. The
largest difference between the calibration constants is 1.4
cm (MATLAS-MTLRS2) and is most probably due to different
criteria for data selection and editing, rather than to the
computational technique.

2.3 Data Selection

The number of data present in a data set varies
considerably from station to station and, for a given
station, from pass to pass. Aggregating data into normal
points permits a more uniform data distribution. The
aggregation process is non trivial, especially if the datat
rate is low (e.g. Quick Look normal points, or normal points
from second generation stations). A normal point made of 10
data differs from one of 11 data by 1.5 cm if the additional
data point is off, relative to the mean of the other ten
data points, by 15 cm (the typical noise level r.m.s. of a
second generation station).

An alternate option successfully tested at Telespazio
during the Matera experiment was to sample the data 1 point
every 5 seconds and compare the results obtained with the
full-rate data. Table 4 summarizes the results of this test.

It is interesting to note the effect of different
criteria of editing of outliers: whenever MATLAS data are



used, the 30 editing criterion 'in place of A2.5’q produces a
shift of the callbratlon ‘constant of S5mm in the’negative di-
rection. o ' h

This implies the existence of non random data aggregatlons,
but fortunately the elffect 'is small espec1a11y 1f compared
w1th the nominal noise level of this statlon.

3. Conclusion

To evaluate systematic differences betweent two
collocated laser systems, a11 proposed methods 'of analysis
‘are probably equally viable. It is very likely that d1fferent
results,"ﬁhen they occur, are ‘due to different cr1ter1a for
data selection more than the computatlonal approach 1tse1f.

Software benchmarklng has proven to be a very valuable
tool of"COmpar;son of procedures (A Cen01, 1986) To
separate the issue of editing from that of computat10na1
technique, a Simulated data set . could be generated for two
colocated stations with known-but not to the analysts—
relative calibration constants. No data p01nt can be edited
out. Then, the . same range bias ought to be recovered by all
methods of ana1y51s A successful benchmarking of this type
between a GEODYN based algorlthm and a k1nemat1c algorithm
based on POLIQUICK ' (Edge, 1986) has been reported by
Kolenkiewickz (1986). Hopefully the same ekperinent is
repeated for the remaining algorithms. o )

Weather or not this experiment is done, the evidence so
far is that colocation periods of several months are very ad-
visable, if the body of data is to”be sufficently‘complete.
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Matera

* Kootwijk Wettzell Wettzell Gorf
oD . April-May ’84 November *84 March 85 May-July ’85 Jan-March ’86
EM M1,K M1,W M1,M2,W M1,M7 MO, M1, M2
: 3 M1, M2, W 11 MO, M1, M2
JLTANEOUS 8 : 4 5 Ml, W 32 24 MO, M1,
;ES 3 M2, W 39 MO, M2
4 M1, M2 14 M, M2
A:
K LOOK X X {see tab.2)
MAL POINTS X X X X
-17 (NASA GSFC)
’ ‘ , Ml-M2 -6 -~-13 '~ M1-M7: -5 -20 (BFEC) (see tab.2)
GE BIAS(mm) M1-K<-100 DUT/A M1-W 260 W-M1/2 -1 -58 -3 (IFAG)
M1-K:-35¢(+)> DUT/G M1-M2 +15 on target
. BFEC TPZ-UP
LYSIS GROUP DUT/A IFAG DUT/G NASA GSFC IFAG
DUT/G IFAG IFAG UT—CSR
NASA-GSFC

BFEC,_DUT/G__

e: Ml= MTLRS]1; M2=MTLRS2; K-KOOTLAS; W=WETLAS; M7=MOBLAS7; MO=MATLAS

after relative height adjustament

le 1 Some Recent Colocation Experiments Involving Euroéean Laser Systems

mware e e




ORBITAL FILTER

DATA SOURCE  RESIDUALS GENERATIONS  DATA EDITING NORMAL POINTS ACCEPTANCE CRITERIA RESULTS (mm)
JP MO Full Rate Long arc adjust- tailored 2.5 and - 5 min. Normal Simultaneous tracking MO-M1 -5
MI,M2 QL, ment; polynomial 3 sigma/single pass residuals of common pass MO-M2 -10
Full Rate fit to GEODYN (5 min. minimum) MI-M2 -5
residuals
MO-M1 -7120 -
Multi-single 3 sigma/single pass 2 min. Common pass MO-M2 +7+41
pass adjustment MO-M2 +8+10
Single pass ) MO-M1 -38+19
Polyn. with 3 sigma/single pass 2 min. "Simultaneous tracking MO-M2 -21+17
geom. correc— of common pass Ml-M2 -4+ 9
tions
MO-M1 -18+23
3 Multi-single 3.5 sigma/single pass Common pass MO-M2 0431
pass M1-M2 -20420
adjustment
MO-M1 -9+ 70
Multi-single 2.7 sigma/global 1 min. Normal points at MO-M2 -11174
SR arc adjustment common epoch M1-M2 -14+33
: MO-M1
Multi-single 3.5 sigma/single pass 2 min. Simultaneous tracking MO-M2 TBD
pass adjustment of common pass M1-M2
polyn. fit
> 2: geometric and dynamic approaches to the analysis of the Matera Colocalion dala.




- Multi single pass techniques: ~

¥ Pass—-by-pass least square estimate of a subset of orbltal
parameters and, for each station, of a range bIQS: and ‘time
bias. : ‘ Lo

X Calibration constant of the pass deflned as dlfference of
range biases for that pass.

- Long arc and polynomial fit:

¥ "Coarse" filtering of the orbit using long arc techni-
ques: f
¥ Pass-by-pass "fine tuning” of long arc residuals using
polynomial techniques ) ) N

¥ Calibration constant for the pass as mean ofﬁreéidual
differences after polynomial fit. :

—~ Multi-arc technique:

X Ephemeris generated using normal points from global net-
work . 4
X Orbital re51duals of normal points of colocated stations
at the same epoch are differenced '

X Callbratlon constant computed as mean of 51mu1taneous re-
siduals. - ' ;

Table 3: Methods of computation of the calibration constant.

I




TELESPAZIO-University of Padova Analysis of Matera Colocation Data

STATISTICS OF RESIDUAL DIFFERENCES (cm)

DATA SET: Full rate data from Bendix MT2MAT8

N. of

passes
MATLAS - MTLRSI 17
MATLAS - MTLRS2 36
MTLRSI -~ MTLRS2 13

Note: Only passes with
than 30 observati

FULL RATE DATA I/5 SEC. SAMPLING
2.5¢6 EDIT 30 EDIT  2.56 EDIT 30 EDIT

-0.I+2.5 0.3%2.7 =-0.6x2.4 -0.3x2.8
0.0+I.9 0.5+2.0 =0.4%=2.3 0.2+2.3

-0.3+I1.4 -0.3+I1.6 0.0+I.6 0.3xI.6

more than 5 min overlapping tlme and more
ions are con51dered

Passes on Jan. I6 0I:5I and.Jan. 24 23:5i are not used in
MATLAS-MILR82 final average

Numbers after

indicate the passby*pass rms of the differences

and are not divided by the square root of the number of passes.

Table 4: effect of dif

ferent criteria of editing on final results.




‘Delta T-Bias vs. overlap (usec)
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Fig. I: differences of time biases of common passes computed relative to the same

reference ephemeris, as a function of interval of simulataneous tracking.




Delta R-Bias vs, overlap (mm.)
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ABSTRACT

. GEODYN .is a precision orbit determination. program used by NASA at
Goddard Space Flight Center (GSFC) for- analysis-of data collected from
- lasers ranging-to the LAGEOS:satellite. This program is also used as a means
.. of comparing satellite laser ranging systems. This process, known as collo-
cation.analysis, consists-of placing two satellite laser ranging systems
. ~.side by side,.at a known orientation to.each other, tracking the same target
-*satellite, and comparing the range data obtained. .As an aid in.the analysis
of these data, additional. software has been developed by NASA. This software
- uses the GEODYN produced laser range residuals as input. An additional pro-

. .gram developed for NASA by the Bendix Field Engineering Corporation is called

- POLYQUICK. This-program performs collocation analysis by fitting polynomials
. to satellite ‘laser ranging data. In.addition to using the ranging data, POLY-
QUICK must also use the angular (azimuth and elevation) data obtained from
one of the laser systems being.compared. The advantage of the POLYQUICK over:
. the GEODYN approach is that the analysis is independent of orbit integration
‘and ‘hence can be performed more rapidly. This disadvantage is that the lasers
‘being compared must be in close proximity of each other (approximately 50 m)
“in'order to produce accurate results. To assess the collocation software and
-analysis approaches, both.collocation programs were utilized at GSFC for a
- collocation between thepTLRS-1 laser from the Federal Republic-of Germany and
"the MOBLAS-7 laser belonging to NASA. For a typical:collocation pass‘ (6/27/85
at-04/00 hr..)containing 15 two minute overlap normal points between MTLRS-1
and MOBLAS-7, the maximum difference between GEODYN and POLYQUICK is 0.4 cm
with an rms of the 15 -points of 0.16 cm. For the entire pass GEODYN indicates
'MOBLAS-7"is measuring long relative-toMTLRS-1 by 1.47 cm, and POLYQUICK indi-
* cates 1.58 cm. ‘For a group of 13 LAGEOS passes tracked during the summer of
1985 the rms difference in pass results obtained by GEODYN and POLYQUICK amoun-
ted to 0.15 cm. Details of the GEODYN collocation analysis program and its
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INTRODUCTION

An objective of the NASA Crustal Dynamics Program is to obtain Satellite Laser Ranging
(SLR) data from the Laser Geodynamics Satellite (LAGEOS). In order to achieve this goal
new laser systems must be developed and compared to each other. This process of
comparison is called collocation. As an aid in the analysis of these data, new computer
software has been developed by NASA. This software uses laser range residuals produced
by GEODYN, the precision orbit determination computer program used by NASA at GSFC.
A second piece of software ,called POLYQUICK, designed to do a similar task was created
for NASA by the Bendix Field Engineering Corporation. Each of these programs has its
place in the analysis of laser collocation data as will be described in this paper. The purpose
of this paper is to compare the GEODYN analysis with the POLYQUICK analys1s during a
collocation.

'GEODYN ANALYSIS '

In order to assess the collocation software and analysis of GEODYN and POLYQUICK,
both programs were used to reduce data from a recent collocation held at GSFC. The
collocation selected was for the MTLRS-1 laser from the Federal Republic of Germany and
the MOBLAS-7 laser belonging to NASA. This collocation was held between May and July
of 1985. A typical collocation pass (6/27/85 at 04:00 hr.. GMT) will be looked at in detail in
order to describe the GEODYN analysis. A precision GEODYN orbit , approximately 50
minutes in duration, was fit solely through the MOBLAS-7 data with the MTLRS-1 data
weighted out (not contributing) to the solution. Figure 1 shows the range residuals as a
function of time for the MOBLAS-7 laser for the converged orbit. Since MOBLAS-7 isa 2.5
cm. rms system, and a three sigma editing criterion will be used, only residuals within 7.5
cm. of the orbit are used in the analysis. This amounts to using 9553 of the total 11063
points taken during this pass. Figure 2 is similar plot for the MTLRS-1 range residuals.
MTLRS-1 is a 5.5 cm. rms system and a three sigma editing (16.5 cm.) is used. Therefore
3236 of the total 4423 MTLRS-1 points are retained for the analysis. The elapsed time zero
in Figures 1 and 2 corresponds to 04:00 hours GMT on June 27, 1985. Beginning with this
epoch time, two minute time intervals ( or bins) are selected during the orbit For each time
interval the number of range residuals, the mean, the rms (sigma), and the standard deviation
- of the mean (sigma divided by the number of points) are computed and given the time tag for
the center of the bin (the odd minute). Results for the MOBLAS-7 residuals are glven in the
first 5 columns of Table 1. Corresponding results for the MTLRS-1 residuals are given in
- columns 6 through 9. The number of points necessary in a two minute bin for each of the
- lasers is an option that can be set by the analyst. In this case a two minute mean point would
not be considered as a part of the analysis unless it consisted of at least 300 residuals from
MOBLAS-7 and 30 residuals from MTLRS-1 (indicated by an asterisk in Table 1).

- Differences of the means MTLRS-1 minus MOBLAS-7 (columns 7 minus 3) are given in

column 10. The standard deviation of these differences is given in column 11.
. For example the fifth row in Table 1 indicates an elapsed time of 9.00 minutes (04:09 hr.
.GMT) which corresponds to the middle of the two minute bin beginning at 04:08 and ending
at 04:10 hr. GMT. There were 489 laser range residuals within £ 7.5 cm. of the computed
orbit during this time period. The mean of these residuals is 0.16 cm. with an rms of 1.97
cm. which when divided by the square root of the number of points yields a standard
deviation of this mean of 0.09 cm. Correspondingly there were 136 points for MTLRS-1
- within £ 16.5 cm. of the orbit having a mean of -0.50 cm., an rms of 5.84 cm. and - a
. standard deviation of 0.50 cm. The difference of the means MTLRS-1 minus MOBLAS-7 is
-0.66 cm. with a standard deviation of the difference of 0.51 cm.
Figure 3 is a plot of the two minute values with associated one sigma error bars for
MOBLAS-7 and MTLRS-1. These are the points in Table 1 columns 3 and 5 for MOBLAS-
7 and columns 7 and 9 for MTLRS-1 which are to be considered in the solution. Note that
there are 15 pairs of points sharing the same two minute bin which can be differenced.




Figure 4 is a plot of the two minute mean range differences between MTLRS-1 and
MOBLAS-7. These are columns 10 and 11 of Table 1. For this set of points the weighted
mean (X), the weighted standard deviation of the mean () and the weighted standard
) g_gyigtizn about the mean (¢) ,as defined below, are calculated in Table 1 and shown on
- Figure 4.

«For a population, xj, with uncertainties, oj, the weighted mean is defined as

n
' Z WX,
X = i=1
n
| Z Wy
i=1

where * -
. v 1
S

‘ "The Weightéd standard deviation of the mean, B, is given by:

, L
‘ 1 ]°
B=[Z’w'

_ and the weighted standard deviation about the mean (absolute variance) ¢, is:
1 2

2 .

T a
Zwle
l=:‘ _.x/
Zwl '
| i=1

. Figure 4 indicates the ultimate goal of the GEODYN collocation analysis for two laser

systems. It indicates how well the lasers are measuring the range to the satellite and indicates
the systematic trends during the pass. The results indicate that that the weighted mean
. difference between MTLRS-1 and MOBLAS-7 is -1.47 cm. or that for this pass the MTLRS-
1 is measuring short by 1.47 cm. relative to the MOBLAS-7 measurement. In addition to
this bias there are systematic jumps of 1 to 2 centimeters during the measurement period.
An indication of this scatter is the relatively large value of 0.84 cm. for the standard deviation
about the mean. Systematic differences of this nature must be understood and corrected in
order for laser systems to achieve the current goal of less than a centimeter.



_ GEODYN AND POLYQUICK COMPARISON ) o
The POLYQUICK computer program (Husson and Edge, this issue) was used to analyze the
same collocation data (6/27/85 at 04:00 hr.. GMT) previously analyzed by GEODYN.
Rather than using a precision orbit as its basis, POLYQUICK uses the data in the form of
laser range residuals and azimuth and elevation anglcs’together with polynomials'to compare
the MOBLAS-7 and MTLRS-1 laser systems. Basically this consists of transforming the
laser range results from one of the collocation lasers to the second, fitting polynomials to
both data sets, and taking a difference. In the POLYQUICK analysis an effort was made to
use similar parameters to those used in the GEODYN analysis. This consisted of the bin
size, number of points selected for each laser in the bin and common statistics. Figure 5 -
shows the comparison between GEODYN and POLYQUICK for the test case. The top plot
is for the 15 point difference between MTLRS-1 minus MOBLAS-7 with the GEODYN
results, except for the error bars repeated, and the POLYQUICK results shown for
comparison. The greatest difference between any of the 15 points shown is 0.4 cm. The
bottom plot is the difference (POLYQUICK minus GEODYN) where the rms difference for
this pass of data is 0.16 cm. GEODYN and POLYQUICK are also in good agreement as far
as the weighted mean differences for the entire pass are concerned. Where the GEODYN
analysis predicts MTLRS-1 is measuring short by 1.47 cm. relative to MOBLAS-7, the
POLYQUICK analysis predicts a value of 1.58 cm., or a difference of 0.11 cm. This result
is just one of 13 LAGEOS passes analyzed by GEODYN and POLYQUICK during the
MOBLAS-7 and MTLRS-1 collocation. The remaining results are given in Table 2.. In Table
2 the date of the pass, the time of the pass, and the weighted mean difference (MTLRS-1
minus MOBLAS-7) for GEODYN and POLYQUICK as well as their differences are
tabulated. The largest difference between GEODYN and POLYQUICK for a given
collocation pass is 0.28 cm. and the rms difference for the 13 collocated passes is 0.15 cm.
As far as the collocation between MOBLAS-7 and MTLRS-1 is concerned MTLRS-1 is
measuring short relative to MOBLAS -7 by 1.80 cm.(GEODYN) or 1.76 cm.
(POLYQUICK). ‘ ,

SUMMARY

GEODYN and POLYQUICK analyses are currently being used by NASA at GSFC for
collocation analysis of satellite laser ranging systems. GEODYN uses precision orbit
determination and POLYQUICK uses polynomial fits to obtain laser range residuals, from
two laser systems, which can then be differenced in order to compare the ability of the
systems to measure the same range drstance GEODYN requires more computer time than
POLYQUICK to obtain the final result, in all other respects GEODYN is the superior method
for collocation analysis. : In the GEODYN analysis only ranges are required whereas
POLYQUICK requires azimuth and elevation angles for its analysis. As the laser systems'
accuracy increases, the polynomial -approach may prove unable to achieve the precise
measurements required for'collocation. In addition-the accuracy of the POLYQUICK results
deteriorates as the distance between the collocated lasers increases, with studies indicating
distances in excess of 50 meters to be prohibitive. GEODYN has the ability to dynamically
_ solve for a relative station position (navigate) from a group of collocation passes and thus
discover survey errors; this is more cumbersome to accomplish' with POLYQUICK. “For the
** current laser ranging systems undcrgorng collocation, the above analysis indicates that either
the GEODYN or POLYQUICK approach yrclds comparable results; POLYQUICK should

" be used in conjunction with other engineering analysrs on areal time basis to’ msure raprd
‘ tum around of the data in order to correct problcms in a more tlmcly manncr e \
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ELA
TIME
l.00
3.00
5.00
7.00
9.00

11.00

13.00

PSED

NO.OF
POINTS

258
382
4«27
502
489
492
505
482
469
a84
462
463
268
205
485
511
500
501
424
G638
341
274
161

LAGEOS 6/27/85 04:00
 MTLRS-1

MOBLAS-7
MEAN SIGMA
CH
-0.10x% 2, 32x
-0.11 2.24
0.13 2.15
0.14 2.00
0.16 1.97
0.01 2.01
-0.07 1.84
-0.06 1.76
0.11 2.03
-0.02 1.80
-0.06 2.04
~-0.09 1.95
0.26X  2,26%
0.57%  2.72x
-0.18 2.19
~0.11 1.91
0.03 1.94
0.19 1.91
0.28 2.29
0.10 2.09
-0.30 2.25
0.11x 2, ,55x%
0.10x 2.59x

STD.DEV,
F MEAN

0.14x
0.11
0.10
0.09
0.09
0,09
0.08
0.08
0.09
0.08
0.09
0.09
0.16ax
0.19x%
0.10
0.038
0.09
0.09
0.11
0.10
0.12
0.15%
0.20x%

MEAN SIGMA
CM
0.00x 0,00
0.00x 0.00x
0.00x 0.00x
3.06x 3.88x%
-0.50 5.864
-0.55 5.95
-0.90 5.73
-0.97 5.41
-2.51 5.09
-2.648 5.57
-2.647 5.56
-1.68 5.34
0.04 5.32
=-2.49 5.28
-0.81 5.33
~0.68 5.32
~0.41 5.18
-0.85 5.67
~-0.88 4§.47
-0.66 4.96
-0.75 5.77
0.13 5.29
0.56 6.08

OF ITERATIONS

TABLE 1 Two minute interval analysis of residuals.

MTLRS-1
MINUS
MOBLAS-7
DIFF OF STD.DEV.
THE MEANS OF DIFF.
0.00x 0.14x
0.00x% 0.11x
0.00X 0.10x
0.00x 1.47x
~0.66 0.51
-0.56 0.57
-0.83 0.46
-0.92 0.31
-2.63 .28
~2.47 0,28
-2.641 0.36
-1.59 0.41
0.00% 0.57x
0.00x 0.39x
~0.63 0.92
-0.57 0.50
~0.48 0.37
=1.04 0.58
-1.16 0.41
~0.76 0.39
-0.45 0.84
0.00x 0.58x%
0.00x 0.93x%
HTD. MEAN = -] _47
STD OF MEAN = 0.10
STD ABOUT MEAN = 0.84
a 4
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FIGURE 3 Two minute mean range residuals.
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PQ MINUS GEODYN, CM

DIFFERENCE, CM

MTLRS~1 MINUS MOBLAS-7

X GEODYN
0 POLYQUICK

g ! 65. ¢

« POLYQUICK MINUS GEODYN
RMS = 0.16 CM

FIGURE

10 20 30 @

ELAPSED TIME, MIN

5 Comparison between GEODYN and
POLYQUICK tor LAGEOS 6/27/85.




DATE IN TIME, WEIGHTED MEAN DIFFERENCE POLYQUICK
1985 GMT MTLRS-1 MINUS MOBLAS-7, CM MINUS

GEODYN, CM
GEODYN  POLYQUICK '
5/10 0934 -1.65 + 020  -1.44 + 0.20 0.21
5/15 0612 155 + 0.14  1.42 + 0.14 -0.13
5/20 0628 193 + 0.12  -1.96 + 0.12 -0.03
5/21 0838 0.05 + 0.15  0.06 + 0.15 0.01
5/30 0704 095 + 0.10  -0.96 + 0.10 . -0.01
6/03 0848 -1.39 + 014 . -1.12 + 0.14 0.27 .
6/14 0738 258 + 011  -2.60 + 0.1 -0.02
6/17 0704 -3.76 + 010  -3.56 + 0.10 - 0.20
6/26 0520 341 + 018 -3.28 + 0.18 0.13
6/27 0400 147 £ 0.10  -1.58 + 0.10 -0.11
6/27 0732 -3.10 + 010  -3.08 + 0.10 0.02
7/04 0838 -0.66 + 030  -0.51 + 0.30 0.15
7/14 0530 -0.08 + 020  0.20 + 0.20 0.28
WEIGHTED MEAN = -1.80 -1.76 " rms =015
STD OF MEAN = 0.04 0.04
STD ABOUT MEAN = 1.42 1.38

TABLE 2 Comparison between GEODYN and POLYQUICK for the
MOBLAS-7 and MTLRS-1 collocation.
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REAL TIME, ON SITE EARTH ORIENTATION PARAMETER
GENERATION AT THE MLRS USING LUNAR LASER RANGING
DATA

P.J. Shelus, R.L.Ricklefs

McDonald Observatory and Department of Astronomy
University of Texas at Austin

Austin, Texas 78712-1083 - USA -

Telephone (512) 471 3339
TWX 910874 1351

ABSTRACT

For more than a year, earth rotation parameters (i.e, UT-0} have been
computed on site, in real-time at the McDonald Observatory Laser Ranging
Station (MLRS) using lunar observations to the Apollo 15 corner retrore-
flector. These parameters have then been immediately electronically trans-
mitted, via the General Electric Company Mark III network, to the U.S.
Naval Observatory for eventual use in their earth orientation prediction
services. In this paper we shall briefly discuss the recent history of this
endeavor, the hardware and software components which compose this system,
the observational strategy which is being employed, and the results which
have been obtained so far. Because of the unique nature of the lunar laser
, ranging data type, which allows this rather straighforward real-time, on-
site earth rotation computation to be made, and because of the common
software which exists at all of the lunar capable laser ranging stations,
it is hoped that within a year or so all of the LLR stations will be able
to provide similar services for earth orientation results.

This research is being supported by the National Aeronautics and
Space Administration under Contract NAS5-29404 and Grant NAG5-754 to
McDonald Observatory and the University of Texas at Austin from the
Goddard Space Flight Center in Greenbelt, Maryland.

493




Introduction

The securing of precise Earth orientation information has long been the one of the major
goals of laser ranging observations to Earth orbiting targets (see, for example, Bender et al,
1973 or Mulholland, 1980). Although much successful work has been performed at various
analysis centers over the past ten years in securing these results, spurred by such international
projects as EROLD and MERIT (see, for example, Langley et al, 1981 or Dickey and Williams,
1983), the presence of powerful mini- and micro-computers on-site at modern ranging stations,
coupled with the long period modeling accuracies now available, make it possible for one to
consider the computation of these data products in a near-real-time environment on-site at the
laser ranging stations themselves. At the McDonald Observatory Laser Ranging Station
(MLRS), located near Fort Davis, Texas, we have been producing such results, using lunar
laser ranging observations, since early 1985. This paper describes the techniques which are
being applied and the results which have so far been obtained.

Techniques

The basic equation for dynamical parameter improvement used in most lunar laser
ranging analysis is the following:

n ot
To-Te =2 - (K -Ko) (1)

where 1, and 1, are the observed and calculated ranges (i.e., time delays), respectively, and the
K; are parameters associated with whatever model is currently being used. Since it is
convenient to deal with changes in the Earth's orientation as changes in the longitude, A, and

the latitude, ¢, of the observing station, we can re-write equation 1 explicitly as (see, for
example, Stolz and Larden, 1977 or Shelus et al, 1981):

ot ot
To-Tec= === (A-Ap) + - (d-¢g) + C. (2)
oA o0

For our purposes, it has been assumed that all short period terms having amplitudes of 1 cm or
more, other than those dealing with the orientation of the earth, have been eliminated in the
modeling and that, since we shall be averaging data over no more than a few days, all longer
period terms can be assumed to be constant. We feel that this is certainly a reasonable
assumption for the lunar system. :

Of course, the major requirement for the production of real-time earth orientation
-information on-site (in addition to the capability of making the observations themselves) is the
availability of a convenient and precise lunar range prediction system. The transfer of such a
system to the MLRS was accomplished some two years ago when we succeeded in reproducing
MIT lunar range prediction results at the 20-30 psec level. We are presently working to attain
the same levels of accuracy with the JPL lunar model predictions.




The obtaining of earth orientation parameters from MLRS lunar laser ranging
observations can be summarized as follows. With the completion of a lunar "run", using
various interactive graphics tools, the lunar data set is statistically filtered and mathematically
compressed to form a single normal point. When several such normal points have been formed
within a pre-defined interval of time (usually 24-48 hours), an earth orientation solution is
performed using the residual and partial derivative values appropriate to equation 2 above. At
the present time, only observations to the Apollo 15 (Hadley) retroreflector are used and only a
longitude, i.e., UT-0, solution is made. We consider an earth orientation reduction to be
"prime" if it is obtained using data within a single lunar transit and with an hour angle spread of
at least 3 hours. Under any other circumstances, the reduction is considered to be "non-prime".
Results are inspected on-site for potential problems and, if they prove to be satisfactory, are
placed onto the General Electric Company Mark III system for general distribution. Under
normal circumstances, the total time, from the beginning of the observing sequences for a

"prime" data set to Earth orientation parameter transmittal, encompasses an interval of less than
18 hours.

Results

Since February, 1985 there have been some 38 UTO points produced at the MLRS in this
real-time environment. Of these, 8 are considered "prime". Comparisons of our "quick-look"
results with “full-rate" results obtained by X X Newhall at JPL (Figure 1), those obtained by
the BIH (Figure 2), and those obtained by our own after-the-fact Earth orientation reduction
system in Austin (Figure 3) have been quite satisfactory. For the JPL comparisons, it was
necessary to convert the "standard” UTOg - UTC values to UTO - UTC by re-introducing the
short period zonal tide terms (see Yoder et al, 1981). For the BIH comparisons, UTO0 - UTC
values at McDonald Observatory were inferred from the BIH final values for x, y, and UT1 -
UTC, interpolated to the time of the MLLRS UTO point..

Although our early results seem to be somewhat off the mark, as our procedures mature
and our experience improves, quite a good agreement is being obtained with the more recent
data. To re-iterate, and as a caveat to prospective users, it is quite important to realize that this
is essentially a "quick-look" procedure. Since we deal in a real-time environment, our results
can sometimes be contaminated by data which proves to be poor, under later analysis. Further,
we do no fitting of the data for other parameter improvement, as is done in the regular after-the-
fact, full-rate data environment. In spite of these shortcomings, we feel that our product is a
good one and can serve many of the "quick-look™ needs of the Earth orientation community,

As a final comment, it must be stated that the biggest difficulty with which we are being
presently confronted is a severe paucity of Earth orientation results using this lunar technique.
At the MRS, the station has been working flawlessly; the data gaps are completely a product
of the-environment. It is hoped that most of this type of problem can be solved by a move of
the MLRS from its present "saddle-site” to one at the top of a near-by mountain. On the
positive side, in our processing of lunar laser ranging data from the Haleakala site, we are
attempting to apply the self-same MRS data reduction techniques to compute Earth orientation
parameters from Hawaii data. In adcition, we are also interested in the sharing of this software
with other stations, which have equipment that is capable of making similar types of reductions
on-site, and are encouraging them to undertake similar "quick-look" types of analyses to obtain
additional earth orientation results.
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A NOTE ON THE USE OF THE CSR LAGEOS EPHEMERIDES
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ABSTRACT

Using the predicted state vectors of the satellite LAGEOS supplied
by the Center for Space Research, Texas University, to form local pre-
dictions,the UK Satellite Laser Ranging System at the Royal Greenwich
Observatory routinely obtains very precise range observations of the
satellite both during the day and at night. This note describes our
method of improving extrapolated quantities implicit in the predictions,
such that remaining prediction errors are of the order of only 5m in
range. We further obtain approximate values of UT1-UTC during periods,
when several passes have been observed within a short time interval.
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Summary. Using the predicted state vectors of the satellite LAGEOS
supplied by the Center for Space Research, Texas University, to form local
predictions, the UK Satellite Laser Ranging System at the Royal Greenwich
Observatory routinely obtains very precise range observations of the
satellite, both during the day and at night. This note describes our
method of improving extrapolated quantities implicit in the predictions,
such that remaining prediction errors are of the order of only 5m in range.
We further obtain approximate values of UT1-UTC during periods when several
passes have been observed within a short time interval.

1. Introduction

The principal target for the SLR operations being carried out at the Royal
Greenwich Observatory, Herstmonceux, is the Laser Geodynamic Satellite,
LAGEOS. In order to predict accurately the position of the satellite at
any time we depend upon the set of daily state vectors supplied by the
Center for Space Research at Texas University (CSR). These vectors are
used as starting values for an integration of the satellite's equations of
motion to yield its expected position at any given time. The integration
uses a simplified force model, and so the optimum accuracy of the
integration over 1 day would be a few metres. However, as the orbit is
predicted ahead for many months, the real errors are considerably greater.
The principal errors are an along-track displacement of the satellite, and
an error due to the assumed value of UT1-UTC. This note describes our use
of these predictions with particular reference to the determination of the
along-track error from our range measurements and the correction of the
assumed values of UT1I-UTC implicit in the starting values, in order to
improve the accuracy of the predictions to about 5 metres. We further
derive some near-realtime values of UT1-UTC from our range measurements.




2. The accuracy of the CSR predictions

The CSR predictions for Lageos are issued for up to 18 months ahead, so
inevitably they have increasing errors towards the end of their span. The
major source of error is the uncertain drag-like acceleration affecting
Lageos, which leads to an along-track positional error. This acceleration
is generally modelled very well by CSR, the remaining error being only
600 m in along-track position (equivalent to a time bias of 100 ms) at the
end of ephemeris 19. This would cause a maximum effect at the start or end
of a pass on the two-way range of 500 m or 1700 ns. Such an error would
cause serious problems for day-time ranging with a narrow range gate, but
fortunately the time bias varies slowly, and the current value can be
determined as part of the pre—processing of the range data obtained in each
Lageos pass (Appleby and Sinclair, 1985). The time bias is determined as a
correction to the orbital mean anomaly of the satellite, and this is
converted to a time bias by dividing by the mean motion.

The second most significant source of error in the CSR predictions is
caused by errors in the extrapolated values of UTl used by CSR in referring
their predictions to the Greenwich meridian. The coordinate system of' the
CSR state vectors is nominally the true equator of date and the Greenwich
meridian, but as is shown in Figure 1, the CSR x~axis will differ from the
Greenwich meridian by 1.00273 AUTl, where AUT1 is the error in the
extrapolated value of UTl, and where we are measuring angles in time units.
The typical magnitude of the error AUTLI is about 100 ms, which was the
value half-way through ephemeris 19. The simplest way to use the CSR
predictions is to ignore this error, and treat the predictions as if they
were referred to the Greenwich meridian. For a north—south pass of Lageos
this had little effect on range, but for an east-west pass it changes the
two~way range at the start or end of a pass by 80 m or 260 ns.

The variation of range through an east-west pass caused by an error in
UTl (extrap) is very similar to that caused by a time bias, such that an
error of 100 ms in UTl (extrap) has virtually the same effect on range for
an east-west pass as a time bias of 15 ms. Hence if the effect of the
error in UT]l (extrap) is not corrected in the predictions, the value of the
time bias determined from east~west passes will be corrupted by the order
of 15 ms, while from north-south passes the correct value of the time bias
will be obtained.

For a ranging system using a narrow range gate of the order of 100 ns, and
particularly during day-time ranging, this variation of the wvalue
determined for the time bias according to the pass direction is very
inconvenient, since the typical error in time bias of 15 ms can cause two-
way range residuals for a subsequent pass of 80 m or 260 ns. Hence at RGO
the error in UTl(extrap) is corrected during the computation of
predictions.

Further it is expected that this unpredictable error in UTl(extrap) may
well be the dominant effect in future Lageos ephemerides, as the model
representing the drag forces on the satellite inevitably improves.

We comment in passing that the velocities given in the CSR state vectors
are, for historical reasons, referred to the reference frame rotating with
the Earth, and have to be converted to an inertial frame before performing
the numerical integration. This is done in the CSR program IRVINT. It is
also carried out in the equivalent RGO program ORBIT, which uses a
reference frame defined by the true equator of date and X axis which is
displaced from the mean equinox of date by 1.00273 AUTl. This reference




frame error has negligible efect on the calculation of the forces acting on
the satellite, and hence in the derived predicted position. For subsequent
calculation of topocentric position, the satellite coordinates are again
referred to the CSR reference frame.

3. Application of corrections to UTI (extrap)

In order to minimise the pass—dependent effect on the determination of the
time bias we need a close approximation to the error of UTl (extrap) to be
used in computing predictions. The extrapolated values of UTI-UTC used by
the CSR to generate the predictions are available in a file along with the
state vectors on the magnetic tapes distributed by CSR. Thus for a given
pass we compute

AUT1= (UT1-UTC)cgg - (UTL-UTC)p1y

where we have obtained (UT1-UTC)gyy by short extrapolation from the most
recent values of the BIH rapid service. We then reduce the longitude of
the station by 1.00273 AUT]l (in time measure), thus effectively removing
the small rotation about the z~axis between the satellite and terrestrial
reference systems. This will improve the accuracy of the predictions, and
a solution for or time-bias will be free from corruption by AUTIL,
regardless of orientation of the pass. With the removal of the reference
system error in this way, and using recently-determined values of the time
bias, we find we can predict the range to the satellite to an accuracy of
about 5m, or 30ns in 2~-way time-of-flight. The plot shown as Figure 2
gives the derived time bias values for the duration of CSR ephemeris 19.
The small scatter of values about the fitted smooth curve shows the
effectiveness of the above method. The small size of the time bias, even
near the end of the ephemeris, shows how well the CSR drag model has
predicted the acclerations experienced by Lageos.

4. Estimation of UTI-UTC from the observations

Based on the above analysis it is clear that any small errors in our short-
term extrapolation of (UT1-UTC)BIH should become apparent as small
differences in the determined value of the time bias according to pass
direction. 1In particular if we observe several passes in a day, we may use
the N-S or S-N passes to derive a current, uncorrupted, value for the time
bias. This value may then be assumed when reducing an E-W pass and the
observations used to derive a correction to our assumed value of UTL-UTC .

In practice we use the observed ranges from 2 or more passes in a given day
in a -simultaneous solution for time bias, correction to our assumed (UTl-
UTC) and correction to the geodetic latitude of the SLR instrument. The
latitude correction allows for small errors in our short-term extrapolated
values of the coordinates of the pole. Strictly we should only determine
UTO0-UTC from one observing station, but we find that our extrapolation of
the coordinates of the pole from the rapid service results are usually in
error by no more than * QN005 in xp and yp. Then for the coordinates of
Herstmonceux (A = 0°, ¢ = 519),

§UT1 = 0Y005 tan ¢
= Q.4ms

is the corruption to UT1I-UTC due to the error in the extrapolated xp and
yp. This error is within the probable error of the derived values of (UTl-
UTC) by our approximate method. The results of some determinations of




UT1-UTC are given in Figure 3, where the values are compared to the raw
UT1-UTC results taken from BIH Circular D.

5. Conclusion.

We have described our use of the University of Texas Lageos ephemerides to
generate predictions in order to obtain laser range measurements. We have
shown that given the best available estimated values of UTL-UTC we can
effectively remove the errors in the extrapolated values of UTLI-UTC
implicit in the satellite reference system. We can then use our range
measurements to derive uncorrupted estimates of orbital along track error
which can be wused to improve subsequent predictions such that the
prediction errors are less than 5 metres. We further find that we can
obtain approximate values of UTL-UTC from our observations on days when
several passes of Lageos have been observed, the accuracy of these
estimates depending upon how well the long—term behaviour of the node of
the orbit has been modelled in the CSR ephemerides.

Reference: Appleby, G.M. and Sinclair, A.T. 1985.
SLR Technical Note No.5.
Data Processing and Preliminary Analysis Software for the UK
Satellite Laser Ranging Facility.
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Figure 1. The location of the CSR x-axis relative to the Greenwich
Meridian.

AB= 1.00273 .AUTL (in time units)
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where AUT1 = UTl(extrap) - UT1(real). i

The longitude of a station should be reduced by A® in order
to refer it to the CSR x-axis.




REAL TIME UTO DETERMINATION AT CERGA LLR STATION
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ABSTRACT

UTO determinations based on single night LLR data are presented.
They use Pole coordinate predictions from BIH. Comparisons are made
with final values by CERGA and JPL. The available software can be
used at the end of an observing session in order to allow close real-
time UT determination.

507




1/ Introduction

A great advantage of the LLR technique is to be able to provide a quite accurate UTO value in close
real time, for instance at the end of an observing night. In fact, the three Earth Rotation parameters
can be determined from LLR if various stations give data at the same time. Unfortunately, such a
situation occurs rarely and only single station (CERGA) UTO determinations will be presented here.

2/ CERGA data and UTO determination

Table 1 shows the number of UTO determinations made in 1985 with the LLR data from the various
stations, together with the corresponding number of nights and the mean standard deviation. A UTO
value can be obtained from data on a single lunar reflector and a single night as long as the hour angle
coverage is large enough. As the CERGA station is able to range more than one reflector on a single
night, there are more UTO values than observing nights for this site.

Stations " | UT values | nights |msd (ms)
McDonald 2.7m 12 12 .6
MLRS 6 5 .3
Haleakala 29 28 .8
CERGA 118 67 7

Table 1 — Statistics on UT determinations from LLR for 1985

3/ Single night process

Three examples are shown using two different nights and two reflectors. The first night is one of the
longest never obtained at CERGA. It covers more than 10 hours. Fig 1 shows the residuals (observed-
calculated) determined on the station computer from the prediction software (based on DE121/LLB13
JPL ephemeris) and the predicted ERP from BIH. These residuals are fitted in order to extract the UT
information. The found value for UT0 — UTC is given on the figure and compared with CERGA and
JPL a posteriori determinations using Circular D BIH Pole coordinates. For such a night on Appolo
XV, the error on UT0 — UTC is small, mainly due to the very long hour angle coverage. Even with a
few data, as on Fig. 2 (Lunakhod 2 on the same night), this error is small for the same reason,

As the last observing session (Fig. 3) is much shorter, the uncertainty on UT0 — UTC is much
larger. However, the "real-time” value is very close to the final one. The error on UT due to the fact
that *real-time” determinations are made with predicted Pole coordinates is small : X and Y are easy
to predict with a quite good accuracy. )

4/ Conclusion

The software used for these "real-time” UT determinations is available at the station and can be
run at the end of an observing session. The agreement between them and the "final” values is quite good
and shows that LLR ”real time” UT can significantly contribute to accurate short term UT predictions,
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Figure 3.

Values of UT1-UTC derived by combining Lageos range
observations from 2 or more passes on a given day. The
values are shown with l-sigma error bars, and the full
line has been drawn through 5-day raw values of UT1l-UTC
taken from BIH Circular D.



CSR LCaaeos LEphemeris_No. T3

Observed Time Bias (ms)

100 -

Time ‘ /

Bias /

.
¢ o Sese dase
e 3 W SO L SR Bt ) .
et e ser sim e T LI
:EO el A e A A e S
—

JUNE ' JUNE
1985 . 1086

Figure 2. Determinations of Lageos orbital time bias.

Each point gives the time bias value in milliseconds as
derived from observations of a single pass. The formal

standard errors of the determinations are about 0.1lms.

The full line shows a fitted high order polynomial.
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ABSTRACT

Once a laser ranging station has crossed the threshold from imple-
mentation and development to routine observing, one of the major problems
of station operation (aside from preventive maintenance, repairs and up-
grades) concerns the efficient scheduling of observing manpower, especially
when several different targets are to be regularly observed. This paper
describes a simple yet powerful tool which we have developed over the years
to aid us in efficient observing crew scheduling for a mix of lunar and
LAGEOS operations at the McDonald Laser Ranging Station (MLRS), which is
located near Fort Davis, Texas. With a single glance, one can scan the
graphical output from this software tool to see lunar and LAGEOS observa-
tional opportunities at the MLRS with such items as the visibility times
of the moon and LAGEOS, the rising and setting times of the sun, moon, and
LAGEOS, the maximum elevation and duration of all visible LAGEOS passes, as
well as the lunar phase, age, maximum elevation, and declination during
Tunar visibility. With this graphical information at one's fingertips, it
is then a simple procedure to manually schedule observing crews to take
maximum advantage of mutual target visibilities and/or to accomodate whate-
ver station and personnel constraints may be active.This tool has been
created using Microsoftr FORTRAN and is presently running on an App]er-

Macintoshtm computer. Only very slight revisions would need to be made to
accommodate the specific locations of other ranging stations and, since the
compiler used is a full implementation of FORTRAN 77, few (if any) changes
would need to be made for transporting the code to other computers.

This research is being supported by the National Aeronautics and
Space Administration under Contract NAS5-29404 to McDonald Observatory and

the University of Texas at Austin from the Goddard Space Flight Center in
Greenbelt, Maryland.
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Introduction

The uses of laser ranging data in the astronomical and geodynamical sciences is now well
established. In order to take maximum advantage of whatever resources are available to these
scientific endeavors, it is imperative that all possible efficiencies be brought to bear in all phases
of data gathering, reduction, and analysis. In a part-time project over the past several years we
have put together and implemented a very simple software tool at McDonald Observatory which
allows us to manually schedule our observing crews with a minimum of effort while preserving
the opportunity for full man-power utilization and maximum target coverage. Our initial task
had been made somewhat more difficult due to our responsibilities to both the lunar and the
LAGEOS user communities.

On first glance, as one examines the output of this software tool, one might be tempted to
comment that the exercise has been a trivial one since the results obtained are so well known
and so readily available from so many sources. And we are quick to agree, except for the fact
that it is not only the results of the computations which are important, it is also the ease and the
convenience with which those computations can be performed and the manner in which those
results can be presented. Our purpose was to bring together, in a single, easy to understand
graphical display, many of the relevant parameters of solar, lunar, and LAGEOS visibility at the
location of a particular laser ranging facility, thereby allowing for the simple and efficient
scheduling of observing operations.

Program Description

The nucleus of this software tool is a LAGEOS visibility package which had been
assembled by Richard J. Eanes, of the Department of Aerospace Engineering and Center for
Space Research at the University of Texas at Austin, to be run on a CDC Cyber computer in
simple batch mode. Using nominal elements for the orbit of LAGEOS, such parameters as rise
and set times, rise and set point angles, and maximum elevation angles were produced for any
input station location and range of dates. With the later inclusion of general mathematical
expansions for the orbits of the sun and the moon, also produced were the positions of both the
sun and the moon at LAGEOS rise and set times as well as at the time of maximum LAGEOS

elevation. The results of these computations could be presented in columnar form on a standard
line-printer.

The additions to this program, which were provided by the present author, were several-
fold. The logic of the program was altered to compute approximate solar and lunar rise and set
times in addition to those of LAGEOS. Added to the program were algorithms to provide the
approximate lunar age, phase, and declination at maximum lunar elevation, as well as a day-of-
the-week algorithm. The changes which were most extensive (and the most helpful, however)
were those which dealt with the printed output. Finally, the entire program was modified to be
run, in interactive mode, on a personal, desk-top micro-computer (an Appleg Macintosh™).

As a bonus, and specific to the Macintosh™ environment, is the ability to create special
symbols for the standard printer output (especially useful for providing lunar phase
information) and the ability to use other standard Macintosh™ software, like Microsoftg Word
and MacDraw™, for greater readability and to actually manually incorporate scheduling
information in the final output.

Output Products

Figure 1 gives a sample of actual program results. The standard output text file shown
has been processed by Microsoftg Word to provide for font selection, page alignment, and the




setting of margins and page breaks. Program output is generally printed using an Apple
LaserWriter, but excellent results are obtained using any Macintosh™ compatible dot-matrix
printer. In the example, for the ten day interval, September 1-10, 1986, one sees complete time-
lines which illustrate the visibility of the sun, the moon, and LAGEOS at the MLRS, together
with other information vital for crew scheduling.

The very top line on the page gives the month and the year, followed by three lines
delineating three appropriate time scales, i.e., Central Daylight Time, Universal Time, and
Central Standard Time. Each daily time line is identified by the day-of the-week, i.e., S, M, T,
W, T, F, S and the calendar day-of-the-month at the extreme left. Hour marks are given by
vertical bars, "l", and tick marks delineate 12-minute intervals. A sun symbol, "#" , appears
when the sun is above the horizon as seen from the MLRS. Just above the sun—lme is the
moon-line. A changing lunar symbol, denoting the moon's phase (new, " -*; waxing crescent,

">»"; 15 quarter, "o"; waxing gibbous, "o"; full, "o"; wanmg gibbous, "o"; 37 quarter, "o ";

anmg crescent, " "), appears when the moon is above 20" elevation as seen from the MLRS,
The approximate lunar declination and age at maximum lunar elevation appear at the extreme
right end of the moon-line. The LAGEOS time-line is just below the sun-line with a LAGEOS
symbol, "x", appearing when LAGEOS is above 20° elevation as seen from the MLRS. The
two digit number, appearing just to the right of each set of LAGEOS symbols, denotes the
approximate maximum elevation at MLRS for that particular LAGEOS pass.

’

Figure 2 illustrates the results which were obtained by manually inserting scheduling
information onto the basic time-lines, using the commercial software product MacDraw™ (a
simple and convenient process). Scheduling for this particular illustration has assumed a two-
crew operation; one to follow the moon, the other to follow LAGEOS. Each crew takes the
other target to be a target of opportunity , when applicable. The large open rectangles represent
the suggested lunar crew coverage; the small open rectangles (within the large open rectangles)
represent the LAGEOS passes which should be accessible to the lunar crew as a target of
opportunity. The large filled rectangles represent the suggested LAGEOS crew coverage. It is
especially important to again note that the scheduling part of this software tool is not automatic;
it is accomplished manually by a human scheduler after the software tool has done its work in
producing the various time-lines.

Conclusions

Although simple in concept (but a little tougher in the original implementation) this
software tool now proves to be invaluable to us for the quick and easy scheduling of MLRS
laser ranging operations. Listing 1 depicts the actual FORTRAN code now in use. This code
can be made available in Appleg Macintosh™ 3 1/2-inch disk format; upon request, for
- individuals who might wish to implement it on their own systems. Note that station coordinates

and local time modifications would need to be made in order to incorporate the system at other
installations.

Without too much difficulty the code for this tool can be modified to run with almost any
FORTRAN-capable system. As proof of this fact, we have already ported this code (with only
very minor changes) for running on an IBMg PC/AT™ (see Figure 3 for sample output).
Although this version does not have access to the special lunar phase characters which are
available with the Appleg Macintosh™ version, nor is it as yet amenable to the convenient
manual insertion of specific crew scheduling information via a MacDraw type of software
interface, the output is quite satisfactory and eminently useful. The output shown in Figure 3
was printed on an Apple Laser Writer after the original test file was ported to a VAX 11/780.
Very satisfcatory results are also obtained by using a standard dot-matrix printer. This IBM g




PC/AT™ version should also be available, on request, to interested users in appropriate
machine-readable form in the very near future.
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PROGRAM PASPRE

[
C...PROGRAM TO PREDICT TRE TIMES OF SATELLITE PASSES AND TAL
C LOCATION OF THE SUN AND HOON DURING TRE PASSLS

c...rmcnmm‘.n BY: RICRARD EANES, CENTER FOR SPACY RISLARCE,
DERT. OF AEROSPACE ENG, AND ENG. MECBAXICS,
C UNIVERSITY OF TLXAS AT AUSTIN

c
C...VERSICN OF 13 JUN 83
c .

C...Ammended by Peter J. Shelus to MacFortran Capability for MLRS crew
scheduling.
C...April, 1985
c
DOUBLE PRECISION JD, JOP?
DOUBLE PRECISION XMJD,X4JDF,XMJID],XMID2,D0,D
REAL LUN, LUNMAG, LONAI, LUNEL, LUNREO, LUNRT, LUNLOM,
1 LUNLAT
logical deprinl,deprin2
real sunupl,sunup2, lunupl,lunupl, dagupl, lagup?
Lnr.oqct dayid
er*l idow, yn, nxel {2), idays (7)
character*d mun,sun,lag,up
character ).un].l.n(lil).nunun(lll),).lqlln(lu)
DATA idays /*W°,*'T',°'F°,°s","*
DATA deprinl/. l‘ALﬂ /. pmz/ rn.sr../
DATA mun/’moon*/,sun/*sun °/,lag/'lage’/,wp/’vp °/,dn/'dewn’/
DIMENSION LUN(3), STALUN(3)
DIMENSICN SUN(3), SAT(3
DIMENSION STASAT(3), STASUN(3), STA(3), IMDY1({3), 1rMOY2(3)
DIMENSICN IMDYI (S}, IMDY4 (5). IMDYS (3)
DATA DLAST /-99999./, NrT /0/
DATA IPASS JO/
DATA DTMIN / 12./, XMJDY /46247.28/
DATA LLMIN /20./
DATA SUNLIM /S./
DATA RE /6378137./, FINV /298.258/
c...HrJ)ona).d Cbservatory, Fort Davis, Texa
DATA STAET, STALCN, STALAT/1963.344, 155 9840813795,30.676976609/
DATA STA({1) /0.
DATA IMAX / 9995999399999 /, DAYMAX / 10. /
DATA RAD /0.0174532925199433/
DATA DEG /57.295779513082 /
DATA PI /3.1415926535898/
DATA TWOPL /6.2831833071796/
DATA CLITE /299792458./

c
C.aoSATILLITE EPAEMIRIS
DATA DO- /2442905.3/
€ XNO, XN1 ARE EPOCH VALUES RATES (DEG/DAY) TOR TRUL OF DATE NCDEL
C XL0, XL1 AREZ FOR ARG OF LATITUDE (PERIMEAN)
€ X®O, XW1 ARE TOR TRUL OF DATE PERIAPSE
€ XM0, XMl ARE FOR MEAN ANCMALY
c um: rr.uooxc PERTURBATIONS ON PERIAPSE AND MIAN ANCMALY CAN
c DEGREES, BUT IN ARG OF LATITUDE TALY ARE ARCUND
c- 'n:u'xu Or DEGREES.
c!
[

«++JD=2442908,5
DATA XN0Q, XN1 / 29.3672, 0.34256¢/
DATA XLO, XL1 /223,195 , 2299.9763/
DATA X®0, XWl /259.238 , -0.2126/
DATA X40, XM1 /323.960 , 2299,1999/
DATA XINCL /109.849/
DATA XCC / 0.0046 /

‘ DATA ASAT /12.27L6/

c

c

€ This is a temporary ‘read & write®’ test patchtl
c

OPEN (UNIT=2,FILE="CALENDAR’)
REWIND 2
11 call convers{imo, jno,iyr, XMJDT, DAYMAX,deprin2)
1f (deprin2) then
OPIN {URIT=3, FILE="EANES.QUT")
REWIND 3

3
DTDAY = DTMIN/1440.
CALL SHADWO

c

C,..,.CONVERT ANGLES 7O RADIANS
XNG = XNO*RAD
ANl = XN1*RAD
XLO = XLO*RAD
XLl = XL1°RAD
XMO = XMO*RAD
XM1 = XM]1*RAD
XINCL = XINCL *RAD
CO31 = COS{XINCL)
SINI = SIN(XINCL)
CLTST = COS (STALAT*RAD}
SLTST = SIN({ITALAT*RAD)
CLNST = COS {STALON®RMAD)
SLNST = SIN{STALON®MAD}
IF (STA{1).NLE.0.) GO 70 §
FLAT = 1./FINV
ESQUAR = FLAT®(2.-TLAT)
XN = RE/SQRT {1 .~ESQUAR*SLTST**2)
XNPE = XNE + STAAT
STA{l) =~ XNPA*CLTSTCLN3IT
STA(2) = XNPH*CLTST®SLNST
STA(I) = {XNPH-ESQUAR*XNH)*SLTST

3 CONTINUE

c

C...DATL LoCPF

[
all time (itzero)
1 -

10 l - !
(l.G‘l.lHAx) GO TO 20

C...DATES BY SZARCH AT DTMIN {(HMINUTES) SPACING FRCH XMJDF
DELDAY = {I-1)*OTDAY
1F (DELDAY .GT. DAYMAX)} GO 70 20
XMJD = XMJIDT 4 DBLE (DELDAY)

c

€...COMPUTE TCPCCENTRIC SATEILLITE AND SUN VECTORS
JD = XMJD + 2400000.3D0
D = JD - DO

c

C...GREENWICH BOOUR ANGLE, OR SIDEREAL TIME AT 0 DIS LONG.
TRETAG = RACG {JD, TRETAD)
COSTE = CO3 {TBETAG)
SINTE = SIN{TALTAG)

c

C...SATELLITE COORDS I¥ TRUE OF DATE SYSTEM
XN = XNO + XN1D
XL = XLO + XL1*D

XN = AMOD (X0f, TWORI)

XL = AMOD{XL,TWOPI}

X4 = AMOD (XM, TWOPI)

IF (XN.LT.0.) XN = XN ¢ TWOP1
IF {XL.1LT.0.} XL = XL 4 TwOPI
IF {X4,LT.0.) X4 = XH + TWOPI
XL w» XL 4 2,°ECC*SIN (XM}

€OSN = COS {XW)
SINM = SIN (XN}
SLAH = SIN(XL}
CLAM = COS (XL}

SATMAG = (1., = LCC*COS {XM)) *ASAT
SAT{1} = (COSN®CLAM = SINN*COS[*SLAH}*SATMAG
SAT(2) = (SINNSCLAM & COSN*COSI*SLAM)*SATMAC
SAT(3) = (SINI®SLAM) *SATMAG
[
€., ROTATE ABOUT T AXIS 70 GET (PSUELDO)BCOY FIXED POSITION
CALL IROT([SAT, COSTH, SINTH)

c

C...CET TOPOCENTRIC SATELLITE POSITION
CALL TOPO({SAT, STA, STASAT,CLTST, SLTST,CLNST, SLNST, SATAZ, SATLEL,
1 SATREO)

e IF¥ {SATEL.LT.ELMIN} GO TO
SATARO = {2,°*SATRHO/CLITE) ‘1000.

c
Cae«CLT SATELLITE LATITUDE, LONGITUDE, AND BEIGET
CALL GTRAK (SAT, SATMAG, RE, ESQUAR, SATET, SATLON, SATLAT}

c
C...GET THE SOLAR AND LURAR POSITION VECTORS IX THE MEAN OF DATE
€  EQUATOR AND EQUINOX SYSTEM.
CALL SUNLUN (JD, SUN, LUN)
SUNMAG = SQRT(SUN{1)**2 4 SUN(2)*°2 + SUN(3)*+2)
LUNMAG = SQRT{LUN(1)}°*2 + LUN(2)°*2 + LUN(3)**2)
[
C...ROTATE ABOUT 3 TO GET SUN ARU MOON IN (PSUEDO)BODY FIXED SYSTEM
C.+.REMEMBER THIS PROGRAM NECLECTS NUTATION AND POLAR MOTION

CALL JROT[SUN,COSTE, SINTH)

CALL IROT(LUN,COSTS, SINTH)

[

C...GET SUB-SUN POINT CN TEEL EARTA
CALL GTRAK (SUN, SUNMAG,RE, LSQUAR, SUNET, SUNLON, SUNLAT)
CALL GTRAK {LUN, LUNMAG,RE, ESQUAR,LUNE?T,LUNLON, LUNLAT)

c
C.»+GCET TOPOCENTRIC SUN AND MOON COORDINATES
CALL TGPO(SUN, STA, STASUN, CLTST, SLTST,CLNST, SLNST, SUNAL, SUNLL,

SUNREHQ)
CALL TOPO{LUN, STA, STALUN,CLTST,SLTST,CLNST, $LNST,LUNAZ, LUNLL,
LUNR

AGELUN = (LUNLCN-SUNLON)*29.330333/360.
IF {AGELUN .LT. O.) AGELUN = AGLLUN 4 29.330339%
1£ (AGELUNK] 5659 ., OR.AGELUN>=27,.684380) moonsym=" *
A£{AGELUN>=1.045659.AND.ACELUN<S ,53697€) moonsyn=
1£ (AGELUN>=3.53697 6. AND.ACELUNCS.228293) moonsyn=
1 (AGELUN>=9,228293.AND.AGELUNC12.91961) )} noonsym=" *
AL (AGELUN>=12.919611 . AND.AGELUNC16.610928) moonaym=* *
Af (ACZLUN>=16.,610928 .AND . ACLLUNC20.302246) moonaym=" °
1£ {AGELUN>=20.202246,AND.AGELUN<21,993563) moonsyn="s"
4£ (AGELUN>=23.993563 . AND . ACELUN<27.604880) nocnsyn="2"
&£ {LUNZL>hymoon) then
declun=ASIN {LUX {3} /LUNMAG) *DEG
. lundec=INT(declun+0.5)
hymoon=LUNZL
AGELUN = (LUNLON~SUNLCN)*29.510539/360.
1r (AGILUN .LT, 0.) AGLLUN = AGEILUN + 29.530338
lunage~INT (AGELUN+0.5)
endif

€...Monitor rising and setting times of all three cbjects?
€.soInitislise parsmsters Af this the first time throughs
1f (I=1) then
lunup2=-LUNEL
sunup2=SUNEL
lagup2=~3ATEL
write (9, 1001) LUNEL, SUNEL, SATZL
lunlin{li)=*
laglin(l}=" *
sunlinf{l}="]"
4 £{LUNELSELHIN) lunlin{l)emoonsyn
4£(SATEL>ELMIN) laglin{1)="0"
idow=idays {mod{idint {XMJID},7) +1)
1001 format {'LUNLL=*,£10.5,°; SUNEL=",f10.5,%; SATLL=',£10.5)
call prepage{jmo,iyr)
else
¢..Come here for second time and later returnsi
lunwgl-lunupi
unup2=LUNEL

laguplwlagup2

1-0\:92-:)\11‘.1.
{1unupl<ELMIN,AND.lJunvp2>EIMIN} write(9, 9) I, XMJID,mun, up
At 1unupl>EIMIN . AND .. Junup2<ELMIN) wvrite (9, 9) I, XMJD,nun, dn
1£f(sunupl<0.0.AND.sunup2>0.0) write(9, 3) I,X4JD, sun, up
1£{sunupl>0.0.AND. . sunup2<0.0) write (9, 9) I, XMJID, sun,dn
4£{laqupl<ELMIN.AND.lagup2>ELMIN) write (9, 9) I, XMID, 1ag, up
1£{1agupl>ZLMIN.AND.lagup2<ELMIN) then

write(9,9) I,X4JD,1ag,dn

maxelag=IrIX (BLMAX+0

call envert (maxelag,

maxelctel

a

)
el)

ondif
® format ("1 = *,16,%; XMJD = *,F15.5,%; *,Ad,* 15 *,A4,°.")
kewod (1,120)
1f2 (x>1) then
lunlin(x}="* *
F84 (nuolct)l)laqlin(k)-' .
sunlin (k)=
if (Lwn.>l.mm) 1unlin(k}=moonsym
1z (Sl‘l‘ﬂdluﬂi.MD.II.I.!CL>2)LI¢1£H(!) -
1f (maxelct=1)then
laglin{k)=mxel(1l}
1aglin{k+l)=mnel{2)
endif
Af (SUNEL>0.0)sunlin(k)=
1f (mod {k,5)}=1) sunlin{k)="{"*
elseif {k=0) then
lunlin(120)=* *
Lf(luold’.>l)laqlln(120)-' ’
unlin(120)=
uu.uun.nmmuununuzo)-oen-
1£ (SATEL>ELMIN ,AND .manelct>2)1aglin{120) =* 0"
1f (maxelct=1)then
1aglin(120) ~mnel (1)
laglin{121)=mxnel (2)
endif
1£{SUNEL>0.0) sunlin{120)
4f {mod (X,5)=1) sunlin{120)=
elseif (k=1) then
lunlin{l2l)=" *
1!(-u'lct>2)laqlln(lll)" .
aunlin{12])=",
un.wuuunuu-uuuzu-oon.
1!(!ATU-)ID“H.AI‘D.lll.l:t>2)).aq“.n(lzl)-'O‘




laglin{l121)=nxel{l)
laglin{122)-mxel {2)

1.
laglin{122)=" *
endif
1f{SUNEL>0.0) aunlin(121)
1f{mod(k,5)=1}sunlin{l2]l)=
write (2,106)lunlin, lundec,lunage
write (2,108} idow, dayid, sunlin
write(2,109)laglin
write {2,107}
106 lemC(Sx, 121A1,14, '/'. 12)
107 format(°®
108 format{al,i3,1x,3121A1}
109 fem:(&x,lzzu
call pz:y-(!.turo,dayxd DAYMAX}

hymoon=0,0
ir (h{td-lo +OR.dayid=20} then

pospage
call prepage{jmo,iyr)
endif
1f (dayid=int (DAYMAX}) then
call pospage
endif
1dowwidays (mod (1dint (XMID), 7) +1)
dayid-dayid+l

sunlinfl)=".*
L£{LUNEL>ELMIN} lunlin (1} =moonsynm
L1£(SATEL>ELMIN} laglin{1)="0*
1£(SUREL>0.0) sunlin(1}="0"
1f{mod (X, S)=1)sunliin(1)=*}"*
endif
maxslctemaxelct+l

T.ELMIN) GO TO 10
1f{deprinl)then

€22456789112345670921234567893123456789412343670951234567896121456789712
C.s.Tirst de-bug print (20 April)

endif

c* .

WRITE (9. l)l DELCAY, SATEL, XMJD, swu J'D,LUNI'.L,D THETAG
1 I'ORHA (521 =*,16,2X, *DELDAY= S.S. SATEL=*,T13.5/
15X, "XMID SUN!D",!‘IS 5/
3 15X, *JD LUNEL=",T15.5/
18X, 'D TELTAG=",F15.3)

q
[+ READ {9, 2)CIRPUT
2 TORMAT(F10.5}
C...End of first de-bug print (20 April}

Coen

c

C...CEECK FOR A NEW PAS3
r (us(p-nus‘n-xuo. .L‘!‘. 30.) GO0 7O 1%
IF (NPT .ZQ. 0) GO

c

C...PASS COMPLETED, PRINT SUMMARY,
IPASS = IPASS ¢ 1
SUNELA = SUNELA/NRT
AMJDP = AMJDP /NPT
UTP = AMJDP = AINT{AMJIDP)
SOLTA = UTP*24. + STALON/1S.
SOLTA = AMOD {SOLTA,24.)
PTIME= {XMJD2-XMJD]1)*1440,
IMAXEL = ELMAX +,0.5
1f(deprin?)then
JDP = DBLE{XMJD1) ¢ 2400000.300
CALL KALDAY (JDP, IMDY], XSEC1,MONTH1)
JUP = DBLE(XMJD2) + 2400000,.5D0
CALL KALDAY {JDP, IMDY2,XSEC2,MONTA2)

[4 WRITE(9, 320) IPASS, AMJDP, IMDY1(3)-1900, IMDY1(1l), IMDY1{2},

[4 1 IMDY] (4) , IMDY1 (S}, IMDY2(4), IMDY2 (S5}, PTIME, NPT,

c 2 SUNELA, SOLTA

C 320 FORMAT (/1X,*PASS *,14,F12.4,2X,312,1X,212,1X,212,F6.2,14,

[+ 1 2F10.3)
write(3, 310} IMDY1(3)-1900, MONTEL, IMDY1({2)}, IMDY1{4), IMDY1(5}),
1 IMDY2{4), IMDY2{5), AMJDP

[ WRITE (1, 340) lHD!l {3), I1MDY1I(1), lH‘D!l(Z), IMDYL {4), IMDY1(S),

c 1 Y2{4), IMDY2($), IMAXE

340 FORMAT (1X,14, !J 13,1x, 13,13, 1%, 13,13, XX,XJ)
310 FORMAT {/1X, °PASy ©OT °*, XZ,IX,AJ,IK.XI, * BEGIN °, I2, I3,
* END ', 12, I3, 4X, "MID-MJD = °*, F12.4)
write (3, 315) AIl, ELl, AZ2, EL2
313 FORMAT (3X, °SATELLITE AZ AND EL AT RISE = °, 2r7.2, 3X,
1 * SET = ¢, 2r7.2)
write (3, 316) BALUN], BALUN2, ACELUN
316 FORMAT (3X, 'LUNAR HOUR ANGLE AT RISE AND SET = °, 2F7.2,
1 2X, °"LUNAR AGE = °*, F7.2, * DAYS')
write{3, 317) SUNELA, SOLTA
317 FORMAT (3X, *SUN ELEVATION = *, F10.3, JX, °LOCAL MEAN *,
1 *SOLAR TIME = °*, l'lO.J, * BOURS'}
JOP = DBLE{(TEMAX} + 2400000.500
CALL KALDAY(JDP, IMDY3, XSEC3, MONTH}}
write (3, 600) IMDY3(4), IMDYI(S), LLMAX
€00 FORMAT (3X, *TIME OF MAX EIL (EE MM) = °*, I2, 13, 3X,
1 *MAX LL = °, F6.2, * DEG®)
Ir (DLIT2 .LT. 0.) GO TO 30
JOP = DBLE(DLIT1) ¢ 2400000.500
CALL KALDAY(JDP, IMDY4, XSEC4, MONWTEd)
JOP = DBLE(DLIT2) ¢ 2400000.3D0
CALL KALDAY(JDP, IMDYS, XSECS, MONTHS)
write(3, 601) IMDYA(4), IMDY4(5), IMDYS({4), IMDYS(3)
€01 I'OWT {3X, °'SATELLITL IS SUNLIT FRCHM °, 12, 13, * TO °,
12, 13)
!l‘ {DBURN .GL, 0.} write{l, €02}
€02 FORMAT (3X, °*SATLLLITE TOO CLOSL TO SUN AT SOME POINT IN THE®,
¢ PASS®, /)
endyif

C...BEGIN A NEW PASS
30 CONTINUE

ATl = SATAZ
EL1 = SATEL
[+ HALUN] = {STALON~LUNLON)/14.492
BALUN] = (STALON-LUNLON}/1S.
1F (HALUN1 .LT. -12.) HALUM] = BALUNI + 24.
IF (BALUN1 .GT. 12,)} BALUN1 = HALON] - 24,

[4
C...GET AGE OF MOON AT PA3SS START.
AGCELUN = (LUNION—SUNLGI)'29.51053!/3‘0.
IF (ACELUN .LT. 0.} AGELUN = AGELUN ¢ 29.330539
EIMAX = =90
DLIT] = 9!9’99.
DLIT2 = -339999.
DBURN = ~39%3999,

[4
C...NOT A NIW PASS
1S DLAST = D

AZ2 = SATAZ
IL2 = SATEL
[ HALUN2 = (STALON-LUNLON)/14.492
HALUN2 = (STALON-LUNLON}/1S.
IF (BALUNZ ,LT. -12.) BALUN2 = BALUN2 + 24.
IF (BALUN2 .GT. 12.) BALUN2 = BALUNZ - 24.
NPT = NPT ¢ 1
PJD = SNGL(JD}
SUNELA = SUNELA ¢ SUNEL
N{JDP = AMJID? 4 XMJD

[4

C...CET MAX ELEVATION POINT
IF {SATEL .GT. ELMAX) ELMAX = SATEL
IF (SATEL .LQ. EIMAX) TEMAX = XMJD

C...SUN AND SATELLITE GECMETRY
CALL SHADOW (SAT,3ATMAG, SON, SUNMAG, SEFRAC, RSUN,RSUN], RSUN2)
SATSUN = ACOS(STASAT(1)*STASUN(1) + STASAT(2)*STASUN (2}
1 4 STASAT (1) *STASUN (1}) ‘DEG

C...THID INTEAVAL DURINGC WEICE SATELLITE 13 SUNLIT
IF {SEFRAC ,LE. 0.) ©O TO 16
Ir (XMJD .LT. DLIT1) DLIT1 » XMJID
IF (XMJD .GT. DLIT2) DLIT2 = XMJD

16 CONTINUE

<
C...13 SATELLITE TOO CLOSE TO TEE SUNM
IF (SATSUN .LT. SUNLIM) DBURN = XMJD

[4
C...RECYCLE
GO TO 10

20 CONTINUE
write{9,101}
101 lonn:(/"r)u.- sion is over. However your job is not totally'/
‘done. The print file Aow must be properly formatted using'/
*WORD., Once you have file CALENDAR in WORD, do the !nuoulnq:'/
M 1. choose WIDE in the PAGE SETUP section under FILE;
M 2. change all the MARGINS to 0.5 (except for GUTTER);'/
. 3. under FORMAT, choose the 9-point COURIER fontz*/
M 4. insert page breaks (SAIFT-ENTER) at the 10 and‘/
M 20 day calendar lines during each month and at the'/
end of each month.*///
*Thats all there ia. Pre
ormatting proce
*1f you asked for a LAGEOS summary print-out, you'*ll find {t'/
*in the file named "EANES.OUT*')
accept iyr
IND

AETURN and then open MORD to begin'/
17"

WNeeR YRR A LN~

ine chekend{ )
character*l answer
write(9,101}
1 type(s,102)
101 !omnt (//°Do you need a LAGECS summary print-ocut?*'/
1 {Answer *Y" or "N"}")
102 format(* Lnter your cholce hers (followed by a RETURN)-—>"')
103 format(//'You typed a *,Al/
1 'I expected Y or N. Try again®)
accept answer
if (answer='Y' ,OR.answer="'y*,OR.answar='N*,OR.ansver="'n') return
. uzl.t.c(’, 10)) ansver
go to 1
end
subroutine cnvert(i,c)
character*] c{2
1f (1>9 .ANO. 1<100) then

11=4/1
12=4-11210
c(1)=CHAR {11448}
€ (2)=CHAR (12+48)
else
efly=" *
c{2y=" *

write(9,101)4
format (*Call to CNVRT with out of range argument, i =',{6,°,*)
endif

10

-

subroutine prtym{itzero, iday,DAYMAX)
call time(it)
1hrl=int {1£/3600.)
imnl. t {{1t-1hr123600.) /60+0.3)
[=REAL (1t-it zero)/60.0
togo=elapsed/REAL{iday) * (DAYMAX-REAL {1day})
finished=REAL(it)+togo*60.
ihr2=int {finished/3600.})
imn2=int ((finished-1hr2¢3600.)/60+0.5)
write($,101) iday,elapsed,togo, ihrl, tnnl, 1thr2,12n2
101 format ("Computations for day *,12,°' have jn-r. been completed.'/
*Llapsed time 1t °*,£5.1,° minut
*Est.time to go: *,£5.1,° minut.
*Time right now: ',11.‘3',12/
*Est.comp.time 3 *,12,°1°%,12}

FY

return

en
SUBROUTINE SUNLUN (TJD, X3, XM)

[4

C...GET MEAN OF DATE EQUATOR AND EQUINOX SOLAR AND LUNAR POSITION

c VLCTORS FRCH BROWNS LUNAR THEEORY

c

DOUBLE PRECISION TJO
DIMENSION XS (3}, XHM(3}, ARG(S)
DATA LUNPRE /2/
[
CALL DIANA (TJD, LUNPRE, XM, ARGC) .
[
C...GET SOLAR ORBXT I:LBHE.NTS
AUS = 1,496C
ECS = 0, 01‘7!104 = 0.1144422E-9* (TJD-2415020.000)

PLRIS = ARG{S)
XMS = ARG({2} - ARG(S)

[4
C...CONVERT ORBIT ELEMENTS TO POSITION VECTOR
CALL KEP (ADS, ECS, XIS, PLRIS, CAPOMS, XMS, XS}

c

C...ROTATE ECLIPTIC ELIMENTS INTO EQUATORIAL SYSTEM
CALL ECLLQ (X3, TJD)

c CALL ICLEQ {x4, TJD}

IND

subroutine convers{imo, Jmo,iyr,xm3jdf,dsymax, deprin2)
double precision xmjdf

characte
characte.
logical leap,deprin?
write(9,101)

type (9,102}

accapt imo
write(9,103)




accept iyr
C...Chack if *long Lanes-type print-out” is desired
call chekend(answer)
if{answver="Y',OR,answer="y'} deprin2=,TRUL.
write (9,105)
101 !enll’.(')ﬂ-l! Chbserving Crew Scheduling Calendar Program*///
‘Enter the month for which a calendar 1s desired.’/
2 * {1=Jan, Teb, J=Mar, «..y 12=Dec}'/
3 * (Complete your entry by pressing RETURN)*})
102 format {‘'Your cholcewe=> *})
103 !nrul’.(///
*Enter the year for which the calendar 1is desired.*'/

2 * (A 4~digit number 1is desired, i.e., 1984, 1985, etc)*'/
3

* {Complete your entry by pressing RETURN}’)
104 format{'Your cholce~—=> *}
105 format{///'Thank youl'//

1'This should take about 30 minutes. Co and have a cup of coffee!*)

SELECT CASL {imo)
case{l)
Imo=*Jan®
case (2}
Jmo=*Feb*
case (d)
Juo=‘Mar®
case (4)
Jmow"Apr®
case(5)
Imo=May®
case (6)

leap~.FALSE.
if{mod{iyr, 4) =0 .AND.nod {1yr, 400} .NE.0) leap=.TRUE.
1f{imo=2.AND.leap)then
ymax=29
elseif({ime=2,AND. .NOT.leap) then
ymax=28
®lself{ino=4.0R, {mo=6 .0k, im0=9.0R.imo=11) then
dayman=30

x33df=167*1yr=7¢ (1yr+ (1n0+9)/12) 74-3* {{Liyr+ {1n0=~9)/7) /10041)} /4

1 +275°1m0/9+4141721025-2400000.75
K write (9,201)xmidf
201 format(//'XHMJDF =*,£9.2)

return

end

subrovtine prepage{ino, jyr)
character*l jmo

integer jyr

€...Prepare and print ‘month and year' header, then skip a line.
write (2,101) jmo, Jyr
write {2,102)
101 format{a3,lx,14)
102 format{’ "}
C.esPrint COT, UT, and CST lines, then skip a line.
call cdtline
call utline
call cstline
write(2,102}
C€.o.Return to eall routine
retura
end
subrovtine pospage
€...2rint CST, UT, and CD7 lines.
call cstline
call utline
call cdtline .
€...Return to call routine
return
end
subroutine cdtline
C...Propare and print *CDT’ line
f.yp.(:, 103)
do 10 =2,11
10 type(2,104)1
type{2,105)
do 20 1=1,11
20 type(2,104)1
write {2,106}
103 format{*cDT 1°)
104 format (13)

)
106 format(* " 1 coT*)

subroutine utline
C.o.Prepare and print 'UT* line
type(2,103)
do 10 1=7,23
10 type(2,104)1
2

103 formati{® UT 6°}
104 format (15)
105 format(’ ur*)
return
end
subroutine catline
C...Prepare and print °CST’ line
type{2,103)
do 10 1=1,11
10 type(2,104)1
typei2,105)
do 20 1=1,11
20 type{2,104)1
write(2,106)
103 format(°CST NM°*)
104 format(15)
103 format(* n'}
106 format(* M CsT*)
return
end
SUBROUTINE DIANA({DATE,EXACT,XE, ANGLE)
C...COMPUTES GLOCENTRIC COORDINATES OF THE MOOM BY ILE
c LUNAR THLORY
c...nzcu!ac- 2.SEC.OF ARC 1IN LONGITUDE {WBEN EXACT=4)
1.SLC.OF ARC IN LATITUDE (WREN EXACT~4)

o o
5
3
-
~
by
-
o
-~
-

C. o INPUT PARAMETERS

[4
C

DATE JULIAN DAY IN IPEEMERIS TIME{DOUBLE PRECISION)
EXACT INTEGER NOMBER =1,2,3,4 FOR PRECISION
4 WILL BE THL MOST ACCURATE

C. ««OUTPUT PARAMETLR
c

XE THL POSITION OF TEE MOON WITA RESPECT TO ECLIPTIC SYSTIM
DOUBLEZ PRECISICN DATE

DIMENSION XE(3),ANGLE({S),IX{4,€61),X{61),IY(4,48),Y(48),
$ 13(4, JO),I(JO).D‘(IO) IN{4,10),E6(13),1G(4,13),SERX{61),
$ SERY(43),SERN(10),SERG({13), SERI {30),NG(4) ,NX{4),NY (4},
$ NI (4),NN(4),ADD(3)

INTEGER SZB.SHY, SERZ, SIRN, SERG, ZXACT

DATA RAD /0.0174532925199433/

DATA P1  /3,1415926535898/

DATA TWOPL / 6.283183307179¢/

DATA SECRAD / 4.3431368110943E-6/

DATA AE / 6378137

./
C..+SUPPLY DATE{JULIAN DATE+DECIMAL OF TRE DA!)AND EXACT(1 TO 4)

nnnnn

nn

DATA NX/6,21,39,61/,NY/4, IJ 23,4%/,N3/1,4,10,30/,

s NN/3,7,10,10/,8G/0,0,2

DATA lr.lll'l.l,J,lS,ls.SJ,z‘,ll,‘,lC, 40,21,32,54,103,109,

$ 9,70,27,41,14,59,64,39,24,2,71,84,110,78,58,47, 77, 46,

$ 90,108,32,34,187, 60,31, 79,95, 95,96, 116, 5,149,17,124,118,

$ 193,129,12%,72,93,29,135, 69,102,150/

DATA SERY/410,412,398,423,408,491,460,425,496,458,479,397,579,
8 563,434,414

. 709, 792,793,795, 791, 796,790,788, 794/

‘DA';g lul;/“’.'lll,'l:l", 679, 700, 'Il'l,‘ll 709, 642,723, 650,
6

DATA‘SZI!I.O

09,903,823,807,816, 831,436, 820, 830,893,
$ 539,810,815,925,914,024,922, 002 $35,837,854,871,860,
s ll’,ll‘,lu, 2,888, lJ!l
DATA!!IIDDU,10,0.-2,0002,1000, 0,0100,
lgozo. 2,0, 1,1,0 150,02 -2, 1,-
=2,

-2,0,

1,-1, 0,1, .2.100-1,
1,~- 0,0 [ 4, J o, 0,-2. 2,-1,0,90,
1, ..210,2.100.1,020,-2,2100.0200,
1,2,0,-2, 1,0,-2,2, 0,0,2,2, 1,1,0,-~4, 2,0,2,0, 1,0,0,-3,
1,1,90,2, 2,1,0,-4, 1.-1 0,~2, l.-z,o 0, l,-l 0,~2, 0,1.
2,-2, 1, 0,0,4. 4,0,0,0, 0,1,0,-4, 2,0,0,~1, 0,1,-2,2,
2,0,~2, 0, 1,1,0, l. 2,0, 0.-3 3,0, 0.-4, 2,-1,0,2, 1,2,0,0,
1,-1,0,-1, 3.0-0.1. 1.0.2.2. 4.0.0.-2/
DATA 1Y/1,0,0,0, 1,0,0,-2, 0,0,0,2, 2,0,0,0, 1,0,0,2,
1,1,0,-2, 0,1,0,-2, 2,0,0,-2, -1,1,0,0, ©,1,0,0, 1,1,
. ,0,1, —1020, 001,-2, 3 0

0 0,~4, =1,1,0,-2, 1,0

U
.

.0,0, 2,1,0,0, 1, 1,0,

0,1,0,-4, 1,2,0,-2, 1, 0 0, - 0,

,-1, -1,0, 1.-1, 2,-1,0,2, 3, -4, =1,

. -1:3-0»0. -1,1,0,4, 2.0.0:

i/1,9,0,0, 1,0,0,~2, 0,0,0,2 2.
0 1 ,-2, 1,1,0,-2, 1,~-1,0,0, O, 1,0,

. 3,0,0,0, 1,0,0,-4, 0,1,0,0, .0,~-4, 0,1,0,2,

10,-2, 2,0,0, 2, 0,0, 0,4,'1,-1,8,2, 1 »~1,0,-2, 0,1,
»,2:-1,0,0, 3,0, 0,2, 1,0,0,1, 0,0,2.-2, 2,1,0,0,
1,1,0,247

DATA !NIO. (]

VRURG RO RRBNRN BRRURBNRSN

=2, =1, -2, -2,0,1,0, 0,1,1,
$ =2, -3, ) 0,-1 1,-2, 1,0,1,-4, 0,0,1,-4, -2,0,1,-2/
DATA 1G6/2,0,0,-2, 1,1,0,-2, ~1,1,0,-2, 3,0,0,0, 0,1,0,0,
$1,1,0,2, 0.0.0.1, 0, 2 9,~2, 0,0,0,2, 1,1,0,-4, 1,0,0,4,

1,0,0.1, -1,1,0,2/
DATA XIZZSJQ §,~4586.3, 2369.9, 769.0, -668.1, ~411.6,
-211.6, -206.0, 192.0, -1£3. l. 147.7, ~125.2, -109.7,
~35.2, -45.1, 39.5, -38.4, 36.1, ~30.8, 23.3, ~24.4,
19.6, 10.0, 14.6, 14.4, 13.9, =13.2, 9.7, 9.4, -0.6,
~0.5, -0.1, =7.6, =7.3, =7.4, ~6.4, =5.7, ~4.4, ~4.0,
3.2, -2.9, -2.7, -2.5, 2.6, 2.5, ~2.1, 2.0, 1.9, ~1
1.3, =1.4, -1.3, 1.3, 1.2, -1.1, 1.2, -1.1, ~l.1,
~1.0, -0.5/
DATA Y/22608,, -4578.1, 2373.4, 768., 192.7, -182.4, ~165.,
3 -132.3, =130.9, -127.0, -115.2, -112.3, -985.1, -32.1,
8 30,6, -39.6, ~34,1, -31.7, -25.1, -23.6, 17.9, -1%.4,
$ -16.4, 14.78, 14,06, -13,.51, -11.75, 11.67, -10.56, ~9.66,
3 -9, 52. ~7.39, 6.98, -6.46, -6.12, 5.44, -4.01, 3.60, 3.59,
8 3.37, 3.32, 2,96, -2.34, -2.40, -2.32, -2.27, 2.01, -1.827
DATA 3/196.3, 34.3, 28.2, 10.2, 3.1, 1.9, 1.5, 1.2, ~1.0,
$ -0.9, -0.71, 0,62, 0.60, ~0.40, 0.37, -0.30, -0.30, 0.2%,
$ 0.26, 0.23, -0.23, 0.13, 0.13, -0.12, =0.11, -0.11, -0.10,
$ 0.09, ~0.08, 0.0/
,DATA EN/-526.0, ;; +3, =30.6, -24.6, ~22.6, 20.6, 11.0,

-6.0, -3.3, -2.

-

LY YY)

¢+ ~1.3, ~1.3, ~1.3, 0.8, -0.7, ~0.7, 0.6,
, =0.4/7
IFEXACT.LT.1) €O TO 20
IF (EXACT.GT.4) €0 70 30
HX=NX{ EXACT),
MY=NY (EXACT)
MI=NI(EXACT)
MN NN { EXACT!
HC=NG {EXACT
D=DATZ-2413020.D0
DO=D/1.Z4
DD2~DO*DD
DD3=DD2°D0 :
ANGLE{1}=270.434164E0413.1763965269L0*D-,0000850L0 *DD2
$ +.000000039E£0°D0]
ANGLE (2) =279.696678E0+.9856473354£0°D+.,00002267E0*DD2
,MGL:O(:%-JJJ.JZ”S‘:DO +1114040803£0°D-.0007739E0 *DD2
-. *0D.
ANGLE (4} ~259.183273E0~.0529539222E0°D+.0001557£04DD2
$ +.00000005E0°DD3
ANGLE {5) =281 .220944E04.0000470684L0°D+,0000339E0DD2
$ +.00000007E£0°DD3
ANGLE]1 I8 MEAX LONGITUDE OF MOCN AT EPOCA
ANGLEZ 13 MEAN LOWCITUDE OF SUN AT LPOCR
ANGLL3 1S3 LONGITUDE OF LUNAR PERICEE AT EPCCH
ANGLE4 IS LONGITUOL GF ASCEINDING NODE AT EPOCE
ANGLES 13 LONGITUDE OF SOLAR PERIGLE AT EPCCH
DO 1 1=1,3
J=ANGLE(1) /360.L0
ANGLE (1) =({ANGLE (I) =360.*J) *RAD
II‘(NIGLI(!).I.T 0.0} ANGLEL{I)~=ANGLE {I)+2.°F1
*P1*{.14222222£0+.000001526229E0D}
PI*{.48398132E0-,000147269147L0°D+43.E-16°D*D}
ADD{3)}=2.°PX*(.33733431L0~-.000030104992E0*D+1291.E-16°D*D)
EEL~ANGLE(1) +SECRAD® (14.27°SIN (ADD (3)) 47.26*SIN
3 (ANGLE(4))+. u':m(mn)))
THE 1.9 ARCSEC TERM ON ANODE (BELOW) I3 CCMPUTE WITH
APPROXIMATE ARGUMENT
ANODE=ANGLE (4) +SECRAD® {96. *3 IN {ANGLE {4}) +{15.6+1,9)
$ *SIN(ADD{2)))
CMOON=ANGLE {3} +3ECRAD® (=2.10°SIN (ADD (1)) -2.08*SIN
$ (ANODE)=.84*SIN{ADD{2)})
EL=LEL~OMOON
LLP=ANCLE (z) ~ANGLE (5}
F-LEL~AN
n::-::l.-mcu )
IF{EL.17.0.0) EL=EL+THOPI




IF{F.LT.0.C) F=F+TWOPI
IF{DEE.LT.0.0) DEE~DEE+TWOPI
CLONG~EEL
S=F
PAR=3422.7*SECRAD
DO 11 K=1,MX
1 CLONG=CLONG +X (KX} * SECRAD*SIN {IX{1, K} *EL+1X(2,K}*ZLP
3 +IX{3,K)*F+IX{4,K)*DEE)
IF(CLONG.GE . TNOPI) CLONG=CLONG-TWOPI
IF(CLONG.LT.0,0) CLONG=CLONG+TWOPI
DO 12 K=1,MY
12 :-SQY(K)'SECRAD'!XI!(XY(I,KI SEL+1Y(2,K)*LLP
8 +1Y(3,K)*T+1Y(4,K)*DEE}
SCREW=(1.-.4664E~-13*COS {ANCDE) ~. TS4E-4*COS
(ANODE+4.82}) *SIN(S)
BETA~{18519.7LO*SCREN-6,2¢SIN (3.43) ) * SECRAD
DO 13 K=1,MI
13 PAR=PAR+E (l)‘:l:cuo'cos {IZ({1,K) *EL+1Z(2,K)*ELP
$ +II(3,K)}*F+12(4,X)*DEE)
DO 14 K=1,Md
14 BETA=BETA4EN(X) *SECRAD*SIN {IN {1,K)*EL+IN{2,K) *ELP
4 +IN(3,K)}*FeIN(4,K)*DEE}
Glc=0.
DO 15 KX=1,MG
GOC=EG (K) 'CO!(!C(I,,K) *EL+IG (2,K} *ELP+IG{3, X} *F
) +I1G (4, l)'
G2C=SLCRAD*GO
GlC=ClCG2C
15 COMTINUE
BETA=BETA+GIC*SIN (3)
C...COMPUTE TEE LUNAR CCORDINATES WITH RESPECT TO MEAN
C OF DATE SYSTEM
R=AE/SIN(PAR)

20 WRITE(9, 25) EXACT
25 FORMAT {1X, *PRECISION INDICATOR, EXACT,NOT IN RANGE AT
$ ronrn +15)
TO 4

10 unnr.(’. 35) EXACT

3s FORMAT {1X, *PRECISION INDICATOR,EXACT,OUT OF RANGE AT
$ POINT:*,IS)

46 CLONG=0.0
BETA=0.d

C... END DIANA

IND
SUBROUTINE ECLEQ (X,TJD)

[
C.. .VERSION 810727
C...AUTHOR: BRIAN CUTHBERTSON, U.T. ASTRONOMY/ALROSPACE

C...FUHOStl TO ROTATE ECLIPTIC CARTESIAN CCORDINATES INTO MEAN
EQUATORIAL COORDINATES USED FOR 1RV INTEGRATIONS.

c

c
DOUSLE PRECISION TJD
DIMENSION X (3}

c

c
C...POLYNCMIAL COLFFICIENTS FOR MEAN OBLIQUITY DIVIDED BY 362523°N:
DATA EPO, EP1 /4.0931973520273E-1, 6.2179594501235E-9 /

DATA TP2, EP3 /2,.1441068744107E-17, 1.80087167725072-22 /

c

C...JULIAN DAYS ELAPSED SINCE 1500 JAN O DAYS 12 BOURS:
T19001 = TJD = 2415020.000
T15002 = T19001 * T19001
T19003 = T1%001 ¢ T15002

C

C...CG‘IPUT! MEAN OBLIQUITY:
EPSM = EPO ~ TP1°T15001 - EP2*T19002 + EP3*T15003
SEM = SIN (EPSM)
CEM = COS (EPSM)

[

c

C.« ROTATE FRCM ECLIPTIC PLANE TO MEAN EQUATORIAL PLANE:
x2 = X(2})*CEM = X{3)*SEM
X(3) = X(2)}*SEM + X{(J)*CEM
X{2) = x2

c
C...DONE:

RETURN

END

SUBROUTINE XLP (A, LC, I,OMEG, CACMEG, M, X)
C...COMPUTES TRE POSITION FROM THE ORBITAL ELEMENTS
C.« o 1NPUT PARMMETERS:
c TEE GRAVITATIONAL PARAMETER

[ A TEL SEMI-MAJOR

[ EC T3E ECCENTRICITY

< I TBE INCLINATION

[ OMEG TEE ARGUMENT OF PERIGEE
c

CAOMEG TEE LONGITUDE OF THE ASCENDING NOOE
c M TEE MEAN ANOMAL
C...NOTE;ALL ANGLES SHOULD BE INPUT IN RADIANS
c...ou‘rru‘r PARAMETERS 3

X THE POSITION VECTOR

DTHENSION P(3},X(3)

REAL I,

DATA TOL/1.E-06/
C...COMPUTE TEX SEMI-MINOR AXIS

E2-EC®42,T0

LDIFr=1,.0E0-E2

B=A*SCRT(EDIFF)
C...SCLVE KLPLERS IQUATION

=4

SE=SIN (2§
1 E-M4EC*SE
SE=SIN(E)
CHECK=E~EC*SE-H
1T (ABS (CHECK) .€T.TOL) GO TO 1
€...COMPUTE THE MAGNITUDE OF POSITION VICTOR
CE=CCS (E}
ReA* {1.0E0-ECCE)
€...COMPUTE TEE TRUEL ANGHALY
SP=B¢SE/R
Cr=A¢{CE-EC} /R
F=ATAN2 (ST, CT)
C...COMPUTE TEE SINE AND COSINE OF TBE ARGUMENT OF
PERIGEE +THE TRUL ANOHMALY
CMEGA~OMEG T
CTH=COS (CMEGA)
STE~SIN (OMEGA)

cI—cos (I}
SI-SIN(I)
€.t COMPUTE THE SINL AND COSINEZ OF THE LONGITUDE
C OF THE WOOE
COM=COS (CACMEG)
S0t=3 [N (CACMEG)
Co o COMPUTE THE POSITION VECTOR
P (1) ~COM*CTR-3OM*STR*CT
P{2) =SOMeCTR+COM*STRICI
P{3)=STAS]
X(1)=P(1}*R
X{2)=~P (2)*R
X{3)=P (3} *R
RETURN
C...END XEP
m

D
SUBROUTINE ZROT (X, C, 3}
DIMENSION X(3)
T1 = X(1)°C + X(2)¢s
X(2) = =X{1)*S + Xx{(2)°C
X(1) = 71
RLTURN
END
SUBROUTINE GTRAX (SAT, RSAT, AL, ESQUAR, SATET, SATLON, SATLAT)
DIMENSION SAT(3)
DATA DLG /57.293577 95130 82/
SATLAT = ASIN(SAT(3) /RSAT)
SATLON = ATANZ (SAT(2), SAT(1))
SATHT = RSAT = RE
SATLAT = SATLAT*DEG
SATLON = SATLON*DEG
IF (SATLON.LT.0.)} SATLON = SATLON + 360. ‘
RETURN

~

END
SUBRCUTINE TOPO (SAT, STA, STASAT, CLAT,SLAT,CLON,SLON, AII, LLE,
1 REO

DIMENSION SAT(3), STA(3), STASAT(3}, T(3)
DATA DIC /57.29577 35130 82/

DO 10 I=1,3

STASAT(I) = SAT(I} - STA(I

T(1) = ~STASAT(1}$SLON + STASAT(2) *CLON

T(2) = ~STASAT(1) *SLATSCLON ~ STASAT(2) *SLAT*SLON + STASAT(1)*CLAT
T(3}) = STASAT(1)*CLAT*CLON ¢ STASAT({2)*CLAT*SLON + STASAT(3)*SLAT
REO = SQRT(T(1)}*°2 + T(2)**2 + T(1)**2)

0O 20 I-1,3

STASAT(I) = ‘l(llllno

ELE = ASIN (STASAT(3)

AZL = ATMZ(STASAT(I), STASAT(2))

ELE = ELE*DEG

ALI = AZI*DLG

IF (AZI .LT. 0.} AZLl = AZI ¢ 360.

RETURN

1

2

o

END
SUBROUTINE KALDAY (JD, IPTIMES, XSEC, MONTE)

[
C.+«PROGRAMMED BY JAMES D. MCMILLAN - UNIV. OF TEXAS ~ 7/23/1973,
C. . MODIFIED BY RICHARD EANLS, UT AUSTIN, 26 MARCHE 1977

C...PURPOSE: TO COMPUTE TRE CALENDAR DAY FROM THE JULIAN DATE (JD)
c-

C...XNPUT TORMAL PARAMETERS: (ANGLES ARE IN RADIANS)
C TEE JULIAN DATE IN DOUBLE PRECISION

C...UJTPU‘! FORMAL PARAMETE!

IPTIMES AN !N‘H:Gl:l ARRAY CONTAINING THE MONTH, DAY OF MONTH,
YEAR, BOUR, AND MINUTE IN TBAT ORDER

c XSEC SECONDS (FLOATING POINT).

c MONTE TEREE CHARACTER HOLLERITH (38) NAME OF THE MONTE

c

(214}

DOUBLE PRECISION JD
DIMENSION 12TIMES(3), MONTES(12}

noon

DATA MONTAS /JAJAN, 3ISFEB, JIEMAR, JEAPR, 3IEMAY, JEJUN,
1 BJUL, 3HAUG, IBSEP, JROCT, JENOV, JEDEC /
MONTES (1) ="JAN"
MONTES {2)=°FEB"*

scr
MONTRS {10) »°OCT*
MONTAS {11} =°NOV*
MONTAS {12) =" DEC*
[
C...COMPUTE THE BOUR, MINUTE, AND 3ECOND.
JDINT = JD
XTIME « AMOD {SNGL(JD-JDINT)*24.0+12.0,24.0)
IPTIMES (4} = XTIME
XTIME = (!'HHT.—XPT[HI‘_!H)) . €0.0
XPT!HT.S(S) = XTIME
KSEC = (XTIME-IPTIMES {S}) ¢ 60.0

c...courw: TEL YLAR, MONTH, ANO D
IF (IPTIMES(4) .LT. 12) .mn«r = JDINT + 1
LX = JDINT + 68569
NX = 4 ¢ LX / 146097
LX = LX - (1460975NX43) /4
IPTIMES(3) = 4000 * (LXe¢l) / uslool
LX = LX ~ 146:-xnm:s(:)/4 +
IPTIMES(1) = 90 * Lx /
IPTIMES(2) = LX - zu‘r-xnmnsu)llo
1X = IPTIMES(1) / 11
IPTIMES(1) = IPTIMES(1} ¢ 2 = 12°LX
IPTIMES(3) = 1004 (NX-49) + IPTINES(3) + LX

c

C...5ET THE NAME OF ‘TRE MONTH
1X = IPTIMES{1)
HONTA = MONTES {LX}

RETURN
+END KALDAY

END
SUBRCUTINE SHADOW (X, Rl, RSOL, RSOL1, FRAC, RSUN, RSUN1, RSUN2)

c
C.o o PURPOSE: DE‘H:MI)!! AMQUNT OF SHADOWING USING A CYLINORICAL OR
[ ICAL SHADOW MODEL

c
C...CODED BY: J RIES = UNIVERSITY OF TEXAS - FLB 1980

Ce o« REFERENCE: D. BALEY; SOLAR RADIATION PRESSURE CALCULATIONS IN THE
OOYN PROGAAM; WOLF RESEARCH AND DEVELOPMERT GORP.

C...INPUT TORMAL PARAMETERS:
SATELLITE POSITION IN 1930.0 NON-ROTATING COORDINATES
ll MAGNITUDE OF X
POSITION OF THE SUN IN 1950.0 NON-ROTATING COORDIRATES
RSOL1 MAQNITUDE OF RSOL

anan
&
8




C...OO'I'PUT FORMAL PARMMETIRS:

c TRACTION OF SOLAR RADIATION PRESSURL NOT ICLIPSED
c ISUN UNIT VECTOR ALONG SATILLITE TO SUN DIALCTION

€ AsuNl RECIPROCAL OF SATELLITZ-SUN DISTANCE

€ RSUN2 R3UN]1 SQUARED

[ .

c

DIMINSION X (1), RSQL(3),ASUN(3}
COHMON /JUNK1 / D, B, 32, Q, RSAP, RSAP2, SUM(3), P(3}, U(I), A,

. AV, AU, COSB, COSDP, COSDU, COSI, SINI, X1, AP,
THEETS, TALIC
DA!A LAROR/S.0L-8/
CXXXXX

C...DA‘RA STATIMEINTS ADDED TO UTOPIA ROUTINE 70 MAKL INOLPENDENT OF
COMMON BLOCKS CONVAT AMD SOLRAD

DATA P1 /12.141592652509¢/
DATA ALTT, RS, ISBAD /6371000., 6.96L+0, O/
CXXX0A
[
[
FRAC =« 0.0
C...COMPUTE TAL PROJECTION OF X OW ASCOL
D = X{1)*230L(1) + X(I)'ISOL(I) 4+ X(J)*R30L{I)
1T (D.67.0.0) GO ™

c...cnoou. SBADOM MOO!
I1Ff (1sZAD .lQ. l) SO0 ™)

[
[
[ CYLINDRICAL SHADOW MOOLL
[
c
c

«+«COMPUTE PROJECTION OF X OR PERPIRDICULAR 7O ASOL
B2 = A1%42 - (D/MSQL1)**2
IF (82 .LT. AL2) RETURN

C...SATLLLITE 13 IN FULL SUN: COMPUTL SATLLLITL TO SUN VICTOR
1 RSUM[1l) = RSOL{1l) = X(1)
RSUN(2) = RSOL{2) - X(2}

ASUN{I) RSOL({J) -~ x{))
RSUN2Z = 1,0 / {(RSUN(1)%°2 & RSUN(2)442 4 RSUN(1}**2)
RSUN1 = 3QRT {(RSUN2)
RSUN{1) = RSUN{1) * RsuMl
RSUN{2) ~ RSUN{2) * RSUN]
llUll(J) « RSUN{I) * RSUN]
ar = 1.0
mun

CONICAL SRADOM MCOLL
TEL CONICAL SAADOW HCOLL 8AS BEEN RLMOVID.
J CONTINUE
«++ENTRY POINT TO SLT CONSTANTS
IRTRY $EADWO

n ‘non nnnnann

ALl = ALFfFes2

Ql = ALTF/ (RS + ALTT)

Q2 = AITT/ (RS ~ ALTT)
2

[
Civeo «IND SAADOM/SHADNO
IND
TUNCTION RACG (JED, TRLTAD)

C...IUIPOH:! TO COMPUTE TBE RIGET ASCINSION OF TEBE GALLNWICE
MEAIDIAN FACM THL MEAN LQUINOX OF DATL

DOUBLL PRECISION JLD

DATA TwOR: /6.201135307179¢/

DMA. ALO, ALl, AL2 / 1.7399350917173, 1.7202732660072-02,
3.06400971100232-13 /

DATA ETMTAL /0.0001728/

DATA RETL?, UTIREF, DUT1 /2440224.3, =6.981, -0.00206¢/

c
CoesJULIAN DAYS ELAPSED FACHM 1900 JAN O DAYS 12 EOURS.
OTDAY = $NCGL(JID) = AEFLP
UTIMTAL « (UTIREF + DU'H'DTDAY)I.NOO.
UTIMET = UTIMZAI = ETMTA!
TUL9001 = JID - 2413020. ODO ¢+ UTIMET
TU19002 « TU15001 * TU1%001

C

c
C.o ANGLL FAOM MEAN IQUINCX TO GREENWICE MERIDIAN AT CURRENT TIME.
ALPEAL = ALO ¢ AL1°TU19001 + AL2°TU19002

c
C.s ,FAACTION OF DAY SINCE O EOUAS UT1
071 = AMOD(TU19001-.5,1.0)
[
C.. A0UR ANGLE OF CONVINTIONAL LILRO MIAIDIAN (BETNLIN O AND TWOPI)
MAOG = AMCO (ALPRAL+UTI*TWOPL, TWOPI)
TRLTAD = (1. & DUT1/96400.)*(TWOPL + AL} + 2.%AL2
1 *TU19001) /08400,

ALTURN

IND







A NEODYMIUM YAG ACTIVE MIRROR FOR THE
AMPLIFICATION OF MODE-LOCKED LASER PULSES

S.R. Bowman, L.M. Ding, C.0. Alley
F.M. Yang, J. Fogleman

Department of Physics and Astronomy
University of Maryland

College Park, MD 20742 - USA -

Telephone (301) 454 3405

ABSTRACT

We report the development of the first Neodymium YAG active mirror
amplifier. This device has advantages over other high average power am-
plifier geometries when the laser output energy is limited by the peak
power damage threshold.
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Our research objective is to increase the quantity and quality of data
acquired from lunar laser ranging. This requires a combination of single
shot laser energy, average power, and pulse duration that was unavailable
in previous solid state laser designs. We have therefore conducted
research on a new Nd:YAG amplifier configuration that should allow the
production of one Joule, 350 picosecond pulses at an average power of 10 to
20 Watts. . '

Our active mirror configuration is best described by Figures (1) and
(2). Three one inch diameter beam footprints lie along the 4 inch crystal
length. The crystal thickness is 14 millimeters and the back surface
reflections make this an inherently double-pass device. External mirrors
transfer the beam from one footprint to the next.

The advantages of this amplifier geometry are three fold. Firstly,
with the mirror geometry, large apertures are possible with the presently
available crystals of Nd:YAG. Large apertures are essential to avoid
damage and beam distortions that occur at high peak intensities and Nd:YAG
is still the best solid state material for high average powers. Our mirror
dimensions were chosen to make optimum use of a 4 inch diameter boule.
Secondly, thermal birefingence and thermal focusing are eliminated by
having }he laser propagate paralled to the thermal gradients in the
mirror. Areas near the mirror’s edges where the gradients are nonuniform
can be simply avoided. The Nd:YAG active mirror amplifier should have
crystal stress fracture limited average power capability without
restriction to linear laser polarization. Lastly, the large open faces of
the mirror geometry allow for several optically isclated gain paths through
the same amplifier. This permits multipass gains of 40 dB for a single
device. ’

Several areas critical to the success of the Nd:YAG active mirror have
been investigated. The most important of these is the durability of the
dielectric coating on the mirror’s back face. This coating must reflect
the normally incident high intensity laser without damage and transmit the
flashlamp pump band over wide angles. It is exposed to the cooling water
and is stressed gy the heated YAG substrate. Immersion and laser exposure
tests at 1| GW/cm were conducted on samples of commercially supplied
coatings. Back surface coatings for the mirror were selected that showed
no laser or deteriation.after a ten day immersion test. Another area
critical to this design is the question of distortioms from back surgace
flatness errors. This design is very sensitive to such errors because of
the high index of refraction of YAG and because of the requirement for
multipass operation. Static beam distortions were reduced to below 1/15 th
wave per reflection through the use of compensation polishing on the front
face. Dynamic surface distortions as well as gain variations across the
beam depend linearly on the nonuniformity of the flashlamp pump intensity.
Great care was taken with the pumping cavity in order to obtain less than a
2% RMS variation in the pumping spatial distribution. Other distortion
mechanism such as crystal mounting and coolant back pressure were measured
and found not to be a seriocus problem. At the time of this writing thermal
distortion, laser gain, and beam quality measurements are in progress.

1. J.A. Abate, "Flashlamp-induced thermal distortions in active-mirror
Nd:glass laser amplifier,” Wavefront Distortions in Power Optics SPIE
{1981) 293, 114.

2. J.A. Abate, et al., "Active mirror: a large-aperture medium-repetition
rate Nd:glass amplifier,” Appl. Optics (1981) 20, 351.
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JAPANESE GEODETIC SATELLITE "AJISAI" LAUNCHED IN AUGUST 1986

M. Sasaki

Hydrographic Department of Japan
3-1, Tsukiji 5-Chome, Cho-ku
Tokyo, 104 - Japan -

Telephone (03) 541 3811
Telex 2522452 HDJODC J

ABSTRACT

The Japanese Experimental Geodetic Satellite "AJISAI"™ with
functions for laser ranging and photographing from the ground was
launched on August 12, 1986. The tracking observation of AJISAI
has been made after the launch by laser ranging and photographing
techniques under international cooperation. According to a simu-
lation the range accuracy of one to two centimeters level is at-
tainable by applying edge detection method with narrow laser
pulse. A construction of a marine geodetic controls around Japan
is to be made by the Hydrographic Department of Japan using the
AJISAI satellite and a transportable laser ranging station.
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JAPANESE GEODETIC SATELLITE "AJISAI" LAUNCHED IN AUGUST 1986

~

M, Sasaki

Hydrographic Department of Japan k& .
3-1, Tsukiji 5-chome, Chuo-ku -
Tokyo, 104 Japan

Telephone (03) 541 3811
Telex 2522452 HDJODC J

ABSTRACT

The Japanese Experimental Geodetic Satellite "AJISAI" with functions
for laser ranging and. photographing from the ground was launched on August
12, 1986, The tracking observation of AJISAI has been made after the launch
by laser ranging and photographing techniques under international coopera- .
tion, According to a simulation the range accuracy of one to two centimeters
level is attainable by applying edge detection method with narrow laser pulse,
A construction of a marine geodetic controls around Japan is to be made by
the Hydrographic Department of Japan using this AJISAI satellite and. a trans-

portable laser ranging station,

1, INTRODUCTION

The Japanese Experimental Geodetic Satellite (EGS) was launched at the
Tanegashima Space Center by using the first H-I rocket of the National Space
Development Agency (NASDA) of Japan on August, 1986 and the satellite was
named "AJISAI" which means "HYDRANGEA" of flower in Japanese, The original
mission of this satellite was to determine the location of isolated islands,
to adjust the triangulation network .and to know the relation between the
Japanese Geodetic Coordinate System (Tokyo Datum) and those of other parts
of the world,

The original design in early 1970s was a balloon of 10 meters diameter
for both photographing and laser ranging, The design of the satellite was
changed to a rigid type to avoid the air drag and the unreliability at the
expansion of balloon to space later, The flight model of the satellite was
completed by NASDA and launched, The specifications and observation project
of "AJISAI" are presented here. .

2, FUNCTIONS AND SPECIFICATION OF "AJISAI"

The function of the satellite "AJISAI" are (1) to reflect input laser
light back toward the incident direction by Corner Cube Reflectors (ccrs)
and (2) to reflect solar light to the ground by solar reflecting mirrors

The body of the satellite is hollow spere made of glassfiber—reinfoéced




plastics, The surface of tpe,body is cover-
ed with CCRs and solar light reflectors
(Fig, 1). Twelve pieces of unit CCRs form
a set of Laser Reflector (LR) and 120 sets
of the LR are distributed on the surface
almost uniformaly, The effective area for
. laser light reflection within the full pros- «.3
j pect angle of 30 degrees from the center of

the satellite 1is 91,2cm2; The remainder i
part of the surface is covered with 318
pieces of solar reflectors, The reflectors
are ‘mirrors with the radii of the curvature
from 8.4 to 8,7 m, The base of the mirror
is made of an alloy of alminum and the sur-
face is coated by an oxide silicon for pro-
tection from flawing and diminution of
quality, The reflective efficiency of the
mirror is 0,85, The diameter of "AJISAI"
is 2,15 m and its total weight is 685,2 kg,

"AJISAI" was given a spinning of 40 Fig, 1 Japanese Geodetic Sate-
rpm before detachment from the rocket, 1lite "AJISAI",
The spin axis was set in parallel to the
earth rotation axis and almost every observers on the ground in the dark can
observe the flashing light of reflection from the solar reflectors of "AJISAI"
in.repetition rate of 2 pps if the satellite is exposed to the solar light,
The flashing duration is about 5 msec and the brightness of the reflective
light is from 1,5 to 4,0 star magnitude as shown as followings:
The intensity of the reflected light from a mirror sphere through atmo-

sphere is given by

a2
I =.yIg — T
Lr
and the brightness expressed in star magnitude is
m = -2,5logl

where Ig : intensity of input light, ¥ : reflectivity of a sphere, a : radius
of a sphere, r : range from

observer to a sphere, T i trans- Table I Brightness of "AJISAI"
Parency ol.atmosphere, € magni- expressed i t i
tude of the brightness is estimat- P sed in star magnitude

ed by using some values of speci- -
fications and atmosphere as transparency

Ig : (ms = =2,510g1g= -26,8: k=0.3 k=04 k=0.5
star magnitude of the sun), Y : (good) (medium) (not good)

elevation range

0.85, a : 85m T : exp(-k deg Ton nag nag nag
secz ) for a model transparency 90 1500 1,44 1.55 1.65
of atmosphere, z : zenith dis-

tance, k.: atmospheric condition 8o 1519 1.47 1.58 1.69
(0,3:good, O,4: medium, 0,5: 70 1577 1,56 1.71 1,80
not good), The results are shown 60 1680  1.73 1.86 1.98
in Table I,

The flash can be taken in a 50 184 1.98 2.12 2,26
photo with a number of fixed stars ho 2080 2,32 2,50 2,67
by using a camera on an equatorial 30 2428 2.81 3.03 3,24
mount and the direction of the 2
satellite from the observer can 0 2931 3.52 3.84 b5

be measured referring the star
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For the estimation of the ranging accuracy of "AJISAI", a simulation has
been conducted by NASDA, The concept of the simulation is given in Fig, 2,
In this simulation no atmospheric fluctuation effect is considered, A kind of
the full width at half-maximum (FWHM) of 78 psec (200 psec for total width within
three times of the standard -deviation of a Gaussian shape ) are used, The
incident direction of 60 in number are selected geometrically in 30 degrees
step from -60 degrees to +60 degrees for latitude and in 30 degrees step for
longitude around the spin axis, The resultant change of position (half dis-
tance) of the first peak, rising position of half height of the highest peak
and rising position of 1/20 height of highest peak are shown in Table II,
The mean value of the position of the first peak and its root mean square(RMS)
are :

1013.3 + 11,3 mm,

The reflection patterns for the three typical cases are given in Fig, 3. The
results of the simulation above indicate that the range accuracy to "AJISAI"
attains 1 to 2 cm level when a high precision Satellite Laser Ranging (SLR)
system with a narrow-pulse-laser-transmitter and with multi-photoelectron-
detection or front-edge-detection method, The most of Lageos capable SLR
systems can be attainable to the front edge detection of return laser light
from "AJISAI" since the lower orbit than Lageos (5900km ) gives much stronger
return energy of laser light,

The launch of "AJISAI" was made successfully at 20h 45™ on August 12, 1986
(UT) and the tracking observations by NASDA, JHD(Hydrographic Department of
Japan) and other supporting organizations including the National Aeronautics
and Space Administration (NASA% of the United States has been continued, The !
determined orbit is ¢ rcular with the inclination of 50,0 degrees and altitude
from the ground is 1500 km high,




Table II  Change of range blas for reflective pulse from "AJISAI"

bi
pulse width measuring position range bias

maximum minimum
i mm mm
first peak 11026 984
200 ps half hight 1031 1011
rising - 1037 1031
first peak 1026 984
300 ps half hight 1034 1019
rising 1043 1035
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Fig, 3 [DExamples of laser reflectioé pattern, Tor the cases of the
first peak position of the minimum-, mean- and maximum-range bias,




3. COMPARISON OF ORBITAL STABILITY WITH OTHER GEODETIC SATELLITES

"AJISAI" satellite is a fully passive satellite for use of both laser
ranging and photo directidn observation, For the laser ranging there are
two passive sphere satellites of Lageos and Starlette, The diameter, weight
and orbital height for both satellites are 0,60m, 411kg, 5900km and 0,24m,
47 km, 900 km respectively, There were three balloon satellites in 1960s,

To realize the stable orbit against air drag and radiation pressure
effects, large mass/cross-section-area (M/A) ratio is preferable, M/A ratio
is an index to indicate the stability of radiation pressure and i/p M/A is
an index for air drag stability in the atmospheric density of . The M/A
ratio for the satellite, The values of M/A ratio and 1/p M/A for AJISAI and
sphere laser satellites are shown in Table III for comparison,

The air drag effect is more sensitive for orbital stability of the geo-
detic satellite than radiation pressure, Concerning that higher orbit of
satellite is preferable to avoid effect of uncertainty of geopotential, the’
stability of the orbit of AJISAI seems a little better than or at least almost
the same as that of. Starlette, )

In addition to the availability to geometrical use and dynamical use of
AJISAI for geodetic purpose, one more remarkable subject is that the precise
determination of orbit of AJISAI in long period improves the accuracy of
coefficients of the geopotential,

Table III Comparison of AJISAI with other rigid laser satellite

mean altitude M/A. 1/f M/ A .
mass/area mass/air-density.area
km kg/m? x 104 n
AJISAI 1500 48 - 2.6
Starlette 900 816 1.9
Lageos 5900 1140 370

L METHOD OF OBSERVATION

There are several methods in geodetic use of this "AJISAI” satellite,
One is fully geometrical method by using simultaneous observatlons of.distance
and direction at some stations, Namely, two kinds of observations are made at
a base station (known position or given position) and -temporary stations
( unknown positions, e.g, isolated islands), The position of the satellite
is given by distance and direction observation from the known position and

unknown positions are determined from the position of the satellite by similar

distance and direction observations at these points, A SLR system and a
Satellite Camera are also necessary at a temporary station in this method,

. The location of an unknown position is given by only one set of observation
in principle,

o




The other geometrical method is to use several SLR systems simultaneously

in a region of a few thousands kilometers, The range correction of this sate-
1lite is well determineéd as shown in a simulation above and simultaneous pre-
cision ranging can determihe baselines in a centimeter level,

The dynamical method is also useful to determine the location of SLR
stations based on a geocentric coordinate and other geophysical parameters
as geopotential coefficients, air drag effect and tidal effects, For each
method or combined methods it is effective to hit laser beam well on this
satellite because of its brightness,

JHD is under preparation of a SLR system and satellite camera “at - fixed
base station(Simosato Hydrographic Observatory) and a transportable SLR
station and satellite camera for temporary stations of which geodetic posi-
tion should be combined with the base station, For these equipments, another
report is presented in this laser workshop, By using these equipments,
marine geodetic controls are to be expanded by JHD around Japan to combine
isolated islands with the Tokyo Datum,

5. SUPPORTING OBSERVATIONS FOR "AJISAI" AND INTERNATIONAL COOPERATION

The observation of "AJISAI" by using the SLR systems at the Simosato
Hydrographic Observatory has been made from just after the launch, 25,300
ranges of 27 passes were obtained at the observatory.in August 1986, The
preliminary range accuracy for them, 7~8 cm level, seems a little better
than those of other geodetic satellite, 9~10 cm level, within early stage
after the launch, The supporting observations of Japanese domestic organiza-
tions were made, The SLR data and pointing information were transferred to
the Tsukuba Space Center of NASDA and the Satellite Geodesy Office in the
Headquarters of JHD through a microcomputer network (PC-VAN), The orbital
elements have been created continuously at those places and distributed to
domestic observation sites,

JHD has an agreement for. cooperation of SLR observation and its data ex-
change with NASA, The Goddard Laser Tracking Network of NASA also started the
supporting observation for "AJISAI" from just after the launch and distributes
their own orbital elements of AJISAI to cooperative SLR stations, Observation
data and results of research work of AJISAI will be exchanged between JHD and
NASA,

Other international SLR stations in England, Switzerland and so on also
tracking AJISAI and more wider cooperation with France, China, West Germany,
Australia and Austria is expected, For these international cooperation for
AJISATI ohservation JHD with NASA will play a role of data distribution center,
The work on collection of SLR and photograph data, determination of orbit, dis-

tribution of orbital elements, data file management and data analysis has
started in JHD,
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Table 3 Major Specifications of the HTLRS

receiver diameter . 35¢cn
laser : output energy 50my
pulse’ width 200ps
repetition rate 5- 10pps
range’ resolutioﬂ .20ps
Tange accuracy : 5Scm/shot

- transportation air transportable




THE PROPOSAL OF
STRICTLY SIMULTANEOUS SATELLITE LASER RANGING

F.M. Yang

Department of Physics and Astronomy
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College Park, MD 20742 - USA -
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Telex 908787

ABSTRACT

A proposal of synchronized laser ranging to artificial satellites
from different statiors is presented in this paper. In this operational
mode, the laser firing epoch at each station should be strictly controlled
by computers so that all laser pulses transmitted from different stations
arrive at a satellite at certain moments (such as seconds, or tenths of
second) with a minimum time uncertainty. (20 microseconds can be easily
obtained for present passive mode-locked lasers).

A11 full-rate range data attained in this mode can be analysed by
dynamic technique as usual. Besides, based on the 3-D multilateration
method (1), a strictly geometric solution without polynomial smoothing and
complex interpolation may be achieved, and 5 mm accuracy baselines between
laser stations could be obtained in near future.
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I Introduction
The range accuracy of satellite laser ranging systems has
greatly improved in recent years. A few 1 cm accuracy systems

NETEN

(for single measurement) are now operationa - For
removing systematic errors, millimeter level real time
calibration.technique are now in common use at most stations.
Streak—camera-based two color satellite laser ranging systems
have been under development, and appear capable of measuring the
atmospheric delay with an accuracy of 5 mm or better[sl.

The analysis of SLR data is now dominated by dynamic
method and a great deal of scientific results in geodesy and
geodynamics have been achieved in the recent 10 years. But one
realizes that there still are some difficulties in the dynamic
technique because of complex perturbation factors influencing on
orbits of satellites, so some results derived from the same
LAGEOS data by different analysis groups are quite different,

such as in the intercomparison of 22 baseline lengths determined
{6l (7]

by SLR and VLBi respectively . The authors of [7] found a
scale difference of 1.9 x 10_8, but no difference was found in
[e]l. It was also shown in Fig.l1l3 of [8] that a few measured
baseline values seem suspicious. The errors in the best

gravity model we now have will affect baseline estimate with
2 cm uncertainty. In the mentioned comparison of baseline
~.length determinations[sl, the uncertainty of baselines from SLR
(dynamic method ) is 2-4 cm, a little worse than those from VLBI
( 1-3 cm). However, the fact is that a few SLR systems have
already had the capability of 1 cm single shot accuracy. Could
one use the geometric simultaneous ranging technique proposed by
some investigators over 10 years ago to exploit this high range
accuracy and to obtain ground baselines with the same or better
accuracy? If one could, the future results would be a very
important check to the SLR dynamic method. Although there are
many difficulties for simultaneous observations, a large number
of updated SLR stations have existed in some regions, especially
in Europe and North America, and the reliability of these SLR
systems has been greatly improved, so the possibility of

successful simultaneous observations are much improved.




IXI Method and Purpéses

In previous geometric solution tests, such as [9], only
quasi-simultaneous observations were used which required complex
smoothing and interpolation. This could lead to additional
errors which could not be ignored in the processing of 1 cm
accuracy data.

For SLR stations using 10 Hz laser systems, the arriving
time differences of laser pulses from different sites to LAGEOS
would be about 50 msec, equal to maximum range differences of
about 200 meters. Even for those stations which can synchronize
the transmit pulses from different systems tbla certain timé
standard (e.g. UTC USNO), the arriving time ‘epoch of 1laser
pulses from different stations will still be different by up to
10-15 msec owing to variations of relative positions of mthe
sateilite and stations. This corresponds to range differences
of about 40-60 meters. Due to high frequency perturbation
f;ctors, it is not easy to interpolate these quasi-simultaneous
observations (40-200 meters range differences) to the 1 mm leQel
aEcuracy which seems necessary for processing 1 cm accuracy
data.

The routine predictions of one way £flight time from
stations to LAGEOS have been made as good as 0.5 usec. During
this time uncertainty, the maximum radial motions of LAGEOQOS
relative to stations is only 2 mm. So, if the laser firing epoch
at each participating station can be strictly controlled, the
epoch of pulses arriving at the satellite from different
stations will be the same with this same time uncertainty. For
active Q-switch and mode-locked laser systems, firing epoch can
be controlled within 100 nsec, but for those mode-locked systems
having passive devices (such as dye cell), firing epoch can be
controlled to about 20 usec, which means only 80 mm maximum
variation of slant ranges of LAGEOS. Based on the accurate
timing of transmited pulses and returned signals, and the
routine predictions of range rates of LAGEOS, the measured
ranges could be easily interpolated to the same time to 1 mm
accuracy. In this way, a strictly geometric solution, which
includes accurate baselines and 3-D relative coordinates of

LAGEOS and stations, can be accessible.




These results can contribute towards the following topics:
1) Comparison of SLR dynamic solutions and VLBI baselines
results;
2) Control of geodetic network and monitoring of tectonic plate
motions and deformations, and assessment of earthquake hazards.
Especially, the high temporal resclution of this method may be
very useful to obtain the variations of baselines;
3) Verification of real accuracy of distant 1laser ranging
technique;
4) Assist 1in accurate determination of UT1. By means of
determined three-dimentional station coordinates and LAGEOS
space positions at different epochs, the directions of the
satellite relative to this station network at those epochs with
0.0005" { 1 cm / 6000 KM ) accuracy can be calculated. If the
spacé directions of two baselines 1in the network can be
determined at some epoch by cd—location observations with VLBI
or LLR technique at the three relavant stations, then the
directions to LAGEOS relative to the inertia reference frame at
those epochs can be figured out with the same accuracy, so, the
technique could help dynamic methods improve the determination
of UT1.

IXT Technical fequirements

1l) It is necessary to have 6 or more stations which can
range to LAGEOS with 1 cm accuracy participating in the
observation in order to obtain stable solutions[ll[lol:

Fig.l 1is the geometry of simultaneous LAGEOS 1laser
ranging. Table 1 is the estimate of co-observable time of
LAGEOS at different baselines. Assuming the lowest elevation
for LAGEOS ranging is 20°, two stations which are seperated by
6000 KM can have 10 or more minutes of common visibility. For
P1P3 baseline {( 4450 KM ), when the elevation of LAGEOS at
station P1 is 200, the satellite may be at the zenith of station
P3 at the same time.

2) In order to ensure a sequence of 4 or more stations
simultaneous strikes, the percentage of LAGEOS returns at most
stations must be about 30% ( Table 2 ). This requires

multi-photoeletron receiver and nighttime ranging. For example,




if there are 6 participating stations, 5 Hz repetition lasers,
20% percentage of returns for each station, and 10 minutes
co-observation period, giving 3000 transmitted pulses. Then
from Table 2, the total number of 4 and more stations
simultaneous ranges will be 78 ( 3000 X 0.026 ). If the
percentage increases to 30% for these same stations, the total
number of simultaneous ranges will be 420.

3) The laser firing epoch at all stations must be strictly
controlled by computers, so that laser pulses coming from all
stations strike LAGEOS simultaneously with an uncertainty of
less than 20 psec. This operation mode will be different from
the current mode and the fire intervals will no longer be

exactly constant at each station. For 10 Hz repetition 1laser
systems, we have,

Firing commands = i/10 seconds - (1/2)=* Predicting flight time
~Delay time of firing circuit
(i=1,2,3...n).

Before ranging, the delay time of each laser firing system must
be input into computer as a parameter.

It should be pointed out that this laser operational mode
will be adopted in the LASSO experiment with millisecond level
uncertainties in firing times.

4) The clocks at each station must be synchronized to 0.3
#sec ( 1.2 mm range uncertaipty ) with respect to a master
clock. It can be achieved via Loran-C, TV and portable clocks.

IV Estimate of baseline accuracy

JPL's P.R.Escobal and K.M.Ong had made a lot of numerical
simulatibns for baseline solutions with simultaneous 1laser
ranging. Their conclusion was " the method of multilateration
can determine the relative  three~dimensional solution
coordinates with an accuracy that is 1limited only by the
hardware measurement system. If a highly accurate laser ranging
system ( 1 cmaccuracy ) is used, then accuracies in the 1 cm
range can be expected."[lol.



In fact, Ong and Escobal employed only a total of 100
trajectory points from a few passes of two different altitude
satellites in the simulations. If more stations Jjoin in the
strictly simultaneous laser ranging and accumulate numbers of
passes, especially from two LAGEOS-like satellites, better
results of baselines will be obtained, for example, if 10-20
passes with more strikes can be used to the reduction, it will
be reasonable to achieve 5 mm baseline accuracy.

The following accuracy of baselines can be expected:

1 cm ---- Temporal solution ( a few passes from different
satellites in several hours );

0.5 ecm ---— Average solution ( over dozen passes 1in

several days ).

I would 1like to thank Prof.C.0.Alley and J.Rayner for
helpful discussions.
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Table 1
Estimate of Co-observable Time of LAGEOS

‘at Different Baselines

Lengths of Baselines 4450 KM 6000 KM

Co-observable Lengths of Arc
with respect to Earth's Center 40.8 25.5

( Elevation: 20° above )

Estimate Co-observable Time

{ 20-30 min. 10-16 min.
{ Minutes, Elevation > 20° )

Table 2

The Probability of at least 4 Stations Simultaneous Ranging

in the Cases of Different Number of the Participating Stations

Assuming Percentage Participating Station Numbers

of Returns

at Each Stations 4 5 6 7 8
0.2 .0016 .008 .026 .063 .132
0.3 : .008 .04 .14 .34 .73
0.4 .026 .14 .45 1 1
0.5 .062 .34 1 1 1

0.6 ) .130 .73 1l 1 1







STREAK CAMERA BASED LASER RADAR RECEIVER
ITS PERFORMANCE AND LIMITATIONS
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ABSTRACT

The expected streak camera based satellite laser radar receiver
performance is discussed. The effects of receiver diameter/field of
view, the spatial/temporal relation are described. The noise sources
in the receiver were analysed. The Tow signal - down to a single
photoelectron - temporal properties of the C979 Hamamatsu camera and
the trigger delay variations were tested.
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The streak is one of the candidates for the detector of the
laser ranging system with subcentimeter accuracy. To get the
subcentimeter ranging accuracy, the two color ranging techniqgue
is unevitable to model the atmosphere on the basis of two colour
differential time delay. To achieve the lmilimeter absolute ranging
accuracy, this time delay must be measured with the accuracy about
0.7psec /1/. The streak camera commercially available (August
1986) have the 2 picoseconds temporal resolution. Several two
colcur ground target ranging exper'iments using streak cameras
have been described /2,3,4,.../. Although, .these experiment gave
promissing results, the application of the streak camera for the
satellite laser ranging system introduces some new problems : see
WG2. Streak camera simplified scheme is on WG3 together with the
signal level calculation /5/.

Receiver field of view limit

For camera top performance , the light spot size on the
photocathode must not be wider than 30 um. This fact restricts
substantially the field of view achievable. 2Assuming the maximal
ratio f/D >1 of the receiver optics, the fields of view for
different receiver diamaters are tabulated on WG4.

Temporal/angular relation

The streak tube is sensitive to a pcsition within the
photoccathode, where the photons are absorbed. Assuming the streak
speed, the tube magnification and the streak velocity at the
screen, the streak velocity at the photocathode was calculated
(see WG5) for N895 and N1357 tubes. On the same picture there is
a table of teporal/angular sensitivy of the streak camera based
receivers with different input optics diamater. For examplex, let
us suppose the receiver system of 1 meter diameter eguipped with
the "l0Opsec" streak tube N895., If the direction of the signal
detected if deviated at 2 arcsec from the expected direction ,
the induced timing bias will aproach 2.4 picosecond.

Noise sources and low signal response

The main noise sources are listed on WG6, the possibilities
of ncise reduction are included. As only a very small area of the
photocathode is involved , its noise contribution is negligible
compared to other sources. The SIT TV camera noise contribution
may be reduced by cooling, its fignal to noise ratio may be
increased by the persistence intecration over the consecuent
6-15Tv frames. The A/D conversion noise contribution may be reduced
by cooling,as well, by propper shieldina frcm RF interference and
by propper signal processing.

The streak camera C979 low signal performance was tested
at the follcwing set up : see fig.2 on WG7. The l1l2psec pulse from
frecuency doubled Nd YAP was reflected by the R=4%/85% etalon
130psec and detected by the streak camera. Thus a pair of 1l2psec
pulses spaced at 130 psec arrived at the photocathcde, the second
pulse 21 times stronger. The strong pulse response was used as a
reference, the low pulse response. was investigated. The data were
transfered fran the streak to the HP100C computer for storing and




cff-line processing. A new, in house built preprocessor/interface
board for the Hamamatsu .Temporal Analyser C1098, which permits
both direction ccmmunication, recording rate up to 5 Hz, 1-15
persistence integration has been used. The criginal Hamamatsu
alogorithm for the persistence integration/calibration was found
to introduce higly correlated noise on the sinogle PE level, that
is why a new algorithm was developed and applied /6/. To reduce
the dark noise, the whole streak camera system was cooled down
to +5 deg Centigrade. The record of the doubled pulse is on fig.
3 (strong signal response). To ephase the first pulse, the streak
is slightly saturated and the 1:21 ratio is affected. To measure
the low signal response, the laser output was attenuated, for
each signal strength the series of 500 records was recoreded.
Using the strong signal response as a reference, the data were
overlapped. The actual signal strength was determined in two ways:
measuring the laser cutput power and applying the calibrated ND
filters and by signal strength table supplied by the manufacturer.
The agreement cof both values was within a factor of 3, the second
methed was giving more stable resuts and was used later.
‘ The plot of 300 shots out of 500 overlap with a mean signal
strength 3 PE and 0.7 PE per shot entering the MCP is on fig.4
and 5. The signal of 3 PE and 0.7 PE on the MCP input corresponds
to about 100 and 20 photons on the photocathode input. Cbviously,
at the signal strength of 3PE and lower, the pulse response is
spread, the "dual peak" pulse shape appears and is reproducible.
The 24 pseconds contribution is unexplained.

Trigaer delay

The trigger delay is the time between the electrical pulse
is applied and the streak sweep start. This time is about 10
nsec at the fastest sweep 0.5 nsec/screen. Due to the sweep
electrical circuit construction, the delay is drifting in a range
up to 1 nanosecond. On fig. 6 there is a plot of the trigger delay
drift within 3 hours after ON. The temperature dependence of this
effect was tested and found of order lcwer. No stabilisation of
the effect was found within 5 hours after camera ON.
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fioals of using streak canera as a LR receiver

Problen areas of strezk canera SLR application

GOALS :

- subicentineter ranging accuracy by picosecond laser
ranging
- atnospheric correction deteraination by neans of

two colour ranging and dispersion neasurenent.

Streak camera performance

tube
Hanamatsu 895 K1367
terporal resolition  l8psec 2 psec
dymnic range ) 288 ) 108
trigeer jitter 18psec 5 psec

Problem areas -

- recejver aperture/field of viev
echo signal propagation direction

- noise sources

- lov signal response

~ trigger delay variations

K.Hamal, I.Prochazia
Streak Camera Based LR Receiver Its Perfornance and ..

K.Hamal, I.Prochazia

Streak Camera Based LR Receiver Its Performance and ..

Streak canery signal/data flow

Receiver field of view linit

Hamamatsu streak camera schene

P - - light spot size on photocathode 38 preters
. _L n el - m ~ assuning the receiver f0) 1
~ :T U readout nonitor,
: The maxinun receiver fiel of view
Photacat.  Screen receiver dianeter Field of viey
Signal 2 meters 3 arcsec
processing 1 meter 6 arcsec
0.5 neter 12 arcsec
Signal levels
Photocathode (S-20) IN 3 Photons
o 3B
Hesh W 1R
Microchannel plate N 1P .
A (settings G4,MP4,PIS) 3.5 cont
Tab.
[.Prochazi, K. Hamal it I.Prochazka, K.Hamal

Streak Camera Based {R Receiver Its Perfornance and ..

L— .

Streak Camera Based LR Receiver Its Performance and ..




. Temporal / anqular relation

Sureak tube Ko H1357 Noise sorce  contrubution  reduection possibility
18 ps 2ps
phatacathode low cooling
streak velocity 67 ps/m &5 ps/an ) )
at the screen P intensifier high qating, cooling
twbe magnification 15 13 SIT TV camera redin persit.intg.,cooling .
A conversion redivn persist. integration
streak velocity 235 ps/m 3B ps/m data processing
at the photocathode
receiver “teporal/angular
diameter sensitivity
psec/arcsec
N3OS N13S7

2 reters 2% 8.
1 meter 1.8 0.1
8.5 meter 6.5 0.e3

I.Prochazka, K. Hamal 5 1.Prochazka, K.Hamal A
;| Streak Canera Based LR Receiver Its Perforance and .. Streak Canera Based LR Receiver Its Performance and ..
Streak at low signal, experiment set wp Streak canera record
s.m 4x L] *
_Ail‘psec : B Strong sigml, 2psec/pixel
’ ' ' E REF. PULSE PAIR
, ; LSITIV] Streak [F [~
i " 0009 -A_.A_ Etalon 139 psec
il ¢ g ;
1 —1 1P 1
e S Fig. 2 Fig. 3
0 SN ORI, A‘\u‘-’\'-v"! Lf\,\,,
~cooling to+ 5 C - "7
- no MP gating available nses
= inhouse built preprocessor/interface
* recording/transfer rate w to 5 pps
* 1-15 persistence integrations
¥ nev calibration/integration algorithn :
= streak vecords overlap
L Prochazia, K. Hamal 7 IProchazkaKHanal 8
Streak Canera Based LR Receiver Its Performance and .. Streak Camera Based LR Recewer Its Performance and ..




Streak lov sional response, 380 records overlap

Low signal pulse spread

3 PE entering WP, approx. 108 Photons on photocathode

] hl

|

\
\
\

\ SBBpsec/
\ screen

) . Fig. 4
B.7 PE entering KCP, approx. 28 Phatons on photocathode

5Bpsec/
y‘ screen

d
v

Fig. §

driving pulse length 12 psec

streak strong sigml responsesoverlap 18 psec

seep nonlinearity contribubion (uwmodelled) 11 psec

streak lov signal response 3 psec
wexplained Y 31!- 16!- E 24 psec
Table 3

* tal peak” pulse shape for signal strength { FE
is reproducible

T Prochadea, K sl Kol TFrociaza
Streak Canera Based LR Receiver Tts Perfornance and .| 7 || Streak Ganera Based LR Receiver Its Perforvance and .| 10
Trigger delay variations ) Conclusion

C979 TRICGER DELAY DRIFT
800

peec

200.

} 6 © - § © © o
° 2 - - - o ~ - -

- w e e e

®ine ofter ON

Tine  (ninutes after ON) Fig. 6

- the saturation was not found within 3 hours,

= the tenperature changes 15 € to +35 C have lov inpact
on the trend

- the effect complicates the streak camera application
in the automated Iaser radar system

1. The temporal resolution of 18/2 {8.4)psec and dymn.
ratio 208/108 are attractive for two color laser

ranging applications,

2. The "FOV* linitation and the angular/tenporal
sensitivity are serious problens affecting the system
desion and its linitations.

3. The use of streak camera at extremely lov light levels
has been demonstrated for conventional 18psec tube.

(Using the nev Hamamatsu ps tubes2CP, thetPE detection
should be possible as a standard technigue)

4. The trigger delay Line/tenperature variations
conplicate the automation of TV time delay measurements
and nakes the application of streak camera as
a vernier to a ranging counter very difficult

K.Hamal, I.Prochazin 11
Streak Camera Based LR Receiver Its Performance and ..
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TWO WAVELENGTH RANGING ON GROUND TARGET
USING ND:YAG 2HG + RAMAN.0.68 M PULSES

J. Gaignebet, F. Baumont, J.L. Hatat
C.E.R.G.A.

Avenue Nicolas Copernic

06130 - Grasse - France -

Telephone 93 36 58 49
Telex 470865 F

K. Hamal, H. Jelinkova, I. Prochazka

Czech Technical University

Faculty of Nuclear Science and Physical Eng.
Brehova 7, 115 19 Prague - Czechoslovakia -

Telephone (1) 848840
Telex 121254FJF1 C

ABSTRACT

A two color ranging experiment is described here. The system is
designed with the following goals.

- Ground to Ground measurements with a precision at 1077 for
distances ranging from 50 km to 300 km

- Ground to satellite ranging with an accuracy of 5 mm (shot to
shot basis)

- Possibility to develop a space borne system around the ideas
tested on the ground. .
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0.68um, the upper one tc the stimulating 2HG (0.53um). The streak
sweep is 4psec/pixel in the dual window mode.

Signal processing results

A mirror mounted upside down led to a temporal/spatial structure with
double pulse. This degradation was emplified by the Raman Cell (threshold and
staturation effect) and gave us serious difficulties on the processing and
application of correlation algorithms.

Thus we think that the results are not very significant and that
the experiment must be reimplemented to give true figures.
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Laser transmitter for 1.06/0.68/0.53 um

The optical scheme is on fig 1. The oscillator is formed
by 100%/5m/concave mirror in the contact with 2mm flowing dye
cell and a wedged plate (Ml).The desian of the cell ensures optimum
laminar dye flow. The cell is filled with the saturable dye ML51
/6/. The YAG rod 3x50mm 2deg/2deg is Quantel pumping head (0EC).
The iris diameter 1l.6mm ensures the single mode operation. The
front mirror (M2) is a quartz plate 0.025mm thick. Quartz plates
(P1,P2) are at the Brewster angle to cptimize the polarisation
of the output beam for the pulse slicer (SL). The telescope (T)
1:2 matches the beam for the double pass amplifier (G/AMPL/Q/M6).
The NAYAG rod 7x114 is in Quantel head. The output beam passes
the second harmonic generator (SHG), the +1lmeter focusing lens
(L) and enteres the Raman hydrogene cell (RAM).

Assuming the purpose - two wavelenagth ranoing in the field
corditions - the attenticn has been fccused to the shortest pulse
available frcm the compact set up. The output pulse length from
the oscillator/ampl./2HG was l4psec. The pumping eneray was varied

from the threshold up to 2.3 times above it. No change in the
output pulse duration has been observed. The output pulse length

at 0.68um from the Raman cell was measured l4psec (fig.2),
assuming the camera resolution l0psec, the deconvoluted value is
l0psec. The Raman cell output was acceptably stable. The 0.68um
output is collinear with the 0.53um input/output and therefore
no angle compensation is required.

Two wavelength ranging experimental set up

The blcck scheme of a two wavelenath picosecend ranging
experiment os on fio 3. The laser ouvtput is directed to a corner
cube placed at the distance 2m or ll0meters for an calibration
(indoor) and outdoor passes respectivelly. A small fraction of
the transmited pulse is picked up and fed tc the semiconductor
switch /2/ to start the ranging counter and /after an appropriate
delay/ the streak cammera. The reflected light pulse is passing
an optical delay of 20 nsec, ND filters and a dispersion prism.