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

T. Varghese 
Allied Bendix Aerospace 
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Seabrook, MD 20706 - USA -

Telephone (301) 7318916 - 2867743 
Telex 197700 GLTN 

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) 11 standard 11 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 lam. 
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 upgrade(l,2) whereby 
calibration RMS is typically 4-5mm and satellite RMS 7-Bmm. 

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 ttme. 

2.1 SYSTEM DESCRIPTION 

The schematic of the data-loop compr1s1ng the transmitter and 
receiver is shown in fig."2-l 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. 

2 



The meteorological measurements are performed on station and can be 
significantly different from the target location. The topological 
constraints dictated puttiryg 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 em. 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. Ml 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 illustrates 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 l.Smm. 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. 
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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 sllnulated 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 ~ppropriate 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-em Multiphotoelectron Satellite Laser Ranging", Thomas 
Varghese, Michael Heinick, Sixth International Wbrkshop on Laser 
Ranging Instrumentation, Antibes, France, Sept.l986. 

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

( 3) Thomas Varghese (to be published) 
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CALIBRATION ERROR SOURCES 

R.L. Appler 
NASA/Goddard Space Flight Center 
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 207'11 

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 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-ter~ 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 mak~ng 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 t~ 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 

Every 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 
nec(.ssary to achieve a "perfect" 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. 



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, etc., 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 combtne1, lead to an unacceptable level of 
systematic errors. In addition to these errors, which are internal to 
the system, another perhaps larger 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 mro. Unfortunately, there has not 
yet been time available to check out this device. 

VIII. Summary 

As discussed above, ranging prec1s1on 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 
Atmospheric Model 
Atmospheric Measurements 
System Calibration 

The measures being taken to implement hardware/software changes 
are discussed. 



It is clear that the degree to which system accuracy con 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 inaccessibility 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 qy 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 rea1-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 1-4 show the result of real-time calibration of a state-of-the-art 
SLR system, the Natmap/NASA Laser Rang~ng 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 cow~on for analysis centres of SLR data to allow a 
time-varying system delay, despite the ~~ysical 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 1-4 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 



determine~, 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 l 
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 bet>·reen 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. 1 

In practice it has been found that only a fe1-r differential range settings ~ 
are required to establish accuracy,. with occasional changes to the 
differential delay sufficing to maintain it. For a 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 1-ras 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 
Average measured difference 
Standard deviation 
Mean error 

19 ps 
17.95 ps 
3.0 ps 
1.05 ps 

Clearly, despite the evident loss of calibration after approximately 20 
minutes of ranging, the specification is met. The error from 20 minutes 
omrards 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 segment 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 ean determine the 
impa.ct of transient electromagnetic fie;Lds on the SLR system. IndepenC.ent 
tests can be made by generating optical pulses using high speed laser 
diodes to avoid electromagnetic transients, and observing 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 SLP laser syztems. 



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

4. 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 
SLR 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 l 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 a~curacy. 

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 site, and maintains its own 
coordinates. 

If the geodetic markers are fixed in any major datum, ver,y· good 
initial offsets for mount modelling of the telescope can be obtained 
from the terrestrial targets alone. . Si'milarly, mount model recover,y 
can be expedited, even if the marks have not been fixed • 

• . Any desired reference point in the SLR system can·?e solved for. 
·:· 

In practice, a ~pecially constructed ta~get must be placed ver,y 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 observations 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 pecessitated 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 Mhich 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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l.AGAIN: THE TIME-RALK PROBLEM 

This problem. as illustrated 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 em 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 em 
level. and millimetre precision ranging to satellites became 
feasible. Systematic errors had to be reduced accordingly: 
better constant-fraction discriminators were selected I 2 1. 
Another trend that became apparent was the revival of multi
photon ranging with stations affording large telescope apertures 
and more powerful lasers: the dyna_mic 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 is certain that new 
p['oducts and concepts will continue to be int['oduced into the 
LRS's. Prior to their introduction. however. they have to be 
sufficiently well characterized to make SU['e that no additional 
systematic er['O['S will bias the low ['.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. thou'gh. only a few parameters are characterized. 
while othe['s are either thought to be less relevant. have been 
measured once by some reputed agency I 2 I , O[' it is depended 
upon the manufacturer's specifications. This attitude is poss
ible because a tot a 1 system de lay is elaborated f[' equent ly 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 I 3 I , is 
depicted in Fig.4. We use our actual ranging equipment for the 
characterization. with only a few additions: a lid on the 
receiving telescope with an 1r1s diaphragm for control of 
background illumination. a counter and a second fast fotodiode 
to provide an additional. low 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 inevitable time shifts when attenuating the pulse. 
The internal teedback 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: 

3.TESTS 

*A similar electro-magnetic environment is 
effective as when actually ranging to 
satellites 
*Optical attenuation introduces no variable 
delays (as electrical attenuation might do) 
*Possibility of verification any time and on 
site 
*Pulse shapes 1• amplifier distortions, cable 
bandwidth limitations and background noise as 
in real LRS 

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 leading 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 puise 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 I 3 1. 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 OC/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 
not comment much on its 
significant improvement in 
However, it was noted that 
exists. 

3.2 TEST PROCEDURE 

arrived just recently; hence we can
merits. Initial tests indicate a 
performance and ease of adjustment. 
a slewing effect near threshold also 

The program for internal calibration was run. which operates the 
laser and data acquisition. The stop NO-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 NO-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-NO filter to run through the dynamic amplitude range at 
the receiving side. After completion. the relevant variables 
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 TOC 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 
Figures 5-12: 

Figs. 5 and 6 reflect the amplitude dependence of a typical con
stant-fraction and leading-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 shows 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: 



SUMMAR! OF R£SULTS 

T I M F. W A L K 
'AL;. VALUES IN PICOSECONDS PEAK) 

DETECTOR 
TYPE: 

ME'!'HOD: 
CONST~~T FRA~TION 

ORT 934 

ETL 103 

TENN 454 

D341 
(PM) 

(NO MODEL) 
+210@ 1:10 
+650@ 1:50 
+460@ 1:10 
+630@ 1:30 

CONSTANT FRACTION (LINEAR MODEL( 
ORT 934 +200@ 1:10 

+200@ 1:50 
ETL 103 +210@ 1:10 

+210@ 1:30 
FIXED THRESHOLD (NO MODEL) 

R1294 
(MCP-PM) 

+125@ 1:10 
+175@ 1:50 

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 

HP-5082 
(DIODE) 

+ 55@ 1:5 
+285@ 1:10 s 

s Note: TIME "SLEWING" NEAR THRESHOLD 

4.REFERENCE 
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IN PASS CALIBRATION DURING LASER RANGING OPERATION 
PROC. OF THE FIFTH INTERNATIONAL WORKSHOP ON LASER RANGING 
INSTRUMENTATION, HERSTMONCEUX CASTLE, SUSSEX, ENGLAND 
VOL.I, P. 194 
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APPENDIX COMPUTER MODELLING OF DISCRIMINATOR 
DEPENDENCE 

~)LEADING EDGE 
If Gaussian pulse is assumed: 

t - t ) 2 

u < t > = uth= A * exp -
0 

l!Jith: threshold voltage 
amplitude 
time correction to centroid 
half pulse l!Jidth at .607*A 

l!Je get for the time correction: 

l!Jith: full pulse l!Jidth at .5*A 

AMPLITUDE 

In the above formula. the term Uth/A must not become greater 
than 1. Threshold usually is defined as the amplitude l!Jhere 507. 
firings occur. Here. care must be taken to use the smallest amp
litude value permitted to fire the discriminator as uth· 
Correct ion is most prominent 1IJ it h lol!J amp 1 it udes, and becomes 
very small above tenfold threshold. (viz. Fig.l) 
When the calibration values are evaluated. a table is created 
l!Jhich contains correction values vs .. amplitude. Intermediate va
lues are linearly interpolated. For the 11Jhole procedure note 
Table A.l. · 

B) CONSTANT FRACTION 
A linear correction. removing the slope. l!Jas applied. It then 
l!Jas found. that the remaining "roughness" l!Jas possibly of syste
matic nature. but its lal!J is not easily found from the elec
tronic circuitry involved. 

FINAL REMARK 
The chosen approach utilizing a table of correction data allol!Js 
an empirical model 11Jhich can be tested immediately. We finally 
l!Jish 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. 



C A L I B R A T I 0 N PROCEEDURE 

CALOBS CALOBS SAT LAS 

Off Line Calibration Off Line Calibration On Line Program: 
-Range Registration 

I 
-Calibration 
-etc. 

C 0 R S I G 

Cross Correlation 
Cal. Range - Amplitude 

- Estimation of Time Walk 
Hodel Parameters 

I 
WALKST 

Creation of the File 
'WALKTB.DAT' 

I 
W A L K T B . D A T 

C A L S C R C A L I B R 

Off Line Calibration I-- Tabular Representation - On Line Calibration 
Data Screening of Discriminator Time Data Screening 

Walk Hodel 
Time Walk Correction Time Walk Correction 

Z C P R 0 T L S T S C R E E N 

Loa File containing Range Data Screening 
Calibration constants using Orbit Improve-
and System Status ment Techniques 
Information 

S T 0 R E 

Store Data in a 
Internal Format 

I 

TABLE A.l FLOWCHART FOR MODELLING OF AMPLITUDE DEPENDENCE 
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ABSTRACT 

MTLRS-1 and MTLRS-2 performed a series of ground tests in 1985/86. 
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 less than .4 and 1 em, well within the system specifications. No 
indications for systematic biases at the 1 em level could be found under 
normal MTLRS operation conditions. 

357 



1. Introduction 

The two European Hodular ~ransportable ~aser Ranging 
£ystems [1] operated by the Institut fUr Angewandte Geodasie in 
Frankfurt I Federal Republic of Germany (MTLRS-1) and the Delft 
University of Technology I The Netherlands (MTLRS-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 (Harking Group of guropean 
Qeo-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 
measurements 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 
summarized. 

2. Internal Calibration and Brief System Overview 

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 



MrLRS COUDE TELESCOPE 

RETRO REFLECfOR 

PMf: 

RCA 8850 

Nd YAP LASER 
539 nm 10 Hz 
pulse width 300 ps 

FIG 1 Light pathes through the MTLRS Coude Telescope 



during ground target measurements the transmitted light is 
attenuated by 8 to 12 orders of magnitude. 

Since the retroreflector is fiKed with respect to the 
telescope, the emitted laser beam rotates relative to the 
reflector when the mount is moved. This is evident from the 
optical design. In Fig. 2 a goo rotation is shown. It can be 
achieved in three different ways: Either the azimuth of the 
mount is rotated by goo, or the elevation is changed by -90° 1 

or the elevation is moved by xo and the azimuth by xo goa, 
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 

Ele.iation + goo 
oder Azimut - 90° 
ode~.Elevation XC und Azimut X0-90° 

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 MTLRS time of flight detection circuits are commercially 
available. As a reference their types are given in Table I. 

TABLE I 

Start-Detector 
Constant Fraction Discriminators 
Range Counters 
Photo Multiplier Tube (PMT) 
PMT High Voltage Supply 
PMT Amplifier 
Frequency Standards 

HP 5082-4207 
ORTEC 934 
HP 5370A/B 
RCA 8850 
LABEN 8122 
TRONTECH WSOOF 
Cs (FTS 4010) or 
Rb (EFRATOM FRK) 

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

3.1 Stability Tests 

During the collocation period in Matera starting in 
January and ending in March 1986, MTLRS-1 and MTLRS-2 went 
~hrough a stability test which was done by calibrating 
continuously to the retroreflectors (as described in the 
previous section) for a bit less than one hour. 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 MTLRS-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 em. The difference between the maximum and minimum bin 
averaged time of flight is .09 ns which corresponds to a range 
difference of 1.35 em. The mean calibration value for MTLRS-1 
is about 116.10 ns. 

In the second panel single shot RMS-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 .01 ns corresponding to 
.15 em. :The mean calibration value for MTLRS-2 is about 
138.5 ns, 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 its return rate has to be compared with the sum of 
the MTLRS-1 return rates. 



The differences in scatter of the MTLRS-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 l/N·5 (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 em for MTLRS-2 and MTLRS-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 is 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 em and 1.0 em 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 Fig. 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 in steps of 10 V. It was the 
intention of this test to estimate 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 is 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 
constant. The nominal PMT-voltage is -2000 V for 
MTLRS-1 and -1900 V for MTLRS-2. 
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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 em per 10 V deviation of the PMT 
voltage from its nominal value for both systems. 
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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 MTLRS-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 
biases. 

MTLRS-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. In 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 MTLRS-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 th~re 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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The test was done in three phases. In 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 is 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 em. 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 Signal 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 level of light pulses received in the 
detection package. A number related to the received light 
intensity is the return rate defined in section 3.1. For low 
light intensities it is directly proportional to the latter. 
For higher intensities its slope decreases and goes to zero at 
return rates of 1 for very high intensities. 

Fig. 8 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 NO-filters. One 
data point corresponds to one NO-filter setting. The ranging 
time for these data points varied from 30 minutes for very low 
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 tendericy. 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 MTLRS is normaly operated. 

Fig. 9 shows the results of the MTLRS-2 signal strength 
test in Matera. Mean calibration values are plotted as a 
function of the NO-filter setting attenuating the transmitted 
laser light by factors of 10-10 to 10-12 ·:~. All mean 
calibration values are within less than 50 ps of each other for 
light intensity variations over 2~ orders of magnitude~ 
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Fig. 9: Calibration constant for MTLRS-2 versus ND~filter 
setting. 

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 em which is 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 em, 
also within the system specifications but slightly above th~ 
R~S 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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ABSTRACT 

A real time feedback calibration system is 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. 

373 



In a general feedback calibration system a small portion of 
toe 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 mo~ivations 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 greater problems introducing errors at the centimeter 
level. At the millimeter level 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 its 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 electronics., 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 in 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 GaAs Austin switch with a ZOps rise time as our 
start detector. It monitors the output of the laser oscillator 
and thus should provide a start pulse which is independent of 
laser energy. Since the start and stop channels are independent 
we must measure the the difference in 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 fo~ 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. 



There are several requiremen~s imposed _ by ~he 

implemen~a~ion of such a sys~em. The mos~ fundamen~al 
requiremen~ is ~ha~ ~he same ~elescope be used as ~ransmi~~er 
and receiver, wi~h ~he ~ransmi~~ed beam filling ~he ~elescope 
aper~ure. Nex~, ~here mus~ be an a~~enua~ed pa~h ~hrough ~he 

~ransmi~/receive swi~ch ~o allow a small por~ion of ~he fedback 
laser pulse ~o hi~ ~he s~op de~ec~or. In addi~ion ~he de~ec~or 
mus~ be immune ~0 ~he elec~rical noise associa~ed wi~h ~he laser 
firing. Finally, ~he timing elec~ronics mus~ be able ~o measure 
~he very shor~ calibra~ion delay and s~ill be able ~o measure 
~he full range. 

Since ~here is a good fi~ be~ween ~hese requiremen~s and 
our sys~em i~ was easy for us ~o implemen~ a zero range 
calibra~ion sys~em. I will describe ~hose fea~ures of our 
sys~em which affec~ ~he feedback calibra~ion. We have moun~ed a 
small mirror on a microme~er ~ransla~ion s~age a~~ached ~o ~he 
side of ~he ~elescope ~ube. By adjus~ing ~he microme~er ~he 
fron~ surface of ~he mirror can be made ~o coincide wi~h ~he 
eleva~ion axis of ~he ~elescope. This can be checked by moving 
~he ~elescope in eleva~ion while viewing ~he mirror ~hrough a 
small ~elescope. Then if a poin~ on ~he surface of ~he mirror 
seems ~o remain fixed i~ is on ~he eleva~ion axis. . Using -~his 
~echnique we were able ~o posi~ion ~he mirror ~o wi~hin .5 mm of 
~he eleva~ion axis. We use ~ passive polariza~ion sensi~ive 
~ransmi~/receive swi~ch(2). This means ~ha~ ~here is a feedback 
pa~h from ~he ~elescope ~o ~he de~ec~or a~ all ~imes. The 
de~ec~or is blocked when ~he laser fires by a ro~a~ing vane. We 
have modified ~his vane by cu~~ing a hole in i~ which is ~hen 
blocked by a ND 18 fil~er which a~~enua~es ~he fedback laser 
pulse ~o ~he singles level. The de~ec~or is a solid s~a~e 
Geiger mode diode(8) which pu~s ou~ a five vol~ pulse for a 
single pho~on inpu~ and ~hus is. vir~ually immune ~o ~he 
elec~rical noise from ~he laser firing. Finally, for ~iming we 
use a four s~op even~ ~imer wi~h ~he s~ar~ pulse being measured 
by ~he firs~ s~op and ~he calibra~ion'pulse measured by ~he 
second s~op. This is one weakness of ~he sys~em since ~he 
offse~ be~ween ~he firs~ and second s~ops of ~he even~ ~imer 
mus~ be separa~ely calibra~ed. For ~he presen~ ~his calibra~ion 
is limi~ed ~o an accuracy of abou~ 50 ps. 

We have jus~ s~ar~ed working wi~h ~his sys~em and ~here 
will undoub~edly be changes, par~icularly in ~he area of even~ 
timer calibra~ion. Our preliminary s~udies sugges~ ~ha~ ~his 
should be a viable me~hod for au~oma~ically calibra~ing ranging 
sys~ems a~ ~he millime~er level. 
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ABSTRACT 
I 

The calibration procedure of the INTERKOSMOS satellite laser ranging 
station is described. Several system configurations and calibration set 
ups were tested within 1984 to 1986.1The 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 55 operating in 
Geiger mode were compared. Replacing the PMT by the HP 55 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. 

/ 

377 



Systen c!Xiiguration, statioo Helwan 

LASER lid YMit2Hi, IIOde locked by 11.51 dye 
train of 2-3 pulses, F\m 00psec 

START - PD+tl.me 1 d ide sv itch by "-Cech 

- ~tical threstxlld svitch 

11~ 

119?/JI 

ClliTER - lfS368 

- lfS37111 

11983-19851 

119?/JI 

DETECTIR - dynode stage Pill RCA311134A I tlS'C,spot diUt.2M 
+ tva If 12lallz wlifiers 

Dl&:RDIIMTIR c.f. type, IRTEC ~ 

SliM. STRDmH single PE echoes ooly 
guaranteed by lov (eclx!/lasing) ratio for 
both calibratioo aoo satellite ranging 

K.lbml,I.P~ 
Systen stability using IIOde locked train 

PRE-Pm CfliBRATil11 DimRDa,SYSTEII STABILITY 

I 1 

DETECTIR 1m -lfSS Silicoo ptmtodiode in ~iger !lOde 

ctUIIIftT IliiS • 2ll8 single PE ectoes mh 
- 19 to 58 ftiootes betiiHil ccmequent MS 

SDD.£ Sllll 118 • 148 psec RPIS 

PRE-POST crtlBI!Atl~ 

K. Hwl,l. Proohuka 

lENt -2 psec 

s~ 26 psec 

SY5ten stability using IIOde locked min 

Cll.IBRATI~ COfmRATIIIIS TESTED 

TMIITS : 

IIITERtW.. - pass ~d of flat Ag nirrorstdiff.screen 

EKTERIW. 199 IETERS !R 588 IETERS - comer ccbe 
- diffuse flat 
- nirror flat 

11 The 11!8 neters target prrpendicuhrity vas naintained 
within 1 niliradian 

l!l5ER OOTPUT lUI Dnmlll 
- 11ininal/collinated bealt (:larcsec) 
- stmrd for Sitellite 11ll9in9 (1-2ircnin) 
- Focus oo the extemal target 

11 In mh coofi9UI'itioo at least 18 series of calibratioo 
MS,2llllechoes each, were COFfl:eted 

11 The best results were obtained for configuration : 
ll£NI FOCOOSED ~ EKTERWL 10011 DIFfUS[ TARIIT 

K. Hanal, I. Prochuka 
SysteR stability using Nlde locked train 

SVSTEII STNill.ITY I SliMY 

~IllER IUXIT (psec) 

Laser pulse Fltl 

Ranging CMter lfS368 
lf537IE 

Start detectorldiscrininator 

PI« ld'iroRI RCA31834t\ 

DilliE III'SS in Geiger rail 

RESil. T D1i lP5eC J (PI«) 

(Diode) 

SYSTEII STN!ll.ITY {psec) 

ftiT (ltioode) based receiver 

Diodi based nceiuer 

K.Hwl, I. Prochazka . 

1983·85 1986 

:I :I 

)1118 
3S 

)158 :I 

298 298 

98 

5ZB • 
1118 

1983-85 1986 

158 118 

26 

Systen stability using Nlde locked train 



SATELLITE LASER RANGING ERRORS 
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. ABSTRACT~ 

·satellite laser ranging systems are used effectively to determine 
earthcrusta 1 dynamic parameters. ·The accuracy. and .reliability of SLR. 
products are of extraordinary importan1ce for an appearance of new scien
tific information. This paper has discussed all potential SLR errors and 
their magnitude, and given some recomm1endations for decrease, such as 
how to take meteorological data, how .tb approximate optimal calibration, 
how to control transit time jitter. 
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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 meteorologirnl data, how 

to approximate optimal calibration, how to control transit time 

jitter. ~ 

ZUSAMMENFASSUNG: Urn dynamische Parameter der Erdkruste zu messen, 

werden die LaserentfernungsmeBsysteme zu kGnstlichen Satelliten be

nutzt. Die Genauigkeit und Zuverlassigkeit der Ergebnisse der Laser

entfernungsmessung besitzt auBerordentliche Wichtigkeit fOr neue 
wissenschaftliche Erkenntnisse. Der Artikel hat alle potentiellen 
Fehler der Laserentfernungsmessung und ihren GroBen diskutiert und 

zeigt einige Vorschlage, z. B. wie bessere meteorologische Daten 

zu gewinnden sind, wie ein optimale Kalibration durchzufGhren 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 

CORP), Part of NASA's Geodynamics Program. In order to execute the 

CORP a lot of fund have to be expended, for example, expending 

approximately $ 2.B million in FY 19B6 [Edelson, 1985]. The accu

racy and reliability of the products are of extraordinary im~~~tance 

for being able to provide valuable and exciting new scientific in

formation on geodynamics. On the basis of unstable ranging products 

would s~ientists be able to make the reliable conclusions whith, 

for example, will indicate that the rates of motion of the larger 
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tectonic plates are within 1 cm/yr~ Therefore, it is very necessary 

to find out all potential source o4 SLR errors and to search out 

some methods for eliminating, at least decreasing them. 

There h~ve beem some effective eff1ts to improve SLR accuracies, 

such as making use of pulsewidths als short as 30 picoseconds, micro

channel plate photomultipliers, zer~-delay configuration and two

color laser. When a greater improvebent is expected for SLR accura

cies it will be very useful to syst~matically investigate all po

tential errors for SLR. This paper will try to achieve this pur
pose. 

1. SLR Error Expression 

It is known._ that a distance between a ground station and the satel

lite specially equipped with retroreflectors (laser satellite), D 
measured by SLR systems can be writ~en as 

D = 

Where, C
0 

n 

N 

f 

N 

f 
+ d 

0 (1) 

= velocity of light in a racuum; 

= effective refractive index on the laser pulse path; 
I 

= number of a timing clock pulses recorded by a time 
interval unit (TIU); -I 

= clock frequency of the ~IU; 

d0 = additional constant, including two portions: one is 
an equivalent length caGsed by a difference between 

From the 

SLR has,, 

the electro-optical centre and the mechanicaL centre 
of the SLR system, being simplified into system con
stant; another is a correction resulting from that the 
effective reflecting points of retroreflectors have to 
be reduced to the center -of- mass of the laser satel
lite, equaling 25.8 em for LAGEOS, 7.5 em for STARLETTE. 

above dist.ance equation thl following error expression for 
been derived ( Liu, 1985] : 

(2) 
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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, 8ufton, 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 &ite altitude [Marini and Murray, 1973]. The surface level 

measurements of atmospheric pressure, temperature and relative hu

midity are required when using the MM formula [8ufton, 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 several 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 no~ 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 have 

achieved accuracies within a few em 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. When re

fractive indices calculated contain the error of ~ 2 x 10-8 th~ 
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distance error, M0n will achieve ~ l.4 em 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, 
I -20 < t < + 40° C. In order to escape the man-made errors the 

following-recommendations appear as llbeing useful: 

the meteorological instruments havle to be settled at least as 

high as the transmitted and receivled 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 nea~ a ranging station; 

- the psychrometer and barometer havl to be checked to send them 

to a meteorological bureau for a f~w times per year. For example, 

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

only + 2 mmHg the distance error d~e to this will achieve+ 0.;6 

mm/km for a ground laser ranging. 

Applications of two-color laser ranging technique can omit not 

only the exact measurements of the mbteorological data, but also 

improve the accuracy to one order ofl magnitute for measured distances 
[Liu, 1984]. When making use of the two-color technique for SLR we 

I 

must not consider atmospheric refraction corrections. In recent 
. • I 

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

cations in SLR systems and getting d~si~ous progress [Abshire and 

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

systems require some advanced equipm~nts, such as mode-locked mul

tiple frequency lasers, streak earner~ receivers and atmospheric 

delay measurements with an accuracy bf 0.5 em or better. This re-
. · d 1· · I stricts 1ts w1 e app 1cat1ons at once. 

It must be pointed out that the path curvature correction is· less 

than 1:cm when. the zenith angles do· not exceed only 70 degrees. 

If the ~enith ~ngles are greater than ones, the path curvature 
. h b k . I "d . F 1 h correct1ons ave to e ta en 1nto cons1 erat1on. or examp e, w en 

the zenith angle is' equal to 74 degr~es it is greater than 1. 5 em 

[see Fig. 1, Sylvania .. , 1974]. To ne~lect the 1.5 em correction is 
I 

equivalent to introduce the same as irror. 
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SITE ALTITUDE: 

A • 0 
B • O.Skm 
C • l.Okm 
0 • l.Skm 
E • 2.0km 

0.1 L.,-~~=--~""*-=!::-=--==--=~~~~. ro ~ M M M ro n M u n ro ~ 

ZENITH ANGLE 

Figure 1 = Path Curvature Correction, from Sylvania 

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. lt is ~wn that· there is an error for measurements a11 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 .~ugust 
1975 is 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 

M 
CO = + 4 X 10- 9 
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For example, 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, ev~n if assubing all other sources of error 

are zeta, the distance error, MDCo broduced only by the velocity 

error, .:!:. 1. 2 m/ sec will achieve .:!:. 21.4 em to + 3. 6 em. If the mea

sured error of the velocity of light in a vacuum were to be decrea-
1 . 

sed from + 1.2 m/sec to at least + 0.12 m/sec, the MDC would be - -1 0 
able to be neglected. Except this tre only velocity error, MDCo 

makes the real accuracy can not achieve + 1 em for SLR. If we do 
. I 

not employ C0 = 299792458.:!:. 1.2 m/sel c, but other values for the 

velocity of light in a vacuum, such as C = 299792.5 + 0.4 km/sec, 
. 0 -

the velocity error will be much greater 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 in~erval unit. For example, under 

the condition of using a constant f1action discriminator (CFD) the 

measurement accuracy for flight tim~ depends essentially on the TIU. 

If an advanced event timer is used ~a measure the flight time, td 
the following expression can be giv~n: 

= 

Where, N 
0 

T 
0 

t1 

= 

= 

= 

N T 
0 0 

' number of period of the clock pulse train; 
I 

period of the clock pulse train; 

front part for the timi interpolation; 

t 2 = additive part for ;he
1 

~ime interpolation. 

------~~~~-~-~----------~"r---------~---~~~~-e_tu_r. ________ _ 
I IJ I I 

it 
111111.111;;111.11!1 ~~Ill 

(p) 



When we select T
0

/Tr = k, where Tr is the desired timing resolution, 

the following widths of the interpolating pulses are measured: 

= 

Therefore, the flight 

N1 
k-

time can be written as 

Where, f = clock frequency of the event timer; 

k = stretching coefficient of the event 

N1 = period number of the clock pulse for 

N2 = period number of the clock pulse for 

(4) 

timer; 

the front part; 

the additive part. 

From the above equation the following error expression for the 

measured flight time can be acquired: 
·M 

f 
Mtd = ~ (kNo + N1 - N2) kf2 = + 

or written as 
Mf 

MDf = + f D 

(5a) 

(5b) 

If Mf/f < ~ 1 x 10-9 , 'the distance error, M0f which varies as the 

measured distances to the satellite is not greater than ~ 1 em for 

the foregoing distance range. 

5. Period Error, MN 

The period error consists of a resolution error, pulsewidth error, 

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 em. In this case the SLR system can 

only meaiur~ the distances for how many times of 1 em, but not the 

distance portions within 1 em~ The time interval unit used by SAO 



- 8 -

has a resolution of 0.1 nsec [1.5 em! Pearlman, 1983]. The lower 

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

In a word the resolution error is pr6duced by the timer resolution 
which cannot be enough small. 

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

is not centralizing in a moment, but !distributing in a ~hater inter

val. For example, the pulse of 5 to 7

1 

joules generated by the ruby 

laser system has the FWHM of 25 nsec for early SAO SLR system 

[Pearlman, et al, 1978]. Nd:YAG lasers with modelockers can generate 
I light pulses as short as 30 psec [Puell, 1982, Degnan, 1985]. When 

the laser pulses impinge on a photocJthode the conversion from a 

light pulse to an electronic pulse hJs to be distorted due to some 

disturban~e. The pulsewidth error, Mj is of a random ranging one 

which varies as the laser pulse widt~ and the number of received 
photoelectrons [Degnan, 1985]. It can be written as 

MW = kp Tp 

~ 
(6) 

Where, T p = FWHM of a laser pulse; 

N = number of received photoelectrons; r 

kp = coefficient depending on different detection. 

An external pulse slicer, which consists of a Pockels cell and is 

situated between crossed polarizers, was used early in order to con

strict.the laser pulse width from 20 nsec to about 4.5 nsec [Degnan, 

1985]. Due to its lower efficiency the cavity dumped Nd:YAG laser 

was substituted for it rapidly. At p~esent modelocked Nd:YAG lasers 

are mostly used to obtain a shoner and single mode laser. It has 

been seen from the ranging results t~at the accuracies. increased to 
I at least 50 % after the pulse width ,as reduced from 25 nsec to 6 

nsec by mean~ of a pulse chopper in the SAO SLR systems [Tapler, 
et al, 1982]. 

The wavefront error is caused by the wavefront distortion of a trans

mitted and returned laser beam. It isl known that individual radia

tion modes which are possessed of dif,lferent spatial and temporal 

property, build up at their own rates in Q-switched lasers. When 

they appear out of the laser cavity trese different spatial modes 



will have different far field patterns. The latter is defined as 

the wavefront 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 em to 7.0 em [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 TEM
00 

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 wavef~ont distortion. The experiment data on 

the ground baseline have also demonstrated that the performance of 
mod~locked 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 
' . 

amplitudes 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 experi~en

tal data that when changing input pulse amplitudes from 0.1 voltages 

to 4 vo!tages the time walk due to this will be equal to + 3 em 

to -2 em for ORTEC 934 CFD currently used in the NASA MOBLAS net

work [Degnan, eta~, 1984]. The analogous experiment by SAO indi

cated that the average fluctuation error has achieved + 2,2 em, 

the maximum + 4.5 em [Pearlman, 1983]. 
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According to the experience of Mcronald Observatory there will ~ot 

be any significant signal strength effect to the calibration and 

satellite data when th~ SLR syste~ operates indeed in the single 

photoelectron domai~. However, it I is necessary ~o monitor h~rd the 

operation. When there are significant multi-photoelectron events 

this will result.in a high dynamib range in the returned signal 
strength [Ricklefs, et al, 1985]. 

Currently single-stop TIU's are used in almost all operatin SLR 

systems to measure the flight tim~. When an incoming noise exceeds 
I 

the stop discriminator threshold it will be easy to produce pseudo-

measurements for this sort of TIU] The timing error does not imply 

the pseudo-measurements at all, b~t the effects from the TIU own 

pro~erty ~hich can not be as good as possible._ It consists of an 

interpolabed and triggered error. In order to measure precisely 

the flight time an interpolation counts are used in TIU (see Fig.2). 

For example, the .interpolated errJr results frdm that the stretch

ing coefficient, k has not been c~librated to the nominal value. 
I 

When the stretching coefficient offset incompatible with the nor-

minal value achieves + 0.5 the interpolated error is equal to 67 
I 

psec. The interpolated error resulting from a nonlinear spreading 

to the smaller components, t 1t 2 cain ·achJ."ev.e + 60 psec for 15 MH2 
I 

event timer [Guan, et al, 1982]. The interpolated error for HP 

5360 A Time Interval Counter is + 1 nsec from 0° C to 50° C [HP, 
1975]. 

The triggered error of TIU includes both an input trigger circuit 

error and error due to noise ~n i~put signal. It is known that the 

start an~·stop input signais are Jypicaliy DC-coupled in TIU used 

by SLR systems. Any noise can supJrimpose on the baseline of the 

start or stop signals. This has td result in the triggered error. 
I 

Therefore the advanced HP 5370A TIC with a 20 psec time resolution 

can only achieve the time measuri lg accuracy of 100 psec [Degnan, 
1985]~ 



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 ti~e jitter for the photoelectrons from the photocathode to the 

anode in PMT. The transit time jitter is produced essentially by 

the following facto~: 

- 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 ele~trodes has been given (Liu, 1983]: 

= 2M~ j 2 e~d2 (7) 

-28 Where, m = electron mass, m = 9 x 10 grams; 

-10 e = electron charge, e = 4.8 x 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 em, 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 em). 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 t~e 

PMT, so as to decrease the transit time jitter. 

The ex~~riment results measured by E. Bergstand to RCA 1P21 PMT 

indicated that ·the transit time difference between an illuminating 

centre and eccentri9 point on the photocathode with ~ 3 mm is equal 

to 1.9 nsec (28.5 em). It will be seen from this that a position 

stability of the illuminating point has to be required strictly for 

the photocathode. The varianc~ with time can not be permited during 

ranoina. 



It is will be known that in an illuminating region on the photo

cathode the photoelectrons from thelrespective transmitting points 

are not synced due to the photoeffect feature. Therefore the tran

sit time is a statistical averge fa~ the photoelectrons. If the 

size of the illuminating spot on th~ 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 thatl for dynode chain PMT's. Experi

ment data have shown that the one s~gma transit time jitter for an 
. . I 

ungated ITT F4128 MCP/PMT was equall to about two centimeters for 

single photoelectron inputs, but one for the Amperex 22338 PMT 

achieved; ten centim~ters [Degnan, e:t al, 1984]. There is also faster 

impulse rJ!sponse for MCP/PMT' S. It will be seen from these that it 

is desirab~e to use MCP/PMT in SLR syst~ms. 

The calibration error varies as di£ferent calibration. It is the 
I 

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

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

lay. When signals in SLR system. arJ transfering from one circuit 

to other circuit it is necessary tJ spend a certain time. The spent 

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

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

but also determined by means of gr6und baselines whose lengt~were 
I . . 

measured. precisely. If the system constant should not vary there 

would not be any error for correct~d 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 ~ulse gotten through the stop 
I 

channel. The system constant contains the difference between the 
internal delay of the start and stbp pulse. The optimal calibration 

is defined as being able to eliminbte the jitter influence. How

ever, in practice there is any dif~iculty to achieve this purpose. 

For example, it can .be demonstrateb with the following exper:i:ence 

[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 

Internal target: cal. = 199.1 nsec. 

According to the above calibration results we can calculate that 

one sigma is equal to ~ 0.219 nsec (~ 3.3 em), 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 rang~~from ~ 0.15 nsec to~ 0.20 nsec (~ 2- ~ 3 em), not 

including PMI~ when including PMT from·~ 0.2 nsec to+ 0.3 nsec 

(~ 3 - + 4.5 em) [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 God9ard 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 calibration mostly. 

When making use of ground baselines for the SLR calibration the 

baseline length has to be measured precisely. For example, when .... 

b. ~elines are measured to use AGA Geodimeter 8, due to its standard 
-6 

diviation~of ~ (5 mm + 1 x 10 D) the measured error for 5 km base-

line will achieve + 1 em. If microwave distance measuring instruments 
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are used to measure the 5 km baseline the measured accuracy of + 

1 em will be unable to be achieved I at all. For example, when us~ng 
MRA-5 Tellurometer the measured accuracy will only achieve + 2.5 

em. The low measured accuracy for ~round baselines will bec~me 
: I 

into a limitation for the calibration accuracy except using.still 
I 

more precise baselines. In performing the SLR calibration the meteo-
1 

rological data must be taken for the calibration refraction correc-

tion. We would better~ake them onl two en~ points of the ground 

baseline whose length is equal to severalkilometers, so as to im

prove the calibration accuracy. 

When the momentary time arriving at the satellite for the laser 
I pulse can not be exactly reduced to .UTC the £allowing sync error 

will be produced [Liu, 1985]: 

(8) 

Where, v = movement velocity of the satellite in the space, s 
1. 

Mt = ranging moment error J.n respect to UTC, 

a. = Satellite elevation. 

It was pointed out that the best synchronization results have an 

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

• I 

known that V = 5698 m/sec for LAGEOS; V = 7400 m/sec for STAR-s 1 s 
LETTE [Mastrocinque, :1985]. If taking Mt = + 4 ~s, a.= 15°, we will 

know MSL = ~ 2.2 em for LAGEOS, ~S~ = ~ 2.9-c~ for STARLE~TE. Assu

ming Mt = ~ ~ ~s, we.~ill obtain MkL = ~ 3.8 em, MSS = + 5.0 em. 

If using Mt = ~ 0.5 ~s, we will get MSL = i B mm, Mss = + 4 mm. It 
will be seen from these calculated! sync errors that the~e will be 
great~r sync errors for both a high and low satellite when the mo

ment error, Mt > + 4 ~s and the el~vation is smaller. Therefore, 
-- I 

an exact time synchronization has to be performed in order to re-

duce the sync error. It is better lo use a Time Transfer Receiver 
I . ·, 

(TTR) operating with the NAVSTAR Global Positioning System (GPS). 
: I 

Its tim~ synchronization accuracy is expected to achieve a RMS of 
I • , 1 ).. . 

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

synchronize the time for some SLR systems, such as the mobil~ MTLRS 
system in Winter 1985. 
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The satellite error is caused by a deviation from the satellite 

center-of-mass (SCM) correction and a coherent fading effect. The 

satelliteborne retroreflectors are distributed on each laser satel

lite ctust. The effective reflection points dep~nding on a ~entroid 

of the incoming laser pulse have to be reduced to the satellite 

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, laser 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, 

~ between_~he laser beam and the axis of symmetry of the satellite 

can be approximately expressed [Carpenter, 1978]: 

= 
co sa. a r c t g _....:;;_;;_;;,_;.;._-=D 

sina. + R 
(9) 

Where, D = distance between a ground station and laser satellite; 

R = 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 p~ec [ 1.15 em, Degnan, 1985]. 

7. Conclusions 

From what has been said above, we know that the real accuracy for 

SLR ean not achieve + 1 em proposed by them at all, but only a few 

centimeters for the executed experiments. SLR errors can be divi

ded into two types: 
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- condition errors caused by exterior conditions in laser ranging, 

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

and summarized in the following table: · 

Cl) 

H 
0 
H 
H 
Q) 

H 
Q) 
Cl) 

m 
r-i 

Q) 
.p 
•ri 
'r-i 
r-i 
Q) 
.p 
m 

en 

I 

velocity error resulting from the measurement error for 

velocity of light in a vacuum; I 

index error resulting from inaccurate meteorological data; 

c satellite error resulting from lthe inaccurate satellite 

o . center-of-mass correction and coherent fading effect; 
~ I 
.p . 1 k h . . ~ sync error resulting from an 1lexact c oc sync ron1zat1on; 
c calibration error resulting from the inexact measurement 
0 
u 

Cl) 

H 
0 
H 
H 
Q) 

c 
0 

·ri 
.p 
m 
.p 
c 
Q) 

e 
:::1 
H 
.p 
Cl) 

c 
•ri 

for· ~he system constant; 

frequency error resulting from the difference between the 

nominal and real value of a clock frequency; 

resolution error resulting fro~ the counter resolution which 

can not be enough small; I . . 

timing error resulting from the counter property which of 

itself can not be as good as pJssible; 

fluctuation error resulting frJm the strength fluctuation 

of a returned laser pulse; I · 

pulsewidth error resulting from that the energy of a trans

mitted laser pulse is not centfalizing in a moment; 

wavefront error resulting fromlthe wavefront distortions 
of a transmitted and returned laser beam;· 
transit error resulting from t~e transit time jitter for 

·• • • • I , ,.. , 

the photoelect~ons from the photocathode to the anode in 

a PMT. 

8. Acknowledgments 

This paper was written during studying at the Satellite Obser~~

tion Station Wettzell. The writer wduld like to express his 

hearty gratitude to Dr. R. H6pfl fo~ often prov~ding some refe
rences and m~ny beneficial discussions, to Mr. W. Schluter for 
his help. 



- 17 

References 

[ 1] B.I. Edelson, Dear Colleargue letter 
Space Science and Applications Notice, NASA, April 12, 1985 

[ 2] Liu Jiyu, Will Satellite Laser Ranging Measurements Be Able 
to Achieve 1-cm Real Accuracy? 
Second International Conference. on Trends in Quantum Electro
nics, Bucharest, September 2-6, 1985 

[ 3] GTE Sylvania, Proposal for Satellite Ranging system 
24 May 1974 

[ 4] 

[ 5] 

J.L. Bufton, Review of Atmospheric Correction for Laser 
Ranging Data · 
Third International Workshop on Laser Ranging Instrumentation .. 
Lagonissi. May 23-27.1978 

B.D;. Tapley. et al. A Critical .Analysis of Satellite Laser 
Rang1.ng Data 
Pro~~~~ings of the Fourth International Workshop on Laser 
Ranging Instrumentation, Published by the Geodetic Institute, 
University of Bonn, 1982, pp. 523-567 

[ 6] J.W. Marini and C.W. Murray, Correction of Laser Range Tracking 
Data for Atmospheric Refraction at Elevations above 10 Degrees 
GSFC Report X-591-73-351, Nov. 1973 

[ 7] J.B. Abshire and C.S. Gordner, Atmospheric Refractivity Correc
tions in Satellite Laser Ranging 
IEEE Transactions on Geoscience and Remote Sensing September 1984 

[ 8] Liu Jiyo, Some Recommentations for Improving Two-color Distances 
The Canadian Surveyor, Vol. 38, No. 4 Winter 1984, pp.295-Z98 

[ 9] G. Mastrocinque, Feasibility of Satellite Tracking with a Dual
wavelength Laser ,Ranging System 
ESA Journal, 1985, Vol. 9, pp. 273-286 

[10] M.R. Pearlman, Status of the SAO Laser Ranging Systems 
CSTG Bulletin, No. 5, march 10, 1983, pp. 66-73 

[11] M.A. Pearlman, et al, The Smithsonian Astrophysical Observa
tory Satellite Ranging Hardware 
Third International Workshop on Laser Ranging Instrumentaltion, 
Lagonissi~ May 23-27, 1978 

[12] H. Puell, Subnanosecond Laser System for Satellite Rangin~ 
Proceedings of the Fourth International Workshop on Laser·. 
Ranging Instrumentation, published by' the Geodetic Insti t·ute, 
University of Bonn, 1982, pp. 277-284 

[13] J.J~ Degnan, Satellite Laser Ranging: Current Status and 
Future Prospects 
IEEE Tr~nsactions on Geoscience and Remote Sensing, 
Vol. GE-23, No.~, July, 1985, pp. 398-413 

[14] W. Koechner, Solid-state Laser Engineering 
Springer-Verlag, Berlin,. 1976, p. 195 



[ 15] 

[ 16] 

[17] 

- 18 -

J.J .. Degnan, T.W. Zagwodzki, ~ Comparative Study of Several 
Transmitter Types for Precise! Laser Ranging 
Proceedings of the Fourth International Workshop on Laser 
ijanging Instrumentation, ·Published by the 'Geodetic Institute, 
University of Bonn, 1982, pp. 241-250 

J.J. Degnan, et al, Satellite Laser Ranging Experiments with 
an Upgraded MOBLAS Station 
The Fifth International Workshop on Laser Ranging Instrumenta
tion held at the Royal Greenw1ich Observatory East Sussex, 
England, September 10-14, 19~4 

R.L. Ricklefs, P.J. Shelus, R.J. Eanes and J.R. Wiant, MLRS 
System Characterization 
September 19, 1985 

[18] Gu~n Zhenhua, et al, JLJ-2 High Resolution Counter for Laser 
Ranging Systems, 1982 (in Ch~nese) 

[19] Hewl'ett Packard (HP), OperatJng and Service Manual, Computing 
Cou~~er 5360A and Input Modu~e 5365A 

[20] 

[21] 

[23] 

[24] 

[25] 

[26] 

October 1975 

Liu Jiyu, Accuracy Judgement on EDM equipments (in Chinese) 
Bulletin of Surveying and Mapping, No. 3, June 1983, pp. 29-35 

J.F. Mangin, The Laser and t~e Calibration of the CERGA Lunar 
Ranging System I 

Proceedings of the Fourth International Workshop on Laser Ran-
ging Instrumentation, Published by the Geodetic Institute, 
University of Bonn, 1982, ppJ 313-322 

E.C. Silverberg, The Feedbac~ Calibration of the TLRS Ranging 
System I 

Proceedings of the Fourth International Workshop on Laser Ran-
ging Instrumentation, Published by the Geodetic Institute, ' 
Univ~rsity of Bpnn, 1982, ppl:331-337 

. I 

P. Wilson, The German/DUTCH Mobile··Ranging System 
Proceedings of the Fourth International Workshop on Laser Ran
ging Instrumentation, Published by the Geodetic Institute, 
University of Bonn, 1982, ppl 468-483 · 

O.J. Oaks, et al, GPS Time Tkansfer Receiver for the NASA 
Transportable Laser Ranging· Network 
Proceedings of the Fourth In~ernational .Workshop on Lase~ Ran
ging Instrumentation, Published by the Geodetic Institute, 
University of Bonn, 1982, PPI· 338-375 . 

L. Carpenter, Goddard Laser !Tracking Data · 
Third Int~rnational Workshop on Laser R~nging, Lagonisii, 
G!eece, may 23-27, 1978 



I 



SOME CURRENT ISSUES ON LASER COLLOCATIONS 

M.R. Pearlman 
Smithsonian Institution 
Astrophysical Observatory 
Cambridge, MA 02138 I 

Telephone (617) 495 7481 
Telex 921428 SATELLITE CM1 

ABSTRACT 

Collocation experiments are being
1 

conducted to isolate and study 
systematic errors in laser ranging sys~ems. Proper use of the unique 
collocation configuration requires tha~ these experiments be allowed to 
focus on effects that would be difficu~t to find in single system ground 
and readiness tests. This requires that (1) the systems be fully tested . 
and field ready prior to collocation a1nd (2) sufficient time and resour
ces be allocated for proper test and ~nalysis. A brief review of recent 
collocation requirements and experiende 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 is 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, limitations which would be difficult 
to find with the existing single station ground tests. 

( 2) CHARACTERIZATION EFFECTS which refer to limitations 
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 p~eliminary testing: Failure of 
the equipment, improper use of operating procedures, and 
failure of the data processing abd/or support systems. 

. I 

There, may be some philosophical dispute over the boundary 
between categories, but the basic tenet should be that a 
collocation is a unique event an~ 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 onl the following prerequisites: 

0 Both systems should be working at a satisfactory level 

0 

0 

0 

0 

in terms of target a6quisition, data yield, range 
noise, etc. · I 

Both systems should be working 
including: timingl, . so,fj:ware, 

independently 
meteorological 

equipment data preprocess1ng, etc. 
I . 

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

Fully tested comparison software should be available 

A management plan with schedules, responsibilities, 
data flow, and anticip1ated system performance should 
have been developed. 

GROUND TESTS 

The ground tests and the related data analysis have been 
specified -in detail in previousl sessions of the Workshop (see 
Pearlman 1984) and in the dollocation Plans prepared by 
NASA/Bendix for measurements ~t GORF. These tests have 
included: I 

1. Multiple Ground Target fests (MINICO) in which several 
ranging sequences are taken sequentially off of two or 
more ground targets atl 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 is not 
possible. / 

SATELLITE TRACKING REQUIREMENTS 

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

0 

0 

0 

Adequate data volume and 
systematic effects on LAGEOS 

coverage to disclose 

'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: 

1. Twenty simultaneous passes on LAGEOS with: 



0 Data spaced over 30 minutes per pass 

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

o Five passes in daylight 

o Two of the passes in lach sky quadrant 

o Two passes in each olf the ascending and descending 
equatorial modes 

2. Two simultaneous passes on Starlette or BE-C 

o A minimum of three simultaneous normal points per 
pass 

DATA ANALYSIS 

Collocation satellite data are analyzed at several levels. 
The first examination is made on a single station basis and 
includes: , 

o Calibration RMS 

o Calibration stability 
' I 

o Pre/Post calibration shift 

o Satellite data RMS 

o Satellite normal point RMS 

• Residual signatures to o4bital solutions 

At the next level, the data for the collocated systems are 
compared using short arc solutibns to investigate effects such 
as: 

o Mean offset 

0 Drift and temperal variations 

0 Range dependence 

0 Elevation and azimuth dependence 

. h . . I 
o S1gnal stren_gt var1at1ons 

o Diurnal variations 



0 Variation with system calibration 

o System changes 

o Temperature 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 othe~s in this session. 

A tabulation of problems encountered during collocation 
experiments is 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 ~id 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 insufficient 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 is 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 different groups are collocated 
(although it has been experienced in collocations with only 
NASA systems). Inconsistent I use of models (refraction, 
spacecraft center-of-mass, calibration correction, etc.) and 
differences in data manipulation 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 unstable calibration target 
structures have compromised ranging results. The ground target 
is in most cases the basis of our entire measurement program, 
yet it i~ often the weakest lin~. . 

Speed of data proce_ssing lhas been a ~erpetual headache. 
As noted earlier, analyses of experiments taken over a year ago 
are still underway. The laser~ 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 behavior, we do not apply the manpower 
and time to pursue the evidertce in a timely manner. As a 
result, problems surface later at an even less opportune time. 

Proper interpretation of t~e collocation results relies on 
the conduct of complete preliminary ground tests, analyses of 
this data, and timely availability of the results. This 
information is critical to the understanding. of machine 
performance and may play a crucial role in 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 satellite 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 experienced 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 encompassing everything from the 
readiness of support systems through the management of the data 
flow and analysis. Compromises 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 lmore 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. 
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RECENT COLLOCATION EXPERIENCE 

y. NO 
DATES COMPARISON LOCATION PASSES OFFSET 

7/S1 
I 

12 3-4cm MOB7- STALAS GORF 
I 

9/S1 - 1/S2 HOLLAS - MOB1 HALEAKALA 45 <1 em 

9/S1 - 10/S1 
I 

MOB4 - MOB7 GORF 4 7 em 

baRF 7/S2 - 10/S2 MOB6 - MOB7 27 1-2 em 
I 

7/S2 - S/S2 MTLRS - TLRS1 McDONALD 23 6 em 
I 

9/S2 - 11/S2 MTLRS - TLRS2 GORF 27 <1 em 
I 

5/S3 - 6/S3 MOB4 - MOB7 IORF 13 1 em 

7/S3 S/S3 LTRS1 MOBS 15 2-3 em QUINCY 
I 

10/S3 TLRS1 - MOB4 MT. PEAK 7 6 em 
I 

4/S4 - 5/S4 MTLRS1 - KOOLAS KOOTWIJK 2 
I 

9/S4 - 10/S4 TLRS1 - MOBS 43 2-3 QUINCY em 
I 

11/S4 MTLRS2 - WETLAS WETTZELL 5 

5/S5 - S/S5 MTLRS1 - MOB7 GORF 13 1-2 em 

10/S5 - 1/S6 MTLRS1 - MTLRS2 MATERA 13-36 1-2 em 
- MATLAS 

TABLE 1 



FAILURES 

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

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

0 LACK OF CONFIGURATION CONTROL 
HARDWARE 
SOFTWARE 
PROCEDURES 

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

0 LACK OF AVAILABILITY OF ENGINEERING DATA 
GROUND TEST RESULTS 

0 SURVEY PROBLEMS 
CALIBRATION TARGET SURVEY 
CALIBRATION TARGET STABILITY 
INTERSTATION VECTOR SURVEY 

TABLE 2 



MANAGEMENT OF THE LASER RANGING SYSTEMS COLOCATION 
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ABSTRACI 

The colocation testing for satelltite laser ranging systems provides 
a unique opportunity to test the ranging capabilities and to identify 
possible sources of systematic· erro~s. 

Being the colocation experiment strongly influenced by many unfore
seeable aspects, like atmospheric con:ditions, systems failures, logistic 
problems and so on, the management o~ the experiment has to be carefully 
organized in order to reduce any other possible sources of problems as 
well as to optimize the operational ~nd analysis activities. 

This paper concentrates on variou~ aspects of the colocation manage
ment, starting from the identificatio'n of the major requirements to be 
satisfied prior the beginning of the ~olocation, like site requirements, 
systems errors characterization, defi'nition of tasks and responsibilities, •• 

I . 

The main procedures and tests to be performed during the colocation 
period are also discussed, with parti~ular emphasis to the ground test pro
cedures and supporting information da~a set. 

Further possible sources of erro)s to be carefully investigated, concer
ning data handling and processing, are discussed too in a section dedicated 
to the Software Benchmarking. I· · 

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

This paper refers in particular tb the procedures and criteria adopted 
during the colocation experiment recently performed at Matera between the 
MTLRSI, MTLRS2 and MATLAS systems (January-March .1986). 
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MANAGEMENT OF THE LASER RANGING SYSTEM COLOCA TION 

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. 1 

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 MTLRSl, 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], [31) and the 1986 Matera 
Colocation Plan (ref. [1] ). 
The report is divided into five sections: the first 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. COLOCA TION 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, lin particular if second generation 
stations, which have only night time tracking capability, are involved. 
The colocation test period must be long enough to meet the colocation data set 

I 

requirements for the analysis of both short and 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 cdmmercial power. 
In any cases, if power requirements are not largely satisfied, interactions between. 
the systems are possible during laser firing, mainly if high energy lasers are involved. 
In this case, independant sources from power gen~rators are requested. · 

1.2.2. Communications 

The basic communication systems needed at the site are: 

- telephone line: for general communicltion and quick-look transmission (to 

telex line: 
mail/ carrier: 

on site: 

I 

access MARK III data networok); 
for information excharige and quick-look transmission; 
express mail or carri~r is necessary to maximize the full-

1 

rate data timeliness. Complete data flow tests are strongly 
I 

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

an internal phone line between the colocating stations 
I 

should be installed in order to allow the crews to 
communicate each other during tracking or tests as well as 
for meteo measurerrients 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 mu~t be carefully isolated from the pad 
and extended sufficiently into the subsurface for maximum stability [4J ; 
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 ~as 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 positi<;ms 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 em 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 
Temporal Variations 

Signal Strength Variations 

Calibration Path 

Statistical noise: 

Single Shot Precision 
Calibration .s.s. Precision 

TIMING ERRORS 

Broadcast Monitoring 

MODELLING 

Data Aggregation 

Atmospheric Correction 

(Wavefront distorsion, cube map); 
(Pre-post ~calibration shift, long term system 
delay variations); 
(unmodelled variations of system delay with 
signal strength); 
·(survey, meteo- if applicable-). 

(day/night; high/low satellite); 
(day /night; high/low satellite). 

(timekeeping accuracy). 

(Normal points model accuracy, 
Normal Points precision/data availability); 
(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-

r 

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 ~nd 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 exc~ange 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. COLOCA TION 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 operational 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 bo.th 
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 eCJuatorial nodes. 

5) A minimum of two simultaneously tracked STARLETTE passes to confirm low 
sat~llite 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 MA TLAS, being this fact due to atmospheric effects of the 
external calibration path, station biases up to 10 em 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: 
Temperature: 

Humidity: 

.:t,0.5 mBar; 

.:t5 degrees for satellite ranging, 

.:t,l to 3 degrees C for terrestrial ranging, depending on the 
distance, 
+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 · IF AG standards (used to ·calibrate the 
instruments). 
In order to remove any known source of relative error bias, readings from a unique 
pressure reference (MA TLAS) 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. 

1.6. 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] , [81 ). 

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 and/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 impor~ant 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. 1.2. the timeliness of the Full Rate data flow must be 
optimized depending on: 

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 1 and MTLRS2 were also directly sent to OUT 
and IF AG 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/Line 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 opp~rtunity 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 ar.alysis. 
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 MTLRSl 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 ar.e 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 softwa~e 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 se.t 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 during the Matera Colocation to 
perform the Telespazio Analysis. 
In the flow B the Full Rate data were pre-processed separately by OUT, IF AG and 
Bendix for MTLRS2, MTLRSl and MATLAS respectively (part of MTLRSl and 
MTLRS2 pre-processing was made by Bendix). 
Data distributed by GL TN 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 
Satellite time correction; 
Atmospheric propagation 
System delay calibration. 

(GEODYN); 

(GEODYN); 

The results of the comparisons between the two pre-processed data set in addition 
with a separate benchmarking performed jointly by OUT and IFAG on MTLRSl 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 inillimiters. 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 em (occasionally 2 em) 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 d,ifferences. 

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 em ·were found on final mean relative station 
biases for MA TLAS using 2.5 or 3 sigma rejection criteria (up to 2 em bias 
differences were found on single pass mean residuals) on Matera colocation data (ref. 
[ 10 l ). 



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. COLOCA TION 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. SA TEL LITE DATA ANALYSIS 

Two general approaches are recognized in colocation analysis: 

Geometrical approach; 
• 

basically the POL YQUICK 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 

Stability test 

Signal strength v·ariations 
Wavefront map test 

similar procedures applied on satellite post-pass 
processing, including pre-post calibrations. 
data binning 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). 

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 colocation 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: 



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. 

5.3. OPERATIONAL REPORTS 

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

timing information; 
meteo information; 
statistics of the satellites passes; 
on site analysis; 
ground test preliminary results; 
off line activities; 
crew commentary. 

5.4. 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 participating groups. 



5.5. FINAL REPORT 

A final colocation report, including both operational (supporting information) and 
analysis activities is jointly issue by all parti<::ipating 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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- DAILY DAILY SUPPORTING INFORM. ON SITE 

OPERATIONAL ON SITE ANALYSIS. MANAGEMENT 

- WEEKLY WEEKLY SUPPORTING INFORM. ALL PRE-PROCESSING 

OPERATIONAL ON SITE ANALYSIS AND ANALYSIS CENTERS 

- FINAL N.A. FINAL UPOA TED ALL INVOLVED 

OPERATIONAL OPERATIONAL REPORT GROUPS 

(TO BE INCLUDED IN 
FINAL REPORT) 

- INTERMEDIATE AS SOON AS INTERMEDIATE INTERCHANGED 

ANALYSIS AVAILABLE ANALYSIS RESULTS BETWEEN ALL 
ANALYSIS CENTER 

- INDIVIDUAL N.A. FINAL RESULTS COMMITTEE 

ANALYSIS FROM EACH GROUPS 

- FINAL ANALYSIS N.A. FINAL AGGREGATED ALL INVOLVED 

RESULTS (TO BE GROUPS 

INCLUDED IN FINAL 
REPORT) 

- FINAL REPORT N.A. FINAL COLOCATION SCIENTIFIC 
REPORT (OPERATIONAL COMMUNITY 
AND ANALYSIS) 
PREPARED JOINTLY BY 
ALL COMMITTED GROUPS 
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Fig. 2.3 An example of weekly Report 
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ECCENTRICITY VECTORS FOR COLOCATION PURPOSES 

D.L.F. Van Loon 
Delft University of Technology 
Observatory for satellite Geodesy 
P.O. Box 581 
7300 An Apeldoorn - The Netherlands 

Telephone 32 5769 34t 
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 eccentrricity vector 
has to be determined witn 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 sys~ematic differences in laser ranging systems different ob
servation techniques are applied viz : range measurements to terrestrial targets 
and range measurements to satellites. 

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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1. 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 to be considered as necessary before going into the 
field. 
Since third generation laser systems have a 
of some centimeters, the colocation testing 
the only reliable method to recognize 
differences between such instruments. 

single shot precision 
procedure seems to be 

systematic ranging 

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 data, 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 than 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 SLA 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 target 
ranging observations are performed by astrometric instruments, 
whose orientation are referred to the directions of the local 
plumbline and the astronomical north. 
A direct comparison between the range observations emphasizes a 
determination of the eccen~ricity 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 relati~e to the Greenwich meridian and the equatorial 
plane. 
As mentioned 
to the local 
and fig.2.2). 

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

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

tlfL$11
- - o.ooot]l h M 2.¢ 

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

( 2. 1) 

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 a motion of the earth 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 terrestrial 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 
global 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 OX, DY, DZ in a 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 International de l'Heure. 



rrans¥ormation results into the ¥allowing formulas: 

( 2. 2) 

( 2. 3) 

where (X) is the eccentricity vector in an arbi.trary local system, 
referre;~to· the local vertical, · 

(~)is the eccentricity vector in a local system oriented to 
the astronomical north direction and referred to the local 
vert.ic}! f

3
, 

tD)is the eccentricity vector in the global system oriented 
to the pole and Greenwich meridian, O is the rotation angle in the horizontal plane in order to 
orient the system with respect to the astronomical north 
direction, 

¢,.JL ar~ 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 c~locating 
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 also for setting-up the local 
network distance, angle and height dif¥erence measurements have to 
be made. 
Besides this list is completed with information of precision, use 
and purpose of each individual instrument. 

( 



EQUIPMENT 

measuring tape 
inver tape 
EDM instruments 

theodolite 

PRECISION 

20 ppm 
2 ppm 
2 mm + 2 ppm 

1-4 mdee;rees 

leveling instrument 2 ppm 

clock and stopwatch 0.1 sec. 

PURPOSE: 

TO USE FOR MEASUREMENTS OF 

) 

) 1. distances 
) 

2. horizontal angles 
3. verti~al aneles 

4. height diTTerences 

5. houranele OT sun 
or stars 

1.) + 2.) + 3.) Determination OT vector in an arbitrary 
local reTerence Trame 

4.) To measure direct height diTTerences 
2.) + 5.) Determination OT astronomical azimuth 
3.) or 4.) +5.) Determination of astronomical latitude 

and longit'ude 

Table 3.1. Summary OT equipment and its purpose. 

3.3 Survey reconnaissance. 

3.3.1 InTluence OT distance and vertical angle measurements on the 
vertical component OT a local coordinate system. 

The inTluence OT distance and vertical angle measurements on 
the vertical component can simply be derived, assuming without 
correlation: 

OH= 
where ~ is 

OD is 
1-10 is 
H is 

GH is 

the 
the 
the 
the 
the 

( 3. 1) 

precision in the vertical angle measurements, 
precision in the distance m~asurements, 
estimated horizontal distance, 
estimated height difference, 
expected precision in the vertical component. 



HD( m) 

20 
30 
40 
so 
60 
?0 

H( m) · 

D-8 
0-8 
0-8 
0-8 
0-8 
0-8 

~(mm) 

1. 6 
1. 8 
2.2 
2.? 
3.2 
3.? 

Table 3.2 Expected precision in H:(OH)· 
Assumed precisions: 0""0 = 3 mm, ~ = 0.003 degr. 

Table 3.2 gives an example Tor the Matera station and it should be 
noted that iT a maximum tolerance OT 3 mm is accepted and iT the 
horizontal distances are larger than SO m, it is to be preTerred 
to measure the vertical componeht direct ·with a leveling 
instrument instead OT calculating it Tram distance and vertical 
angle measurements. 

3.3.2 InTluence OT astronomical observations. 

'An astronomical azimuth determination in order to rotate an 
arbitrary local system to a local system reTerred to the 
astronomical north direction, causes a maximum error in the 
horizontal vector components, simply expressed as 

where e 

and 

e= J.ID.GA_ 
2:oG.265" 

( 3. 2) 

is the maximum error in the horizontal components 
(in mm) , . 
is the horizontal distance between the stations (m), 
is the estimated precision in the astronomical 
azimuth determination (arc sec.) . 

The inTluence OT the astronomical 1 latitude and longitude 
determination 
and ( 2. 2) . 

on the vector components can be derived Tram (2.1) 

However TOr practical reasons it is to be preTerred to ascertain a 
maximum tolerance in the individual vector components and then to 
consider the highest precision OT determination OT latitude and 
longitude to require aTter their successiv~ rotations. 



·a; 11 e . 2.o6.2...6S · 
· ¢

1 
= -c.osX•c.os¢·DX +co~X·scm¢' .oz 

( 3 I 3) 

r. u e • 2.o6. 2. 6s 
v¢2. = -stmA.•eos¢•DX +s~:X: • slhl¢. DZ.. 

( 3. 4) 

( 3. S) 

<J: '' e.2.o6.2..65 .. ~ -.. . · 
!A.-

1 
= ·-Sin-...A.• slih ¢ • DX -:f. s~::Jt!eos ¢ • DZ- co.sX• P)' 

r.. , _ · e .2.a 6.2.65 '-- · · · 
\ljL2.:;:: _C!.Qs..A..• s~¢.DX -1- ~....L· cos¢•DZ 7-sAhJ..A.• 'PY' 

( 3. 6) 

( 3. ?) 

where (j~., CJ ~ , {j¢'
3 

is the prec~sion in the 
require~tatitulfe, 

\J.A,. ' GJ\. is the precision in the 

required lbngitu~e, 
D'X.)DX"~ 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), 
(Z$

1 
.. _A_ are resp. latitude and _longitude. 

ox OY OZ HO e GA ~'& ~ 
( m) ( m) ( m) ( m) ( mm) (arcsec.) STATION 

?939 0 0 0 

-1?.3 -31.? -?.2 36.9 3. 1? 3? 24 
1 6 12 8 ?540 

-33.? -33.6 -?.5 48.2 3 12 22 1? 
1 4 ? 5 ?541 

Table 3.3 Requirements for the determination of the 
astronomical rotations at the Matera Station. 
Latitude = 40.6 degr. Longitude = 16.? degr. 
OX) approximate differences in resp. east, 
OY) north and up vector components 

OZ) 
HO approximate horizontal distance 
e max. tolerance in the vector components 

after rotation 
max. acceptable error in resp. the 
astronomical azimuth, latitude and 
longitude determination. 



Table 3.3 shows a survey reconnaissance with respect to the 
astronomical parameters, i.e. the Matera site as an example. 
IT we accept a maximum error OT '3 mm in the separate vector 
components, the determinati.pn ofF resp. azimuth, ·latitude and 
longitude must be perTormed with a precision better than 12, 1? 

\ . -
and 22 arcseconds. 
Obviously in this case we may not use the geodetic latitude and 
longitude as rotation parameters, because we Know Tram geoid maps 
[BRENNECKE et al,1983] that the deTlection OT the vertical 
(Tig.2.2) at the Matera site is more than 30 arcseconds. 

3.3.3 Final measurements ahd results. 

ATter a thorough reconnaissance and selection OT the right 
survey equipment and aTter the geodetic survey has ~een 

perTormed, the Tinal results OT the network; successiYely 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: 

eccentricity vector 
in the·arbitrary 
local reTerence Trame 

astronomical azimuth 

astronomical latitude 

USED EQUIPMENT 

EDM and theodolite 
(KERN) 

KERN· t heodo'l it e 
and clock/stopwatch 

MTLRS-1 and MTLRS-2 

astronomical longitude MTLRS-1 and MTLRS-2 

Rr~s 

3 mm 

11 arcsec. 

5 arcsec. 

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 re~erence point o~ the 
instrument and the prime marker. 

Determination of the eccentricity vector between the 
reference point of the instrument and the ~rime 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 is important that the observed ranges to both- s~tellites and 
terrestrial targets are also referred to this precise reference 
point. • 
Usually the offset of an auxiliary reference point tb the prime 
marker is 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 a 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 t.he eccentricity ·vector brtween the reference points of' 
th~ instruments is required with a ~recision better than 5 mm, and 
while in ,general the precision in 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 witJ:l a precision better than 2 mm. 

5. Conclusions and recommendation~. 

Prior to the definitive cons~ruction of the pads at a 
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 a well defined determination 
procedure with testing possibilities on precision and reliability, 
is highly recommended, certainly in· case of transportable systems. 
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POLYQUICK COLLOCATION ANALYSIS 

V. Husson, D. Edge 
Bendix Field Engineering Corporation, 
Co~umbia, 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 f,or 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 introduced 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 em 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 rang 
on a passby-pass basis. The polynomial generated for each pass is then used 
~o 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 OBSERVATIONS 
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* 

* 
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SATELLITE ANGLE DATA FROM ONE STATION 

STATION SURVEY GEOMETRY 

GEOMETRIC RANGE TRANSLATION 

PoLYNOMIAL DATA FIT TO REFERENCE STATION 

Ca-lPARISON OF OBSERVATION RESIDUALS 

EVALUATION OF PASS AND AGGREGATE DATA SET STATISTICS 
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Supporting Angles 
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PROCESS 

Geometric Range Translation 

Simultaneous Data Selection 
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Observations and Normal Point 
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Comparison Statistics Computations 
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1981-82 

1983 

1983-84 

1984-85 

1986 

~Polyquict Development History· 

Poly~uick prototype 

G~ODYN'benchmarking, GEODYN output plots. early collocation 
support 

Normal point analysis added to id~ntify sub~pass bias 
structure· 

Enhanced fitting procedures. improved statistical techniques 

Aggregate data set analysis, special bias tests 

Expanded gr~phic~. Collocatiori Analysis Package <CAP) 
developed paralleling- GEODYN update changes 
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MuLTIPLE APPLICATIONS 
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COLOCATION DATA ANALYSIS DYNAMICAL APPROACH 

A. Caporali 
Dipartimento di Fisica Galilee Galilei 
Universita di Padova 
Via F. Marzolo 8 
I - 35131 Padova - Italie -

Telephone (39) 49 844 278 
Telex 430308 DFGGPD I 

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 features 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 
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l. Introduction 

All laser stations of the international laser tracking 
network differ from each other in 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 G~rm~n and Dut6h stations MTLRSl and MTLRS2, 
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 is 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 WEGENER 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 MTLRSl 
was colocated at the KootwiJk Observatory with the fixed 
laser KOOLAS (Van Gelder and Blumer, 1985, Noomen, Ambrosius 
and Wakker, 1985). In November 1984 MTLRSl was colocated at 
Wettzell with the fixed installation (Hauck and Lelgemann, 
1985). In Mar~h and April. 1985 MTLRSl and 2 joined in Wet
tzell for a th~ee-syite~ colocation· 'expe~iment (Hauck, van 
Gelder et·al., 1985). 

From May to July 1985- the NASA station MOBLAS7 .and the 
German station MTLRSl were .colocated at Greenbelti. Maryland, 
with the objective to intercompare tracking te~hnology and 
techniqu,es. of data· analysis, and to transfer the Crustal 
Dynamics . Project . Laser standarq to Europe (;K_olen~iewicz, 
1986). The data from this experiment have been an~lyzed by 
three groups, NASA,. -Bendix and !FAG, and their findings 
extensively documented (Husson 1986;- Hessels et al. 1985, 
Kolen~iewicz .et .al. .1985, Hauck, Herzberger et al. .1985). 

Finail~, at th~ beginning 6f th~ Wegen~~ ~EDLAS 1986 
Campaign, MTLRSl and MTLRS2 were extensively colocated at 
Matera, before leaving for remote. •ites fn the East 
Mediterranean Region. Table 1 sum.marizes · th-ese _experiments 
and per~its . to app~e6iate · how this t~pe of ~~periment has 
evolved. A more complete list of colocation experiments is 
given by Pearlman (1986). 



2. Dynamical 
Experiments. 
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the Analysis of Colocation 

2.1 Range bias, time bias and calibration constant. 

It is 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 

. 
where rb and tb 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 speciific 
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 is 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 dat~, 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 iandomness of the residuals produced by the 
adopted ephemeris. 

2.2 Dynamical Computations of the Calibration Constant. 

The 
important 
the other 
experiment 
2). There 
decision~ 

results. 

methods of analysis so far used differ in two 
aspects: one is the criteria for data selection, 
is the computational technique. The Matera 
shows an unprecedented variety of options (tab. 
is clearly considerable space for subjective 

which may have non negligible .impact on the final 

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 ~onsider the range bias as a "solve for" parameter 
in a multi-single pass" (see below) least squares. adjustment. 
The other is 
difference 
ferred to 
both). 

to define the calibration constant as a mean 
for each pass - between pairs of residuals re

a same smooth curve (ephemeris, polynomial or 

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 .of 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 fitte~ a~together 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 !FAG and Telespazio, during the Matera 
Colocation Experiment. !FAG used a "multi-single arc 
technique" and estimated by least ~quares 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 
largest difference between 
em (MATLAS-MTLRS2) and is 
criteria for data selection 
computational technique. 

2.3 Data Selection 

the two methods is evident. The 
the calibration constants is 1.4 
most probably due to different 
and editing, rather than to the 

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 em if the additional 
data point is 
data points, by 

off, relative to the mean of the other ten 
15 em (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 
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used, the 3a editing criterion 'in place of 2.5 a prod.uces a 
shift of the calibration 'constant of 5mm' in 'the ne_~~-tive di-
rectio·n. 
This impli~s the existence of no~ rando~ data ~~i~~~~tions, 
but fort una t ely the effect . is small, es.pec ially if compared 
with the nominal noise level of this statio~. 

3. conclu.sion 
'' ''• 

~o eval~~~e ~ystematic diffe~~nces betwe~~- two 
collocated laser systems, all proposed methods .~f ~n~lysis 
are probably equaily viable. it is very' likely that di,fferent 
results,. when they occur, are 'due to different criteria for 
d'ata select'fon more 'than the computational' app~oa~·h .i t'self. 

Software b~nch~arking has pr6~en ·to be a ~~~~-~aluable 
tool of' . comparison of procedures '(A. Cenci,. ·19B6). To 
separate the issue of e~i ting 'from that of_ com~~ta(tional 
tech.nique', a ·simulated data set could be generated for two 
coloc~ted stations with known-but not to th~ a~aiysts
relative calibration constants. No d~ta ~oint ca~ be edited 
out. Then, the . same rarige bia~ ought to be recovered by all 
methods of anaiysis. A suc~essi~l benchmar~ing ~f t~is type 
between a GEODYN · based -~lgorithm and a kinematic algorithm 
based on POLIQUICK · (Edge, · 1986) h~s . been r~·ported by 
Kolenkiewickz (1986). Hopefully ~he' sam~ experim~nt is 
repeated for the remaining algorithms. 

' . 
Weather or not this experiment is dorie, the evidence so 

far is that colocation periods of several months are very ad
visable,· :if the body ~f data is to be suf;fi'c'entl.y complete. 

'1' 
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This wo'rk is suppo.rted by Piano Spaziale Nazional:~, C~-~~iglio 
Nazionale dell~ Ricerche. 
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Kootwijk Wettzell Wettzell Gorf Matera 

. . 
. ' 

--------------------------------------------------------------------------------------------------------~-

OD April-May '84 November '84 ·March '85 May-July '85 Jan-March '86 

.'EM Ml,K Ml,W Ml,M2,W Ml,M7 MO, Ml, M2 

3 Ml, M2, W 11 MO, Ml, M2 
JLTANEOUS 8 4 5 Ml, W 32 24 MO, Ml, 
ms 3 M2, W 39 MO, M2 
---------------------------~----------------4 Ml, M2 _______________________________________ 14 Ml, M2 ________ _ 

~= 
~LOOK 
~L POINTS X X 

~E BIAS(mm) Ml-K<-100 DUT/A Ml-W 260 
Ml-K:-35<+> DUT/G 

lLYSIS GROUP DUT/A 
DUT/G 

IFAG 

X 
X 

X 
X 

-17 (NASA GSFC) 
·- Ml-M7: -5 -20 (BFEC) 

-3 (IFAG) 
Ml-M2 -6 -13 
W-M1/2 -1 -58 
Ml-M2 +15 on target 

DUT/G 
IFAG 

BFEC 
NASA GSFC 
IFAG 

(see tab.2) 

(see tab.2) 

TPZ-UP 
IFAG 
UT-cSR 
NASA-GSFC 

---------------------------------------------------------------------------~-----------------BFEC,_DUT/G _______ _ 

te: Ml= MTLRSl; M2=MTLRS2; K=KOOTLAS; W=WETLAS; M7=MOBLAS7; MO=MATLAS 
) after relative height adjustament · 

ble 1 Some Recent Colocation Experiments Involving European Laser Systems 

------.......... 

"' '·,""'· 
~ .. \ __ _ 



ORBITAL FILTER 
DATA SOURCE RESIDUALS GENERATIONS DATA EDITING NORMAL POINTS ACCEPTANCE CRITERIA RESULTS (nun) 

rnr---M6-r~~~-a;!~---1~ni-8r~-ad}~;!=-----!;I1~r~d-2~5-~d~-------5-min~-N~~;~---sim~1!8n~~~;--!r;~kini--M6=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 __________________________________________________________________________________________ _ 

Multi-single 
pass adjustment 

3 sigma/single pass 2 min. Common pass 
MO-Ml -7±20 
MO-M2 +7±41 · 
MO-M2 +8±10 

------------------------------------------------------------------------------------------------------------------------

,., 
-J 

SR 

Single pass MO-Ml -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 

Multi-single 
pass 

adjustment 

Multi-single 
arc adjustment 

Multi-single 
pass adjustment 
polyn. fit 

3.5 sigma/single pass 

2.7 sigma/global 

3.5 sigma/single pass 

1 min. 

2 min. 

Common pass 

Normal points at 
common epoch 

Simultaneous tracking 
of common pass 

MO-Ml -18±23 
MO-M2 0±31 
Ml-M2 -20±20 

MO-Ml -9± 70 
MO-M2 -11±7 4 
Ml-M2 -14±33 

MO-Ml 
MO-M2 TBD 
Ml-M2 

e 2.: geometric and dynamic approaches to the analysis of the Matera Co 1 ocut ion tl<d ". 



-Multi single .. pass techniques: 
*Pass-by-pass least square estimate of a subset of-orbital 

parameters and, for each station, of a range bi~s. ~nd:time 
bias. 

* Calibration constant of the pass defined as differe~ce of 
range biases for that pass. 

- Long arc and polynomial fit: 
* "Coarse" filtering of the orbit using long arc techni

ques: 
* Pass-by-pass "fine tuning" of long arc residuals using 

polynomial techniques 
* Calibration constant for the pass as mean of~re~idual 

differences after polynomial fit. 

- Multi-arc technique: 
* Ephemeris generated using normal points from global net

work 
* Orbital residuals of normal points of colocated stations 

at ·the same epoch are differenced 
* Calibration constant computed as mean of simultaneous re

siduals. 

Table 3: Methods of computation of the calibration constant. 
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TELESPAZIO-University of Padova Analysis of Matera Colocation Data 

STATISTICS OF RESIDUAL DIFFERENCES (em) 

DATA SET: Full rate data from Bendix MT2MAT8 

N. of FULL RATE DATA I/5 SEC. 
passes 2.5 (1 EDIT 3G EDIT 2 .Sa EDIT 

MATLAS - MTLRSI I7 -O.I ± 2.5 0.3 ±2.7 -0.6 ± 2.4 

MATLAS MTLRS2 36 6.0 ±r.g 0.5±2.0 -0.4 ± 2.3 

MTLRSI - MTLRS2 I3 -0.3 ± I.4 -0.3 ±- I.6 o.o ±- I.6 

Note: Only passes with more than 5 min overlapping time and more 
than 30 observations are considered. 

Passes on Jan. I6 OI:SI and.Jan. 24 23:5I are not used in 
MATLAS-MTLRS2 final average 

SAMPLING 
3G EDIT 

-0.3± 2.8 

0.2± 2.3 

0.3 ± I.6 

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 different criteria of editing on final results. 
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Delta R-Bias vs. overlap (tnm·.)· 
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Figure 2: same as fig. I, for the range bias differences. 
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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 rangjng·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 f:ield 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 mu~t 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 
:analysi~ approaches~ both-collocation programs were utilized at GSFC for a 

· collocation between thet·lTLRS~1.laser from the Federal Republic·of Germany and 
··'the MOBLAS-7 laser be_longing to NASA. For a typical·-collocation pass' (6/27/85 

at·04/00·hr~.)contain_in'g 15·two minute overlap normal points betweenMTLRS-1 
and MOBLAS-7, the maximum difference between GEODYN and POLYQUICK is 0.4 em 
with an rms·of the 15 ·points of 0.16'cm. For the entire pass'GEODYN indicates 
~toBLAS-7 · is measuring 1 ong relative· to HTLRS-1 by 1.47 em, and POL YQUICK indi
cates L58.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 em. Details of the GEODYN collocation analysis program and its 
,...,... ..... t"'\""' "'.; ,.,... ...... ,_ • .; +l.. .f.. L-t." On I Vnll T rv "'"",..' .1 .,_,. •.• .; 1 1 hn ,.Jl"'lro,...,.; ho.rl 



INTRODUCfiON 

An objective-of the NASA Crustal Dynamics Program is to obtain Satellite Laser Ranging 
(SLR) data from the Laser ~ynamics ,S,atellite (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 POL YQUICK, 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 POL YQUICK analysis during a 
collocation. 

GEODYN ANALYSIS 

In order to assess the collocation software and analysis of GEODYN and POL YQUICK, 
both programs were used to reduce data from a recent collocation held at GSFC. The 
collocation selected was for the MTLRS-1laser 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 is a 2.5 
em. rms system, and a three sigma editing criterion will be used, only residuals within 7.5 
em. 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 em. rms system and a three sigma editing (16.5 em.) is used. Therefore 
3236 of the tota14423 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 given 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-l (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 489laser range residuals within± 7.5 em. of the computed 
orbi~ during this time period. The mean of these residuals is 0.16 em. with an rms of 1.97 
em. which when divided by the square root of the number of points yields a standard 
deviation of this mean of 0.09 em. Correspondingly there were 136 points for MTLRS-1 
within ± 16.5 em. of the orbit having a mean of -0.50 em., an rms of 5.84 em. and· a 

. standard deviation of 0.50 em. The difference of the means MTLRS-1 minus MOBLAS-7 is 
-0.66 em. with a standard deviation of the difference of 0.51 em. 
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 (p) and the weighted standard 
deviation about the mean(«!>) ,as defined below, are calculated in Table 1 and shown on 

, Figu~e4. 
i· 

.'For a population, Xh with uncertainties, Gi, the weighted mean is defined as 

.. ' ' 
A I; 

.. 
where· 

( 

:The weighted standard deviation of the mean, p, is given by: 

1 

. ~ =[ i w, [' 
2 

1=1 

and the weighted standard deviation about the mean (absolute variance) cj), is: 

1' -2 

cj)= 

Figure 41ndicates 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 em. or that for this pass the MTLRS-
1 is measUring short by 1.47 em. 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 em. 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. 
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GEODYN.AND POLYQUICK COMPARISON. 
. ' - ' ••• ' l • 

The. p'oLYQUICK. oomputer program (Husson and-Edge~ this issue) was used 'to :a.n~yz{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, POL YQUICK uses the data in the form of 
laser range residuals and azimuth and elevation angles 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 POL YQUICK 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 GEQDYN and POL YQUICK 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 POL YQUICK results shown for 
comparison. The greatest difference between any of the 15 points shown is 0.4 em. The 
bottom plot is the difference (POL YQUICK minus GEODYN) where the rms difference for 
this pass of data is 0.16 em GEODYN and POL YQUICK 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 em. relative to MOBLAS-7, the 
POL YQUICK analysis predicts a value of 1.58 em., or a difference of 0.11 em. 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 POL YQUICK as well as their differences are 
tabulated. The largest difference between GEODYN and POL YQUICK for a given 
collocation pass is 0.28 em. and the ims difference for the 13 collocated passes is 0.15 em. 
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 em. 
(POL YQUICK). . · · 

SUMMARY 

GEODYN and POLYQUICK.analyses are' currently being used'by NASA''ai 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 dif~erenced in order to compare the ability of the 
systems to measure the same range distance. GEODYN requires more computer time than 
POL YQUICK 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 
POL YQUICK 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. :rn: addi?on -the accuracy of the POLY QUICK 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 

_ solye for a relative station position.(navigate) from a group of ~oJlocation passes and thus 
discover survey errors;' this is more cum~rsome to accorpplish' with POI;YQUICK: :·For the 

· _current laser ranging systems undergoing coJlcication, the _a~ve analysis indicates ihar e~iher 
the QEODYN or POL YQUICK approach yields ~on:iparable r~_srilts~ POLYQUIGK should 

· be used in conjunction with other engineering arialysis on a real 'time basis.to'irisure 'rapid 
turn around of the data' in order to correct problems in a more timely manner. ' ' , ; . I ': ·.: ', .- . : , 

_.> ' • ' ' : ' , ' w ' ' ' ' ~ • • ' '· ' ~J • ! . . ' 
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ElAPSED 
TIME 

1.00 
3.00 
5.00 
7.00 
9.00 

11.00 
13.00 
15.00 
17.00 
19.00 
21.00 
23.00 
25.00 
27.00 
29.00 
31.00 
33.00 
35.00 
37.00 
39.00 
41.00 
4.3.00 
45.00 

LAGEOS 

MOBLAS-7 

HO.OF MEAN SIGMA STD.DEV. POINTS Cit OF t1EAN 
258 II -0.1011 2.3211 0.1411 382 -0.11 2.24 0.11 427 0.1.3 2.15 0.10 502 0.14 2.00 0.09 489 0.16 1.97 0.09 492 0.01 2.01 0,09 505 -0.07 1.84 o.o8 ti82 -0.06 l.Ui o.o8 469 0.11 2.03 0.09 48t; -0.02 1.80 o.o8 462 -0.06 2.04 0.09 463 -0.09 1.95 0.09 268 • 0.2611 2.2611 0.1411 205 II 0.57• 2.7211 0.19• 4115 -0.18 2.19 0.10 511 -0.11 1.91 o.o8 500 o.oa 1.9t; 0.09 SOl 0.19 1.91 0.09 424 0.28 2.29 0.11 468 o.-10 2.09 0.10 341 -0 • .30 2.25 0.12 274 • 0.11• 2.55• 0.15• 161 II 0.1011 2.59• 0.20• 

6/27/85 04:00 

MTLRS-1 MTLRS-1 
MINUS 

MOBLAS-7 

HO.OF 11EAN SIGMA STD.DEV. IliFF OF POINTS Ct1 OF MEAN THf ttfANS 
STD.IlEV. 

OF IliFF. 
0 II 0.0011 0.0011 
0 II o.oo• o.oo• 
0 • o.oo• 0.0011 
7 • 3.0611 3.8811 

136 -o.so 5.84 
110 -o.ss 5.95 
1.59 -0.90 5.73 
3111 -0.97 5.41 
3711 -2 • .51 5.09 
436 -2.48 5.57 
244 -2.47 5.36 
182 -1.68 .5.34 

91 0.04 .5.32 
239 -2.49 .5.28 

.34 -0.81 5.33 
116 -0.68 5.32 
207 -0.41 .5.13 

98 -o.as 5.67 
128 -0.88 4.47 
170 -0.66 4.96 

48 -o. 75 5.77 
90 0 .1.3 5.29 
45 0 • .56 6.08 

o.oo• o.oo• C.lo\11 
o.oo11 o.oo• 0.11• 
o.oo• o.oo• o.1o• 
1.47• o.oo• 1.4711 
0.50 -0.66 0.51 
0.57 -0.56 0.57 
0.4.5 -0.83 0.46 
0.30 -0.92 0.31 
0.26 -2.63 0.28 
0.27 -2.47 o•.28 
0 • .34 -2.41 0.36 
0.40 -1.59 0.41 
0.56 0.0011 0.57• 
0 • .34 o.oo• 0.39• 
0.91 -0.63 0.92 
0.49 -0.57 o.so 
0.36 -0.48 0.37 
0.57 -1.04 0.511 
0.40 -1.16 0.41 
o • .sa -0.76 0.39 
o.a.s -0.4.5 0.84 
0.,56 0.0011 o.5a• 
0.91 o.oo• 0.9311 

NTD. MEAN • -1.47 
STD OF MEAN • 0.10 

STD ABOUT MEAN • 0.84 

"Q· OF ITERATIONS • 4 

TABLE 1 Two minute interval analysis of residuals. 
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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 ± 0.20 -1.44 ± 0.20 0.21 

5/15 0612 1.55 ± 0.14 1.42 ± 0.14 -0.13 

5/20 0628 -1.93 ± 0.12 -1.96 ± 0.12 -0.03 

5/21 0838 0.05 ± 0.15 0.06 ± 0.15 0.01 

5/30 0704 -0.95 ± 0.10 -0.96 ± 0.10 -0.01 

6/03 0848 -1.39 ± 0.14 -1.12 ± 0.14 0.27. 

6/14 0738 -2.58 ± 0.11 -2.60 ± 0.11 -0.02 

6/17 0704 -3.76 ± 0.10 -3.56 ± 0.10 0.20 

6/26 0520 -3.41 ± 0.18 -3.28 ± 0.18 0.13 

6/27 0400 -1.47 ± 0.10 -1.58 ± 0.10 -0.11 

6/27 0732 -3.10 ± 0.10 -3.08 ± 0.10 0.02 

7/04 0838 -0.66 ± 0.30 -0.51 ± 0.30 0.15 

7/14 0530 -0.08 ± 0.20 0.20 ± 0.20 0.28 

WEIGHTED MEAN = -1.80 -1.76 rms = 0.15 

STD OF MEAN = 0.04 0.04 

STD ABOUT MEAN = 1.42 1.38 

TABLE 2 Comparison between GEODYN and POL YQUICK for the 
MOBLAS-7 and MTLRS-1 collocation. 



\" 

:·· 

.. ," 

'·, 

, 
': 

~ '~ ' ,, .:.: ' :. .. 



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. 
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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 modem 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 at 
'to- 'tc = L ------ (Ki -Kc) 

i=1 al(i 

(1) 

where 't0 and 'tc are the observed and calculated ranges (i.e., time delays), respectively, and the 

Ki 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): 

'to- 'tc = (<I>- <l>o) + c. (2) 

For our purposes, it has been assumed that all short period terms having amplitudes of 1 em 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 
MIJ' lunar range prediction results at the 20-30 psec level. We are presently working to attain 
the sam~ 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 Bill (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" UTOR - UTC values to UTO - UTC by re-introducing the 
short period zonal tide terms (see Yoder et al, 19~1). For the Bffi comparisons, UTO- UTC 
values at McDonald Observatory were inferred from the Bffi final values for x, y, and UTI
UTC, interpolated to the time of the MLRS 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 MLRS, 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 MLRS data reduction techniques to compute Earth orientation 
parameters from Hawaii data. In addition, 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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Figure 2. MLRS Earth Orientation Parameters 
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Figure 3. MLRS Earth Orientation Parameters 
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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 observ~tions 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 UTl-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 UT1-UTC implicit in the starting values, in order to 
improve the accuracy of the predictions to about 5 metres. We t'urther 
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 UT1 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 AUT1, where AUT1 is the error in the 
extrapolated value of UT1, and where we are measuring angles in time units. 
The typical magnitude of the error AUT1 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~ 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 UTl(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 value 
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 AUT1. 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 UTl(extrap) 

In o~der 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 UTl-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 

~UTI= (UTl-UTC)csR - (UTl-UTC)BIH 

where we have obtained (UTl-UTC)BIH by short extrapolation from the most 
recent values of the BIH rapid service. We then reduce the longitude of 
the station by 1.00273 ~UTI (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 ~UTI, 
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 Sm, 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 UTl-UTC from the observations 

Based on the above analysis it is clear that any small errors in our short
term extrapolation of (UTl-UTC)BIH should become apparent as small 
differences in the determined value of the time bias according to pass 
direction. In 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 

UTO-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 ± 0'!005 in xp and yp. Then for the coordinates of 
Herstmonceux (A ~ oo, 41 ~ 51 O), 

oUTl = 0'!005 tan 41 
= 0.4ms 

is the corruption to UTl-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 



UTl-UTC are given in Figure 3, where the values are compared to the raw 
UTl-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 UTl-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 used 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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119 = 1. 00273 .L1 UTl (in time units) , 
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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. 
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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 rdlector 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 mad (ms) 
McDonald 2.7m 12 12 .6 

MLRS 6 5 .3 
Haleakala 29 28 .3 

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 UTO- UTO 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 UTO - 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 UTO - 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 andY 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 LLJ_t "real time" UT can significantly contribute to accurate short' term UT predictions. 
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OERGA + BIH prediction 

UTOR- UTC = .54075 
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Fig. 3 - Residuals of range measurements ( +) over one night relative to hour angle. 
Dashed curve shows tl1e fit used for UT determination 
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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 
lunar visibility. With this graphical information at one•s fingertips, it 
is then a simple procedure to manually schedule observing £rews 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 Appler · 
Macintoshtm computer. Only very slight revisions would need to be made to 
accommodate thespecific locations of other ranging stations and, since the 
compiler used is a full implementation of FORTRAN 77, few (if any) changes 
~ould need to be made for transportin~ 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, r1aryland. 
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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 Apple® MacintoshTM). 
As a bonus, and specific to the MacintoshTM 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 MacintoshTM software, like Microsoft® Word 
and MacDrawTM, for greater readability and to actually manually incorporate scheduling 
information in the fmal output. 

Output Products 

Figure 1 gives a sample of actual program results. The standard output text file shown 
has been processed by Microsofl@ 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 MacintoshTM 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, 
\V, T, F, Sand the calendar day-of-the-month at the extreme left. Hour marks are given by 
vertical bars, "1", 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-line is the 
moon-line. A changing lunar symbol, denoting the moon's phase (new, " · "; waxing crescent, 
"J>"; 1st quarter, "D"; waxing gibbous, "o"; full, "o"; waning gibbous, "o"; 3rd quarter, "a"; 
waning crescent, "c["), 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, ''):(", 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 MacDrawTM (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 accompli~hed 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 Apple® MacintoshTM 3 112-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 
FOR1RAN-capable system. As proof of this fact, we have already ported this code (with only 
very minor changes) for running on an ffiM® PC/A TIN (see Figure 3 for sample output). 
Although this version does not have access to the special lunar phase characters which are 
available with the Apple® MacintoshTM 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 111780. 
Very satisfcatory results are also obtained by using a standard dot-matrix printer. This ffiM® 



PC/ATTM version should also be available, on request, to interested users in appropriate 
machine-readable form in the very near future. 
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PJtOC:ll»t PASPll.& 
c 
C .. 6PROCllN1 TO PJ.£01~ "J'B& TIMES or SA'fEt.I.l'rE fASSES AHD TIE 
C LCXA'rlON or TBE SOH AND HOON DUa.INC 'lR rASSES 
c 
C ••• PROCAN1HI!D IYI I.ICBARD !NfES. CEMTEI. roa SP.N:Z USEAJI.CB, 
C DEPT 6 Of' A!.ROSPACC ENC: .. .MD EliC. HECBAKlCS, 
C VNlVEllSl'lr OF TEXAS AT AUSTIJI 
c 
C ••• VE.llSlaf OF 1l JUN 13 
c 
C ••• Ainlaended by ret.er J. Shells• t.o HacFortran Capability for HLJlS crev 
schedulinQo 
c .•. April, 1985 
c 

DOOBLI:. fRtciSIOH .m, .1DP 
DOOBI.E PJtECISION XHJD.XHJDF,XMJD1,XKJD2,DO.D 
Jt.EAI. LON, I.UNHAG, LCNAI, l.OlfU, LUNUO. LUNB'r, LOlfLal, 

1 l.UNLAT 
looical deprinl,d•prin2 
real •unup1, sunup2, lunupl, lunvp2, laQU:pl, laqup2 
int.ev•r day1d 
ch.aract.er•l iclow,aoons}'ll,axel (2) ,!clay• fJ') 
c:.Mracter •.. aun. sun, laQ, up. cln 
cMract.er lv.nl1a(121) ,aunlin(121) ,laqUn (122) 
DATA lclay• /'N','T','r','S','S','H',"f'/ 
DATA depr1n1/.FALSZ6/ ,cl•pr1n2/.FALSZ./ 
DATA aun/"aoon'/,•un/'sun '/,lag/'lago'/,up/'up '/,cln/'clovn'/ 
DlHENSIQi LUN (l), STAUJN (3) 
DlHEMSiaf SUN Cl), SAT (l) 
DIHEHSlaf STASATil), STASUN(3), S'I'A(l), IHDY1(5), ll'DY2(5) 
DIMEHSiat IHDYl (5), IHDY .. (5), IHDY5 (5) 
DATA CLAST /-99"J6/, lUT /0/ 
DATA llASS /0/ 
DATA DTHIH I 12 .1, lCHJDr IU247 ,251 
DATA r.t.Hlll /20./ 
DATA SUNLIH 15,1 
DATA R.& /6371137,/, FINV /291,255/ 

c ••• McDonald Cl:l••rvat.ory, Fort Davh, Taxa• 

c 

DA'l'A S'rAB'l', S'l'AI.at, STAl.AT/lJD ,JU, 25.$ .tUOtl7J5,30. 17U'1UO 9/ 
DATA STA(l) /0./ 
DATA IHAX I U•99Ut9t999 /, DA1HAX I 10, I 
DATA Jt.AD /O.OUU32J2S1,03/ 
DATA CEQ 157,295770513012 I 
DATA U I3,1UU2Ul5191l 
DATA THOU ",21lll5l0717"/ 
DATA ct. IT~ /2,'112 .. SI ./ 

C ••• SATELLI'n :tPitHEJ.IS 

c 
c 
c 
c 
c 
c 
c. 
c· 

DATA CO. /2442905.51 
XNO, Xlfl AU EPOCB VALVES lATE.S (D!C/DAY) FOJ. 'ROE OF DATE 1100~ 
XLO, XLl AU FOI. UC: OF LATITUDE. CP:ti.I+Hu.N) 
XWO, XWl AU FOA TJWE OF DATE fEalAPSE 
XMO, XHl AJtE roa HUll ANCMALY 
liO'rJ:a lEI.IODJC 7DTUUATIOMS OM tEI.IAPSE AND HUll AHCHALY CAH 

BE IEVU.AL Dtc:Jt.EES, JJU'l' Ill AJU; OF J.A.'l'lTUD& THY AAJ:. AkCUlfD 
'l'E.NTU OF DE.GR.HS. 

c .•• .m-2442005,5 

c 

DATA XNO, Xlfl / 2J.S672, 
DATA XLO, XLl /223.1U 
DATA XWO, XWl /25J.235 
DATA XHO, XHl /l2l.J60 
DATA XINCL /109,149/ 
DATA ECC I 0.00 .. 6 I 
DATA ASAT /12 .2116/ 

0.342511 
22ti.07D/ 

• -0.21251 
, 22U.lll9/ 

c--------------------------------
C Thi• h a t•porary 'reacl & vrita' teat. patchl 
c 

c 

OPEN IUHI'%•2, FILE.-'CAI.nfDAA') 
aEWtMD 2 

11 call conv•r• (illo. jao, 1yr,XHJDF,OAYMAX,depr1n2) 
J.t (depr in2) then 

OPEN CUMIT•l, FlLE•"£ANES.Qrt') 
UNilfD l 

•n~ut 
day1d•1 
hy.oon-o.o 
•&Xelct.•l 
DTDAY • DTHIN/1440. 
CALI. SBADWO 

C. , .CafVU'r ANCUS '10 J.AD IAHS 
XMO • XNO •JtAD 

c 

Xltl • Xlll•AAO 
XLO • XLO•J.AD 
Xl.l • Xt.l•JAD 
XHO • XHO •JAD 
XH1 • XMl•JAD 
XINCL • XINCL •am 
COSl • COS(XINCL) 
snu - 1111 cxtNCI.J 
Cl.TS'l' • COS (STALAT•aAD) 
SLTST • Silf (STALAT•J.AD) 
CUfS'f • COS (STALOI•J.AD) 
SLNS'f • Sill (STAI.ON•JAD) 
IF (STA(1) .HE.O,) 1:0 "rO 5 
n.AT • 1./FINV 
!;SQUAll • n.AT• (2,-FLAT) 
Xlfl • aE/SQI\'l'(1.-ESQOAI.•St.TS'I'at2) 
XNPI • XNB + S'lAB'I' 
STACl) • XMri•Cl.'tS'!•CLHST 
STA(2) • XMtll•CLTS1'•S.LHS"f 
S'tA(l) • (XNPB-ESQUAI.•XNB) •SLTST 

5 CatTlliOE 

C ••• DA1'E. LOOP 
c 

c 

c:.all t.iae (it aero) 
1 - 0 

10 I • I + 1 
lr (I.CT.IHAX) 1:0 'fO 20 

C ••• DATES BY SEAJlCB AT DTHIH CHIMUTE.S) SPAClliC FJt.Qf XHJOF 
DEUIAY • (1-1) •DTDAY 

c 

IF (DELOAY .CT • DAYMAX) CO TO 20 
XHJD • lCHJDF + DB!.& (DJ:I.DAY) 

C ••• CQUU'fE. 'tOPOCEN"fJt.IC SATELLI'n A2CD SOli VECTORS 
.m • XHJD + 2400000,.500 
D•JD-00 

c 
C ••• C:J.Z.DtWICB BOOJt. »>c:LE, oa StDEat.Al. TIM& AT 0 DEc: LafC:. 

c 

TIIETAG • J.AC:C (.JD. TBETAD) 
COS Til • COS fl'BETAC) 
S lNTB • SIN ('lBETAG) 

C ••• SAT£Ll.1B COOIIDS Ill TJt.U~ OF DA'l':t SYSTEM 
Xlf • XNO + XJtl•D 
XL • XLO + XLl•D 

c 

XJrf - AHOD(X!f,TWOPl) 
XL - »ttD(XL,TWOPU 
»t - AHOD(»t,TNOPll 
IF IXN.LT.06) Xli • XN + TWOPl 
lr (XI.,LT,O,) XI. • XL + THO>! 
IF (XH.LT.O.) XH • XK + 'lWOPI 
XL. • XL + 2.•r.cc•stN (XM) 
COSM • COS (XM) 
SINH - SIN IXN) 
ILNt • S 1M (XL) 
CLN1 • COS (XL) 
SA'l'HAG - (1. - ECC•cos CXM)) •ASAT 
SAT(l) - (COSM•CUoH- SINM•COSt•Sl.»>)•SA'l'!1J.t: 
SAT(2) • CStlfM•CLAH + COSN•COSt•SL»t)•SA'l'HAG 
SAT(l) • (SUti•SLAM) •SATtW: 

C ••• .alATE. ABOUT I AXIS 'TO CET (PSUI.OO) BCX>Y FIXED POSI'UCN 
CALL IJtO't(SAT,COS'fB,Silf't!l) 

c 
C ••• Ct.T 'fOPOCENTAIC SA'nU.IT& fOSITICN 

c 

CALL TOPO(SAT, STA. STASAT,CLTST. SLTST,CLJIST, SUIS'f.SATA%, SATEL 1 
1 SATJ\80) 

IF (SAUL.L'l.ELHIN) CO TO 10 
sAnao - cz. •sATJ.BO/ct.tTE) •tooo. 

C ••• CET SATI.UI'tE tATITUC~, LONCITODI!, AND B:tiCBT 
CALL CTJt.AX (SA't, SATHAC, ).£, ESQUA.ll, SA'tBT, SATLat, SATtA'%') 

c 
C ••• c:E'f TBE SOLAA AAD LONll fOSITiaf YE.C'TOJ\S IN TB~ KEAlf OF DATE 
C r.QUATOa AND EQUINOX SYSTD1. 

c 

CALL SUNLUN (JD, SOH, I.Uli) 
SUNH.AQ • SQRTISUN(l)U2 + SUN(2)U2 + S0Hf))U2) 
LUNMAI:- SQII.T(LON(l)U2 + LUM(2)U2 + LUNC3)U2) 

C. • • Jt.OTA'n ~ I 'tO GE't SOli MD HOQI IB (fSUI.DO) BODY FlXt.D SYST!.M 
C. ,..J.!.ME.HBEJ\. 'tBIS rao:JWt lft.CI.ECTS lfU'I'ATION AND fOl.U tt:rl'ICN 

CALL U.OT (SUli,COS'%1, SINTB) 
CALL ll\01' (Wlf,COSTI, SUrtB) 

c 
C .. • ,t;ET SUI-SON ?OlliT CN TR t.AI.'l'a 

c 
CALL CTkAJC (SUN, SONMAC,aE, ESQUAA, IUNB'l',JUNLON, JUllt.A'f) 
CALL c:rJ.AX (LUll, LUNMN:,a:t,E.SQUAA,t.UHI'l',LUNLON,LUlfLAT) 

C .... ,CE'f TOPocr:BTilC SUlf .MD J«:)at COORDllfA'lU 
CALL 'tOlO(SUN. STA, STASUI, Ct.TST, St.TS'l' ,CLlfST, IUIS'I',SONAZ,SUMEI., 

1 SUNJ.BO) 
CALl. TOPO(LUN. S'l'A. STALUN ,CLTST, St.TS'f ,CIJIST, II.HS'I',tUNAI, t.CNEL, 

1 LUHRBO) 
ACUUII • (t.UNI.at-SUNI.CII) •2t,53053t/UO, 
IF CAGUUII .L'f. 0,) AGUDH • AGJ:t.UM + 2t,l305lt 
if IAGELUN<1, 1 .. 5Ut .oa,H;ELUI>-2'1 ,614110)1100n•ya-' ' 
if (ACELUN>•16145 659.N'ID .. ACELON<5 .5l6116)aoonsy.•' • 
if (AGELUli>•S .531t'7 I.AND.H:ELUN<9 .221213) 1100nsya-• ' 
if (ACELUM>•t.2212!l .AND.N:;ELUM<12 o tl J6ll)•oon•p•' ' 
ifiACELUlf>•12. n "ll.AHD,MI.LUH<ll • 110J21J .oonsya-• ' 
if IACELUJrf>•l 1 .. 110121 .AND.Ac:r.LUlf<20 ,3022<1 I) MOOns,_-• 1 

ifiAGEl.UM>-20.302241 .AND.AGELUN<2l. J935U) aoon•y.•'•' 
11 (AG:ELON>•2J. t9356l.ANO.AC:Et.OH<2l,lt41t0)aoon•)'11-'ll' 
U (LUNE.t.>hy.oon) then 

declun•AS IN (LU'It (3) /LUNMM) •DEC 
lv.ndec-lJtT(dedun+O .S) 

hy.oon•J.UMtL 
AGELUN • CLUlfLOH .. SUltLaf) •2t.Sl0Slt/l,O. 
IF (ACELOH .LT. 0.) AG!.LOH • ACELUII + 2t.Sl05lt 

lunao-tMt (AGUOlf +0 • 5 J 
endlf 

c ••• Monitor risino and ••ttino tbl•• ot all 'thr•• oltj•ct••u••••••• 
c ••• tnit.1alhe par ... etera if thl.• the t1r•t U.ae th.rouqhr 

it (1•1) then 
lunup2•LUNE.t. 

aunup2•SO'NtL 
laqup2•SATI.L 
vrite (9, 1001) LOliElo, SUlftt., SAUL 
lunl1n(1)-• ' 
laolin(l)•' • 
av.nlin(U•'l' 
if (LUNEL>ELH.llf) lv.11lin (1 J-oonsya 
if (SATEL>£LHJN) laqltn (1) •'0' 
1dow-1daysC•ocl(id1nt(XHJD), 7) +1) 

1001 tonat('LONtL-",tlCI.S,•I IUJIEL•',tlO.S,•I SATEL-',tlO.S) 
c:..ll prepao•Cj.o,iyr) 
•1•• 

c •• Cat~• h•r• tor ••conct t1•• aM lat.er return•• 
:lunvpl•hnv.p2 

lunup2•LUNEL 
•unupl•••nup2 
•unvp2•SONEL 
lAQv.pl•laQUp2 

1aqup2-5ATJ:L 
if Uunupl<EtHIH .AltO .1Wlup2>Et.Mlll) writ• (t, 9) 1, XMJD.aun, v.p 
lf(lunv.pl>ELHIJf .AN'O.lunup2<ELMlH) writ.• C t, 9) I,XHJD,aun, dn 
if C•unv.pl<O .o .AND.•unv.p2>0,0)vrit• (t, t) 1, »tJD, •UA• up 
1ft•unupl>O.O.AHO .. •unvp2<0.0)write(J, JJ I, XHJD, •vn.dn 
1f(laQ"'Ipl<ELMtlf.AND.l&Qup2>ELH111)vr1te(9, J) I,»t.JD.laq.up 
if(laqupl>nHnt .AND.lagvp2<£LKt'N) t.he11 

vr1te(9, 9) I, XH.JD,laq,dn 
aaxelav-triX (r.J.MAX+O .5) 
call cnve.rt (JaaJWlag, ax•l) 
aaxelet.-1 

end1l 
t fonat.I'J- •,t,,•, XH.m- •,rts .. s.•, •,A4,• 1• •,A4,' .. ') 

). .. od. (I, 120) 
1f (k>l) t.h•n 

lv.nlin (k)•' • 
1t (•axelet.>2) laG lin (k) -· ' 
•unl1n (k) •'. • 
1fCLUNU>:tLHtll)lualin(kJ•oon•)'!l 
it CSA'l'tl.>tLMJW 6AND .aaxelct.>2) lag lin (k) ••0• 
1t (•&Xelct.-l)t.hen 

laolinCt) .. xel(l) 
la;UnUr.+l) .. .xalC2J 

endU 
tf (SUHEL>O .0) •unlin (lr) ·•0• 
if l•od (k,,)-1) •unlin (k)•'l' 

•h•tt (k-o) u •• " 
lunltn(l20)-' • 
tf f•.,.,•lct.>2Jlaoli"Ct20)•' • 
•unltn(l20)•'•' 
it (LUlitl.>tLMill) lvnl1n C 120) .. oon•Y'I 
if (SATEL>tl.HIN .AND 6aaxelct.>2) lao lin ( 120) -•0• 
if C•u•lct•l )th-n 

1ao-UnCl20)•xe1(1J 
laol1n(l21)-M1(2) 

•ndlf 
if CSUKEL>O .OJ av.nUn C 120) ·•O• 
1t (lllod lll.5)•1) 8Uftlift (120)-• I. 

ebeif Ck•l) t.h•n 
lunlln 1121)•' ' 
if C•ax•lct.>2) 1-.;rlin (121) •' • 
aunlin (121)•'• • 
it (LUME.L>!.tHill) lunltn ( 121) •oon•y. 
if (SATE.L>El.Htli.AND .•axelet.>2)1AQlin (121) ·•0• 



l.aolin C l2U-•el (1 J 
laol1a(122J-x•l (2) 

•1•• 
1ao11n(122)•" • 

end if 
if (SUNEL>a .0) •unlin C121)••0• 
if(.od(k, 5)•1hun11nU21) •'I' 
writ• (2, 1a6) lun11n.lundec, lunao• 
write (2, 108) ldow, d.ayid, •unlin 
wr1te(2, ta9Jlaq11n 
writ• (2, 101) 

106 f'oraat(5JC.,121A1,14,'/',12) 
101 f'oraat(" 'J 
101 foraat(a1,13,1.x, 121Al) 
109 f'oraat(5x,122A1) 

end.if 

call prt)'IIUtMro,dayid,DADV.X) 
hp.oon-0.0 

it !!!I1:;!:.;:·cl&y1d•20) then 

call pr.pa;• Cjao, iyr) 
enclif 
if' (d.ayicl•lnc. CDAYMAXl ) then 

call pospa.ge 
enclit 
1clow-1claya(aod.Cid1nt(XH.m), 7) +1) 

cl41yid.""'C141y1d.+1 
lunlin(U•' • 
l.a;Un(U•' • 
•unlin(l)•' .• 
1!(LONEL>!.LHIN) lunlin (1)~nayu 
1f (SATEL>ELI!IMilaqlin (11•'0' 
1f (SONEI.>a.at •unlin (lJ••O• 
1f(aod.(t, S) •1)aunUn(1) •'I' 

enclif 
aax.elct-..x.elct+1 

tF (SATEL.LT,!l.HIJI) GO TO 1a 
c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

1f(cl•pr1nl)t.hen 
c234$ 67891123 cu7o !2123 u 67893123 uno u 1234$ no '!123 u nun23 una n 12 
c ... Firat ct ... buq print (20 .April) 

WI.ITE (,,1) 1, DEl.DAY, SAT£L, XM.lD, StrNEL, .;m, LOHtL, D, TIETH: 
1 FOR.HAT('X •',U,2X,'DU0Al'•',F1S.S,• SATEL-',FU.S/ 

2 lSX, 'XMJD •',FU.S,' SUNEL-',FU.S/ 
3 UX, •.:m •',F1S.S,' J.UNEL-',FU.S/ 
4 UX, 'D •',FU.S,' TB£TAG-',F1S.S) 

C UAD (9, 2)CI11Ptrr 
2 FOilMA'l'(FlO.S) 

c .•. EAd. of tint H-buo print (20 April} 
end.it • 

c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
c 
c •• ,CJU:.CX Fell A N'tiC PASS 

c 

IF (ABS (D-DLAST) •1440. .L't. lO.J C::O TO U 
IF (NPT .EQ, 01 CO TO 30 

C ••• PASS caiPLETED, PRIN'f SUMMAR.Y. 
IPASS • XPASS + 1 
SUNr.LA • SUHELA/HPT 
AKJCP • AM.mP/HPT 
U'TP • NUDP - AINT (AHJDP) 
SOL'tA • UTP•24. + STALOH/15. 
SOLTA • AHOD (SOL'l'A,24.) 
lTIMt• (XHJD2-XMJC1) •1440 o 

IMAXEL • 'tLMAX +.a.S 
1f(deprin2)th•n 
JDP • DBLE(XHJDl) + 240aOOO.SOO 
CALL XALDAl' (JDP, IHDl'l, XSECl, HOH'l'Sl) 
JOP • DBLE(XH-'02) + 2400000.500 
~L XALDAl'(Jt:IP,IHDl'2,XSEC2,HONTB2) 

C WlllTE(9, .320) IPASS, M.lDP, IHDYl(l)•UOO, IHOYl(l), IHDl'l(2), 
C 1 IHOY1(4),1HDYl(S),IHDl'2(4),nmT2($), PTIHE, NPT, 
C 2 SUNELA, SOLTA 
C 320 FORMAT (/lX,"lASS ",U,F12.4,2X,3U,lX,2t2,1X,2!2,F6.2,%4, 
C 1 2F10.31 

vr1t• (3, 3la) IHDrt (3)•1900, HONTJll, IHDl'l (2), lHDl'l (4), IHDYl (S), 
1 IHD't2 (4), IHOY2 (5) 1 NiJDP 

e WRITE (1,340) IHDYl(J), IHDYl(ll, IHDY1(2), IHD'tl(4), IHD'U(5), 

c 

1 lHDl'2 (4), IHDl'2 (S), IKAXEL 
340 FORMAT (lX, l4,13,13,1X, U, 13, 1X,l3, U,lX, Il) 
310 FOIU1AT (/lX, 'PASS or ', l2,1X,A3,1X, 12, • ltcl'M •, 12, IJ, 

1 ' END •, I2, 13, 4X, "KlD-HJD • •, F12.4) 
writ• (3, lU) All, £1.1, AU, tl.2 

JU FORMAT (lX, "SATELLITE AI ANDEL AT ats£ • •, 2M.2, 3X, 
1 ' SE'T • ', 2Fl,2) 
writ• (3, lU) BALUN!, BALU'N2, AC!!LUN 

3 U FORMAT (lX, 'LU'NIJ\ 1001 ANGLE AT I. IS£ AND SET • •, 2F1.2, 
1 2X, "LONAI. ACE • •, F1.2, ' DAYS') 
wr1te(3, 317) S1JH£l.A, SOLTA 

311 FORMAT (3X, 'SUN ELEVATION • '• F10.3, lX, "LOCAL HEAH ", 
1 'SOLAlt TIME • ', F10.3, ' BODRS') 

.;rop • DIL't(T&MAX) + 2400000.5DO 
CALL ICALDAY (JDP, IHDY3, XStcl, HON'l'Rl) 
wr1te(3, 600) IHD'tl(4), IHD'tl(S), EUWC: 

600 FORMAT (3X, 'TIME OF HAX EJ. (U HH) • •, U, U, lX, 
1 'MAX EL • ', F6.2, ' DEC') 
IF (DLIT2 ,L'l'o a.) CO TO 30 
JDP • DBl.E(DLITl) + 240aooa.SDO 
CALL KALDAY(JOP, IHDY4, XSEC4, HONT84) 
JDP • DBl.~CDLIT2) + 2400000.$00 
CALL kALDAT CJOP, lHOl'S, XS£C$, HONTB$) 
wr1t•(3, 601) IMDY4(4), IHOT4(S), IMDY5(4), IMDYS($) 

,01 FORMAT (lX, 'SAT£LLITE IS SUNLIT FRQ1 •, 12, Jl, • 1'0 ', 
1 U, Ul 

IF (DBOP.N .GE, 0.) "'r1t•(l, 602) 
602 FOllMAT (3X, 'SATELLITE '1'00 CLOSE 'fO SUM AT SOH!. POINT l'H '%BE", 

1 ' PASS', /) 
•ncl1f 

C ••• BEGIN A NEW PASS 
30 ~TINUE. 

NPT • a 
NSJDP • 0 
SUNELA • a. 
XHJDl - XMJD 
All • SATAI 
ELl • SATEL 

C IIALUNI • (STALOM-LUMLall/14 .U2 
Pl.UNl • (S'l'ALON•LUNLaf)/lS. 

c 

IF (BALUN1 .LT. -12.) ll.ALUNl • .llALUlll + 24. 
IF (BALUN1 ,G'f, 12,) IIALUN1 • BALOH1 - 24, 

C ••• GE'f ACE OF t«nf AT PASS STAJlT. 

c 

ACE.LUN • CLUMLON-SUNLaf) 1111 29.$30Slt/l60. 
IF (AG£LUN .J.T. 0.) AG&LUN • ACtLU'N + 29.530$39 
EUWC: • -90, 
DLIT1 • 999999 • 
DLIT2 • -UU,. 
DBURH • -U,9U. 

C ... Nor A NtM PASS 
lS DLAS'l' • D 

AU • SA'l'AZ 
EL2 • SATEL 

C BALUH2 • (ST.AI.at-LUNLON)/14,492 
8Al.UH2 - (STALai-LUHLON)/lS. 

c 

IF (BALUN2 .L'l'. -12.) llALUN2 • BALUN2 + 24. 
IF (BALUN2 .. r:'l'. 12.) BALUH2 • BALUN2 - 24. 
JIPT•IfP'l'+l 
P.m • SNCL (J'D) 
SUNELA • SUNtLA + SUN'tL 
HIJDP - »>JDP + »tJD 

C ••• c:r:r HAX :tLEVATIOif PO IN'! 

c 

IF (SA'l'E:Z. .C'r. ELKAX) ELMAX • SA'l'EL 
IF (SATEL .EQ. EIW.X) 'TEKAX • XHJD 

C ••• SUM AND SA'rELLITE C£Q1£TkY 

c 

CALL I BADON (SAT,SATHAC, SUM,SUHHAG,SilFRAC, I.SUM,J.SUH1,RSUN2) 
SATSUN • ACOS(STASA'l(lt*S'lASUN(ll + S'lASAT(2)*STASUN(21 

1 + STASAT(3)•STASUM(l)) 6 DEG 

C ••• FIND IMTD.VAL DUI.IWC lf.!.ICB IA'l'ELLI'l'E II SOlfLr! 
IF (SBFilAC .Lr.. 0.) QO TO 1' 
IF (XHJD .LTo DLITU DLITl • XHJD 
IF (XHJD .Cit. DLIT2J DL1'1'2 - XHJ'D: 

1' COH'llNUE. 
c 
C. • • IS SATELLITE. TOO CLOSE TO 'rBE SUM 

IF (SATSU'N .t.T, SUlfLlH) DIUllN • XHJD 
c 
C ••• JLCYCI.E 

c 

c 

GO 'lO 10 

20 COHTIMU& 
"'rit•(9.101) 

101 fonat(I'Thi• ••••ion 1• over. llow'.,.r your joA b not totally'/ 
1 'done. Th• ~:~rint f'll• now auat be properly tonr.atted u•ino'/ 
2 'NORD, Once you h.ave fil• CA.t.ElfDAI. 1A NQIU), do the following:"/ 
3 ' 1. choo•• WID& in the PAG't SETUP ••ct1on vnd.•r FILE;'/ 
4 ' 2. chanq• all th• HARQINS to 0,$ (except. for GUTl'E.A); '/ 
5 • 3, uncler FORMAT, choo•• tha t-point. COUJ.U.ll font;'/ 
' ' 4. in••rt paqe llr .. ks (SIIrt-EHTEJ.) at. the 10 and'/ 
1 • 20 Uy e.1endar lin•• duriAq each •onth. ancl at t.b•'/ 
I • end of •a.ch raonth. 'Ill 
t 'That• all th•r• 1•, Pr••• J.ETUIJf ancl ttt.n op•n WOJ.D to beqitl'/ 
1 'th• r•-foraattin; procea•./1' 
2 'If you aaked. for a LH;tOS •u~~~aary print-out, you' '11 !in d. it'/ 
l '1n tha ftl• taaJMd. •J:.ANr.s.otrr••J 
accept iyr 
END 
•ubroutine chebnd (a.nn•er) 
eharact•r•1 answ•r 
wr1t•(9, 101) 

1 type(9,102) 
101 fonat(//'Do you n .. d a UCEOS •UIIaary print-out'!'/ 

1 • CAn•wer •y• or ,., ') 
102 fon.at(' Ent•r your choic• her. (follow.ct by 41 UTUlN)-->") 
103 Lormat(//''tou typed. a ',A1/ 

1 'I expected. Y or 11. Try aqain') 
accept anu ... r 
if (a.nsw.r- •y • .OJ..anaver-•y• ,OJ..anawe.r- 'If" .OR .answer• • n •) r•turn 
"'r1t•(9,10l) answer 
oo to 1 
end 
•ubroutin• cnvert (1, c) 
char41ct•r•l c(2) 
if (1>1 .AND. 1<100) then 

11•1/10 

•1•• 

12-i-11•10 
eC1J-cB..M.(11+48) 
c (2) -cB.All (12+48) 

c(l)•• • 
c(21•' • 

"'r1te(t,l01)1 
101 fon41t(-Ca.ll to OIVJ\T with out of ranq• arqu111•nt, 1 •',16,',') 

endif 
r•turn 
end 
•ubrout.in• prt:p. (it zero, iday,DAl'KAX) 
call t!llle(it) 
ibrl•int (it/3600 .) 
illn1•1nt ( Ut•ihr1•3,00,) /60+0.5) 
el41p••d•Jl£AL Ut•it.z•ro) I '0 .0 
toqo ... tapaed./J.tAI. ( id.ay) • (DAYHAX-RAL (!clay)) 
f1n1shed.•Rt.AL (it) +toqo•60. 
1hr2•int (tinbh•d./3,00.) 
1Jan2•1nt ( ( t1nhhed-1hr2•l600 .) /60+0.5) 
"'r1t•(9, 101) iday,•lapaecl,tcqo, 1hrl,bnl, 1hr2, b.n2 

101 fonat('Coaputationa for clay ',12,' have just "•" eonpl•ted..'/ 
1 'Elapsed ti•• t •,tS.1,' ainut•••'/ 
2 '£st.t1ae to qoa ',fS.t,• ainutea.'/ 
3 "1'1•• r1qht nowt • ,12, •a•, 12/ 
4 "Eat,comp.ti.nle 1 ',i2,'a',12) 
return 
end 
SUBROUTINt SIJNLUN (TolD. XS, XH) 

C ••• CtT MEAN OF DATE EQUATOR AND ~QUINOX SOLAJ\ AND LUNAR POSITION 
C VECTORS Flta1 !lllOWNS LUNll 'l'BE.OR't 
c 

c 

c 

DOUBL& PUCt S laf TJD 
Dl'MtHSION XS (3), XH(3), AJlC(S) 
DATA I.UNPJI.£ /2/ 

CALL DIANA ('I'm. LU'NPRE, XM, ARC) 

C ••• CE'r SOLAR. ORBIT UD1EHTS 
AUS • 1.496£11 

c 

£CS • 0,01675104- O.l144422:&-8•tr.JD-241S020.0C0) 
XI'S • O. 
CAPOHS - a. 
PEUS • ARC(5) 
XHS • Alt.C(2) - AJlC(S) 

C ••• CONVERT OABI'l' ELEHENTS TO POSITIQrl VECTOa 
CALL K'tP (ADS. ECS, XIS, PEJ.IS, CAPOHS, »>S, XS) 

c 
C. • .J.OTATE ECLIPTIC UEHENTS IHTO EQUATORIAL SYSTEH 

CALL E.CLEQ (XS, T.m) 

c 
CALL ECLEQ (»i, T.JD) 

UTUJIH 
END 
subroutine conv.rs (11a0, ,.a,J.yr,Jlajdt,«<•yaa•, Uprin2) 
doubl• pr•chion JUI'df 
ch.&r41ct•r•J :jao 
character•! answer 
loQical le•p,d•pr1n2 
wr1t•U, lOU 
type,,, 102) 
accept 11110 
wrJ.t•(9,10lJ 



accept 1yr 
c ••• Check if •tono !.ane•-type print-out• 1• d.e•ired. 

c..all chekencl (an•wer) 
if (an•wer•"Y' .OK.an•v.r••y•) depr1n2•.1'RO!:. 
write (9,10.$) 

101 fonat("HUS Cb••rv1no Crev lched.ul1no calendar rroora."/// 
1 'Enter t.M •onth for vhich a calendar b de• ired.. •J 
2 • (1-.Jan, 2•Fe}J, 3-H&r, ••• , 12-0.cJ "/ 
3 • (CCIIIplete your entry ~y pr•••ino I.ETU:RN) • J 

102 foraat("Your choice-> ') 
103 foraat.(/// 

1 "Enter the year for vhich th• ca1•ndar 1• de• ired.'/ 
2 • (A 4-d.ioit nu.ber b d••ired., i.e., UU, 1915, etc) •f 
l • (CCIIIIpl•t• your •ntry by pr•••ino J.ETURNJ •) 

104 foraat ('Your choice--> •) 
105 for•atC///'T'h&nk youl'// 

l'Th.i• ahou1c:l take about. 30 •lnut••· Co and h.av. a cup of coff .. l') 
SEl.ECT CASE Cl•o) 

c.u•(l) 
jl'lo••Jan• 

c.a.e(2J 
jao•'Fe!J' 

ea••C3) 
jao•"Kar' 

c.u•(4) 
j.a•'Apr' 

ea•e(5) 
jao••ttay• 

c.a••UJ 

ca .. ('l) 
:1--'-"'n' 

:1--'-"'l' 
ca••ll) 

jao•'Auo• 
c.a••(9) 

jntO-•sep• 
ca••UO) 

j•o•'Oct' 
ca•eUl) 

jmo•"Nov• 
c.a••U2) 

jao•'Dec' 
tND SEl.EC"'f' 
1eap•.FAl.St:. 
iftaocl(iyr, 4J-G .AHD.•od (1yr,400) .NE.O) leap•.Tl\UE. 
if (S.o-2.AHD.leap) then 

d.ay.ax•29 
eb•lf (hlo-2 .A.'iD •• liar .l•ap) th•n 

d.apax•21 
•h•lf (1ao•4 .oa .tao•' .oJ.. bo-9.0JI..it~o•11) then 

clapa.x.•30 
•1•• 

dayt'I&.X.•31 
endtf 
JUajclf•36l•tyr-'7• Uyr+ Uao+9) /12) /4-3• ( Uyr+ (ift0-9) /1) /100+ 1) /4 

1 +2'75•tao/9+1+1'721029-2400000.'75 
.', vrlt.• (9,201)XIIIjdf 
.201 foraat.(I/'XHJDF •'.t9.2) 

Z'•turn 
ond 
aubroutin• prepao-•(:)lo, jyr) 
character•) j.o 
int-o•r jyr 

c ••• rrep.ar• ancl print 'DOnth and. y.ar' Mad•r, th•n •kip a line. 
vrU.• (2,10l)j11t0, 'yr 
vrtt• (2,102) 

101 toraat(al.1Jl,J.4) 
102 foraat ( • ") 

c ••• Prlnt CD'1', trr, and. CST line•, then atip a lin•. 
call cdtlin• 
call ut.Une 
c..all c•tlin• 
vrtt.• (2,102) 

c ••• 1\et.urn t.o call routln• 
rat. -urn 
ond 
aUrovtin• poapao• 

c ••• rrlnt cn, U1', and. CD'1" litJea. 
call utll.n• 
c.all vtlJ.n. 
ea.ll cdtl111• • 

c ••• a.t-urn to call routine 
return 
ond 
•Uroutin• cdtlJ.n• 

c ••• rr•~ and print. •att• lin• 
typ•(2, 103) 
do 10 1•2,11 

10 type(2,104J1 
t.)'p•(2,105) 
do 20 i•1,11 

20 typ•(2,104J1 
wr1t•C2,10') 

103 toraat('CDT 1') 
104 foraat.US) 
lOS toraat(• W') 
10' tor-..c.c• H 1 CDT') 

ret. -urn 
on4 
•Orout1ne ut.line 

c ••• rrep.a.re and. print 'U'l' Une 
typ•C2.103J 
do 10 1•7,23 

10 type(2,104) i 
do 20 i-G,I 

20 ~ypo(2,104)1 
.,rite C2,105) 

103 foz.at.(• O"r I') 
104 lor .. t(U) 
105 toraat(' rn') 

r•turn 
ond 
•ubrout.ine catlin• 

c ••• rrepar• and. print 'CST' line 
type(2, 103) 
d.o 10 1•1,11 

lD type(2,104)1 
typ•(2,105) 
do 20 1•1,11 

20 typ•(2,104) 1 
vrtte(2,10') 

103 foraae.c•csr H') 
104 toraat (U) 
lOS tor.-c.c• H') 
10' loraat(' H CST') 

ret. urn 
ond 
SUBlOU"tlNE DINiA(DA'I'E, EXACT ,Xt, NiCLt) 

C ••• CQ1PU'I'ES CECCENTAIC COOROUfATES OF TBE I10CII IY U.E 
C LUN.U TBE.ORT 
C ••• Pllt.ClSlON• 2.SEC.or ARC Ill LOHCITUDEIWBE.H EX1t.CT-4J 
C l.SEC.or DC 1M lo1t.TITUDE (NBl.H EXAC"l"•4J 

C • • • llfPU"'' PARAHEttU 
C DATE JULIAJt DAY IM EPBD1D.lS "''IMt.CDOUBU PJI.ECISiat) 
C EXAC"f llfttc:!.l. IIUM!ID •1,2.,3,4 FOR lRtclSIOH 
C 4 WILl. IE TBE HOS"'l ACCURATE 
c ••• ountrr rAMHrttJ. 
C X& TU lOSI"riON or 'l"H MOON NJ:Tll J.UPECT "1'0 ECLIHIC Sl'STE.l1 

DOUBLE lat.clSiat CATE 
DIKE.MSIOH X£(3J,AHGLECS) ,IXC4, UJ ,Xtll) ,11'(4,41), T(U), 

$ II (4,30) ,1(30) ,EM (10), IMC4.,10), EG (13) • IC(4,13), SEJ.X(Gl), 
S SUY(U), StJJt (10) ,StllC(ll), St.U (30) ,'NC(4) ,NX(4) ,Nl'l4), 
S 1U(4},MNC4J,1t.DDC3) 

IN"rtC:tR S£RX, SEltl', SEll, SERM, SEJ.C, !.XACT 
DATA llAD IO,Ol7U3292SU94l31 
DATA PI /3,141592U351911 
DATA T>IOPl I 5.213115301179C/ 
DATA IECIWl I 4.14113Ul10945E·51 
DATA AE I 5311131.1 

C ••• SUPPLT CATEIJUL11t.H DME+DECIMAL OF Til& DAY)AND tXACT(11"0 4) 
CATA MX/1, 21,39, 61/,NY/4, 13,23,41/,Ht/1, 4,10,30/ 1 

I NN/3, '7, 10,10/,NC:/0, 0, 2,13/ 
DATA SEltX/'7, 1,3, 2S, IS, 53,2,,33, S, 15, 40,21,32,54,103, 109, 

s t, '70, 2'7, 41, 14, 59, '4 ,39, 24, 2, '71, 14, 110,71, 58. 4'7, '7'7. 4 '· 
s 90,101, 52,34,11'7,10,)1, '79,15, 95, "· 116, .5,149, 1'7, 124,1 u, 
$ 193,129,125, '72,1l,I9,13S, U,102,1SO/ 

DATA St.RY/410, 412,391,423,408,411,460,425,496,458,419,397,519, 
$ S63,4l4, 414,421,4 91,455,4 94, 45'7, 43 6, 4 69,421,400,409, 4'7'7, 
S 511,509,413,570,511, 406,462,$44, 413,399,4 44,411,581,5 U, 
$ 432,5U ,541, SU, 492,424,550/ 

DATA Stl\N/11'7,119, '792,193, 795, '791, ')U, '790, 788,194/ 
OATA sne/"9, "721, '73'7, 611, '700, '71'7. 5U, '70,, 642,123,650, 

s 653, '733/ 
DATA StlU:/101,109, 103,123, 80'7, 111,131,836,820,830,893, 

$ 159.110.115.125,114,124,122,102,135, 13'7 ,154, 8'71, 8'0• 
$ 849,141,16.S,I42,181,132/ 

DATA IX/ 1,0,0,0, 1,0,0,-2, 0,0,0,2, 2.0,0,0, 0,+1,0,0, 
• 0,0,2,0, 2,0,0,-2, 1.1.0,-2, 1,0,0,2, 0,1,0,-2, 1,-1, 
s o,o, o,o,o, 1, 1,1,0,0, o,o,2,-2, 1,o,2,o, 1,0,-2,0, 
s t,o,o,-4, 3,o,o.o, 2,o,o,-4, 1,-1,0,-2, o,1,0,2, 1,o,o.-1, 
s 0,1,0,1, 1,-1,0,2, 2,0,0,2, 0,0,0,4. 3,0,0,-2, 2,-1,0,0, 
s 1,0,-2,-2, 2,1,o,-2, 1,o,o,1, o,2,o,-2, 2,1,o,o, o,2,o,o, 
s 1,2,0,-2, 1,0,-2,2, o,o,2,2, 1,1,0,-4, 2,0,2,0, 1,o,o, .. J, 
s 1,1,0,2. 2,1,0,-4, 2,-l,0,-2, 1,-2,0,0, 1,-2,0,-2, 0,1, 
s 2,-2, 1,o,o,4, 4,o,o,o, o,1,o,-4, 2,o,o,-1. o,1,-2,2, 
s 2,0,-2,0, 1,1,0,1, 2,0,0,-3, 3,0,0,-4, 2,-1,0,2, 1,2,0,0, 
s 1,-1,0,-1, 3,0,0,2. 1,0,2,2, 4,0,0,-2/ 

DA1"A IY/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, 0,1,0,0, 1,1, 
• o,o, 0,0,0,1, -1,0,2,0, 0,0,2,-2, 3,0,0,0, 1,0,0,-4, 
.s 2,0,0,-4, -1,1,0,-2, 0,1,0,2, -1,1,0,2, o,1,0,1, 3,0, 
s o,-2. o,2,o,-2, 2,o,o,2, o,o,0,4, 1,o,o,1, 1,1,0,2, 
S 2,-1,0,0, 2.1,0,0, 1,1,0,-4, 1,0,2,-2, 2, 1,0,-2, 1,0, 
s 0,4, o,1,o,-• .. 1,2,0.-2. t,o,o,-3, o,o,o,3, 4,o,o,o, 
• 1,0,0,-1, -1,0,2,-2, 2,•1,0,2, 3,0,0,2, 2,1,0,-4, -1. 
$ 2,0,2, -1,2,0,0, -1.1,0,4, 2,0,0,-1, -1,2,0,-2/ 

DA"rA Il/1,o,o,o, 1,0,0,-2, o,o,o,2, 2,o,o,o, t,o,0,2, 
$ 0,1,0,-2., 1,1,0,-2, 1,-1,0,0, 0,0,0,1, 1, 1,0,0, 1,0, 
$ -2,0, 3,0,0,0, 1,0,0,-4, 0,1,0,0, 2,0,0,-4, 0,1,0,2, 
s z,o,o.-2, 2,o,o,2, o,o,0,4, 1,-1,0,2, 1,-1,0,-2, 0,1, 
• o,1, 2,-1,o,o, l,o,o,-2. 1,o,o,1, o,o,2,-2, 2,1,o,o, 
$ 0,2,0,-2, 1,0,2,-2, 1,1.0,-4/ 

DATA lH/0,0,1, .. 2, 1,0,1,-2, -1,0,1,-2, -2,0,1,0, 0,1,1, 
t -2, -1,o,1,o, o,-1,1,-2, 1,0,1,-4, o,o,t,-4, -2,0,1,-2/ 

DATA IC:/2.0,0.-2, 1,1,0,-2, •1,1,0,-2. 3,0,0,0, 0,1,0,0, 
$ 1.1,0,2, o,o,o, 1, 0,2,0,-2, 0,0,0,2, 1,1,0,-4, 1,0,0,4, 
$ 1,0,0,1, -1.1,0,2/ 

DATA X/22639.1,•4586.5, 2319.9, '769.0, -UI.1, -411.6, 
$ -211.1, -20,.0, 192.0, -16~.1. 141.'7, -125.2,. -109.'7, 
• -s~.2, -4~.1. 39.5, -31.4, 3&.1, -3o.a, 21.5, -24.4, 
• 11.6, 11.0, 14.6, 14.4, 13.9, -13.2, 9. 1, 9.4, -1.6, 
s -a .. s, -1.1, -7.6, -1.s. -'7.4, -6.4, -5.1, -4.4, -4.0, 
• 2.2, -2.9, -2.1, -z.5, 2.6, 2.5, -2 .. 1, 2.0, 1.t, -1.1, 
s 1.1, -1.4, -1.3, 1.3, 1.2, -1.1, 1.2, -1.1,. -1.1, 1.0, 
$ -1.0, -0.5/ 

DATA Y/2260t., -4578,.1, 23'73,4, 161., 192,'7, •112.4, •US., 
s -u2.s, -111.1, -1:n.o, -1u.2, -112.1, -u.1, -52.1, 
• so.,, •31.6, -34.1, -31.7, -25.1, -23 .. 6, 1'7.9,_ -16.4, 
s -16.4, 14.'71, u.o,, -u.s1, -11.'75, n .. n, -1o.5,, -9.66, 
S -9 • .52, -'7.59, C.tl, -6.4,, -'.12, 5.44, -4.01, .3.60, 3,.5,, 
• 3.3'7, 3 .. 32, 2.U, -2.54., -2.40, -2.32, -2.2'7, 2.01, -1.12/ 

DATA 1/116.5, .34.3, 21.2, 10.2, 3.1, 1.9, 1.5, 1.2, -1.0, 
s -o .. t, -0.11. o.u, o.co, -o.4o, o.J'l, -o.3o, -0.10., 0.21, 
$ 0.2,., 0.23, -0.23, 0.15, 0.13, -0.12, -0.11, -o.11, -0.10, 
• o.ot, -o.oa, o.ol/ 

DATA U/•526.0, 44.3, -30,6, -24.6, -22.,, 20.6, 11.0, 
s -1.0, -3.3, -2.0/ 

DATA U:/5.'7, 2.1, -l.S, -1.3, -1.3. 0.1, -0.'7, -0.'7, 0.6, 
s -o.s, -o.4, 0.4, -0.4/ 

IF(t.XAC"r.J.'I'.lJ c;o 1"0 20 
Ir(tXACr.<:r.4) co 'rO 3o 
HX .... X(EXACT) 
HY .... Y(EXACT) 
MI-NI (EXACT) 
MN-Nll (EVIC"f) 
11G•NC (EXACT) 
D-DATZ.-2415020 .DO 
DD-D/1.Z4 
002-oo•oo 
DD3•DD2•DO 
ANCJ.E. ( 1) •2'70 .434 UUO+ 13.17U9652UEO•D-. 0 000150 EO '002 

$ +.000000039EO•DD3 
ANc:t.J: (21•2'79. I9Ul1EO+. 915 64 '7l354Eo•o+ .oooo2 2 nzo•co2 
NICJ.E (lJ -334 .32955 'EO+ .11140 40803EO•D- .0001139£0 •002 

$ -.00000026£0'003 
.MCL& C 4t •259 .11327 no- .05295lt222EO•D+ .000 U5'7t0 •002 

$ +.00000005£0'003 
ANCJ.E (51 •211.220 14 UO+ .00004'700 UO•D+ ,.000033,EO •002 

$ +.OOOOOOO'lt.O•DDl 
e AHCLEl 11 I1EAH J.ONCITUD& Or HOell AT EPOCB 
C NIQ.£2 JS HEM J.ONCl'l"UDE or SUN A"'' EPOCH 
C Mc:t.El 11 l.OlfCITUDE OF LUNAll lDlCt.E A"'f' UOCB 
e ANCLE4 IS LONCI"fUDE OF ASCEMOlHC JIOOE AT troa 
C AHGI.£5 IS J,.OlriGITUDE or SOL1t.Jl lUICU: AT El'OCll 

00 1 1•1,5 
J-AHCLE(l) 1360,~0 
ANCLE(I)•(ANGLE(II-360.•o1) •uo 
Ir(AHGLE (I) .LT ,0,0) ANCL~(l)-ANGLE(l) +2, 'fl 
ADD C 1) -2 • •rt• ( .142222221!0+ .000001Sl62311!0'DJ 
ADD C2) -2. •rt• c. nl 91132£0- .ooo 1 n2 191411:0 •o .. u.E-1 '•o•oJ 
ADDU) -z. •n • c .s37llU1to-.oooo1oto4 982£0'0+1 91.:t-u•o•DJ 
EEL-ANCLE CU +SECJlAD• (14. 2'7•SIN (ADO (3)) +'7 .21'S 1M 

$ (ANGLE (4)) +, 14 'SIN (AOD (l))) 
C TBE 1. 9 AACSEC TUM at ANODE IBELOWJ IS C01PU1"E NITS 
C APPI.OXIHAT£ AJ\GUKEHT 

NiODE•1t.HCL&(4) +St.eJ.AD•(9,. •SIN (ANCLEC4)) + (15.,+1.9) 
$ •SJN(1t.DD(2JJ) 

O'IOJN•AHCL&ClJ +SteRAD• C-2.10•stH (ADO tU )-2.0I•stN 
S (ANODEJ-.14'SIN (ADDC2J J) 

EL•EtJ.-CIHOON 
t.LP•NieL£ C2J -AHGU (S) 
F•t.EL-ANOOE 
DEE•EEL-ANI:l.£(2) 
JF(EL.LT.O.O) EL-EL+TWOPI 



JF(r.LT.O.C) F•r+TWOPI 
JF(CEE .. LT.O.O) DEE-DEE+TNOPl 
CLONC•££1. 
s-r 
PAA-lU2. 7•SECI.AD 
DO 11 Jt•l,MX 

11 CLONc:<tONG+X(K) •s&CllAD•StH ClX(l,lt) t1£L+JX(2,1C) t1EJ.P 
t +IXCl,K)•r+IX(4,K)•DEE) 
tr(Cl.aU~.ct.'rNOPI) CLmC-c.au~-'NOPI 
lr(CLONC:.LT.O.O) CLaiG-CLCIIC+'l'WOPI 
DO 12 J(•l,MY 

12 S-I+Y (X) •stCR.AD•stN (JY(l,lt) 6 EL+lY(2,JC) •E.LP 
t +11'(l,K)•F+IY(4,Jt) 6 DEE) 

SCkEN•( 1.-. 4664£-l•COS (ANOOE) -. 754£-<l •cos 
t (ANOD£+4.12)) •SIN (S) 
BETA•(l1SU.'ll.O•SCJ.EW-,.2 6 SIH (l. 6 5)) 6 SECUD 
DO ll Jt•l,MI 

u r..u.-ru+& ext •sECJ.AD•cos (IJ(l, X) •tL+U C2,K) •ur 
$ +U (l,JC) •r+U (4,X) •DEE) 

DO 14 JC•l,KH 
14 BE"l'A-BETA+EH(JC) •stcJ.AD•SIH(IH (l,X) •tL+IN(2,J:) •tLP 

$ +lli(),K)•r+IN(.C,X)•D&E) 
c:1c-o. 
DO 15 IC•l,HQ 
C:OC•r.G(K) •cos ClC(l,JC) •tL+IC: (2,JC) 6 ELP+IC(l,JC:) •r 

$ +IC:(4,J:) •DEE) 
C2C-5ECJ.AD•GOC 
C:lC-c1CiG2C 

1S CafTINUE 
'IETA•BETA..ClC•stN (S) 

C: ••• C:01PUTE TilE LUNAR COOltDlNATES 1flTB lt.£SPl.C'r 'TO MEAN 
C or nATE S1'STtH 

••AJ!/SIN(Pll) 
CL-COS (CLaiC) 
SL-SIH (Cl.QIC) 
CD-COS (BETA) 
SD-Slli(BE'l'A) 
xr.cu-a•co•CI. 
XE(2)•R•CD 6 SL 
XE(l)•a•so 
J.t'lUltN 

20 NRITE(9. 25) I!XAC'r 
2S FORHAT(lX, •PJlECISION lNDICATOll,EXAC"r,NO'l' JH Jl.ANQI: A'! 

$ POllfl'1•, IS) 
CO TO 40 

30 WRITE (J, lS) UAC'! 
lS FOJ\MAT(lX, •ratciSION lMDlCATOR,EXAC'l',CIOT OF a»ic:E. A'r 

$ ronrra•,ts) 
40 CLONC:..O .0 

BETA•0.6 
rAA-o.o 
J.ETOJ.N 

C ••• END DIANA 
END 
SUBJ.OUTINt &CLtQ (X,TJD) 

c 
C. • .vt:llSiai 810'721 
C ••• AUTBOR.I IR.lAH CUTBBEllTSON, U.T. AS'tl\aictt1'/AEJtOSPACt 
c 
C ••• I'UllPOSI!I '1'0 J.atATE ECLIPTIC CARTESIAN COOJ.DIHATE.S INTO H£AN 
C EQUATOJ.lAL COOllDIHAT£S USED FOR U.V INTECJtATlONS • 
c 
c 

c 
c 

DOUBLE. PIUX:U lOK TJD 
DlMENSlON X (3) 

C ••• POt.YN01IAL CO&FFICIDf'l'S FOR HUH OBLIQUITY DIVIDED BY 31252$•N: 

c 
c 

DATA UO, EPl /4.09llt1S5202'7lE-1, 6.2119S945012lSE-t / 
DA'l'A EP2, EPl /2.1441061'744107£-11, 1.1001'716772501£-22 / 

C ••• JULIAN DAYS ELAPSED SINCE 1900 JAB 0 CAYS 12 BOORS: 

c 
c 

TU001 • TJD • 2415020.000 
TU002 • '!1 J001 • 'l'UOOl 
TUOOl • 'rlJOOl • '1'19002 

C ••• COiPUT£ Mt:AN OBLIQQlTY: 

c 
c 

I!PSH • UO • E.Pl•Tl9001 - I!P2 6 TU002 + EPl*T1900l 
SEM • SIN (EPSH) 
em - cos (EPSH) 

C ••• JlarATE F1CM l.CLIPTJC PUN£ TO HEAH EQUATORIAL PLANE I 

c 
c 

X2 • X (2) •ctH - X(l) 6 SEM 
X(l) • X(2)•:sEH + X(l) 6 CEM 
X(2) • X2 

C ••• DONE I 
J.ETURN 
END 
SUBROUTINE ICEP (A. EC, I ,aiEC:, CACM&C,H, X) 

C ••• CCMPU'l'ES TBE POSITIQf FROH "rBE ORIITAI. ELI:KENTS 
Cow olNPU'l PAAN1rl'ERSI 
C CKB TB£ CR.AVITATIONAI. PA.RAMETER 
C A "rBE SEHl....fiAJOR. 
C EC T.!l£ ECCENTRICITY 
C: J TBE INCI.lNA'liON 
C CHE:C: TB.E AllCUMENT OF P£R.ICEE 
C: CAOH&C "rBE LtltC:lTUOE or THE ASCENDINC: NODE 
C H THE MUM 1\NOHALY 
C ... WarEtALL AHCLES SBOUl.D BE INPUT IN JtADIAHS 
C ••• OUTPUT PAJ.AMt"nllS 1 
C X TB£ POSITION VECTOR 

OIMENSIOH P Cl),X(l) 
J.I!AL I.M 
DATA TOL/l.E-06/ 

C ••• COUUTE. THE SDU-HtNOJ. AXIS 
E.2•tc••2. tO 
EDIFr•1.0£0-£2 
I•A•SQJlT(EDirr) 

C ••• SOLVE JI:UUJ.S EQUATION 
E ... 
St-SIN(Ej 
E"'"+tc•st 
St-SIN(E) 
CB£CX•E•EC•SE-H 
IF(ABS(CJll.CJI:) .c:"!'."l'OL) CO 'fO 1 

C:. • .C01PUTE 'fBE MAGNITUDE. OF POSI'fiQi VECTOR 
CE-coS(E) 
a-A• (l.OEO-E.C•CE) 

C ••• CQiPUTt 'fl!l. TRU£ NfQL\LY 
Sr-B•SE/Il 
CF•A• (CE-tc) /a. 
F•A'fAN2 (SF,CF) 

C ••• CCHPUT£ TflE SINE. AAD COSlN& or TBE ARGUMEif'l' Or 
C PE.AIGE!. +TB£ TJ.Ut AHaiALT 

OHr.CA-oH&C+F 
C"''B<OS (OHECA) 
S'lB•S IN (ai&CA) 

CI<OS(I) 
SI•SIN (I) 

C. • .CCHPUTE 'l'BE liME AltO COS IJIE. OF 'I'BE LONC:ITUDE 
c or TB£ 11oot 

caM:OS (CACHE.Q) 
Sat-SIN (CA01EC) 

C ••• <:aiPU't£ 'l'BE POSITJat VECTOR 
r c tt -eat•CTB-sot•s,.a•ct 
P (2) •Sat•C'ti+CQoltiJTB•Ct 
P (3) •STB,.S I 
X(l)•P(li'J. 
X(2)•P(2)•Jt. 
X(l)•PCJ)•J. 
ll£TURII 

C ••• EHD !CtP 
!liD 

c 

c 

SUBft.OUT111E IJ.O'l' (X, C, S) 
DIMENSION X(ll 
'%1 - XUJ •c + X(2) •s 
X(2) • -X(l)•S + X(2)*C 
X(l) • Tl 
llETUaM 
END 
SUZIROUTtN& c:TkAIC (SAT, J.SA'f, J.E, ESQUAJ., SA'fl!'f, SATLON, SATI.A'f) 
DIMENSION SAT(l) 
DATA DE.Q /Sl.29S77 95130 121 
SATLAT • ASI11 (SAT(l) /J.SAT) 
SATLOH • J.TAII2 (SAT (2), SAT (1)) 
SATBT • J.SA'1' - I.E 
SA'I'LA'f • SATLA'f•Dt.C: 
SA'ft.Qf. • SA'l't.ON•DtC 
IF (SJ.Tl.OH.L'r.O.) SA'rLOH • SATLOH + 360. 
ll£TURII 
DID 
SUBI.OUTlN£ TOPO (SAT, S'lA,. STASAT, CLAT,SLAT,CLOH,St.ar, AU, ELE, 

1 llBO) 
DIM!!HSlON SA'r(l), STA(l), S'l'ASAT (l), T (l) 
DJ.'I'J. DEC: /$1.29517 UllO 12/ 

DO 10 1•1, l 
10 S'rASAT(I) • SJ.T(I) • S'I'J.(I) 

"1'(1) • -STASAT(l)•SLON + STASAT(2) 6 CLON 
T(2) • -STASAT(l)•SLAT*C:LON- STASAT(2)•SLA'r 6 SLON + STASAT(l)•CLAT 
T(l) • STAIA'l' (1) 6 CLAT 6 Cl.ON + STASAT(2) •CLAT•SLON + STASAT(l) •sLAT 
1.80- SORT(T(l)U2 + TC2)U2. 'f(J)U2) 
DO 20 I•l.l 

20 STASAT(l) • TU)/J.BO 
£Lt • AS IN (STASAT (l)) 
AZI • ATMi2(STA5AT(l) 1 STASAT(2)) 
ELE • tt.t•OEC 
AU • AZI-OEC 
IF (AU .LT. 0.) AU- AU + 360. 
ll£TURII 
END 
SUIR.OUTINE kALDAY (JD, IP'l'lHES, XSEC, HON'TB) 

C ••• PJlOGlt.AHi£0 BY J1.M!:.S 0. HOiiLl.AH - CHIV. OF 'TEXAS - 1/23/1913, 
C ••• MODIFIED IY UCB.AI.D EANES, U'l' AUSTIN, 26 KAl\CB. lJl'l 
c 
C ••• PUllPOS&t TO CQ1PUTE Tl!!. CAl.ENCAJ. CAY FJlCH 'rB!. JULIAN DATE (JD) 
c· 
C .... JNPU'l' FOmAL PAR.NU:'rERSI (AHC:X.&S AU IN 1\AOIMiS) 
C JD TB.E J1JLIAH DATE IN DOUBLt PUCISIOK 
c 
C ••• CUTPU'l' FORMAl. lllAMETEJ.S 
C lP'tiHES A."' INTEC:CR AltllAY CONTAINING 'tilE MONTH, DAY OF HONTB, 
C Yt.U., BOUJ., AND MINUTE. IN THAT OltDEJ. 
C XSEC S&CONCIS (FLOATING POINT). 
C HQIITB 'TOE£ CBARAC'l'ER. BOLLE.RITB (lB) NAME or 'rl& HONTB. 
c 

DOUBLE PRECISION JD 
DlKENSION trTIKES(S), HONTBS(12) 

c 
C DATA HONT!S /l!JMf, lBFE.B, 3BHAJt, 3B.MR, lBMAY, 38.nl'H, 
c 1 lllJUL, lB.AUC. 3BSEP, lBCC'l, 3BNOV, 38DEC I 

HOH'rBS(l)•"JAN" 
HON'l'BS (2) •'FtB• 
HON'rBS (1} • "MAR • 
HON'l'BS (.C) •' APR • 
HC:Ut'l'BS CS)•'MAl'' 
HOW:BS (6)•'JlJN' 
HON'1'8S(1)•'JUL' 
HON'l'BS (8)•'AUC" 
HON'l'BS(,)•'SE.P" 
HOH'rBS (10) •"CCT" 
HOH'rBS (ll)•"NOV" 
HONTBS C12) ••DtC' 

c 
c ••• c:ctiPUTE TBE BOOJ., HINOTE, AND SECOND. 

..lDINT • JD 

c 

XTIHE • N'ICO (SNCL(JO-JDllfT) •24.0+12.0,24.0) 
IPTIHtS (4} • X'flM!! 
XTIHE • (UIME-IPTIM&S (4)) • 60.0 
IPT IMES (S J • XTIHE 
XSEC • (UIME-tr'liH&S(S)) 6 60.0 

C ••• COHPUTE. TBE 'nAlt., HON'TB, AND DAY. 

c 

IF UPTIMES (4} .LT. 12) J'DINT • JOINT + 1 
LX • JDIN'l' + 685 69 
liX • 4 • LX I 146091 
LX- LX- (146091•NX+3)/4 
IPTIMES(l) - 4000 • (LX+l) I 1461001 
LX • LX- 1461•IPTIHES(l)/4 + 31 
IPTIHES (1) • 10 • LX I 2441 
IPTIMES (2) • LX - 2441•trTIHES (1) /10 
LX • IPTlHES Cl) I 11 
IPTlHES(l) • IPTIHES(l) + 2- U*LX 
JPTIHES(l) • 100•(NX-49) + JPTIHES(l) +LX 

C • • • SET TBE MAKE. OF TIE HON'l'B 
LX • IPTIHtsUJ 
HOHTB • MONTHS (LX) 

c 
RETDRN 

C ••••• tlfO KALCIAY 
DID 
SOBJ.OUTINE SHADOW (X, J.1, JlSOl., llSOLl, FllAC, ltSUM. J.SUM1, J.SUN2) 

c 
C ••• PQJ.IOS£.1 O&TEJt.HIHE N+OOHT or SBADOMINC: USINC: A eYLINDUCAL 01\ 
C CON l CAL SIIADOM HCX>r.L 
c 
C ••• CODU BY& J J.l£5 • OIUVU.SlTY or TEXAS - F£1 UIO 
c 
C ••• atFEU.NCEI t). JIALJ:Y;r SOLAA I.ADtATION !JlESSUll£ CALCULATIONS IM "1'8& 
C CEOOYH !.OCJ.NU WOLF JU;Su.RCS AND DEVELOPMENT C:OilP. 
c 
C. •• INPUT FORMAL PAJtN1£TEJ.S1 
C X SATE.LLIT£ POSITION Ill USO.O 1ION-J.otAT1NG COORDINATES 
C •t MACNITUDt OF X 
C J.SOI. POSITION OF 'tilt SUM 1M lJSO.O MON-J.OTA'!'IHC: COORDINATES 
C UOLl Ho\CN ITUOE. or J.SOL 
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C ••• Ot7'UU1' FORMAL PAJ.»!tTUSI 
C fJ.AC FlAC1'10N or SOLAk I.}J)lA'liQI PllUUlt Mar r.c:LUSt.D 
C lSUlf UN 11' VEC"!Oit. ALOHa SATEJ.Ll'l'!. TO SUN 0U£C:TlON 
C lSUNl ltciPlOCAl. OF JA'l'nLITZ-SUM DISTANCE 
C ISUlf2 J.SUMl SOUAAto 
c 
c 

DlKtMSIQI X(l) 1 UOL(l),lStnl(l) 
C01HOH /JVNXl / D, I, 12 1 Q, UAJ', 1SAP2, SUH(l), l(l), U(l), A, 

Av, au, cosa, cosor, cosou, coat, JtN&, x1, ar, 
• tB..tTS, T8t1'C 
OA7A U.IUlk/). OE•O/ 

cxxxxx 
C., .OA'U l'tATEHtMTS ADDED 1'0 UTOI' IA lOUT tNt 'l'O MAXt UOtPtMDEtn' Of 
C: CCHM:lN ILCCJtS C:at'laT AND SQUAD 
c 

DATA PI /l.IUU2UlSUI/ 
DATA AtJT, U, IliAD /U11000., l.t6t+l 1 0/ 

cxxxxx 
c 
c 

rue - o.o 
c 
C • o .CCJo4PUTE Tat PllOJtC'!tON OF X ON lSOL 

c 
D- XUJ•lSOL(l) + XUJ•P.SOL(2) + X(l)•J.SOL(l) 
If (D.Ci'l'.O.O) CO 1'0 1 

C. o oCBOOS Z IU.OOW H<J)£1. 

c 
c 

If (ISIAO .tQ. 1) CO '10 l 

C CYL lMCUCAL S&ADOW K'IOtl. 
c 
c 
C ••• CaiPUT£ U.OJtC't'lON 01' X ON PtUP:DlCUI.AI. TO J.SOL 

12 • U .. 2 - (D/JSOLIJ .. 2 
If (82 .LT. AE21 UTU>x 

c 
C ••• SATt.LLITt IS Ill FULL St1lll caaoUTt SAtt.UtTt TO SUN Vtc'l'OJ. 

c 
c 

1 lSUll(l) • ).JOL(l) - Xll) 
UUN(21 • UOL(21 • X(21 
lSUN(l) • lSOl.(l) - X(l1 
1SUN2 • 1.0 I (lSUN(1)""2 + J.SOM(2} .. 2 + Ut1ll(l)••2) 
lSUMl • SQJI.T (UUH2) 
UUN(II • UUN(II • lSUNI 
l.SUII UJ - J.SUN (Z) • lSUlfl 
J.SUN (l) • lSUM (l) • lSUWl 
rue - 1.0 
l.tTOlN 

C CON I CAl. SAACCif HC:Ctl. 
C Tat CONICAL S!ADOf HC:Ct.L V.S lti:N J.l.I10Vt.O. 
c 
c 

3 COI'llNU£ - c 
C ••• !.N'TU' POIM1 'tO SET CONSTANTS 
c 

c 

1N1'1Y SRA.DWO 

A.t2 • Ar.rr• •2 
Ql • Ar.rF/ (U + AtM') 
Q2 • AUF! (U '"' Atrr) 
I.SPU2 • (U - AtrF) • •2 
I.SHA£2 • (AS + AttF) • •2 
ltTUlN 

C, • •• .tHO S!lADOM/S.IADWO 
£NO 
FUNC:"rtOM aACC (JI.D, TU.TAD) 

c 
C ••• POltostt '1'0 C01POTt 'fat J.ICB"l ASC::tNSIOH OF TBt CAttNWlCI 
C KtJ.IDIM flOM Tit Ht.AH tQUUCOX OF DATt 
c 

DOOilot PltcUIOH JtD 
DATA nooll /l.2UIUl0117U/ 
DM'A.ALO, .Ul, AL2 I 1.1ltU5Ulll1S, l.l202lt2U001t·02, 

l S.OU01tl11002lt-U I 
DATA trH'rAI /0. 000l7U/ 
DATA UrtP, 011UF, D\111 /2440224.S, ... ,.tU, -0.002UI 

c 
C •• o.niLtAJI CAYS tl.\llt.D fJ.at ltOO JM 0 DAY I 12 IOUU. 

c 

OTI>AY • INCL(JI:DI • llUU 
DTIIfrAI • (IlTtaU + Dtni'D'rDAYI/U~OO. 
UTlME'l • UTlM'tA% - ETHfAI 
'lUUOOl • .n:.D - 2CU020.000 + U'!lMr.T 
TUU002 • TUUOOl • TUUOOl 

C ••• A»c;Lr. FJ.a1 KE.AH ZCUUIOX 'fO CU.ZNWICI KtliDIM AT C:OlltlfT TIME. 
ALI!.\1 • ALO + AL1•TUUOOl + AL2•TUU002 

c 
c ••• fJACTlOH Of' OAr JUftz 0 IQIU 01'1 

OTl • N«>D(TVUOOl-.S, 1.0) 
c 
C ••• !Clll MeL& Of' CarvtHTIOHAL UlO HlliDL\ll (lt'fwttx 0 AND TWOPU 

J.A0C • NtCCCALPBAl+UTl•TitOt't, TWOP%) 
TBE'lAD • (1. + DUTl/IUOO.)"I'NOPl + Al.l + 2.•A1.2 

1 "'lUUOOlJ/IiCOO. 
c 

lt?UPJC 
c 

EHD 
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A NEODYMIUM VAG ACTIVE MIRROR FOR THE 
AMPLIFICATION OF MODE-LOCKED LASER PULSES 

S.R. Bowman, L.tl Ding, C.O. 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 VAG 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, 50 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 the laser propagate paralled to the thermal gradients in the 
mirror. 1 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 isolated 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 by the heated VAG substrate. Immersion and laser exposure 
tests at 1 GW/cm2 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. 2 This design is very sensitive to such errors because of 
the high index of refraction of VAG 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 
2X 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 serious 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 11 AJISAI 11 LAUNCHED IN AUGUST 1986 

M. Sasaki 
Hydrographic Department of Japan 
3-1, Ts~kiji 5-Chom~, Cho-ku 
Tokyo, 104 - Japan -

Telephone (03) 541 3811 
Telex 2522452 HDJODC J 

ABSTRACT 

The Japanese Experimental Geodetic Satellite 11 AJISAI 11 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 arouhd 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 GEODEI'IC SATELLITE "AJISAI" LAUNCHED IN AUGUST 1986 

M. Sasaki 
Hydrographic.Department of Japan ... 
J~i~- Tsukiji 5-chome, Chuo-ku 
Tokyo, 104 Japan 

Telephone (OJ) 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 o~ AJISAI has be~n made ~ter the launch 
by laser ranging and photographing techniques under 1nternat1onal coop~ra- . 
tion. According to a simulation the range accuracy of one to two cent1meters 
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 (!) 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-reinforced 

'· 
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plastics. The surface of t~~.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 r~flection within the full pros
pect angle of JO degrees from the center of 
the satellite is 91.2 cm2: The remainder 
part of the surface is covered with )18 
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 9f 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, 

Fig. 1 Japanese Geodetic Sate
llite "AJISAI". 

"AJISAI" was given a spinning ·of 40 
rpm before detachment from the rocket. 
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 

I =. y Is 

and the brightness expressed in star magnitude is 

m = -2.5logi 

where Is : intensity of input light, y 
of a sphere, r : range from 
observer to a sphere, T : trans
parency of atmosphere. The magni-
tude of the brightness is estimat-
ed by using some values of speci
fications and atmosphere as 

reflectivity of a sphere, a : 

Table I Brightness of "AJISAI" 
expressed in star magnitude 

transparency 

k=O.) k=0,4 

radius 

k=0.5 Is : (ms = -2.5logis = -26.8: 
star magnitude of the sun), Y : 
0.85, a: 8.5 m, T: exp( -k 

elevation range 
(good) (medium) (not good) 

sec z ) for a model transparency 
of atmosphere, z : zenith dis
tance, k. : atmospheric condition 
(O.J: good, 0.4: medium, 0.5: 
not good). The results are shown 
in Table I. 

The flash can be taken in a 
photo with a number of fixed stars 
by using a camera on an equatorial 
mount and the direction of the 
satellite from the observer can 
be measured referring the star 

deg 
90 
80 

70 
60 

50 
4o 

)0 

20 

km 
1500 

1519 

1577 
1680 

1841 

2080 

2l~28 

29)1 

mag mag mag 
1.44 1.55 1.65 
1.47 1.58 1.69 

1.56 1.71 1'.80 

1.7) 1,86 1.98 

1.98 2,12 2,26 

2.)2 2,50 2,67 

2,81 ),0) ). 2l~ 

).52 ),84 4.15 



wave form reflected by each C C R 

EGS .transmitted wave form ., 
I:~J·. 
'L', -r. -~~--

Center ot:: 
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--- ---~( [\_ -fr-E;?~-
~t OJ ground S LR 
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system 

I 
Fig. 2 Concept of simulation to know;wave form of return pulse and range bias. 

Range bias for Q) first peak position, @ half height position and 
· Q) rising position. I 

coordinate system. 
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 (F~) 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 JO 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. J. The 
results of the simulation above indicate that the range accuracy to "AJISAI" 
attains 1 to 2 em 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 9an be attainable to the front edge detection of return laser light 
from "AJISAI" since the lower orbit than Lageos (5900 km ) gives much stronger 
return energy of laser light. 

The launch of "AJISAI" was made successfully at 20h 45m on August 12 1986 
(UT) and the tracking observations by NASDA, JHD(Hydrographic Department of 
Japan) and other supporting or~anizations including the National Aeronautics 
and Space Administration (NASA) of the United States has been continued The 
determined orbit is c rcular ~ith the inclination of 50.0 degrees and aititude 
from the ground is 1500 km.high, 



Table II Change of range blas for reflective pulse from "AJISAI" 
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Fig, J Examples of laser reflectioil pattern. For the cases of the 
first peak position of the minimum-, mean- and maximum-range bias. 



3. COMPARISON OF ORBITAL STABILITY WITI1 OTHER GEODEl'IC SATELLITES 

"AJISAI" satellite is a fully passive satellite for use of both laser 
ranging and photo dirscti6n 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 o.60m, 411kg, 5900km and 0.24m, 
47 km, 900 km respectively. There were t}:rree balloon satellites in 1960s. 

To reaiize 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 1/y M/A is 
an index for air drag stability in the atmospheric density ofJ • TheM/A 
ratio for the satellite. The values of M/A ratio and 1~ M/~. for AJISAI and 
sphere laser satellites are shown in Table III for comparison. 

The air drag effect is more sensitive for orbital stab~l~ty of the geo
~etic 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 o~ 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 

AJISAI 

Starlette 

Lageos 

km 
1500 

900 

5900 

4. METHOD OF OBSERVATION 

M/A. 
mass; area 

1/f M/A 
mass/air-density. area 

kg/m2 
148 

816 

114o 

x 104 m 
2.6 

1.9 

370 

There are several methods in geodetic use of this "AJISAI" satellite. 
One is fully geometrical method by using si:nultaneous observations 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. 

l 



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· ... 
llite is well determined as shown in a simulation above and simultaneous pre
cision ranging can determine 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 geopotent~al coefficients, air drag ef:fect and tidal effects. For each 
method or combined methods it is e:ffective to hit laser beam well on this 
satellite because o:f its brightness. 

JHD is under preparation of a SLR system and 1:1atellite camera ··at · fixed 
base station(Simosato Hydrographic Observatory) and a transportable SLR 
station and sateliite 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 wor~shop. 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 observati~m 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 em level, seems a little better 
than those of other geodetic satellite, 9~10 em level, within early stage 
after the launch. The supporting observations of Japanese domestic organiza
tions were made. The SLR data and poin~ing 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 o:f 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 
AJISAI observation 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 

laser : output energy 

pulse" width 

repetition rate 

range· resolution 

range accuracy 

transportation 

35cm 
50m3 

200ps 

.. ' 

5 -10pps 

.20ps 

5cm/shot 

air transportable 
··---------------=--==~-----



THE PROPOSAL OF 
STRICTLY SIMULTANEOUS SATELLITE LASER RANGING 
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Telex 908787 

ABSTRACT 

A proposal of synchronized laser ranging to artificial satellites 
from different statioffi 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). 

All 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 em accuracy systems 

(for single measurement) are now operational[ 2 ] [ 3] [ 41. ·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[S]. 

The analysis of SLR data is now domina ted 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 intercornparison of 22 baseline lengths determined 

by SLR and VLBI respectively[G] (7 ]. The authors of (7] found a 

scale difference of 1.9 x 10-8 , but no difference was found in 

[6] • It was also shown in Fig.13 

baseline values seem suspicious. 

of [8] that a few measured 

The errors in the best 

gravity model we now have will affect baseline estimate with 

2 em uncertainty. In the mentioned comparison of baseline 

w,length determinations[Gl, the uncertainty of baselines from SLR 

(dynamic method ) is 2-4 em, a little worse than those from VLBI 

1-3 em) . However, the fact is that a few SLR systems have 

already had the capability of 1 em 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. 



II Method and Purposes 

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 em 

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 to. a certain time 

standard (e.g. UTC USNO}, the arriving time epoch of laser 

pulses from different stations will still be different by up to 

10-15 msec owing to variations of relative positions of the 

satellite and stations. This corresponds to range differences 

of about 40-60 meters. Due to high frequency perturbation 

{actors, it is not easy to interpolate these quasi-simultaneous 

observations (40-200 meters range differences} to the 1 rom level 

accuracy which seems necessary for processi?g 1 em accuracy 

data. 

The routine predictions of one way flight time from 

stations to LAGEOS have been made as good as 0.5 psec. During 

this time uncertainty, the maximum radial motions of LAGEOS 

relative to stations is only 2 rom. 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 psec, which means only 80 rom 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 rom 

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 resolution of this method may be 

very useful to obtain the variations of baselines; 

3) Verification of real accuracy of distant laser ranging 

technique; 

4) Assist in 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 em I 6000 KM ) accuracy can be calculated. If the 

space directions of two baselines in the network can be 

determined at some epoch by co-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. 

III Technical requirements 

1) It is necessary to have 6 or more stations which can 

range to LAGEOS with 1 em accuracy participating in the 

observation in order to obtain stable solutions[1 ] [101; 
Fig.1 is the geometry of simultaneous LAGEOS laser 

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 

P P baseline 4450 KM ) , when the elevation of LAGEOS at 
1 3 

station P
1 

is 20°, the satellite may be at the zenith of station 

P
3 

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 corning from all 

stations strike LAGEOS sirnul taneously 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. 
systems, we have, 

For 10 Hz repetition laser 

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 

psec ( 1.2 mm range uncertainty with respect to a master 

clock. It can be achieved via Loran-e, TV and portable clocks. 

IV Estimate of baseline accuracy 

JPL's P.R.Escobal and K.M.Ong had made a lot of numerical 
simulations for baseline 

ranging. Their conclusion 
solutions with simultaneous laser 

was " the method of multilateration 
can determine the relative · three-dimensional solution 

coordinates with an accuracy that is limited only by the 

hardware measurement system. If a highly accurate laser ranging 

system ( 1 cmaccuracy ) is used, then accuracies in the 1 em 
range can be expected ... [10l. 



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 join 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 em ---- Temporal solution ( a few passes from different 

satellites in several hours}; 

0.5 em 

sever.al days}. 

Average solution over dozen passes in 

I would like to thank Prof.C.O.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 

Co-observable Lengths of Arc 

with respect to Earth's Center 
0 

Elevation: 20 above ) 

Es~imate Co-observable Time 

( Minut~s, Elevation > 20° 

Table 2 

4450 KM 

0 

40.8 

20-30 min. 

6000 KM 

0 

25.5 

10-16 min. 

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 1 1 1 





STREAK CM1ERA BASED LASER RADAR RECEIVER 
ITS PERFORMANCE AND LIMITATIONS 

I. Prochazka, K. Hamal 
Czech Technical Universi:t.v 
Faculty of Nuclear Science and Physical Eng. 
Brehova 7, 115 19 Prague -Czechoslovakia-

Telephone 848840 
TWX 121254 FJFI C 

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 low 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 technique 
is unevitable to model the atmosphere on the basis of two colour 
differential time delay. To achieve the lm il imeter 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 
colour ground target ranging experiments 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 urn. This fact restricts 
substantially the field of view achievable. ~ssuming 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 position within the 
photocathode, 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 WGS) for N895 and Nl357 tubes. On the same picture there is 
a table of teporal/angular sensitivy of the streak camera based 
receivers with different input opt·ics diamater. For examplex, let 
us suppose the receiver system of 1 meter diameter equipped with 
the "lOpsec" 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 Signal to noise ratio may be 
increased by the persistence integration over the consequent 
6-lSTv frames. The A/D conversion noise contribution may be reduced 
by cooling,as well, by propper shielding from PF interference and 
by propper signal processing. 

The streak camera C979 low signal performance was tested 
at the following set up : see fig. 2 or. WG7. The 12 psec pulse from 
frequency doubled Nd YAP was reflected by the F=4%/85% etalon 
130psec and detected by the streak camera. Thus a pair of 12psec 
pulses spaced at 130 psec arrived at the photocathode, 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 HPlOOO computer for storing and 



off-line processing. A new, in house built preprocessor/interface 
board for the Hamamatsu \Temporal Analyser Cl098, which permits 
both direction communication, recording rate up to 5 Hz, 1-15 
persistence integration has been used. The original Hamamatsu 
algorithm for the persistence integration/calibration was found 
to introduce higly correlated noise on the sin9le PE level, that 
is why a new algorithm \'las 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 output power and applying the calibrated ND 
filters and by signal.strength table supplied by the manufacturer. 
The agreement of both values was within a factor of 3, the second 
method was giving more stable resuts and was used later. 

The plot of 300 shots out of 500 overlap with a mean signal 
strength 3 P E and 0. 7 PE per shot entering the HCP is on fig .4 
and 5. The signal of 3 PE and 0.7 PEon the .NCP input corresponds 
to about 100 and 20 photons on the photocathode input. Obviously, 
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. 

Trigger 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. 

Literature 
1/ J.J.Degnan,Satellite laser ranging,current status and future 

prospects,IEEE,Geoscience and remote sensing,Vol.GE-23,No.4 
2/ J. B. Abshire, J. F .McGarry, H .E. Rowe, J .J .Degnan, Streak c·amera 

based laser ranging receiver development 
proceedings of the 5th IWLRI,Herstmonceux,England,l984 

3/ K.Hamal,I.Prochazka,J.C~ignebet,Two wavelength picosecond ranging 
of ground target, in /2/ 

4/ J.Gaignebet,J.L.Hatat,K.Hamal,I.Prochazka,H.Jelinkova,Two wavelength 
ranging on ground target using Nd YAG 2HG+Faman 
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5/ Picosecond Steak Camera and its Applications,Picoseconds 
Vol.l4,June 1983,published by Hamamatsu Corp.Japan 

6/ P.Valach,MS Thesses,FJFI CVUT, Prague,l986 
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Goals of using stredk canera as a lR receiver 

GOALS : 

- stilcent ineter ra119 ing accuracy by p icosecool bser 

rangin<J 

- a~ric correctioo deter~~ination by neans of 

tl/0 colour rangin<J and dispersion nmurer~ent. 

Streak camera performance 
twe 

Harlamtsu H895 H1357 

te1110ral resolutioo l~c 2 psec 

dyrrul ic ran<Je ) 200 ) lOB 

trigger jitter 18psec S psec 
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Stredk Cvtera Based lR Receiver Its Perfomaree and .. [ 

Streak car.era signaVdata flou 

Proble11 mas of streak cwra SI.R iPPlicatian 

Problem areas :. 

- receiver aperture/field of viev 

ei:OO signal propagation directioo 

- noise sources 

- lou signal response 

- trigger delay variatioos 
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I Receiver field of viev li11it 
~----------------------~~------------------------~ 

II llaftamtsu stredk ca~~era schene 
11esh ltP 

~- ~J_ 
~ ~T 
~ SIT TV --;-- iliJI I 
'-~ reaOOut. r-~r-~ 

Photocat. Screen \1 

Signal 
process in<J 

Signal levels 
Phot.oca ti'OOe (S - 20) 1M 38 Photoos 

OUT 3 PE 

l1esh OUT 1 PE 

nic~~pb.te 1M 1PE 

All) (settings 64, 11CP4, P15) 3.5 CO!Ilt I 
I 

tab. 1 I 

- light spot size oo pootocat.OOde 

- assming the receiver 

The 11axinm receiver fiel of viev 

38 Jlll!ters 

f/D ) 1 

receiver dial'leter field of v iev 
2 11eters 
1 neter 
8.5 fteter 

3 arcsec 
6 arcsec 

12 arcsec 
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. Te~ral I ~lar reluim 

Streak ttbe 

streak velocity 
at the screen 

tube nagnification 

streak velocity 
at the llOOtocathode 

receiver 
diwter 

2 ~~eters 

1 neter 

8.5 ~~eter 

11895 
10 ps 

67 ps/M 

3.5 

235 ps/M 

teporal/angular 
sensitivity 
psec/arcsec 

tfJ9S Hl357 

2.35 9.32 

1.18 9.16 

9.59 8.98 

H13S7 
2ps 

£Sps/M 

1.3 

33ps/M 
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. . 

Streak at 1011 si!Jlal, exper illellt set up 

: r-'- rll ! AID +:~C 

: r---
1. TIll ~---+---f If 1008 

.1/U 1------f---f 
~--~·-····················· 

- coollng to + 51 c 
- oo II:P gating auailable 

- inhouse built pl'l!pl'OCI!Ssor/interface 
11 recordiiJ9/trillSfer nte ~ to 5 pps 
11 1-15 persistence integratilllS 
II nev calibratim/integratim al~rithn 

- streak records over lap 

Fig. 2 
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K:!ise sources 

Hoise srurce cootntution ffib:tion possibility 

pootocathode 1011 cooling 

tiCP intensifier hi !II gating, cooling 

SIT TV ca~~en r.edil.n persit. intg., cooling 

AID cooversim r.edh.n persist. integmion 
data processing 
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Streak canm record 

Strong si~l. 2psec/pixel 
l>(r. PliL':.!: P~IR 

r-·---------

Fig. 3 
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Streak 1011 s.i!Jill response, llO records overlap 

3 PE entering I[P, approx. 100 PhotiXlS on photocatOOde 
--- o-

! \ 

I \ 
\\ 500psec/ 

screen 

L-----__._ ____ _.__---~ Fig. 4 

B. 7 PE entering ltP, approx. 2B Photons on photocatOOde 
---..:::::.:. 

'-----

I 

~I 
screen ! 

i Fig. s ! 

L011 signal pulse spread 

driving pulse length 12 psec 

streak stroog si!Jill respmsefOWI'lap 16 !>Sec 

sveep oonlinmity contribution (1010de1led) 11 psec 

streak 1011 si!Jill respoose 31 psec 

IJll!xP lained v 31'1• 161• if I 24 psec 

hble 3 

• cml peak" pulse shape for si!Jill strength < :fE 

is repl'O!b:ible 
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Trigger delay uariatiiXlS 
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TiN! (II illiteS after m!) Fig, 6 

- the Sit.uration vas not fomd vithin 3 hours, 

- the terfmture changes tS C t.o t35 C have lov ii!Pact 
on the trend 

• the effect m~Plicttes the streak cwra appliatiM 

in the autollited lisrr radar 5YSteft 
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CortlusiM 

l. The tei!Poral resolutioo of 18/l (9.4)psec and d)mft . 

ratio 2001100 are attractive for tvo color laser 

ranging applicat.ioos. 

2. The "FIN" linitation and the lll9U1arltelwnl 

sensitivity are serioos prd!lefts affecting the 5YSt81 

desi!Jl and its li11it.ations. 

3. The use or st.reak cwn at mret~ely lev li;t lMls 
has been de!IOOSt.rated for ctDJentiOilil ~ tOOl!. 
(Using the nev Harlwt.sv ps tubet3U, the1PE detection 
sfwld be possible iS l st.ardard tecmi~J~e) 

• 4. The trigger delay ti~~eltetftrature vuiatilllS 
cmplicate the aut.ollation or TV tiM deby lll!iSUI'ellel'lt.s 

and ll3kes the applicttion or streak wm iS 

a vernier t.o a ranging COIJ\ter very difficult 
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TWO WAVELENGTH RANGING ON GROUND TARGET 
USING ND:YAG 2HG + RAMAN.0.68 ~M PULSES 
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Avenue Nicolas Copernic 
06130 - Grasse - France -

Telephone 93 36 58 49 
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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 121254FJFI 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 10-7 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 to 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 urn 

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 (r-11) .The desi~m of the cell ensures optimum 
laminar dye f.low. The cell is filled with the saturable dye ML51 
/6/. The YAG rod 3x50mm 2deg/2deg is Ouantel pumping head (OSC). 
The iris diameter 1.6mm ensures the single mode operation. The 
front mirror (M2) is a quartz plate 0.025mm thick. Quartz plates 
(Pl,P2) are at the Brewster angle to optimize 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/Al-PL/O/M6). 
The NdYAG rod 7xll4 is in ouantel head. The output beam passes 
the second harmonic generator (SHG), the +lmeter focusing lens 
(L) and enteres the Raman hydrogene cell (RAM). 

Assuming the purpose - two wavelength ranging in the field 
conditions - the attention has been focused to the shortest pulse 
available frcm the compact set up. The output pulse length from 
the oscillator/arr.pl./2HG was 14psec. The pumping energy was varied 

from the threshold up to 2.3 tir.:es 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 14psec (fig.2), 

assuming the camera resolution lOpsec, the deconvoluted value is 
lOpsec. 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 wavelength picosecond ranging 
experiment os on fig 3. The laser output is directed to a corner 
cube placed at the distance 2m or llOmeters 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. 
The additional cylindrical lens optics and a streak slit are 
projecting the input light on two spots on the streak tube 
photocathode. The Hamamatsu C979 /1/ Temporal disperser system 
was used. The streak image is monitored by the SIT TV camera and 
digitized in the Temporal analyser Hamamatsu Cl098. Using an in 
house built preprocessor/interface board in the Temporal analyzer 
/3/ the digitised data are _on line transfered to a computer system 
HPlOOO for display, storing and off line processing •. The recording 
speed exceeds 5 frames/second. The readout system permits to 
process two windcws of one streak image simultaneously •. This 
way, both puls~s at different wavelength are recorded at the same 
time and th~ trigger jitter contribution to the time delay 
measurement is suppressed • 

. The "sweep monitor" camera output signal stops the ranging 
counter, thus the camera trigger jitter is not involved in the 
resulting error budget. 

Streak camera ranging data 

The typical streak record of the TW ran~ing at 0.53/0.68um 
is on fig.4 • The lower trace corresponds to the Raman dcwn shift 
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PICOSECOND LASER RANGING USING PHOTODIODE 

I. Prochazka, K. Hamal 
Czech Technical University 
Faculty of Nuclear Science and Physical Eng. 
Brehova 7, 115 19 Prague - Czechoslovakia -

Telephone 848840 
THX 121254 FJFI C 

ABSTRACT 

The two wavelength (1.06 urn and 0.53 Urn) laser ranging experiments 
us~ng photodiode is described. The ultimate jitter limits for different 
type of photodiodes was measured at the signal strength 1.E4 to 1.E5 
photons. The jitter limit of 10 psec for TW time delay measurements was 
found for the in house built HP S5 diode biased 0.1V bellow break. The 
minimal signal strength 10,000 photons at 0.53 ~m was detected. The 
jitter of 15 psec rms for two wavelength time delay measurement was acheived. 
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MULTIPLE WAVELENGTH LASER RANGING 

B.A. Greene 
Division of National t1apping 
P.O. Box 31 
Belconnen ACT 2616 - Australia -

Telephone (6162) 525095 
Telex AA62230 

T.A. Herring 
Harvard/Smithsonian Center for Astrophysics 
60 Garden Street 
Cambridge MA 02138 - USA -

Telephone (617) 4959279 
Telex 921418 

ABSTRACT 

The establishment of sub-centimeter accuracy satellite-laser ranging 
(SLR) systems may require such systems to operate at more than one wave
length in order to ensure that range corrections made to compensate atmos
pheric dispersion are themselves accurate. Analytic expressions to be 
applied to the observed dual (or multiple) color ranges are derived with 
particular emphasis on their application in an operational environment. 
Full consideration is given to the design needs for sub-centimeter accuracy 
systems, resulting in system design parameters for operational multiple 
wavelength SLR stations. Progress on the design and construction of such a system 1s reported. 
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1. INTRODUCTION 

The refractive index of the earth's atmosphere depends on the wavelength of 
the signal transmitted through it. At optical wavelengths, this dispersion of the 
atmosphere should be sufficiently large that two ranges to a body measured with 
different wavelengths could be used to estimate the contribution of atmospheric 
refraction to each of the ranges. Since the signals at each of the wavelengths will be 
affected differently by the atmosphere, the difference in the ranges should be related 
to the total contribution of the atmospheric refraction at each of the wavelengths. 
The applications of the such techniques to satellite-laser ranging (SLR) have been 
discussed by Bender and Owens, 1965; Owens, 1967; Abshire and Gardner, 1985. 

In this paper we examine the dual-color correction in detail. In particular we 
consider the effects of the approximations made in deriving the standard refractive 
index formulas, the ~ontribution of water vapor, and the effects of ray bending. 
We also examine the equipment needed for the dual-color correction to make a 
significant improvement in the accuracy of satellite laser ranging. 

2. THEORY OF THE DUAL-COLOR CORRECTION 

The oneway range to a satellite measured with a signal which is affected by 
the earth's atmosphere is approximately given by (here we neglect the effects of the 
motion of the satellite relative to the transmitting station) 

Ro = 1 ng(s)ds 
atm 

(1) 

where fatm is the integration along the path followed by the signal, and ng(s) is 
the group refractive index at each point s along the path. Ideally, we would like 
to estimate the contribution of the atmospheric refraction to the integral given in 
equation (1) so that we could estimate the geometric part of the range, Rg, given 
by 

Rg=l ds 
vac 

(2) 

where fvac is the integration along the straight line path between the transmitter 
and the satellite. We will define the contribution of atmospheric refraction, Ra, 
to the observed range to be Ro- Rg. Ra will be wavelength dependent (see e.g., 
Owens, 1967) because of the wavelength dependence of both ng and the integration 
path in equation (1). If we can write equation (1) in the form 

Ro; = Rg +F(>.;)Ga(P,T,e, ... ) (3) 

where the subscript j denotes a specific wavelength, F is a function only of wave
length >.;, and G a is only a function of atmospheric parameters such as pressure,P; 
temperature,T; and water vapor partial pressure,e; then we could obtain estimates 
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of R9 from measurements of Ro at two wavelengths. Measurements Rot and Ro2 
made at wavelengths At and >.2 can be combined using 

(4) 

to obtain an estimate of the geometric range. R9 will differ from R9 due to mea
surement errors in R01 and R 0 2, and due to equation (3) not fully representing the 
effects of the atmospheric contribution to the observed range. 

To assess the likely improvement of using equation (4) instead of relying on 
other means to calibrate Ra, we will examine the effects of the approximations made 
in manipulating equations (1) and (2) into the form of equation (3), and the effects 
of noise in the measurements Rol and Ro2 on R9 • We commence our discussion by 
examining the group refractivity of a mixture of gases (such as those in the earth's 
atmosphere). The group refractivity is derived from the phase refractivity, np, 
which for non-polar gases, is given approximately by the Lorenz-Lorentz equation 
(Bottcher, 1952) 

n 2 -1 
p = ~ .R·(>.)p· 
2+2 LJ ' ' nP i 

(5) 

in which Ri is the specific refraction and Pi is the partial density of the ith compo

nent of the mixture. The specific refraction is derived from a measurement of :~~~ 
for a single constituent of the mixture at a specific value of Pi and >.. From equation 

.: (5) we see that the determination of np reduces to determining the function Ri(>.) 
· and the determination of Pi for any atmospheric conditions. For our study we take 

the formulas of Owens (1967) for Ri(.\) and Pi for dry, C02 free air; water vapor; 
and C02 • These formulas and their ranges of validity are summarized in Table 1. 

To derive an equation of the form of equation (3) we need to make some 
assumptions (which we will evaluate the effects of later in this paper). The first 
approximation we need to make will allow us to convert equation (5) from its non
linear form to a linear one. Hwe expand the left hand side of equation {5), assuming 
np is close to 1, then the equation reduces to 

2(np- 1)/3- (np- 1)2 /9 = L .Ri(>.)Pi· (6) 
i 

H the second order term is neglected, then we may express the phase refractivity of 
each constituent, npi, in the mixture as a function only of the Ri(.\) and Pi for that 
constituent i.e., 

{7) 

Owens (1967) derived a simplified set of refractivity formulas based on the expan
sion given in equation (7). In this linearized form, refractivity formulas can be be 
given for each constituent of the atmospheric mixture separately. However, since 
the mixing ratios of many of these constituents remain constant through out the 
atmosphere, many of them can be grouped together. 
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Table 1. Equations for atmospheric refractive index (compiled from Owens, 1967) 

Dry air, C02 free air 

8 2405640. 15994. 
((.Roh -1) X 10 = 8340.78 + (130 _ a 2 ) + (38.9 _ a 2 ) 

P1 -8 9.3250 X 10-4 0.25844 
Pt = 348.328T[1 + Pa(57.90 x 10 - T + T2 ] 

(Po)t = Pt(P = 1013.25mb,T = 288.16K) 

Range of validity: 2303-20,586 A; 240 K < T < 330 K; 0 < P < 4 atm. 

Water vapor 

((.Ro)2- 1) X 108 = 295.235 + 2.6422a2 - 0.031380"4 + 0.0040280"6 

P2 • 216.582; (1 + e[1 + 3.7 X 10-4] 

[-2.37321 x 10_ 3 + 2.2~366 _ 71~~92 + 7.751~3x 1041] 

(Poh = P2(P = 13.33mb,T = 293.16) 

Range of validity: 3611-6440 A; 250 K< T < 320K; 0 < P <100mb. 

Carbon dioxide 

) ) 
8 2 2406030. 15997. 

((.Ro 3 -1 X 10 = 22822.1 + 117.80" + ( 30 2 ) + ( 2) 1 - C1 38.9 - C1 

P3 
P3 = 829.37T 

(Po)a = Pt(P = 1013.25mb,T = 288.16K) 

Range of validity: 2379-6010 A; 240 K < T < 330 K; 0 < P < 17 mb. 

P 1 is partial pressure of dry air (mbar), 
e is partial pressure of water vapor (mbar), 
P3 is partial pressure of C02 (mbar), 
Tis temperature (K), 
a is ± (J.Lm- 1 

). 
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In Table 2 we give Owens formulas for the group and phase refractivities for 
dry air with 0.03 % C02 (standard air), and for water vapor. The form of the 
refractivities is 

(8) 

where /(A) depends only on A, and D is independent of A. Substituting equation 
(8) into the definition of Ra, we obtain 

(9) 

If we assume that fatm = fvac then equation (9) reduces to 

Ra(A) = ~ /i(A) iac Dids 

' 
(10) 

where we show the integration path to be through vacuum to emphasize that we 
have assumed that the integration along the atmospheric path and the vacuum path 
are tlie same in order to obtain equation (10). 

For the Owen's simplified formulas i takes on two values, one for standard air 
and one for water vapor. We may now write an equation for Ro; almost in the form 

--of equation (3), vis. 

(11) 

where we show explicitly the terms for standard air with a subscript d and those for 
water vapor with a subscript w. If the water vapor terms are neglected in equation 
(11) then /d(A;) corresponds to Fd(A;) in equation (3), and fvac Ddds corresponds 
to G(P, T, E, .. ). /d(A;) then becomes the frequency dependent function we should 
use in computing the dual color correction. 

3. ACCURACY OF THE DUAL-COLOR CORRECTION 

The usefulness of the dual color correction will depend on two factors: the 
effects of noise in the range measurements, and the effects of the approximations we 
have made in deriving equation (11). The effects of noise can be simply computed 
by evaluating the coefficients in equation ( 4) for pairs of wavelengths commonly 
used in satellite laser ranging. In Table 3, we give the coefficients of the linear 
combinations for four laser wavelengths. Even for largest separation of wavelengths 
(A= 1.064 and 0.355 JLm), the dual color estimate of the range willll times noisier 
than in individual range measurements at the two wavelengths (assuming equal 
range error for the two wavelengths). Also, any biases in the range measurements 
will also be amplified by a similar amount. 

In addition to the noise in the dual color system, we need to examine the 
effects of the assumptions we have made in deriving the correction formulas. We 
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Table 2. Simplified equations for atmospheric refractive index (compiled from 
Owens, 1967) 

Dry air with 0.03 % CO, (Standard air) 

8 683939.7 4547.3 
(np- 1) X 10 = [2371.34 + (130 _ u 2 ) + (38_9 _ u 2 ) ]Ds 

( ) 
8 _[ 

7 
683939.7(130+u2

) 4547.3(38.9+u2)]D 
ng - 1 x 10 - 23 1.34 + (130 _ u 2)2 + (38_9 _ u2)2 s 

D 
Ps ( ( 

7 
-8 9.3250 X 10-4 0.25844) 

8 = T 1 + P8 5 .90 X 10 - T + T2 

Water vapor 

(np -1) X 108 = [6487.31 + 58.058u2 - 0.71150u4 + 0.08851u6]Dw 

(ng -1) X 108 = (6487.31 + 174.174u2
- 3.55750u4 + 0.61957u6 ]Dw 

Dw =; [1 + e[1 + 3.7 X 10-4]x 

[ 7 
_3 2.23366 710.792 7.75141 X 104 ]] 

-2.3 321 x 10 + T - T 2 + T 3 

investigated these effects by ray tracing through model atmospheres and computing 
the dual-color correction from the ranges computed in the ray trace. In the ray 
trace model, the full Lorenz-Lorentz equation for the refractivity of the mixture 
was used. Thus, we were able to assess the effects of all of the assumptions we had 
made. The summary of the results obtained from the ray tracing are given in Table 
4. 

The two largest sources of error in Table 4 arise from the presence of water 
vapor, and the effects of the bending of the ray as the signal propagates through 
the atmosphere. These two effects affect the dual color correction because their 
wavelength dependence is different from that for standard air. The wavelength de
pendence of water vapor is given in Tables 2 and 3. The contribution of water vapor 
to the error was almost independent of the choice of wavelength pairs. However, this 
result should be treated cautiously because only one the wavelengths we examined 
was within the range of validity of the refractive index formulas for water vapor. 
The errors due to water vapor could be reduced by removing the water-vapor con
tribution to the observed ranges before the dual color correction was computed. 
However, the dual-color correction would then be influenced by errors in modeling 
the distribution of water vapor in the atmosphere. As a general rule, the error in 
the dual-color correction will be approximately 5Q-lOO% larger than the error in 
computing the water vapor contribution to the ranges. 
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Table 3. Refractive index dispersion and dual color combinations 

Dis:Qersion functions, [().) 
). /d().) 

(JLm) 
1.064 7866.06 
0.694 8028.77 
0.532 8235.85 
0.355 8925.00 

Dual color combination 

).1 ).2 !d {.\2) 

(JLm) (JLm) 
(/d (>.2)- /d (.\I) 

1.064 0.694 49.34 
1.064 0.532 22.27 
1.064 0.355 8.43 

0.694 0.532 39.77 
0.694 0.355 9.96 

0.532 0.355 12.95 

!d{.Xt} 

fw(A) 

6638.81* 
6839.15* 
7085.63 
7954.92* 

(/d (.\:~)- /d(.\t) Noise ratiot 

48.34 69.0 
21.27 30.8 
7.43 11.2 

38.77 55.5 
8.96 13.4 

11.95 17.6 

* These wavelengths fall outside the range of validity of the water vapor refractive 
index formula 
t The noise ratio is computed assuming that the ranges at the two wavelengths are 
measured with the same standard deviation. The noise ratio gives the ratio the 
standard deviations of the dual-color-corrected range to the standard deviation of 
the range measurements. 

In the case of bending, the error in the dual-color correction arises because 
the bending contribution to the range depends on both the group- and phase
refractivities. The error due to bending is approximately equal to the difference 
in the range along the curved path followed by the ray and the straight line path. 
Again, this error can be reduced by either by correcting the observed ranges for 
the effects of bending, or by developing elevation-angle dependent coefficients for 
combining the ranges at the· two wavelengths. Each of the these approaches would 
introduce a dependence in the dual-color correction on the model of the atmosphere 
used to compute the bending. For observations made with elevation angles greater 
than 20°, the effects of errors in the bending correction should be small. 

There are several other cautions which should be issued concerning dual-color 
corrections·. For laser systems with very short pulses (5-10 ps), the bandwidth of 
the pulses will be large (6-3 A). H the pulse shape in the wavelength domain is very 
irregular, then the effective wavelength to be used in computing the coefficients 
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Table 4. Errors in dual-color ranging 

Source Error at Z=0° Error at Z=70° Comments 
(mm) (mm) 

Use of simplified < 0.3 <1 A 1.064, 0.355 JLm 
formulas P= 1013.25-900 mbar 

T= 293-273 K 

%C02 < 0.01 < 0.03 for 0.03% changes 

water vapor :::::::6 :::::::17 20 mbar H2 0 for all A pairs 

bending 0 <4 all conditions 

wavelength 0.3 1 for 1 A change in A 

for the dual-color correction may not be the wavelength of the laser itself. The 
sensi~ivity of the dual-color corrections to wavelength changes is given in Table 
4. A few millimeters of error could be introduced be such effects. Also, the most 
accurate refractivity formulas shou~d be used in any computation of the corrections. 
As an example, if the standard IUGG refractivity formulas are used to the compute 
the coefficients for the dual-color correction, then errors of several centimeters can 
be introduced into the corrected ranges. 

The dual-color correction will amplify any noise in the range measurements, 
generally by at least an order of magnitude. To achieve 1 centimeter dual-color 
ranges, the ranges at the two wavelengths will need to be measured with sub
millimeter accuracy. 

4. SYSTEM DESIGN CONSIDERATIONS 

There is no known technique for determining the true flight time difference 
to 0.5 mm (3 ps) on a single shot. This level of precision can be approached by 
averaging. The two principal techniques available are: 

• average range differences (ARD), and 
• difference average ranges (DAR). 

These two techniques have fundamentally different observables, and different noise 
ratios. The average range difference (ARD) method utilizes direct observations of 
range difference, which are averaged to produce the required precision. The second 
technique (DAR) simply measures the actual ranges at two or more wavelengths 
with high precision, and determines the range difference by subtraction of normal 
points for range at a given epoch. Because subtraction of two observables is involved, 
the noise ratio is around 1.4 times worse than for the ARD method. 
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To achieve 1 em range corrections using ranging wavelengths which are within 
the range of validity of the formulas used, a range difference error of less than 
0.5 mm, or 3 psis required. 

The principal characteristics of state-of-the-art ARD and DAR systems de
signed to produce this precision for ranging to LAGEOS are given in Table 5. The 
ARD system utilizes a combination of MCP PMT and streak camera to yield 45 ps 
single shot uncertainty in range difference. Thus 225 observations are required to 
produce 3 ps uncertainties in range difference. A drawback of the ARD technique 
is that range returns at both wavelengths are required, from the same shot, to pro
duce an observation. Thus if the probabilities of obtaining range measurements at 
wavelengths At and .X2 are nt and n2 respectively, then the probability of obtaining 
these events simultaneously is n 1n 2 • In practice, because of the requirement to 
split the signal to a range detector (PMT) and a range difference detector (streak 
camera) the probability is even lower. The measurement frequency will be around 1 
Hz for a system which could produce range measurements in each color individually 
at 4 Hz from a 10 Hz laser system. Thus it takes such a system 225 seconds to 
determine range difference to 3 ps. 

~ 

--

Table 5. Characteristics of ARD and DAR systems. 

Average Range Difference Average 
Difference (ARD) Range (RAD) 

Required observation precision · 3 ps 2 ps 
Single observation precision 45 ps 50 ps 
No. of observations required 225 625 
Observation frequency 1Hz 4Hz 
Time required 225 sec ~§6 sec 
Error tolerance good poor 
Complexity poor good 
Data modeling poor good 

· Calibrations poor good 
Automation poor good 

The DAR system requires many more measures to obtain the same result. 
This is because single shot observation error is slightly larger, and the precision 
ultimately required is 1.4 times smaller (2 ps). However, this system accumulates 
range at 4 Hz (same power as the ARD system above) and thus can obtain the 
range difference required in 156 seconds. 

It can be seen that the systems are comparable in performance. Both currently 
would require 3-4 minutes to obtain a single measure of the range difference suitable 
for atmospheric correction. This elapsed time is approaching the time density of 
normal point observations of range data, and would be satisfactory for elevation 
angles above 20°, and all except the lowest satellites. 

9 



There are major differences between the two techniques in some area which 
may ultimately decide which, if any, finds its way into the operational domain. 
Points to be considered in this context are: 

• tolerance of systematic errors, 
• system complexity, 
• capability for further modeling of data, 
• ease and rigor of calibration, and 
• automation. 

The ARD technique tolerates systematic errors in the actual range measure
·ment (as opposed to the range difference) and order of magnitude higher (20 ps) 
than the DAR technique. Since it is extremely difficult to construct a ranging 
system with less than 2 ps systematic error in the range measurement (excluding 
atmosphere), this may be a telling factor. 

System complexity considerations favor the DAR technique, as ARD requires 
a state-of-the-art streak camera and considerably more optics. A wider analysis 
of the probable applications of dual-color ranging suggest that a major application 
will be in mobile SLR systems. This is because errors or biases (in laser ranging 
products) due to errors in atmospheric correction will tend to integrate towards zero 
over time. Most of this error is thought to arise from azimuthal assymetry in the 
atmosphere, which, for most locations, should be random with respect to time. For 
a fixed station, it is likely (although not proven) that the resultant error in the laser 
ranging products will be small compared to their uncertainty. However, for a mobile 
station, this consideration may require lengthy site stays (many weeks to months) 
just to ensure that these errors are "randomized", when the time required on site to 
obtain sufficient tracking data may be only a few days. Thus a dual-color capability 
could enhance mobile SLR productivity by a considerable amount. The complexity 
of currently viable ARD designs is not compatible with mobile operations. 

The DAR technique has another slight advantage in the area of satellite (tar
get) modeling. The individual color range data can be analyzed to extract the 
satellite target depth by Fourier/ deconvolution techniques. The higher density of 
data available, as well as good satellite models, facilitate this. The ARD technique 
has observables doubly convoluted with the satellite target depth function, making 
extraction of the desired observable more difficult. 

Calibration of DAR systems is straightforward. Techniques exist (Greene, 
1986a; 1986b) to rigorously calibrate ranging systems to 0.1 rom. The DAR system 
is essentially only two perfectly colocated ranging systems operating at different 
colors: calibration of ARD systems can use the same techniques. ARD systems 
cannot yet be satisfactorily calibrated, and it remains to be seen whether some 
errors associated with streak cameras can be satisfactorily modeled (Prochazka and 
Hamal, 1986). 

Finally, automation will be a major factor in the future evolution of dual
color systems. While it may be feasible to automate ARD systems with steak 
cameras, DAR systems now exist which are fully automated. This automation 
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process required several years of development on systems considerably less complex 
than ARD systems. 

5. LASER DESIGN CONSIDERATIONS 

The selection of operating wavelength, pulse energy, pulse width, and pulse 
repetition frequency are all facilitated by the foregoing considerations. 

The choice of wavelength should be made from within the validity range of 
the formulas used. This limits operating wavelengths to the spectrum from 2300 A 
- 20,000 A and sets a lower bound on the noise ratio which is achievable. 

The choice of laser pulse widths is also restricted. Any technique for dual
color ranging presently requires very high SNR to achieve good results. For example, 
neither of the techniques discussed above can achieve the single shot precision quoted 
in Table 5 unless a large (>100 photons/color) signal is received at the receiver. 

However, SNR is almost directly proportional to the square of the pulse width 
for pulses from 5 ps to 100 ps. This is because, as the pulse width is reduced, the 
filter bandwidth must be increased, admitting more noise. At the same time, less 
energy can be transmitted because of the energy density limitations in the laser 
and the optics. Data volume, upon which both ARD and DAR depend, is also 
proportional to laser pulse energy. Thus there is a clear case for using longer rather 
than shorter laser pulses, within this domain (5-100 ps), with currently available 
laser and optics technology (e.g. 5 GW /cm2 coating limits). 

The uncertainty in determining the "power spectrum of the laser for pulse 
widths below 30 picoseconds, and the consequent errors in dual-color range cor
rections, are a final encouragement to select a pulse width in the upper half of the 
range considered. 

6. EXPERIMENTAL RESULTS 

With the sole exception of its poor tolerance for systematic error, the DAR 
technique seems superior for practical implementation. The possibility of ranging 
in two more colors with a systematic error of 2 ps in each has been explored on 
the Natmap Laser Ranging System (NLRS). During 1986 it was progressively en
hanced to the point where one-color ranging could be executed with less than 2 ps 
systematic error for ranging operations not exceeding 20 minutes duration (Greene, 
1986a). It now remains to replicate parts of this system to allow multiple wavelength 
operations, and the experimental determination of atmospheric range correction. 

CONCLUSIONS 

We have examined the dual-color correction to determine if such a technique 
will yield improved range accuracy by calibrating the contribution of atmospheric re
fraction to satellite range measurements. Our analysis indicates that sub-millimeter 
accuracy in the range measurements will be required to achieve one centimeter ac
curacy in the dual-color ranges. There are also systematic effects in the correction, 
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due mainly to water vapor and ray-bending which may in the future limit the ac
curacy of the dual-color ranges. For ranges made at 20° elevation angle, these 
systematic effects could introduce errors of ~2 centimeters in the dual-color range. 
These errors could be reduced by modeling the water vapor and bending contribu
tions to the ranges. 
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PROBLEMS INDUCED BY MULTICOLOUR TELEMETRY 
ON LASER RETROREFLECTOR DEVELOPMENT 

F. Guerin, G. Cerutti-Maori 
AEROSPATIALE 
100 Boulevard du Midi 
06322 Cannes La Bocca Cedex - France -

Telephone (33) 92 92 71 27 
Telex 470902 F 

ABSTRACT 

Aerospatiale•s concept of retroreflectors coated with silver -
Aerospatiale experience over 20 years - is optimized for laser 
wavelengths in the range 500-800 nm. 

Further investigation is needed to adapt the thermal and optical 
concept for use in a spectral range extended to ultraviolet (380 nm). 
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1 - History 

AEROSPATIALE (AS) experience in laser retroreflectors star
ted in 1965 for 01-C satellite. For more than 10 years,· AS 
developped laser retroreflector arrays designed for use with 
Ruby Lasers (A= 694 nm) : PEOLE, 02-B, TL2, STARLETTE. 

In 1978, the laser retroreflector array designed for LASSO 
experiment was sp~cified for two lasers: Ruby~ :694 nm and 
doubled Neodyme A= 532 nm. 

Following the evolution of laser technology, the laser ran
ging users are interested by multicolour las~r ranging, for 
instance Alexandrite lasers (A= 760 nm, A= 380 nm). 

Today, the ERS-1 laser retroreflector array is specified for 
A = 694 nm and 532 nm and will be used with the 2 wavelengths 

of Alexandrite laser. 

2 - AEROSPATIALE's concept 

AS has been using cube corners made of high homogeneity syn
thetic silica (Heraeus Suprasih in order to achieve a very 
high optical transmission and a good insensitivity to space 
radiations. 

The entrance pupil can be an hexagone (01-C, PEOLE, 02-B), 
a triangle (TL2} or a circle (STARLETTE, LASSO, ERS-1). 

Low thermal conductance fixations to the frame were develop
ped in each case. 

The silica trihedron rear faces are coated with protected 
silver. 

The angular tolerances on the 90° trihedron are optimized 
for the mission (velocity aberration} and the thermal gra
dients inside the cube corner's material. 
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3 - Laser retroreflector to station link budget 

According to Fournet's formula (Reference n° = 1), the number 
of photons received back in the ground station after 2 ways 
travel in the atmosphere is : 

2 
cos z R L 

----~~~- c.c 
Ta Nphotons = K 

o4 

Z = zenith angle of the satellite from the laser station 

Ta = atmosphere transmission 

R = corner cube reflection coefficient 

~ = velocity aberration 

Gi = apparent corner cube area 

D = distance from ground station to satellite. 

The first term is a function. of· satellite to station geometry. 

The second term is dependent only on the laser retroreflector 
array. 

Hence, the optimization of the link budget will be achieved 
by optimization of the product of the two. Very severe speci
fications on the laser retroreflector array will not compen
sate for very faint return signals caused by large zenith an
gles. 

' The reflection coefficient is the ratio of the retroreflected 
energy to the incident energy. 

The last expression is the sum of the individual corner cubds 
efficiencies considered as light sources incoherent to each 
other. The efficiency informs about the distribution of light 
in the cube corner's diffraction pattern. 



4 - Thermal environment 

The distribution of light inside the diffraction pattern is 
a function of : 

- pupil's diameter 

- dihedral angular offsets 

- laser wavelength 

- thermal state of the cube corner 

SUN + EARTH ALBEDO EARTH INFRARED FLUX 

t 

r 

( 

r 
( 

{ ~ -

IR EMISSION TO COLD.SPACE l 
IR RADIJ\TIOl~ FROM SATEL
LITE 

FROM HOUSING 

Fig. 1 Thermal inputs 

RADIATIVE 
FROM HOUSING 

The thermal inputs on the corner cubes are 

- radiative : 

. the solar and earth albedo fluxes, in the visible 
range, mainly absorbed by the silvered faces, 

. the thermal infrared flux from the Earth and the 
satellite, the radiation to cold space, 

. radiative exchanges between the housings and the sil
vered faces of the corner cubes, 

- conductive : between the housing and the "ears" of the 
corner cube. 

Because the silica is a bad heat conductor, :thermal gradients 
appear in the corner cube's material and distort the diffrac
tion pattern. In orbit, the cube corners are rarely in ther
mal equilibrium because their thermal environment is changing 
(see fig . 6 } . 
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In the case of a spinned satellite, the laser retroreflector 
successively views Sun, Earth, deep space. 
In the case of a low orbit satellite like ERS-1, the laser 
retroreflector views permanently Earth with 3 phases 

- Solar flux with high ·incidence, 

- Earth albedo flux from sunlit Earth, 

- Thermal infrared flux from Earth. 

AS developped a software taking into account the thermal gra
dients inside the real cube corner in· the computation of 
the diffraction pattern (see fig. 1 bis}. 

5 - Velocity aberration 

Velocity aberration represents the small angular shift bet
ween the incident and retroreflector beams caused by the re
lative motion of ·the satellite in relation to the ground 
station (fig. 2} for : 

- Lunar laser ranging 0,7 ~ r t. 1 , 4 arcseconds - ' 
- Geostationary orbit '3, 5 ~ e ~ 4,2 arcseconds 

- Low orbit ( ERS-1} 5,2 ~ ~ 
~ 10,5 arc seconds 

[.,..,. ;. lc -.J, y 
-41-..J.c... 

Fig. 2 



A = 380 run 

Thermal equilibrium 1hermal · gradients 

A = 633 run 

Thermal equi~ibrium 1'hermal gradients 

Fig. 1 bis : Computed diffraction patterns for a real cube corner 
(diameter ¢ 33 mm) - Scale 64 x 32 arcseconds 
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6 - Corner cube's efficiency 

The efficiency represents the mean value of the retroreflccted 
f~ux at an angular distance f from the center of the diffrac
tJ.on pattern : 

F(Gi) = 3.05 x 10-10 

E = total retroreflected flux 

Ee = retroreflected flux in an angular ring, radius f 

Sec= surface area of the corner cube's pupil (cm 2 ) 

Jlr = solid angle· of the ring e · viewed from the cube corner (A-t.} 

Efficiency depends on : 

corner cubes' geometry (diameter, dihedral angular 
offsets),· 

- velocity aberration r 
beam incidence angle i (Fig. 3), 

laser wavelength, 

- thermal state of the corner cube. 

... ... ... 
u.25 
v 

.z 

.15 

.I 

ntASUP.CD crnr.n::ucT for = 633 nm 

Mean deviation a le • 7.7 Arcsecondt 

e 

5.15-C.t Areeecond• e 
7.15-1.7 • 

10 20 20 ~e 5e 

Incidence (Degrees) 

Fig. 3 :. Exanple of ERS-1 Laser .R.etroreflector 



7 - Effi'ciency is highly dependent on wavelength 

In the case of a perfect cube corner (perfect 90° trihedron), 
the diffraction pattern is nearly an Airy disk : it varies 
with wavelength (fig. 4). 

When A varies from 694 nm to 380 nm, the velocity aberration 
range for ERS-1 [5.2 ; 10.4 arcseconds] passes from the first 
bright ring to.the 2nd and 3rd bright rings. 

For the real cube corners, the diffraction patterns are v'ery 
different from Airy disk if the dihedral angle offsets are 
larger than 3 arcseconds (typically). The ai~ of.the retro
reflectors designer is to obtain less energy in the central 
peak, no dark rings, energy spread on pattern a little lar
ger than the velocity aberration rings. Similarly, the dif-\ 
fraction pattern -hence efficiency- changes very much when A 
varies from A = 694 nm to 380 nm. 

Fig. 4 AIRY DISK AS ~FUNCTION OF WAVELENGTH 

CASE OF ERS-1 LASER RETROREFLECTOR ~y 

ENERGY 

,_\ = 694 NM 

A = 633 NM 

A = 532 NM 

~~----~~-----&~--~~~~~F==-----~ 
11,1· arcsec.onds ). = 3 80 nm 
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8 Reflection coefficient decreases in the blue-UV region 

The reflectivity of silver decreases very· rapidly when ~ be
comes smaller than 0.4 ~m. Fig. 5 shows the corner cubes're
flection coefficient R as a function of wavelength. 

R is slightly above specification for ~ = 400 nm. 

On the other hand, the atmospheric transmission is lower for 
wavelength 400 nm than for wavelengths 500-700 nm. 

Hence, the link budget -ground station to satellite- decreases 
rapidly when wavelength becomes smaller than 400 nm. 

l.o R 

--------·----a---
sp•cir.: c a.l;o" For LASSO .... J ERS-1 

300 400 500 600 700 

Fig. 5 Reflection coefficient versus wavelength 

.For use with 380 nm lasers, a coating with higher UV reflec
tivity will be investigated -Al for example-. Solar absorp
tance o<s being 0.12 for Aland 0.05 for Ag, the thermal 
behaviour of the cube corners will be different. Higher ther
mal gradients will appear with Al coated cube corners : the 
thermo-optical·concept needs to be adapted. 
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Fig. 6 : Evolution of the C.C. diffraction pattern 
with thermal enviromrent : Results of Starlette thernoptical tests 
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9 - Conclusion 

The concept of retroreflectors coated with silver is opti
mized (reflectivity/thermal behaviour) for laser wavelengths 
in the range 500-800 nm. 

A larger~spectral range -up to ultraviolet wavelengths- needs 
further · investigation in order to optimize the optical and 
thermal behaviour of the laser retroreflector array. 
In 1984, AS was contracted for the design of ERS-1 laser 
retroreflector array : the test results will.be known in a 
few months. 
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RESULTS FR0~1 STARLETTE THERf10PTI CAL TEST'. 

CUBE CORNER vHTH EM = 8" 

SHADOH CASE 

FRAME TEMPERATURE : 20 ~ C 

CUBE CORNER TEMPERATURE : 10 o C 

EFFICIENCY = 0,27 FOR f = 5" 
= 0,06 FOR r = 9" 
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RESULTS FROft1 .. STARLETTE .. THERi-JOPTI CAL TEST 

CUBE CORNER ~nTH EM = 8" 

SUN .. CASE 
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CUBE CORNER TEMPERATURE : 20 o C 
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= 0,09 FOR P = 9" 
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1/ LLR observing strategy - needed accuracy 

All stations are working at first on Appolo XV and don't try generally any other reflector before 
having returns from that target. Tl1e largest hour angle coverage should be obtained for Earth rotation 
parameter determination, and as many reflectors as possible on the same time for libration studies. 
Thus the best strategy finally adopted {in good observing conditions) is to focus on two reflectors 
(Apollo XV and another) in order to have at the end of the observing session two long series of data 
for ERP, and to range the other targets more sporadically if time is available. The second ERP target 
should change from night to night for libration purposes. Lunakhod 1 has been once more mentionned. 
The fruitless systematic search for returns from this target made a few years ago at the Me Donald 
2.7-m reflector seems to prevent any station with smaller recei.ving area from loosing time with new 
attempts. 

A two centimeters accuracy for Lunar normal points seems achievable in a near future, and is 
important at least for a complete ERP determination including not only UTO, hut also the Pole coor
dinates. A MOP detector at Maui could be one of the means to reach this accuracy very soon. This 
implementation is strongly supported by the Lunar community. 

2/ Normal point format 

A new format defined by R. Ricklefs after many exchanges with stations and users, has been 
presented to CSTG and COSPAR last July. It is decided to overlap both the old and the new format 
for three months from January through March 1987. A report presenting the new format will be sent 
to all stations and users before the end of the year. During the overlap period it is possible that minor 
changes could be accommodated if that is necessary. 

It is also planned to have a format for ERP transmission. It will be studied starting from the JPL 
format. 

3/ Rapid data exchanges 

623 



C. Veillet suggests that exchanges of normal points or ERP determinations could be done rapidly 
on a regular basis. BIH is looking for ERP data on Thursday morning. Thus the data could be put 
on Mark 3 on Tuesday night to give one day for analyzing and transmitting ERP results to BIH and 
the other interested centers. As Maui will be able very soon to process the Lunar returns and to build 
normal points at the station, it is planned to try such a quick data transmission at the beginning of 
1987. 

4/ LLR capability at Orroral 

B. Greene presents the Lunar situation at Orroral. GPS work made busy a large part of the team 
for the last year, and the development of good capabilities. for SLR took most of the time. Upgrades 
seem necessary for increasing the return rate (actually one per minute), among which a. larger laser 
energy (400 or 500 mJ per pulse) should be the most efficient. 

6/ LLR at Wettzel 

Two contracts for a. LLR/SLR station have been signed recently, one for the instrument (75 em 
reflector, Zeiss), and the other one for hardware and software (EOS, B. Greene}. The delivery is planned 
for 21 months after contract signature. 

6/ MLRS site 

:p. Shelus presents objective comparative measurements of the seeing made at the present MLRS 
location and at Flat Top by echosond. They show clearly that Flat Top is always better, and most 
often much better than the actual site. It is now time to prepare schedule and finance proposals for an 
eventual move of MLRS. Such a move is wished by all the participants. More on this matter will be 
discussed during the CDP meeting at GSFC in October. 

'1 / Miscellaneous remarks 

P. Shelus mentions that the astronomical community needs very accurate UTI values in real time 
( 

for absolute pointing on very sophisticated telescopes. 

S. Bowman presents a study on the efficiency of the reflectors as a function of numerous parameters 
{libration, illumination, etc ... ). 

Mount modelling and absolute pointing are discussed. Some pointing differences between stars and 
the Moon are mentionned for both Orroral and Maryland stations. This problem will be examined by 
an exchange of lunar position predicitions between CERGA and MLRS. 
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ABSTRACT 

The first lunar laser ranging returns with our new laser and 
detection system attached to the 1.2 meter telescope at the 
Goddard Optical Research Facility were recorded on August 26, 
1986 from the Apollo 15 Laser Ranging Retro~Reflector (LR3) at 
Hadley Rille. Eleven· photons were detected over a five minute 
interval with a firing rate o~ 10 Hertz. The energy per shot was 
about 130 millijoules, the pulse duration was .100 picoseconds, 
and the event timer resolution was 50 picoseconds. The standard 
deviation of the range was 2.5 em, corresponding closely to the 
predicted spread from the calculated libration tilt of the Apollo 
15 LR3 of ± 3.5 em. The standard deviation of the mean was 0.75 
em. We believe this to be the "tightest" lunar range data point 
ever measured. 



INTRODUCTION 

The first detection of light quanta reflected from the 
·Moon with our research station at the 1.2 meter telescope 
located at the Goddard Optical Research Facility of the U.S. 
National Aeronautics and Space Administration was achieved 
on August 26, 1987 at 08:44 UT. The target was the Apollo 
15 Laser Ranging Retro•Reflector at Hadley Rille. Eleven 
returns were recorded from 3000 shots fired at 10 Hertz for 
a period of five minutes. The pulse duration was 100 
picoseconds and the energy per pulse was about 130 
millijoules. 

The new laser system has been under development for 
several years (S.R. Bowman et al, 1982; 1985), and was first 
tested with LAGEOS ranging in 1984. Some details of the 
system are discussed in other papers at this Workshop: 

"The Use of Geiger Mode Avalanche PhotoQiodes for 
Precise Laser Ranging at Very Low Light Levels: An 
Experimental Evaluation" 

by s. R. Bowman, Y. H. Shih, and C. 0. Alley 

"Zero Range Real Time Calibration" 
by J.D. Rayner, S.R. Bbwman, C.O. Alley and 
F. M; Yang 

"Analysis and Performance of a Passive Polarization 
Coupling Switch for Lunar Laser Ranging" 

by s. R. Bowman, J. D. Rayner, and C. 0. Alley. 

A complete description of ·the new system is contained in 
the Maryland Ph.D. Dissertation of S.R. Bowman, "The Design, 
Construction and Testing of a High Precision Lunar Laser 
Ranging Station," April, 1986. · 

Telescope and Coupling Optics 

The 1.2 mete~ telescope is shown in a cut~away view in 
Figure 1. It was used by our group in 1978 with a 0.5 
millijoule per pulse, 10 Hz, frequency doubled Nd:YAG laser 
to achieve the first single-photon ranging to artificial 
satellites (reported at the Third International Workshop on 
Laser Ranging Instrumentation in Lagonisi, 1978). The 45° 
bending mirror can be placed in different azimuthal 
positions, allowing as many as eight different experiments 
to be accomodated at the telescope. Part of the Maryland 
equipment is shown in Figure 2, coupled by the passive 
polarization switch to one of the ports. 
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Figure 

The telescope is computer controlled with 2~ bit 
resoluti~n optical encoders on the elevation and azimuth 
axes. Using a mount model calibrated by pointing to stars 
in known directions, absolute pointing is possible at a 
level of two or three seconds of arc. However the accuracy 
tends to degrade rapidly as temperature conditions change 
even during an observing run. Some limited success with 
absolute pointing to the lunar reflectors has been achieved, 
but will not be discussed here. 

Figure 2 



New Laser 

The frequency-doubled, Nd:YAG laser, which uses spatial 
filters and re-imaging optics to minimize damage from the 
high peak power densities, was designed expressly for lunar 
ranging and has operated sucessfully with 350 millijoules 
output in a green pulse of 100 ps duration at 10 Hz. 
However the probability of damage is too large at this 
energy level. In the measurements reported here the output 
was limited to about 130 millijoules per pulse. 

An active mirror slab geometry Nd:YAG laser has been 
designed and constructed to allow more energy at high 
repetition rates. It has not yet been added to the ranging 
system. This laser is discussed in another paper at this 
workshop: 

"An Active Mirror Geometry Laser Amplifier 
for High Average Power Laser Ranging" 
by S. R. Bowman, L. M. Ding, and c. 0. Aliey 

Geiger Mode Avalanche Photo~Detector 

Following a suggestion at the Fifth Laser Ranging 
Instrumentation Workshop (B. Hydi~ 1985), this type of 
detector was studied by us and used successfully in the new 
lunar laser ranging system. High quantum efficiency for 
single photon detection (20-30%), fast response, and large 
output voltage (5 volts) are among its desirable features. 
Details are given in the workshop paper by Bowman et al, 
referenced in the Introduction. 

Timing and Calibration 

The Maryland Event Timer~ improved to 50 picosecond 
resolution ·(Steggerda, 1985), was used. The real time zero 
range calibration which is made possible by the large output 
voltage of the avalanche photo-detector is discussed by 
Rayner et al in the paper at this workshop referenced in the 
Introduction. 

The zero range calibration for the measurement reported 
here is 103;5 ± 0.05 ns for the round trip range time. 

\ . 



0 1. 0 DO ·n· 
0 0 0 

20.9 ns 34.6 ns 
HORIZONTAL GRANULARITY IS .148 NANOSECOND PER COLUMN. 

ROUND TRIP RESIDUALS FROM THE JPL ANALYSIS OF THE 
RETURNS OF AUG. 26, 1986 (COURTESY OF X X NEWHALL) 

Figure 3 

Data 

figure 3 shows the histogram produced at the Jet 
Propulsion Laboratory during the analysis of the round trip 
times of the detected light quanta. Eleven returns are 
displayed in four contiguous bins 0.148 ns wide. The other 
entries in the histogram represent the background noise just 
before fourth quarter. The spatial filter was set at 5 
arcseconds, the spectral filter width was 1.5 Angstroms, and 
the range gate was opened 300 ns before the prediction. 

Mean = 29.24 ns 
Standard Deviation= 0.166 ns 
Standard Deviation of the Mean = 0.05 ns 

For the one-way range, these times give 

Standard Deviation = 2.5 em 
·standard Deviation of the Mean = 0.75 em. 

It is interesting to note that the expected front to 
back spread from the libration tilt of the Apollo 15 LR3 on 
August 26, 1986 was 7 em, or ± 3.5 em. This is in 
reasonable agreement with the measured spread. 

We believe this set of returns, although small in 
number of photons, to be the "tightest" in terms of spread 
yet achieved in lunar ranging. 
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