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ABSTRACT

Present time synchronization techniques used in the NASA Goddard
Space Flight Center (GSFC) Transportable Laser Rangin Network (TLRN)
will be discussed. The operational aspects of the Naval Research Labo-
ratory (NRL) developed Global Positioning System {GPS) receiver and
the Stanford Telecommunications, Inc. (STI) GPS receiver, both of which
are used in the GSFC-TLRN, will also be discussed. In addition, opera-
tional time data taken via GPS at TLRN sites located at Goldstone, Cali-
fornia ; Santiago, Chile ; Cerra Tollola, Chile ; Otay Mountain, Califor-
nia ; Cabo San Lucas, Mexico and Arequipa, Peru during 1983 and 1984 wil]
be presented.



Use of the Global Positioning System
for the
NASA Transportable Laser Ranging Network

Introduction

The NASA Goddard Spaceflight Center (GSFC) and the
Naval Research Laboratory (NRL) initially transferred time
by satellite in 1977 using the NRL Navigation Technology
Satellite (NTS) [1,2]. This system provided accuracies of
several hundred nanoseconds [3]. As an outgrowth of that
program a joint effort was started in 1979 to develop
Global Positioning System (GPS) timing receivers using
signals radiated by the GPS satellites. These receivers
were designed to provide precise time measurements between
the time standard of the U.S. Naval Observatory and clocks
at remote locations. NASA is currently using the GPS5 time
transfer receivers in the GSFC Transportable lLaser Ranging

Network (TLRN) in support of the GSFC Crustal Dynamics
Program.

252.
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Geophysical data suggest that the surface of the earth
is composed of rigid plates 50 to 150 kilometers thick.
These plates move slowly (1 to 10 centimeters per year) in
response to driving foreces resulting from motion in the
earth's interior.

In 1978 the Crustal Dynamics Project was launched to
study the movement of the earth's plates. One of the
techniques being used tv measure plate motion is Satellite
Laser Ranging (SLR). SLR uses the measurement of the time
of flight of very short laser pulses to a retroreflector on
a satellite [47.

Ground-based lasers transmit intense light pulses to
these retroreflectors and record the round-trip travel time
for the pulse to return. If the orbit of the satellite is
well-known, such ranging permits precise determination of
the location of the laser station on the Earth's surface.
When two stations range to the same satellite simultane-
ously, the distance between the stations can be accurately
determined.

The GSFC Transportable Laser Ranging Network which
supplies the SLR data, presently consists of eight Mobile
Laser Systems (MOBLAS, Fig. 1) and four highly Transport-
able Laser Ranging Systems (TLRS). These systems have been
deployed globally to measure regional deformation, plate
motion, plate deformation, and polar motion. TLRS-1 and
TLR5-2 have been using MNRL built GPS receivers since the
early part of 1984 and the middle of 1983 respectively.
Since the installation of a GP3 timing receiver, TLRS-1
(Fig. 2) has gathered data at the following sites:

1) Goldstone, California, USA; 2) Santiago, Chile; and 3)
Cerra Tollola, Chile. TLR3-~2 (Fig. 3) has obtained GPS time
transfer data from: 1) Otay Mountain, California, USA; and
2) Cabo San Lucas, Mexico. Operational GPS time transfer
data from these field sites as well as from a semi-
permanent laser station in Arequipa, Peru will be presented
in this paper.

The NAVSTAR Global Positioning System

NAVSTAR GPS is a tri-service Department of Defense
(DOD) program. The first GPS satellite flown was the
Navigation Technology Satellite (NTS-II) which was designed
and built by NRL personnel [5,6]. GPS provides the capa-
bility of very precise instantaneous navigation and
transfer of time from any point on the Earth. GPS comprises
three segments: The Space 3Segment, the Control Segment and
the User 'Segment. The phase III Space Segment will consist
of a constallation of 18 to 24 satellites, six to eight in
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each of three orbital planes (Fig. 4). The satellite orbits
are nearly Siroular at an altitude of about 20,000 km and
inclined 557 to the equator. The period is one half of a
sideral day, resulting in a constant ground track, but with
the satellite appearing 4 minutes earlier each day.

Each satellite transmits its own identification and
orbital information continuously. The transmissions are
spread spectrum signals, formed by adding the data to a
direct sequence code, which is then biphase modulated onto
a carrier.

The control segment consists of a master control
station (MCS) and monitor stations (MS) placed at various
lecoations around the world [7]. The current Phase I MCS is
located at Vandenberg Air Force Base with the support
monitor tracking stations at Alaska, Guam, Hawaii, and
Vandenberg, California (Fig. 5). The monitor stations
collect data from each satellite and transmit to the MCS.
The data is processed to determine the orbital
characteristics of each satellite and the trajectory
information is then uploaded to each satellite, once every
24 hours as the spacecraft passes over the MCS.

The user segment consists of a variety of platforms
containing GPS receivers, which track the satellite signals
and process the data to determine position and/or time.
Navigation is performed by simultaneous or sequential
reception of at least four satellites, and time transfer is
performed by reception of a single satellite. Coverage of
the Phase III constellation is such that at least four
satellites will always be in view from any point on the
earth's surface,

Time Transfer Method

To transfer time via a GPS satellite, pseudo-range
measurements are made consisting of the propagation delay
of the received signal biased by the time difference
between the satellite clock and the ground station
reference clock (see Fig. 6 and references [8] and [91).
Data from the navigation message contain the satellite
clock information and the satellite ephemeris, which allows
one to compute the satellite position and elock offset.
Since the position of the satellite and ground station are
known, the propagation delay can be computed, subtracted
from the pseudo-range and then corrected for the GPS time
offset to determine the results of ground station time
relative to GPS time. The navigation message also contains
coefficients which allow GPS time to be referenced to the
"U.8. Naval Observatory (USNO) time standard, therefore, the
final result of ground station time relative to USNO time
can be calculated in real time. The final results obtained
from a single frequency receiver will contain a small error



due to the atmospheric delay, which may be modeled and
corrected. If two ground station clocks are synchronized to
GPS time, the results can be subtracted to obtain the time
difference between the ground station elocks. This can be
done at any time, but the best results are obtained when
data is taken simultaneously by each ground .station from
the same satellite {(common view), since any error contri-
buted by the satellite is reduced when the data is sub-~
tracted.

GPS Time Transfer Receiver (TTR)

The GPS TTR [8] is a microcomputer based system which
operates at the single L-band frequency of 1575 MHz (Fig.
7). The receiver uses the C/A code only (1.023 MHz),
tracking this code to within 3% of a chip (30 ns). The
receiver has the capability to track satellites throughout
their doppler range from horizon to horizon, and can track
any GPS satellite by changing the receiver internal code.
The block diagram in Fig. 8 shows the GPS receiver
configuration. Operator interface with the receiver is
provided by a keyboard and CRT display. The time data 1s
stored on floppy disks and can also be outputted to an
external printer or computer via a serial data interface.
The input requirements to the receiver include the antenna
pesition in WGS-72 coordinates, 1 pulse per second from the
station time standard and 5 MHz from the station time
standard.

Method of Measurement

The NRL built GPS time transfer receivers are
currently being operated in MOBLAS 1 and 5, TLR3 1 and 2,
and a semi-permanent laser site in Arequipa, Peru. The
timing receiver interfaces with the laser system as shown
in Fig. 9. Figure 10 contains a block diagram of the TLRS3
timing subsystem. The TLRS systems require a minimum of 200
minutes of useable laser measurements at a given site
before relocation t90 a new installation. The one pulse per
second and 5 MHz input signals required by the receiver are
supplied by the station cesium beam clock. The receiver
operates in a fully automatic schedule mode, tracking each
GPS satellite once per day. The tracking schedule is
determined by the ovperator. Each satellite track is usually
scheduled to last ten minutes. Two minutes are required for
signal search and acquisition, and one minute for locking
and synchronizing to the satellite data. The time transfer
results of (Station - USNO) and (Station - GPS) are then
sent to the Precise Timing Section of Bendix Field
Engineering Corporation (BFEC) in Columbia, Maryland, USA
-for further processing.
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GPS Time Transfer Results

The first TLRS-1 site visited with a GP3S timing
receiver was Goldstone, California (GDS). Figure 11 shows
the time transfer results of the GDS station clock relative
to the United States Naval Observatory clock ensemble
(denoted by NOB in all of the data plots). The time
transfer in microseconds is plotted by days. The term
"oredicted" indicates that these results were obtained
directly from the spacecraft. Figure 12 contains the same
time transfer results, namely, (NOB-GD3), however these
values are calculated by differencing the (GD3-GPS) data
received using the NRL receiver and (NOB-GPS) data obtained
via a similar receiver at USNO. The plots of this common
view method of time transfer are labeled "observed™. Both
the predicted and observed plots have a statistical summary
included. This summary contains a time transfer %n micro-

. . 1 .
seconds, a frequencqqoffset term in parts in 10 -, an aging
term in parts in 10 per day, the root mean square {(RMS3)
fit in nanoseconds, the number of points used and the
number of points filtered for each satellite. The satel-
lites are identified by NAVSTAR numbers. There is also a
composite line which incorporates the data from all
satellites. The time transfer, frequency and aging terms
are all calculated for the epoch day shown above the
summary table. Because the TLRN sites all use cesium beam
clocks a first degree curve is fit to the data, therefore
there is no aging term. While the RM3S values of the
individual satellites are all within the TLRN system
requirements of 100 ns, the observed data appears to be
noisier then the predicted data. Generally, the common view
technique of time transfer yields more accurate results
than using the predicted USNO term from the space vehicle.
However, common view assumes that two stations track the
same GPS satellite at the same time, and this was not the
case at the GDS station. The tracking schedule used at GD3
differed from the USNO schedule by as much as 12 hours.
Therefore, the results shown in the observed plot are less
precise.

After the GDS site the TLRS~1 system was relocated to
Santiago, Chile {(denoted by AGO in the data plots). Figures
13 and 14 show the predicted and observed time transfer
results of AGO relative to USNO, (NOB-AGO), for the entire
period of time the station was in operation. Several dis-
continuities are obvious on these plots. The first dis-
continuity, occurring on day 78, was due to a discrete jump
in the station cesium of approximately 10 microseconds. The
second obvious discontinuity is the result of a new station
cesium clock being installed. The original cesium failed on
day 93 and the new cesium began operation on day 98. Two
other less obvious discontinuities can be found on the
predicted plot but do not show up in the observed data.
These jumps, occurring on days B84 and 105, are the results
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of accumulated erroar in the predicted USNO term. The USHOD
prediction is btransmitted by each GPS satellite, as part of
the navigation message, once every 12.5 minutes. The HRL
receiver does not update the USHNO prediction for each
satellite track due to the length of time this would
require. Hather, a special track is used by the receiver to
update the entire navigation message, including the USNO
term. This track, scheduled once a day and lasting 20
minutes, can be taken from a GPS satellite. If the
predicted USNO term is not updated daily, the error will
grow rapidly. Errors on the order of several hundred
nanoseconds have been observed when the USNO prediction is
a few days old. This error does not exist when the common
view technique is used between a remote station and USHNO.
The observed plot of (NOB-AGO), (Fig. 14), therefore
contains no discontinuities on days 84 and 105.

The Santiago station data has been subdivided into its
three distinct phases and the predicted and observed data
for each phase i1s shown plotted in Figs. 15 through 20. In
each of these plots there is an obvious bias in the data
from one satellite to another. This problem results when
the coordinates of the receiver's antenna are inaccurate.
The best time transfer results are obtained when the
position of the antenna is known to within 3 meters. The
observed plots reveal that these results are consistently
superior to the predicted method. However, it should be
noted that the predicted results are within the require-
ments of the TLRN system.

From Santiago the TLR3-1 system was moved to Cerra
Tollola, Chile (TOL). The entire data set, both predicted
and observed, can be found in Figs. 21 and 22. These graphs
indicate that there was an antenna coordinate error upon
system installation. On day 145 new coordinates were
determined and input to the GPS receiver. The predicted and
observed data after this coordinate change have been
plotted and are shown in Fig. 23 and 24. Again, both the
predicted and observed results are within TLRN system
requirements, with the observed data having a slightly
lower RMS.

In the later part of 1983 the TLR3-2 systems was
deployed with a GPS receiver at Otay Mountain, Californis
(OTY). TLRS-2 remained at this location for over 100 days
and gathered much data (Figs. 25 and 26). All discontin-
uities on these graphs are the result of phase adjustments
to the station cesium clock. Station personnel were
required to keep the TLRS-~-2 clock synchronized with USNO
time to within a few microseconds. Figures 27 and 28 show a

-representative sample of predicted and observed data from

the Mt: Otay site. This sample covers the period from day
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271 through day 284 in 1983. Again a lower RMS can be seen
in the observed data, with the predicted data fulfilling
system requirements.

The next site TLRS~2 visited was Cabo San Lucas,
Mexico (CSL). The predicted and observed plots are shown in
Figs. 29 and 30 respectively. Only NAVSTAR 4 appears in the
statistical summary of the observed plot because the
program that generates these plots requires five tracks of
a particular satellite in order to calculate the summary
information. The satellite tracking schedule used at CSL
differed somewhat from that used at USNO, therefore the
number of common view points on the observed plot is lower
than the total number of points on the predicted plot.

The final laser site to be discussed is a semi-
permanent station in Arequipa, Peru (ARP) which supports
the NASA GSFC Crustal Dynamics Program. A GPS receiver was
installed at this location in the first quarter of 1984
(Fig. 3%1). The predicted and observed graphs are shown in
Figs. 32 and 33. The discontinuities on the predicted plot
‘occurring on days 107 and 118 are due to accumulated error
in the predicted USNO term due to lack of update. These
discontinuites, therefore, do not appear on the observed
plot. Other discontinuities are the results of phase
adjustments to the station cesium clock. Figures 34 and 35
contain the predicted and observed graphs for the period
between days 125 and 167. Again, because of the difference
in satellite tracking schedules between ARP and USNO, an
ideal common view situation does not exist. Therefore, the
predicted and observed results show little difference.

Future TLRN Systems

NRL built GPS time transfer receivers were recently
installed in MOBLAS-1 deployed at Huahine, French Polynesia
and MOBLAS-5 at Yarragadie, Australia. GPS time transfer
data from these stations was not available at this writing.

The TLRS 3 and Y4 systems are currently under
development and testing at the NASA Goddard Space Flight
Center. These TLRS systems will be using GPS timing
receivers manufactured by Stanford Telecommunications, Inec.
(STL). The STI receivers have been procured and are
currently being tested at GSFC. Experimental data obtained
under laboratory conditions at the GSFC laser laboratory
using the STI receivers is shown in Fig. 36. The receivers
were operated using an internal rubidium oscillator
included in the STI receivers as an option. Therefore, a
second degree curve has been fit to this data which results
in an aging term being calculated and included in the
summaries of Fig. 36. The STI receiver outputs the station
time difference relative to either USNO or GP3, but not



259,

both simultaneously. In these experiments the receivers
were operated with the time difference relative to USNO,
therefore, only the predicted plct can be shown.

Conclusion

The results of the operational data, gathered by the
NRL builft GPS time transfer receivers at field sites,
indicate that the overall accuracy of the synchronization
via the Global Positioning System is consistently better
than 100 nanoseconds,; which meets the synchronization
requirement of the NASA laser ranging network. The results
of the experimental data gathered by the 3TI timing
receivers under laboratory conditions indicate that these
receivers will also meet the TLRN system synchronization
requirements. Field tests on the STI receivers are
scheduled for the near future.
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Fig. 11 MAVSTAR GPS5 Time Transfer
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Fig, 12 NAVSTAR GPS Time Transfer
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MAVBTAR GPS TIME TRAMSFER
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A FIBRE OPTIC TIME AND FREQUENCY DISTRIBUTION SYSTEM

B, Kirchner, H. Ressler
Institut fiir Nachrichtentechnik
und Wellenausbreitung
Technische Universitdt Graz
Inffeldgasse 12 A-8010 Graz

Telephone (0) 316 7061 ext. 7441
Telex 31221

ABSTRACT

A fibre optic time and frequency transfer system is described
which is used at the Observatory Lustbilhel Graz for the distribu-
tion of one pulse per second and a 10 MHz reference frequency. In
developing this system special emphasis was laid on stable distribu-
tion o§ frequency and timing sighals (good short and long term sta-
Bility).
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A FIBRE OPTIC TIME AND FREQUENCY DISTRIBUTION SYSTEM

IRTRODUCTION

For many applications it is necessarv to distribute standard
frequencies and/or timing signals inside a building or between
buildings. In such applications problems mayv arise due to
ground loops and neise caused by electro-magnetic interference.
Fibre optic transmissions by-pass all these problems. At the
time-~keeping station of the Lustbiihel Observatory Graz, Aus-
tria, such a system was developed.

The system should meet the following requirements:

- Stable distribution of frequency and timing signals (good
short- and long-term stability)

- Buitable for distances up to several hundred metres (adapt-
able to greater distances if necessary)

~ Built as modular system

~ Compatible with existing devices (TTL compatible signal
levels, 50 ohms termination)

~ Built of components available off the shelf

-~ High reliahility

- Low price

The performance of the system should be comparable to commer-
cially available devices in conventional technique as widely
used in time~keeping laboratories.

BLOCK DIAGRAM

Pig. 1 shows the block diagrams of the frequency and the time
distribution link. Although in principle it is possible to dis-
tribute both kinds of signals by the same link it is favourable
to use two different links ({(each best suited for one of the
tasks) because of the possible different duty cycles of the
timing signals.

The following functional blocks are common to both systems:

- Input circuits with adjustable trigger levels

- Optic transmitter with adjustable driving current and optic
receliver

-~ Fibre optic cable and connectors

- AC~coupled broadband amplifier with adijustable gain

~ Pulse shaping circuits and line drivers

The time distribution link contains additional circuitry in the
transmitter and receiver in order to be able to distribute sig-
nals of different duty cycles without changes of the throughput
delay and to produce an output pulse of equal length irrespec-
tive ¢f the inpui signal. In order to accommodate the link to
different distances and to compensate for variations in the
optic components the driving current of the optic transmitter
and the gain of the amplifier in the receiver can be adjusted.

FIBRE OPTIC SYSTEM COMPONENTS

The requirements given in the introduction led to the following
choice:

- Wave length: 820 nm
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-  Transmitters: LED with a rise time of about 10 ns and an op-
tic output power between 5 and 25 uW at 820 nm

« Receiver: PIN-photodiode with integrated low noise transim-
pedance preamplifier and an output rise time of about 14 ans
Cables:; Multimode glass fibre cables (stepped index and
partially graded index cables with core diameters of 200 and
100 um, attenuation of 5 to 10 dB/km and a dispersion {pulse
spreading) of about 18 ns/km

-~  Connsctors: Pactory and user installed connectors with typi- .
cal insertion losses of 1.5 dB.

An important aspect for the choice of the components was the
compatibility of the products of different manufacturers.

CIRCUIT DESIGH

Because of the rise times of the optic components (more than

16 ng) and in order to be compatible with widely used equipment
TTL technigque is used. To achieve the required low jitter
values a carefully design of the print circuit boards was ne-
cessary. Besides usual filtering of the supply voltages the
supply for critical components is filtered individually and the
prints are designed like RF-prints (one side massive ground) to
get shorit connections to ground (see Fig. 2). For the negative
supply voltages needed for the operational amplifiers and com-
parators voltage inverters are used so that only positive sup-
ply voltages (5 V and 13 V) are needed. The input impedance is
50 chms and the output signals are provided by fast line dri-
vers delivering TTL levels into 50 ohms terminations with rise
times of about 5 ns.

MAINFRAME

In order to achieve the greatest possible flexibility the de-
vice is of modular construction. The mainframe which is rack
mountable {standard 19 inch rack) or for desk-top use contains
the power supply {(line voltage and/or 24 V DC with automatic
switch-over in case of a power failure} and has space for 11
plug~ins. All available plug-ins (fibre optic transmitter and
receiver for frequency and timing signals, distribution ampli-
fiers and frequency dividers}) fit in any slot of the mainframe.
At the front panel signals are available which indicate if a
slot is occupied and if a signal is supplied to a plug—~in
(front and rear panel design can be seen from Fig. 3}.

PERFORMANCE

Fig. 4 shows the relation between signal jitter (standard de-
viation ¢f 100 measurements of the output signal referred to
the input gignal), LED driving current and the length of the
fibre optic link. The measurement points are for cable lengths
of 10 and 100 m and driving currents of 20 and 40 mA. With the
- presently used optic transmitters a jitter of less than 50 ps
can be achieved for distances up to several hundred metres., It
is easily possible to increase the distance by the use of high
efficiency fibre optic transmitters. Temperature induced
changes of the throughput delay of the optic transmitter and
receiver are below 30 and 50 ps/°C, respectively. Temperature
induced changes of the cable delay depend on the design of the
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cable used (about 5 to 17 ps/°C for a cable of 100 m length).
Measurements of the signal delavs on a 100 m link carried ocut
in an air-conditioned room over a period of about one month
showed no systematic changes. For several month the link is
used to transmit time and frequency from the time~keeping sta-
tion to the laser station of the Observatory Lustbiihel and
works without any problems (see the report of G. Kirchner, this
issue} .
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RECENT IMPROVEMENTS IN DATA QUALITY
FROM MOBILE LASER SATELLITE TRACKING STATIONS

D.R. Edge, J.M. Heinick
Bendix Field Engineering Corporation
Data Services Group, Greenbelt, MD 20771

Telephone (301) ub4 7000
Telex 197700

ABSTRACT

Since 1981 NASA's Crustal Dynamics Project has been upgrading their
mobile satellite laser tracking systems (MOBLAS) to improve performance.
The major hardware modifications include the installation of a short pul-
se high energy Quantel laser, operating at 5 hertz, with a supporting time
interval unit (TIU) and a quad integrator receive energy measurement device.
Calibration stability and precision as well as satellite data precision have
been improved by these changes based on recent results from MOBLAS stations
Tocated in the U.S and in Australia. Full deployment of these stations will
significantly improve the accuracy of the globa) laser data set which will
lead to the more accurate determination of geophysical parameters.



Since 1981 NASA's Crustal Dynamics Project has been upgrading
their mobile sateilite laser tracking systems (MOBLAS) to

improve performance. The major hardware modifications include

the installation of a short pulse high energy Quantel laser,
operating at 5 hertz, with a supporting time interval unit

(Tiy) and a quad integrator receive energy measurement device.
Calibration stability and precision as well as satellite data
precision have been improved by these changes based on recent
results from MOBLAS stations located in the U.S. and in Australia.
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i
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Full deployment of these stations will significantly improve
the accuracy of the global laser data set which will lead to
the more accurate determination of geophysical parameters.
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Since 1981 NASA's Crustal Dynamics Project has been upgrading their
mobile laser satellite tracking systems, usually referred to as
MOBLAS stations. The major hardware modifications, shown to the
right in Figure 1, include a new laser, time interval unit, and
receive energy measurement unit. General Photonics lasers, with
a pulse width of about 6 nanoseconds, are belng replaced by high
energy, short pulse, Quantel lasers which have a pulse width of
only 2 tenths of a nanosecond. At the same time Hewlett-Packard
53704 Time Interval Units are replacing the HP5360's. The data
from the HP5360's have a granularity of 100 picoseconds, or 1.5
cm in range, where as the HP5370's have a resolution of 20 pico-
seconds. Nonlinear Relative Enerpy Measurement modules measuring
receive energy are being replaced with quad integrators which
have a more linear scale. Also, the upgraded stations are track-
ing at five pps, occasionally resulting in LAGEQOS passes having
over ten thousand observations.

By the end of this year all but 2 of the current MOBLAS stations
will have been upgraded, as shown in Figure 2. MOBLAS-1 is
currently being scheduled for upgrade, while MOBLAS 2 will stop
tracking and be dismantled. WMOBLAS 3 is undergoing a major
upgrade involving the replacement of the on-site computer in
addition to the other modifications and should be back up
sometime this year, The upgrades are complete on MOBLAS
stations &, 5 and 7; the upgrade with the installation of

an HP5370 time interval unit later this vear.

Installation of short pulse lasers greatly improved the quality
of the data. In general, the calibration precision has improved
by a factor of five, precalibration to postcalibration shifts
have been dramatically reduced from a few tenths of nanoseconds
to a few hundredths of nanoseconds, and RMS values for LAGEOS
passes dropped from a range of 10 to 16 cm to the 2 to &4 cm range.
This improvement in LAGEQS data can be seen in data [rom MOBLAS 4
in the United States and from MOBLAS 5 in Australia. TFipgures 3
and 4 list several LAGECS passes taken before, and then after,
the upgrades. The RMS values are plotted to the right, using

the letter 'C' for combined pre- and post- calibration, and

the letter 'S' for LAGEOS data. The vertical, dotted lines

are at 2 centimeter intervals. At MOBLAS 4 before the upgrades,
calibration RMS values were typlcally about 6 cm, and LAGECS

data were about 12 cm RMS. After the upgrades, calibration

RMS wvalues were down arcund 2.25 em, while LAGEOS data had

RMS values of about 4 cm. The improvement in the data from
MOBLAS 5 was even more dramatic. Calibration RMS values went
from about 5.5 e¢m down to 1 cm, and LAGEQS RMS values which

ware around 14 cm £ell down to the 2 cm level.
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With this larpge improvement in data quality it is now possible to
see gystematic affects at the subcentimeter level. The systematic
e¢ffect from the upgraded MOBLAS stations which has received the
wost attention is the dependence of the range measurement on receive
energy. The quad integrator allows accurate monitoring and modeling
of the raceive energy dependent bias and jitter of the receivers
which have not yet been modified. Flgure 5 is a plot of satellite
data residuals versus the receive energy measurement and a plot of
the receive energy distribution. The means of the range residuals
ipy each column of the plot are plotted vertically, in centimeters,
using ‘X's' with one sigma error bars. The number of data points
represented by each column is read downward at the bottom of the
chart. The relative receive energy increases to the vright. This
data is from a LAGEOS pass which has an overall RMS of 2.8 centi-
meters, taken August 17 of this year by MOBLAS 7. As the receive
energy appreaches the threshold of the receive system, to the left
in the plot, the delay of the system usually increases, and range
measurements taken near threshold would appear to be long by a few
centimeters. Also, system jitter is greater in this area, so pass
BMS values increase as more data is taken near threshold. At present
a large fraction of the LAGEQOS data being taken by the upgraded
MORLAS svstems have receive energies near the thresheold limit, so
it dis important to moniter, model, and, if possible, correct the
data based oun receive energy. Upgraded MOBLAS systems now take
2000 calibration observations per pass, covering the entire receive
energy range. Data has been corrected, on an experimental basis,
by fitting a curve through the calibration data and then applying
that curve to the satellite data, removing the bias. RMS values
generally improve, some by as much as 35%, depending on the mag-~
nitude of the original blages and the distribution of data near
threshold. TFigure & is an example, a 2.7 cm LAGEOS pass taken

May 13, 1984 by MOBLAS 7, was corrected based on receive energies
veducing the RMS to 2.3 cm and eliminating shot by shot range
biases of up to several centimeters.

To sum up, a new level of data qualiry has been achieved by the
upgraded MOBLAS systems. LAGEOS passes now have RMS values of

2 to 4 cm, and pre— te post- calibration shifts have been greatly
reduced. Data quality should jmprove again in the near future

as new types of receivers involving microchannel plates and new
discriminators are to be tested this year, and new software is
being developed to handle systematic effects left in the data.
LAGEOS pass RMS values should approach ! centimeter in the near
future.
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THE CONCEPT OF A NEW WETTZELL LASER RANGING SYSTEM
WITH DUAL-~PURPOSE CAPABILITY

W. Schliiter, G. Soltau

Institut Filir Angewandte Geoddsie (Abt, II DGFI),
Richard Strauss Allee 11

D 6000 Frankfurt 70

Telephone 069 6333 1
Telex 413592

R. Dassing, R. Hopfl

Institut Fir Astronomische und Physikalische Geoddsie
Der tu Minchen

Arcisstrasse 21

D 8000 Miinchen 2

Telephone 089 2105 2409
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ABSTRACT

A new Laser Ranging System with a dual purpose capability :
Tunar and satellites, is being discussed to substitute the present
Nd/YAG System at Wettzell. The description of the conceptual design
of this system is given in the following.
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THE CONCEPT OF A NEW WETTZELL LASER RANGING
SYSTEM WITH DUAL-PURPOSE CAPABILITY

Introduction

Some efforts have been made in the past towards Lunar Laser
Ranging [1] by the group** acting within the Sonderforschungs-

bereich 78 - Satellitengeodidsie.

MEMBER of the Sonderforschungsbereich 78 (SFB 78)

Satellitengeoddsie of the Technische Universitdt Miinchen

o a} Institut flir Astronomische und Physikalische Gecddsie
der Technischen Universitit Minchen
b) Institut fir Angewandte Geoddsie in Frankfurt am Main

¢) Deutsches Geoddtisches Forschungsinstitut (abt. I) in
Minchen

d} Bayerische Kommission fir die Internationale Erdmessung
der Bayerischen Akadenlie der Wissenschaften in Miinchen,

e), Geoddtisches Institut der Universitédt Bonn -
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A recent hardware analysis showed clearly that the Satellite
Lasey Ranging System designed in 1974 and operated since 1977

at Wettzell will no longer be suitable for performing operational
ranging to the moon, in the manner necessary to meet the require-
ments of the programme for Establishment and Maintenance of a
Conventional Terrestrial Reference System (Cotes) defined jointly
by the IAG and IAU [2].

The new concept mainly worked out by the authors together

with Dr. Greene (NATMAP) and Dr. Wilson (IfAG) foresees that the
new Wettzell Laser Ranging System (WLRS) would have the capabi-
lity of tracking different reflectors on the moon as well as
geodynamic satellites such as LAGEOS and STARLETTE.

The design for the WLRS requires the following features:

a) ranging to lunar retroreflectors with a 20 minute normal

point precision of 5 cm.

b) ranging to LAGEOS with an RMS error of less then 3 cm

cver 1 minute, day or night.
c) a capability of measuring to terrestrial targets.

d) sub-system modularity to allow upwards compatibility

with new technology.

e) totally identical systems for ranging to lunar or satel-
lites targets.

f) minimisation of the level of technology reguired to dia-
gnose and repair faults.

g) real-time calibration of the ranging system.

h) rapid (less than 10 minutes) changeover from lunar to

satellite laser ranging.

i) maximum degree of automation in operating calibrating,

testing, and maintaining the system.
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The WLRS~concept

The design concept for the WLRS is shown in Figure 1. It is
similar to the NATMAP Lunar Laser Ranging System (NLRS)

design [3].

The system will have a day/night satellite capability with the
required precision, and shall be able to convert rapidly to LLR,

The measurement procedure should be identical for SLR and LLR,
allowing comparisons of the data and results without a con-

cern for systematic errors between measurement systems.

Telescope \

The telescope system would have the following characteristics:
a) minimum aperture of 75 cm - clear

b) common full-aperture for transmit and receive optics

¢) identical optics for transmit and receiver and guiding

d) a mechanical mount pointing error of less than 2 arc

seconds referred to the transmitting aperture

e) adequate tracking and acceleration speeds for low satel-
lites

f) high optical guality Coudé path

g) high precision servo control system to allow pointing
errors (servo only) of < 0.5 arc second and track rate

errors of < 0.25 arc sec/sec
h} mount configuration: ALT/AZ

i) mount position readout precision of better than 1.0 arc

second RMS on both axes

j) a field of wview, unvignetted, at the Coudé room entry

port, of 3 to 5 arc minutes
k} total hemispheric sky coverage

1) minicomputer control of servo system



m) transmission efficiency of 10% from Coudé& room entry

port {similarly for receiving)
) simple adjustment facilities
o) prevention of condensation on the optical parts
. o o)
o} elevation range ~5° to 185

qg) operating conditions in temperature of -20° to 40° ¢

and up to 95% humidity.

Telescope and mount should be computer controlled, and they
should be connected via a Coudé path to the guiding station,
T/R-system, laser, and receiver placed in a controlled
environment.

Guiding System

The prime data acquisition mode is planned to be final the
absolute guiding mode. However, other guiding systems are
necessary for development of the absolute guiding capability
as well as for backup, system diagnostics, and real-time

checking of the system's optical parameters.

The WLRS proposed guiding systems consist of

a) a wide~field finder TV mounted on a small (10 cm) auxil-~
liary telescope. This system can also be mounted at the

Cassegrain position, with a smaller field of view.

b) an eyepiece placed at a guiding station in the Coudé
room (field of view 5 arc min).

¢c) a TV imaging system placed in the guiding station to
allow electronic image enhancement for manual guiding.

£
s

star tracking svstem {eg. guadrant detector) placed at

the guiding station alsoc.

The guiding station concept is shown in figure 2. The eye-
piece is always available for use. The beamsplitter is used
to optically switch between star tracking system and TV

(lunar tracking).

317.
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The WLRS would initially become operational with manual gui~
ding for LLR from the guide station. Absoclute guiding should
be possible as soon as the mount model is improved to give an

RMS error overall of less than 4 arc seconds.

T/R-Switching System and Receiver System

The requirement for a transmit/receive switching system
{(T/R} arises because common optics would be used for trans-
mitting and receiving. The requirements for the transmit/
receive switching system (T/R) are:

a) to connect the Coudé path to the laser during time of fire.

b) to connect the Coudé path to the receiver at the time of
expected returns.

¢} high efficiency in the transmitting and receiving mode.
d) to operate at high laser pulse rate of max. 10 Hz.

Filters for the receiver will be employed between the T/R

and the receiver

e} suitable spacial filters.

£} suitable spectral filters.

The receiver system should consist of

a) a suitable photomultiplier (RCA 8850 or MCP/Micro Channel
Plate) and

b} a matched preamplifier and discriminator.

Laser

A Quantel NA:YAG Laser, Model VG 402 DP, would be chosen. This
Laser can work in the following 4 modes:

y Mode 1 Mode 2 Mode 3 Mode 4
No. of pulses/shot i 4 8 1
Pulse width 100 ps 50-250 ps 50-250 ps 3 ns

Pulse spacing - 8 ns 8 ns -



Mode 1 Mode 2 Mode 3 Mode 4

fulee energy 100 mJ 250 mJ 350 mJ 350 mJ
Mean Power T W 2,5 W 3,5 W 3,5 W
Further parameters:

Pulse repetition rate 0.3 - 10 Hz

Wave length 532 nm

Beam diameter 9,5 mm

Beam divergence < 0.7 mrad

The single pulse (mode 1) would be used for SLR. The other
3 modes are for LLR. It is expected that mode 3 would be the
most freguently used when the WLRS is in its final confi-

guration.

Timing System

Reference to UTC within 0.1 us (1 pps) and a stable 5 MHz-
reference~frequency (H-Maser) is available from the existing
timing system of the station. The internal timing system of
the Laser should be driven and synchronized by the time
system of the station. The epoch of Laser ranging eventsg is
determined by combining a real time determination of UTC
(accurate to 0.7 us) with a relative determination using time

interval techniques (+ 100 ps).
The system would have the following components:

a) time interval counters for multiple~event-counting
(+ 125 ps; Le Croy time interval unit) or the new high
resolution {(+ 20 ps) Le Croy TDC if available.

b) time interval counter (HP 5370B) for calibration.

Software

The following software components are foreseen:

a) SLR prediction software, for the generation of telescope
point angles and range predictions for satellite ranging,

based on daily IRV inputs.

319.
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b) LLR prediction software, for the generation of telescope
point angles and range predictions for lunar ranging,

based on a lunar ephemeris.

¢} A real-time laser ranging programme for the acquisition of
lunar and satellite range data.

d} Pre-processing software to produce quick-look data files
to GSFC specification, and full rate data magnetic tape

for analysis and archiving.

e) Software drivers for all devices to be interfaced to the
main computer (CAMAC-CRATE, Telescope- and Dome Control
System, T/R and Receiver, Timing Range Gate and Range Win-

dow electronics).

) Stand-alone diagnostic programs for each interfaced device,
to allow testing of individual devices, interfaces, and

drivers.
g} Mount modelling software (option).
h} Calibration software for off-line calibration.

i) Calibration software for simulated ranging, terrestrial
target calibration, differential path calibration, and

real-time calibration whilst ranging (incorporated into c¢)).

j) Software aids for system alignment, laser monitoring and

testing, weather monitoring.

The software would be installed on a HP-A900 computer system in
order to be compatible with the NATMAP software development.

Electronics

The WLRS control electronics visualised consist of the following

{cf. fig. 1):
a) Laser Ranging Contrcller (LRC).

b) CAMAC Controller and electronic interface to HP-AS00

computer.

¢) Guiding system electronic interface to HP-A900 computer.
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d) Telescope system electronic interface to HP-A900 computer.

&} T/R control system and electronic interface to HP-A300
computer.

f) Dome control system and electronic interface to HP-AS00

computer.

g) Timing system for laser ranging, including electronic
interface to HP-AS00 computer.

h) Wideband signal processing electronics.

The electronics for the WLRS should be designed and constructed
to operate in cohesive and integrated fashion so as to allow
software control and monitoring of the entire laser ranging

pProcess.

The major electronics sub-systems are shown .in figure 1, WLRS
OVERVIEW. In this figure, the receiver system incorporates
the active spectral filter control, the telescope system in-
cludes the dome control and interface, the signal processing
electronics are distributed between the CAMAC system and the
LRC, and the ranging timing system between the LRC and the
CAMAG system.
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THE TRANSPORTABLE LASER RANGING SYSTEM MK I11

T.S. Johnson

Instrument Electro Optics Branch
NASA Goddard Space Flight Center
Greenbelt, Maryland 20771

Telephone (301) 344 7000
TWX 710 828 9716
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ABSTRACT

The transportable Taser ranging system (TLRS-3) has been desi-
gned to take advantage of the latest developments in satellite ran-
ging instrumentation and techniques. Satellite returns at the single
photo-electron level are detected from low power laser light trans-
mitted trough a compactly designed mount. Modular construction effi-
ciently integrates the computer system, with terminal entry, disc
sotrage and graphic display and a time transfer system driving a pre-
cise fregquency standard. Station, star and satellite acquisition data
are read from floppy discs, which can also be used as the final medium
for shipping the ranging data. An azimuth/elevation tracking mount can
be calibrated from visual observations of automatically selected stars.
A singlte shot rms noise level of a few centimeters is observed on satel-
lite at a return data interval around one second. The light-weight sys-
tem consumes little power and requires no more than two operators for a
normal satellite tracking shift.
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THE TRAWMSPORTABLE LASER RANGING SYSTEM MARK IILI

The transportable laser ranging system (TLRS-3) has
been designed to take advantage of the latest developments
in satellite ranging iastrumentation and techniques. Its
architecture is based on that of TLRS-2, which has
gsuccessfully completed campaigns in Greenbelt In 1982 and on
FEaster 1Island and Otay Mountain in 1983, and is now making
measurements at other normally inaccessible and undeveloped
sites., Collocation tests have demonstrated agreement
between the ranging observations taken by the transportable
machines and high power laser systems at the centimeter
level. A single shot r.m.s. noise level of a few
cantimeters is observed on satellite ranges at a return data
interval around one second. Mount pointing repeatability of
a few seconds of arc can be maintained during an occupation

peried of several weeks.

Satellite returns at the single photo-electron level
are detected from low power laser light transmitted through
a compactly designed mount. The modular construction
efficiently integrates the computer system, with terminal
entry, disc storage and graphic display and a time transfer
system driving a precise frequency standard. Station, star
and satellite acquisition data are read from floppy discs,
which can also be used as the final medium for shipping the
ranging data. An azimuth/elevation tracking mount can be
calibrated from visual observations of automatically
selected stars. During the satellite pass, a three-level
interrupt sequence coordinates the computer”’s system
control, prediction and data recording functions. The
light~weight system consumes little power and requires no
more than two operators for a normal satellite tracking

shift.
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In the configuration shown, the laser is mounted in
its shipping container above the rack to the right, which
contains the chiller and power supply, with the optical path
folded within the central case which also covers the
pedestal. Below the mount in the central rack, the
microprocessor with disc storage units and the ranging and
mount control electronics are housed. The console panel
includes a small graphlcs dlsplay screen, digital readout
devices and control switches. A timing system is mounted in

the third unit.
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TRACKING MOUNT

A 280 mm. aperture optical telescope with mnear
diffraction limited optics and £/10 focal ratio is mounted
off the axis of an azimuth elevation wmount to give a common
transmit/receive path for the light signal. A mirror within
the telescope deflects the light path along the elevation
axis and into the mount support where 2 second mirror turns
the path down the azimuth axis. The mount 1s positiened
with motor/tachometer/inductosyn encoder assenblies for
azimuth and elevation control. A mirror inside the
pedestal, rotated by a motor synchronized with the laser
firing sequence, deflects the transmitted signal wup the
azimuth axis, after 1t has been sampled with a pellicle

mounted in the herizontal path of the laser output.

e r The modified Schmidt-Cassegrain

telescope 1is sectiomned 1in this

illutration.

A dual—bearing mount allows easy

alignment of the optical system.

The pedestal tripod is constructed

from aluminum weldments.




A master oscillator provides primary timing aignals at
¥ HHz, I MRz and 1 ppe to s wmoedule which distributes
Freguency and pu;se infeormation throughout the system. The
diffarence between the system 1 pps clock and a GF5 receiver
i5 used to establish epoch time to within one microsecond of

a master clock.

LASER SYSTEHM

The transmitter consists of a passively mode~locked
Neodynium-YAG laser with a pulse slicer and double—-pass
amplifier. The fundamental frequency of 1062 nm. is doubled
toe produce green l1light =at 10 pulses per second. The
transmitter is supported by capacitor banks, a control unit,
power supply and a cooler carrying deionized water to

dissipate heat generated by the flash lamps and laser rods.
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SERVO AND SYSTEM CONTROL

The central control sytem uses a 20 pps interrupt
timing signal from the frequency and pulse distribution
module to position the optical axis of the tracking mount.
Angle error commands are received from the computer through
a digital—-to-analog converter and compared with shaft
encoder position signals. The correct speed and direction
of travel for the azimuth and elevation motors can then be

specified to the servo amplifiers.

TRANSMIT/RECEIVE DETECTORS

A laser monitor diode triggers a start pulse when it
detects the 1light transmitted through a dichroic mirror
placed in the optical path of the laser transmitter. The
green light reflected by the dichroic mirror passes through
a negative laser coupling lens before the rotating mirror
reflects it inte the tracking optics. The received laser
pulse 1s detected by a photonmultiplier and arrives at the
PMT distribution wunit after the start pulse. Constant
fraction discriminators separately shape the start and stop

pulses which are transmitted to the ranging system.

RANGING SYSTEM

The range measurement system 1s driven by the system
10 pps interrupt signal and consists of a multichannel 50
picosecond resolution time interval counter. A common start
signal 1is received from the transmit discriminator and up to
seven separate signals may be accepted from the recelver
diseriminator in any measurement cycle. In addition, the
ranging system measures the amplitude of each individual
start or stop signal as well as the epoch time of the start
signal and the mean background rate (the number of noise

photo electrons/sec).
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COMPUTER SUBSYSTEM

The computer communicates with the other

330.

subsystems &

yhyough a CAMAC dataway. Control and service voutines are

driven by hardware~generated interrupts in foreground.

Trazjectory computation is performed as a background task,

with display and dats recording scheduled for execution by

forcground routines. Computer peripheral input/output

operations are controlled asynchronously.

A numerical integration scheme is used to compule the

orbit for a satellite pass based on a power series

representation,. The travel time for a particular laser

pulse and the range gate window needed to accurately measure

the veturn tiwme is predicted, &s well as the pointing angle

required to place the target within the laser

computer system also operates 1nm a star trackiuag

beam. The

mode for

mount error calibration and computes cable delay corrections

from both internal and external targets, A ranging analysis

software package allows on—-site analysis of data for gquality

control and a comprehensive set of diagnostic

support the field operation.
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THRACKING OPERATICH

Passive star calibration and active ground and
gatellite ranging are conducited under computier control. A
console panel allows operator tuning of each mode of
operation based on information dispiayed on the screen, and
contains switches to initiate the required mode. Angle
biases can be applied to star observétions to derive a mount
ervror model, and to compensate for any target position
errorse during tracking. The dominant satellite positioning
error is along the orbit track and {is compensated by
applying a bias to the epoch of the laser pulse”s predicted
travel time. In the i1llustration, range residuals to a

gatellite with a small along-track orbit prediction error

are shown on the screen.
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The details of each transmitted pulse are recorded
together with enocugh data on the returmns to properly monitor
system performance. Automatically recorded measurements of
the pressure, temperature, and relative humidity at the site
accompany the tracking data to allow the measuremeants to

yield their intrinsic accuracy at the centimeter level.
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THE SOFTWARE SYSTEM FOR TLRS 11

P.J. Dunn, C.C. Johnson, A.W. Mansfield

EG & G WASC,
6801 Kenilworth Avenue, Riverdale, Maryland 20737

Teiephone {(301) 779 2800
Telex 590613

T.S. Jonnson

Instrument Electro-Optics Branch
NASA Goddard Space Flight Center
Greenbelt, Maryland 20771

Telephone (301) 344 7000
TWX 710 828 9716

ABSTRACT

The Transportable Laser Ranging System Mark II has been designed for
accurate satellite tracking operations with low power consumption. The per-
formance of the system can be regularly monitored with software which also
provides on site capability to assess data quality and to confirm that the
system is working at the single photoelectron return level. This short re-
port briefly describes the software suite and illustrates the date quality
assessment procedure for satellite and ground target observations.



&

THE SOFTWARE SYSTEM FOR TLRS 1I

The Transportable Laser Ranging System Mark Il is a
new type of highly mobile laser gatellite tracking system.
It is designed for rapid deployment to normally inaccessible
and undeveloped sites within the laser network operated as
part of the Goddard Space Flight Center Crustal Dynamics
Project. The system 1is packaged in shipping contailners
which will fit in the cargo holds of normal passenger jet
airlines, and emphasises modular construction and low power
requirements, A single photoelectron system vreceives
returns on seven channels through a 25 cm. aperture
refractive optical system from a passively modelocked,

frequency doubled Nd:Yag laser transmitter.

System control, polnting, data recording and post-
flight data analysis 1is accomplished with a CAMAC packaged
microprocessor. The principal interfaces for the software
suite are shown in Figure 1, and the three functioans of
calibration, operation and support are categorized. An
overview of the Real-Time operating system 1is presented in
Figure 2, which also provides detalls of the hardware
configuration., A flow chart of the main control routine for
real-time operation is given in Figure 3 and indicates the
procedure by which the system is prepared for satellite

acquisition or star tracking for mount calibration.

The instrument has completed successful campaigns at
Greenbelt, Maryland, Easter Island, Otay Mountain and Cabo
San Lucas, Mexico. The capabilities of the on-site data

snalysis software have helped to control data quality and to

indicate occasional system malfunctions. The performance of
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the post—flight analysis software 1is the focus of this

report and is illustrated in Figures 4, 5 and 6.

The post—flight recontruction of the real—-time screen
display for a pass of LAGEOS taken at Cabo 8San Lucas 1in
Maureh 1983 1is shown in Figure 4. The vertical scale has
heen set to 50 nanoseconds in rvound-trip flight time to show
the nolse level of the returans, although the range gate
actually used for acquisition was one microsecond. The
horizontal scale is in seconds from the predicted point of
¢lesest approach and the pattern of returns 1is caused by
orbit prediction error which in this case amounts to a few
meters. The increased background noise visible as the pass
progresses 1s caused by the occurrence of sunrise. The
histoegram of returns shown to the rtight of the screen
display 1is redundandant 1in this reconstruction and the
statistics listed below the histogram apply td all of the
information on the screens Options to display quicklook
data, to fit low ofder polynomials to selected points,
change plot scales and redefine plotting variables are
available to the operator as part of the gquality control

procedure.

In Figure 5, three consecutive screen displays are
shown to illustrate the sequence used by the operator Lo
assess the data quality. A low order polynomial is fitted
to the screen pattern to produce a symmetrical histogram of
returns. Although manual editing capability 1is available,
in this example, automatic editing based on the observed
noise level of the data was applied to produce the final

display of acceptable returns. The noise level of 487

vy e 2

i

wrements taken from all channels of the recelver system
Q

amounted 10.4 centimetersS. This is higher than expected
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and is partly due to the application of nominal interpolator

scale factors to each of the channels.

The screen display of Figure 6 shows reluras detected
in a single channel from three sepavate horizontal
targets. The noise level is 5.7 em for 588 obhservatlions,
which is close to nominal for the systewm, but will include
some survey ecrror for the targets at the centimeter level.
The horizontal target calibration establishes the system
delay at 4.93 m. and this value was maintained consistently
throughout the occupation. Figure 6 also shows a plot of
range against return power amplitude to establish that the
system 1s operating at the single photon level for which it
was designed, and which corrvesponds to about 60 units on the
horizontal scale. A histogram of returns as a function of
return power is also shown and exhibits a Poisson
distribution with peaks at the multiple photoelectron

levels.

The TLRS-2 quality control software has been found to
efficiently indicate any aberrations in the system which
might lead to adjustments to improve the performance of the
laser, the discriminators or the operating power level. It
has efficiently assisted the operators in their efforts to

maintain the accuracy of this new transportable instrument.
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FIGURE 4. RECONSTRUCTION OF A LAGEQS PASS
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ABSTRACT

This paper reviews the software and firmware which has been developed to
date for the Modular Transportable Laser Ranging System (MTLRS). Four major
tasks are identified some of which involve real time communication with the
system hardware. One of the main characteristics of the overall system design
is the separation of the computer hardware into three independent but mutually
cooperating microprocessors. Consequently the software and firmware package of
MTLRS has a modular design.



1. introduction

The computer configuration of the Modular Transportable Laser Ranging System
(MTLRS) is primarily characterized by the depluy:nent of three microprocessors: an
HP 1080 L. main processor and two Motorola M6809 slave processors. The main
processor together with its peripherals can be used stand-alone for any computing
task, whereas the real time utilization of the total ranging system also involves the
two slave processors, each addressing an independent task.

Therefore the software designed for MTLRS always involves the main processor and
only in some cases requires the use of the two siave processors.

Due to the limited memaory capacity of the main processor and of the external
storage devices, the tolal amount of software developed for the systom is sepuaraled
into four major tasks, each requiring an individual bootstrap loading of the operating

system.
2. The hardware configuration

The computer configuration (figure 1) comprises one HP 1000 L model 5> 16-bit
rnicrosystem and two Moto-mla 8-bit microcomputer systems.
The HP 1000 computer or main processor has 128 Kbytes of RAM at its disposal for
the operating system and the real time programs. The data communication with the
two diskette units and the two Motorola microsystems is established through two
IEEE-488 interfaces. An HP 2623 graphics terminal with an internal hardcopy unit
functions as system conscle. Support for data communication over public telephone
lines is feasible by a Silent 700 terminal with 20 Kbytes of bubble memory and
acoustic coupler. All programs are executing under control of the disc based RTE-XL.
cperating system.
The two Motorola microcomputer systems, i.e. the predictor processor and the
formatter processor, are slaved to the main processor. Each of the processors
comprises one 5 MHz microcomputer board based on an M680% MPU, one IEEE-488
listener/talker i/o board with two additional 8-bit PIA's (parallel interface adapter)
providing for interprocessor and MTLRS electronics data i/o. A memory board with
16 Kbytes of RAM installed, is available to each of the slaves and is used for real
' time program data storage. An APU (arithmetic processing unit) board based on an
AMD 9511 is attached Lo the predictor processor and an additional IEEE-488 listener/
talker board is modified to provide for the controller function of the data communic-

ation link between the formatter processor and the two HP 5370 range counters.

43.



344,

The real time programs of the slave processors are supported by a selfmade
aperating system. The operating system as well as the real time programs are

installed in ERPROM.
%, Tha real Uime software system

The MTLRS is controlied by three cooperating rnicroprocessor based cornputer
systems. Each processor hosts a task, executing a well defined function to achieve a
minimum of interaction between the processors. These three functions can be
described as:

- final prediction and correction of the direction and the speed of movement of

the optical axis of the telescope,

= collection and formatting of the observational data into a compact data format,
- data acquisition during and control of the observational activities.

The first two functions are performed by the predictor and the formatter processor
respectively while the last one is carried out by the main processor because of its
complexity and variety cencerning data handling. The predictor as well as the
formatter task are programmed in assembler to meet the requirements of time
dependency during real time operation whereas the task of the main processor has
been established in Fortran IV. For overall synchronization of the different
processors, the start-up procedure and the observational activities have been broken
down into several levels, each of them representing a certain state of operation. A
change of state is mainly caused by a binary command string from the main
processor's monitor program to the predictor and formatter processors, but also by
the detection of a certain condition by either processor. At all times both slave
processors notify the monitor program about a change of state, while during the real
time operation also the predictor and formatter processors interchange state
information. In this section the major states of operation of both the predictor

(figure 2) and formatter processor (figure 3) will be discussed in some detail.

Start-up The predictor and formatter processor system command handlers are
entered after power-up, ready to receive a commmand from the main processor's
rnonitor program for system function initiation like memory dump, program loading
and (reat time) program execution. At this level diagnostics may be loaded and
exectited.

On behalf of the observalional activities the real time predictor and formatter

programs residing in EPROM are started by the monitor program. Both programs



examnine all the communication links they are going to use, reset the encoders of
both the teiescope's axes as well as the range counters after which they

automatically proceed to the next state.

Session idle The session idle state is defined as a resting-point for both the
predictor and formatter real time programs to allow off-line operation of the main
processor.

At this level there is no interaction with the MTLRS guiding and detection system
and between both slave processors. Far future use, functions like telescope encader
readings and time synchronization of the main processor may be added to the

predictor and formatter programs, callable by monitor user commands.

To leave the session idle state, the monitor program may issue a user command Lo :

return to the processor systemn command handler or to proceed to the session initiate

state for the execution of a series of observational activities.

Session initiate All data transfers between the main processor and the slave

processors will be performed under interrupt control from this state onwards to
guarantee that the 10 Hz operation rate of the predictor and the formatter programs
will not be disturbed.

After receipt of the initiation command by both slaves, the predictor program
receives a set of equally spaced topocentric predictions from the manitor program.
The predictions are to be used for target tracking (satellite path) or fixed target
pointing (ground targets), the latter one mostly being time independent. In the case
of time independent pointing the movement from one target to another is performed
under monitor command. Optionally the directional mode of observation may be
chosen instead of the ranging mode.

To maintain azimuth angle accuracy of tracking predictions at higher elevation, the
predictor program defines separate coordinate systems for adjacent groups of four
satellite points utilized during real time 3rd degree interpolation.

Concurrently the formatter program optionally initializes the two range counters and
prepares observational data formatting. Before entering the session active state the
predictor and formatter program synchronize for the first 0.1 second observation

cycle, as will be described in the next section.

Session active Three major tasks have to be performed during a 0.1 second

observation cycle, i.e.

~  calculation and correction of a prediction,
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- synchronization of the predictor processor and the formatter processor,

- furinatting of the observational data records,

The prediction calculation and correction task s carried out by the predictor
program. The predictor program subsequently passes throigh three substates during
the session active state, The first one is the prediction ready state while it waits for
the first prediction epech. 1t remains in the prediction valid state until the last
prediciion epoch is encountered, whereafter the prediction exhausted state is
entered. In the prediction ready state the telescope's direction is moved to the first
predicted point, being a satellite position or a ground target. The prediction valid
state comprehends either the selection of a pointing prediction or the interpolation
of a tracking prediction and the correction of that prediction, to be used for the next
observation cycle. While in the prediction exhausted state, telescope pointing in the
direction of the last calculated position is maintained.

The predictor and the formatter programs synchronize every 0.1 second observation
cycle, by using the well defined epoch whereupon the mount positioner accepts a
prediction message from the prediction program. The predictor program then
transmits a synchronization message, including the current prediction to the
formatter program and in turn receives a message from the formatier program

containing the corrections to be applied to the next prediction.

The formatting of the observalional data records is performed by the formatter
program. The cbservational data is received from the multiplexor and one of the two
range counters which are alternatingly used every 0.1 observation cycle. Three
different types of B byte records may repeatedly appear in an observation message,
i.e. the time record, the direction record and the cbservation record.

The time record contains the absolute epoch and appears every 25.6 seconds in the
stream of observation messages. Every 1.6 seconds the current elevation and azimuth
of the telescope are formatted into a direction record. If a successful observation is
detected, an observation record is formatted, including time fractions of the laser
firing epoch, the simultaneous calibration and the range count. Because the MTLRS
can be utilized for direction observations, the observation record may contain
szimuth and elevation angles instead of ranging data. Both the direction and the
observation record contain unambiguous time offsets of their epoch. Every 1.6
seconds, the currently formatted observation message, together with an optional
multiple-stop timer message are submilted to the interrupt system for transmission
to the main processor.

Calibration mode of ranging may be selected during the whole session active state
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with either the telescope being directed to a predefined point o with the telescope
continuing to point or track. The session active state may be terminated at all times
by user command to the predictor program whereafter both the predictor and

formattier programs return to their respective walt state.
4, Task 1: Site Installation

Mobile laser ranging inveolves frequent moves of a laser ranging system between site

locations. Before the actual ranging can start upon arrival at a new site, a variety of

activities has to be performed, such as orientation, a lignments, system checks, ete,

Some of these activities allow automation especially if they involve data taking

utilising the system, data reduction or dala storage. A software system has been

designed combining the computer aided installation activities in one task (figure 4).

This task is made up of four subtasks:

a. the astronomical orientation of the telescope mount axes together with the
determination of astronomical latitude and longitude,

h. the positioning of the mount relative to local markers,

¢. the initialization of terrestrial range targets and finally

d. the recording of c:iataﬁ and results obtained from these subtasks on selected

external storage devices.

Geodetic astronomy A high accuracy orientation is required for tracking a

predicted satellite orbit with a laserbeam of 10 arcsec. minimum divergence.
Therefore this subtask first determines the orientation of both the azimuth and
elevation ‘encoder system in an astronomical reference frame. Since, the reach of
hand paddle corrections in elevation and azimuth in tracking maode is limited to
+0.127 degrees, the orientation is obtained in two steps.

An initial azirmuth orientation is determined from star observations in static pointing
mode, manually operating the mount positioner. Subsequently accurate azirnuth and
elevation orientations are obtained observing optimally selected meridian stars in
tracking mode, making full use of the computer controlled systems for mount
positioning and data recording. The data reduction results are tested statisticaily and
if these results are not accepted, the observational procedure is re-scheduled

immediately.

If the orientation is satisfactory the subtask secondly determines astronomical

latitude and longitude simuitaneously, by observing zenith distances of optimally
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selected ex-meridian stars in tracking mode.
Latitude and longitude are required Lo obtain baseline corrections in g global
reference frame from locally obtained eccentric positions of the syslem, as well as

for proper transformation of predicted satellite positions to topocentric coordinates.

Survey local markers This second subtask determines the position of the telescope

mount relative to a number of survey markers available on the site pad. A positioning
device is utilised to obtain azimuth and elevation readings to these markers,
employing the computer controlled mount-positioning system and data recording
system. If four or five optimally arranged markers are observed (Vermaat and Van
Gelder, 1983) the positioning of the ranging system can be obtained with sub-

millimeter precision from a specially designed data reduction method (Vermaat,
1984).

Initialize range targets If terrestrial range targets are going to be observed in a

lateration mode, these targets will be identified in the third subtask. This very
simple process invelves manual pointing at a target utilising the mount-positioning
system and the subsequent reading and recording of the telescope position under
computer control. This in&tiai identification facilitates the ranging to any of these

targets employing the ranging task and the real time software system.

Finish the installation task OK-bits identifying each of the previously described

subtasks will be set as soon as the particuiar subtask has been completed
satisfactorily. If all OK-bits are set, i.e. if the complete installation task has
produced acceptable results, the present termination subtask will perform a specific
process of data storage. First, all observations obtained during any of the previous
subtasks will be stored in a uniquely identified site log file on a specific data
diskette. This enables the reconstruction of the complete installation task at any
time, using the original observations. Subsequently, site identification parameters
such as site number and occupation number together with the results from the
installation process, e.g. astronomical latitude and longitude, the baseline correction
vector, ete., will be stored on the system diskettes of ail subsequent tasks. Thisg

procedure safeguards these subsequent tasks against the use of wrong site dependent
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data and requires each of these subsequent tasks te start with a check on the identity

of the current site.

5. Task 2: Satellite prediction

Satellite ephemerides must be available in the form of inertial state vectors
(comprising position and velocity components) at an epoch close to the rise time of
the satellite for a particular site. Thus each satellite pass for a site requires one
state vector. These state vectors can be obtained from any established method of
orbital prediction, performed by the authority responsible for the deployment of the
systern. To facilitate the use of any available data communication method, the state

vectors are required in an ASCII-character format.
The task performing the satellite prediction comprises two subtasks: the re-
formatting of newly received ephemerides and the actual prediction of individual

satellite passes (figure 5).

Processing of new ephemerides This subtask checks the ASClI-character input data

for transmission errors and subsequently re-formats the data into a compact binary
internal format. This binary format allows efficient use of storage space on diskette

as well as efficient access to the data by the prediction software.

Pass prediction This subtask performs a numerical integration of the satellite pass

from the input state vector over the time-span of visibility at the site. Due to the
iimited time-span a very simplified force model can be employed for the equations of
motion. The parameters for the integration have been tuned to minimise computing
time on the HP-1000 L processor and to maintain the excellent prediction capability
of the laser geodynamics satellite LAGEOS, utilising input state vectors derived
from ephemerides provided by the Center for Space Research of the University of
Texas (Schutz, et al., 1981). The software produces topocentric sateilite positions at
a satsllite dependent constant tirne spacing. This time spacing has been tuned to the
real time 3rd degree interpolator in the prediction processor. The predictions are

stored in a binary format in data files on a prediction diskette, and are thus readily

" avallable for the ranging task.

At the hardcopy unit of the HP 2623 A graphics terminal an alert list is produced,

summarizing the rise- and set times of the satellite in the predicted period.

[
Y
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6. Task 3: Ranging

The ranging task (figure &) employs several programs, sorme of them may be called
optionally, e.g. to update ranging parameters, others are necessary during ranging
and are designed to reduce delay times of data transmission. The real time ranging
activities are executed by three programs, i.e. the range program, the alarm program
and the disk program. The overall control of the ranging activities is performed by
the range program, which schedules the alarm and disk programs to become memory
resident before real time operation. The alarm program is scheduled on a time
interval basis. It repeatedly polls the predictor and formatter processors for pending
data messages, which it routes to the range program. The disk program is reactivated
by the range program every time the observation buffer is filled with observational
data to be recorded on diskette.

The range program initiates the abservation activities selecting a set of predictions
from diskette, prepared in the previous task. The predictions are sent to the
predictor processor and are aiso recorded on the observation diskette for use in the
data evaluation task. The calibration maode of ranging is selected when the predictor
and formatter program indicate their readiness for pre-calibration. Because
calibrations are taken usin;] a prism mounted to the front end of the telescope, the
direction of the telescope is moved to a predefined point to eliminate effects caused
by the possibly inhomogeneous wave front of the laser heam. When sufficient
calibration observations have been collected, satellite ranging mode is turned on and
tracking is automatically started on the first satellite prediction epoch. During
satellite ranging, the multiple-stop timer counts, four of every 0.1 second
observation cycle are displayed on the system console to aid in optimizing the
prediction corrections. Six different corrections are possible during tracking, i.e.
time-, cross track-, azimuth-, elevation-, range gate delay- and window correction.
A histogram of the simultaneous calibration provides a permanent indication of the
stability of the system. After pass termination and post-calibration all observational

data is available on the observation disketie for data evaluation.
1. Task 42 Data evaluation

Processing of observed data Reliable deployment of mobile satellite laser ranging

equipment calls for the availability of a method of data evaluation on-site. This
method must basically aim at:

a. the determination of the noise level of satellite data and the search for outliers,
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b. the validation of system performance,

¢. the updating of orbital parameters.

The software designed to meet these requirements for MTLRS (figure 7} initially
produces range residuals, l.e. the differences betwuen observed and predicted ranges.
These residuals are displayed on the HP 2623 A graphics terminal, facilitating the
visual recognition of the sateliite ranges among noise data. Optionally a range
window can he defined about the predicted ranges by selecting a time- and range blas
and a window size. All residuals oulside this window will be flagged for rejection.
This simple technique of editing enables the elimination of a large portion of the
noise data facilitating the subsequent analysis, especially at a high level of noise
data. The accepted range residuals are then subjected to a curve fitting utilizing
orthogonal polynomials followed by a procedure of iterative statistical testing
(Aardoom, et al. 1982). The resulting residuals are displayed on the graphics terminal
and the range data is flagged according to the result of the tests. This powerful
method of datafiltering automatically discriminates satellite returns from noise
data. Pre- and post calibration data obtained from the optional retro-reflective
calibration mirror at the Lelescope as well as simultaneously obtained calibration
data from the Le Croy counter can be analysed utilising the same filtering technique.
All data editing only effeéts 2-bit flags available in each range record in the data
file, thus no data will be lost or altered and the data-evaluation of each pass of data

can be replayed any number of times.

Accepted residuals define an RMS value which is a measure for the precision of the
obtained ranges. The accepted satellite ranges are also used te evaluate a time- and
a range bias for the particular pass. These biases allow the updating of satellite
predictions for future passes and thus enhance the data acquisition capability of the

system, especially in the case of low satellites.

List data summary This task consists of a procedure for listing a summary of all

data obtained at the current site, enabling the crew to appreciate the progress made

to date.

Select quick-look data A third subtask selects quick-look data from previously

evaluated passes. A selection is made out of all accepted satellite ranges. This data
is corrected for system delay estimated from the processed pre- and post calibration

data.

s
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8. Concluding remarks

The aim Lo build a highly rnobile and field operational satellite laser ranging system
has been realized in the hardware and software of the MTLRS. The MTLRS has
demaonstrated its reliability and quality during the collocation experiment at the
sutellite observatory in Kootwijikc in spring 1984. About 3000 single photo-electron
shagrvations taken with a single shot precision better than 6 cm RMS represent the

normal results of a Lageos pass during clear sky conditions.

The cholce to subdivide the cbservation task inte three subtasks, each of them
executed almost independently by a separate microcomputer has an important
positive impact on the reliability of the MTLRS.

The two relatively small 8-hit Motorola M68B0% microcomputers, hosting the EPROM
resident real time prediction and formatting tasks, provide complete and efficient
control of all time-critical observational activities.

Consequently the third microcomputer, t.e. an HP 1000 L 1é6-bit microsystem with
the RTE-XL operating system, is relieved from the time critical aspects, being teft
with routinely data acquisition during and overall control of the observational
activities. This multi pm&:esmr set-up and consequent modular task design will

facilitate easy future software upgrading.

A software system designed to determine the astronomical orientation of the
telescope mount axes together with the astronomical latitude and longitude has been
used successfully. The scrupulous approach to positioning the mount relative to local
markers has proven its value. The technique deployed to merge site dependent
parameters automatically with all data files produced, enhances the reliability of the
data cutput of the MTL.RS.

State vectors derived from the ephemerides for LLageos, provided by the Center for
Space Research of the University of Texas and utilized in the advanced integration
program of the MTLRS, enable field missions of several months without receiving
prediction updates from the outside world. Time biases to be applied to the epoch of
the state vectors and information to monitor system performance during a mission

are derived from the data evaluation program.
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figure 2 State diagram of the real time predictor program including
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figure 5 Task-2 Diagram of the satellite-pass prediction calculation

using specific state vectors supplied for every singie pass.
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ABSTRACT

The MLRS station computer firmware and software are described.

Hardware that directly affects programming is highlighted.
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COMPUTER 3VSTEM

§ intraguniion

ino fellowing cooumsnt Ceaoribes the conpter system of the HcDonald Loser Renging Syslem
{MLRS} which wes constructed hy Tha Universiby of Texas McDonald Obsaryatory under NASA
Comlrect HASW-3296. Tha station 1s looalad abaut 17 miles north of Fort Davls, Texas at longituce
255.9841, gsedalic latiluds 30.5770 b, end altituds 1963.41m. The syslem is a dual purposa
installation designed for both ertificisl sateltiles and Junge lergels. 1 takes sdventege of many of the
Same design used in the 30 em Tromspor teble Laser Renging Systesn {TLRS) constructed earter and
ths techniques dovelopad in the 12 vear oid 2.7 metar unar system about 800 maters GWaY.

2 Funstions Parformad

Lunar and Salsilite Peslilon Bolerimination: The computer must produce an aphemearis In
bath direction end rengs, suitehls for tracking sateilites and luner siles in real Ume during esch
poss, Figure {os). These preprocessed inilial conditions are produced either by integrating from a
tepe of Inter-Renge Veclors (IRVs) {ob) generaled by en outsids compuler (for erlificial
sstollitesy o oy tnleroelly compuating en epieinerts based on eflher an MIT or JPL export luner and
pienetary ephemeris (for the moon) (oc). The preprocessed positions ere produced ot intervals
which are commensursle with tha eppsrent paths of the sateliltes and the moan to the required
tracking preciston

Rogl Time Polnting and Tracking o real time, the computer must perform 61h order
Interpolation of the pointing and renging isbles lo generate rates for the 76 cm lelescops,
Figural aa), snd rangs predictions 1o open ihe receive gate (4b) and interpret the returning pulses
{ac).  Real lime tracking utilizes postlion depencent functions fo correct for {elescope mount
orientotion errors (oe)  The hand petlle (20} io used to input point engle offsets a8 well os time
offsets, the Istter medifying rengs as well es paintengles  The sysiem also responds to 8 number of
Iterlocks and status word inpats. Trecking status, including polnt engles, are displayed on the
Motrox meniter (ae), while error messsges enpear on the sysiem consola (af).

Sotellite pointing and trecking ere eccumplished by reeding the sbselute encoders { ag) threegh the
CAMAC interfeca { sk}, Lunar pointing is gocomplished by visually pointing at known lunar features
&nd then using differential offsels through the incremental encodar CAMAG interfecs { ah).

Stallar Object Trecking: The compuler s able to slew the telescape {o the position of known
stetlar ebjects and begin tracking st steller rates. in this mode the system Is sensitive to position
changas, via the handpeddle { +8), and lo focus commands only. An sbridged version of the FK4 {od)
supplies ster positions, although pesilions may ba enlered manually by the operator (af). Stalier
chssrvations are used to determine the telescope orientation error medel { oa).

Yalasoapa Ssrve System: The baam direstor servo system {a!) is contralied by the NOVA 4X
computer (af} vie o CAMAG Interfece unit {ah). Through the CAMAC unil the computer has
continuous eccess to the positicns of both the ircremental encodor unils (21} and the absolute
encoders (ag) ond Is able to select drive rates on each axis over the full rots capabiity of the
system. As meny s sovaniesn limit switchas crs svailoblo on bolh axis with which the computer
may senss both tha ebserving fimits of tha system as wall as the mechenical stops in sach axis. A
menual hendpetdie (am) s provided to move the besm director indzpendently of the computer
CAMAC system.

&

&



&

Lesar Firing Conirel:  During loser firirg it 15 necessery for the compuler o rotsle the
trensmil-receive switch (an) end the ollenuator to the eppreny iate positlons, calculete the laser
ficlng times, and fira the Jasar {40) at the correst repetilion rate. During firing, the computer
geeesses the correcled returns, coloulnies the residusl error between the ebserved and predicted
flight timas, and disolays the resulls on the scesn {af} for cperator interastion. Calibration dots is
Gutomoticaily recorded end displayed ) durtng tha reat time firing. Al ralavent dala is saved
(2p) for Jater analysis.

Tims of Flight: The time of fiight system (TOF) Is designed sround o lalchable tmer (aq), &
EGB time digitizer {(ar) ond & CMOS clock (aD). Ths lime digitizer (ar} messures the interval
belween eny event and the nax! puise In e S-megahertz pulse traln with 100-picosecond BCCUREDY.
The letcheble timer (ag) records which pulss wes used. Tha CMOS clack (aD) eontains the time of
Gay from | sscond ta 1000 days. Tha timer (aq) ond the time digitizer (ar) are phased logether
with deley boxes lo remove tha one count uncertatnly in the time of Night, The tims latch on the
timar {aq) hes five gatesble Inputs which are sslacteble from the computer. They sre; four
external TTL-compatible inputs { s, as), andona internal, computer {riggerable inpul. The timer
{20} maintains the time slanderd from 200 menoseconts {0 ol least 53 seconds. I also has two
campuler-solectable eulputs which occur upen the coincidencs of the timer count train with a
computer-lcedable ialch; one TTL laser firing outpul (al}, end ene veriable width NI compatible
gate putse (10 microseconds nominal width} au).

Data Log Precassing: The computer permits the entry of fmerective log Information (of), the
editing of this information{on), the inciusion of internally regsneraled sols of information, and
atlows for the storege on disk{ap), or herd copy {aB) and the subsequent review of the log
information at o lster time,

The Dynamie Precess Monltoring: The dynamic processes In the system are monflored at all
times (os). These processes includs weather {og)(av), system interlocks, scaler date, clock
frequency drift (oh){aw), end the NASCOM lina (o 1) ax).

Jysiem Operster Tutoring: The system is cesigned lo tulor a ron-sophisticeled user such that
he con acoess the proper cotnmands, by answering a menu of questions at each phase (af).

initislizalion Functions: Since nearly all of the renging system dynemic processes ara under
computer conlral, a number of progrems ore nesded to aid the operater lo determing snd input
peremelers required for laser renging. These include the programs to develope Lhe lelescope
orientation parematers from slar ohservations (oe), lo Inpul, check, and convert satellite and
luner ephemerts and steller pasitions formatien ( <J,0)), 1o sat the herdwore and softwsre
clocks, o enter new clock transfer information (ok), sie coordinates (o1), and ground tergat
pasitions,

Rangs Data Processing:  Sometime afler ecquiring rangs data (om) and enlering the pertinent
log (1) informalion, the operator must generate Mles {ov,0w,0u,0v) contalning this data for use
elsewhers. The progrems which the operator invokes { on) ollow displaying (al) the oid dota,
windowing i, and trensferring it o disk (ap), lape( ay}, etc., in the sppropriate format for further
use. Inaddition, a permanent archive Copy is made of the raw data fHe (tself.

NASCOM: The computer allows the easy preparotion, ediling end sending of all slantdard NASCOM
messages including Stelus, TOR, ond Quick Look {ou). It slso monitors the line (o) a2} for
incom ing messages ond routes them Lo appropriste tolding files on the disk (ap).

Debugging: Several progrens have been writlen to facilitate debugning the herdware and softwore
unlgua to MLAS. These inciucy programs s menuatly set perameters for the CAMAC modules,
exercise the telescope drive, sxerclss the rotating mirrer 2nd stlenuster, snd fo print binary data
THes in o useful fermat. Thesa supplement a host of computer-vender supplied diagnostic programs,
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3 inputs lo Computsr

Telescope sbisolute ees encoters { op){ ag)-~from CAMAG {ak)

Talescope incremantal encadars{ op3{ a1)- -from CAMAC (ah)

Hendoaddte! oai{ sdf - - from CAMAG {aA)

User commends end response-—Trom keyboord (af)

Epocti- ~from CAMAD { sl at,ar}

Eptemeris dato{ ob,0c) for abject {star, salallite etc. )~ -from disc{ap), keyboard{af)
Sile constents- - from keybosrd { af)

Telesoons ortentation paramalers~ - from disc {ap)

Overridss, condition detectors end irderlocks to the telescope- —frem CAMAG (ah,sA)
Weather { av) information- -from CAMAC {4E)

Previous return data{ ¢ m)~-{rom magnetic tepe( ay) anddisc(ap)

Status information from guiding {ad) and datecting packeges (ag)--from CAMAC (aA)
Orbil time cosfficients- - from mansgetic tape(ay)

N~ 20D OO W —

4 Qulpule row dompuisr

Treck rolas to lalesonps sxes( aa)--through CAMAG (ah)
Pulses to each telescops axis( aa)--through CAMAC (&h)
Slew commands to the telescope( aa)}--through CAMAC {2h)
Keyboard ( &1} responses snd prompts

Display of stetistics { aT)--CRT greph

Return information--disc{ o p), tape(ay), primer{aB)
Estimated fire times (al}~-through CAMAC (aq)
Transmit/recatve control( a8)- ~through CAMAC { 2A)
Dryramic information{ or )-~TY menitor { a8}

W N AN~

S Meds of Uss

The MLRS operating system is disc resident {ap) wilh o backup system en lope (ay). Stortup is
fnitisted through a vendor-supplied cperating system (RDOS) . After system initialization, the
monttor program {os) beging o execute tn the Forground partition {ot) and the Command Line
interpreter  {CLI} Dagins lo execuls in the Background perlitien (ou) end eweils cperator
commands (al).



& Environmeni

Herdwore: The softwere syslom operstes i o computer systern configurstion which can includo

i,

IS

~en o

giy o gl of the foblovwing
Oree Mova 4X CPU with 128K 16 bil words of seml-conductor memery, power Tstl protect,
6 reai-lme clock, autematic program load, herdwore srithmetl, end flooling point
aptiona (4§}
Two 10-megabute dise subsysici, with removehle S-megsbigle cartridges (ap)
Ons 640X by 476Y point grephic/eiphanumeric CRT terminal, 6.4" by 9~ display sres,
with 75 10 9600 beud rate (9600 is used) (af)
One telephore modem, 300 baud rate, for NASCOM, RS232 (a2)
ACAMAC interfrea (aF) to o locally bulll hardwers which includes 8 CRT monitor {ae)
{or real e information displays
Ona 9-treck, 800 BP1, 10-1/2" real megnelic topa unit { ay)
Ona Nna printer { 4B)

Oparating Spslem:  The vendor -supplied oporeling syslem used is the Date General Real Tima
Disc Operating Systom (RDOS). This syslem provides softwere deivers for all vendor-supplied
peripherals. it allows the user lo comnile, pssemble and build the controlling software syatem on
tho singie compuler sustem. During resl lime aperation, e sustem handles multiple priorities of
user hardwere interrupts on e tosk orjented basis.  RDOS has been megified lecally to handle the
Fatrax displey (se)end TOF ttmers 62 systen davices { ag,ar,aD).

% fote: OnFigure a , tha symbal

i

tndicates that these devices wers desipned snd buill by MePonald Gbservatory. Other device were
" zvailable commorcialiy.
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7 Maln Ssfivers

Tha following brograms are avaiteble for routine operator usege and can be called by name by the
operaler from the system stondby stale (CU1) . Indented entrles s pregeams swepped in by lhe
previous progran,

BLOEDH ~Converis ASCH JPL Lunar and Planalary Export Ephomeris tape into
ROYA-Corapat itle binery fils

CALTDB -Detor miings 16611 timo digitizer catibration constonts,

CLEANUP -RDOS cominend f1le which cleans up Gebiri after system crash

LKoo ~Allows operator 1o scoess click data

CPYRBF ~Ceples renge dato e batween disk and lape

CYB9 ~Wrltes ilocked tapes for uss by other computers such as the C.D.C. Cybar

FIREPH ~Appifes current tHine to ephameris file for testing

FIXLEPH ~FIXEPH for lunsr ephemeris flles

FMAILER ~Creates ASCH |acer mailing lape, quick Jook, and lunar 7 & P files from windowed
renging dats

OLOGBER ~Logs satallite passag

213 ~Benerales test eghamer is for renge lests

IHTRDF ~initializes o rangs data file for { reluse

[HITSAT -Inteorates MY to produce saleilie ephemaris

RKEYCAMIAG  ~LAMAC Glegiste progranm
LMTCHECK ~Produces repertof ASCH Laser Hatiing Taps contants
LHMTOP ~Converts FMAILER binary LMT to ASCH mag tape file
LUNRANGE ~Lumar renge data scquisition program
MFORMIRY  -Reformats & vorifios checksums on raw IRYS { Goddard & UT Metric)
MOGUNT ~Telescope mount or fentation Uste acquisition & fHting
MNTGRA  ~Graphics program used by MOUNT
L3GFIT  -Least-squares Fitting pregram used by MOUNT
FIONITOR -Fereground program to monltor & update tima, clock diTferences, encoder, &
anvirenmontal informalion
MSATPATH  -Prints Hsting of saielbite positions (X ) from ephemaris file

MTAR -Returds fixed {argat positions for iater use
NBRCMP ~HASCOM messeqs numbar Comperison

_ NCEDIT ~NASCOM message editor
PRECLI =Setup progrom executed st system start-up

PREDCNTRL  -Lungr ephemeris gensratlon program

PREDICT  ~Produces intermediate luner snhemerts

TABFORM -Converts interinedisto luner ephemerts to MLRS funar format
PRNTEPH -Prints satellite pasitions ( X.Y.Rangs} from ephemeris file

READX -Read IRY formot taps

RET ~Requast for MASCOM re~{rensmission

RSCLK -Re-syncs software clock lo CAMAC CH0S clock

SATRANGE -Satstlite range dals anguisition

SENDOL -Sends Quicklonk Data messags

SITE ~ANovrs entry of site coordinates znd ecceniriclles Into system
STAT -Wriles status repert (foJos HMtllor, BFEC) onto NASCOM
TDUMp -Dumps binery JpL ephemer-is to ling printer

TBR =~Sends time bies rasert sver HASOOM

TOR ~38nds tracking observaiion ireport over NASDOM

XSHORT ~Craates short version af birary JPL ephemerss for routing use



o In eddition, the following is e list of files snd file naming canvenlions for MLRS.,

I, Satellite Renging
——————— BE -Binary 1RYs {oulpul of FORMIRY, input ta INITSAT)
——————— RC -bye-resduble recap of contents of BI file, including IRY number dale & time
——————— .EP -Ephemeris Flle (output of IMITSAT, input 10 SATRANGE)

GEMION -Geophysical and physical constants Inpul fo ENITSAT
RDFn -Renge Data File {shared w/lunar)
. Lunar Renging

LSITESPC  ~Lunsr observatory site coordinate fHle
LFEAT.PC ~Lunar surfece feature fila

LREFL.PC ~Luner refector file

LMODELPC  -Lunar mods! perameters fila
LCONTOL.PC  -ELunar contral parameters file
PROCTRL.PC -Current lunar control paramster file

——————— AE -Intermediate lunar ephameris file

——————— EP -Luner ephemeris fite {output frem PREDCHTAL, input to LUNRANGE)
R0OFn ~Renge data file (shered w/ satellite)

DE111S ~Shortened tnery JPL lunar and planstary ephemeris

1. Star Pointing
FRAPKD ~FK4 ster culalog edited and packed s a binary file
STARS -Eys-readable list of brightest sters and corresponding numbsers

1¥. NASCOM
RLGG -Recetve log; lists message number, file where placed, date/time received

& NASCOM ~Al other messags
TLOG =Trénsmit log
Y. Others

SYFILE -Station varishles files. Used by moniter and most user programs

FEATPKD ~Ground target posttion file
FILES ~List of file names and neming conventions (this Tist)

ko
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A DESCRIPTION OF THE MT. HALEAKALA SATELLITE
AND LUNAR LASER RANGING SOFTWARE

E. Kiernan, M.L. White
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ABSTRACT

The Mt. Haleakala Satellite and Lunar Laser Ranging System utilizes
a LSI-11/23 processor manufactured by the Digital Equipment Corporation.
The satellite and lunar software programs are written in Fortran and Macro-
1. The RSX-11M, version 3.2 operating system is used for both program deve-
lopment and real time execution. This operating system allows several programs
to execute concurrently and to interact with each other in real time by means
of global system flags ans shared regions of memory.



A DESCRIPTION OF THE
MT. HALEAKALA SATELLITE AND
LUNAR LASER RANGING SOFTWARE

1.0 INTRODUCTION

This paper describes SATCAL version 6.0, satellite laser
ranging software, and the LURE version 7.0, Tunar laser ranging software
used at the University of Hawaii, Haleakala Observatory. The SATCAL and
LURE systems consist of several programs which run on an LSI-11/23 pro-
cessor manufactured by the Digital Equipment Corporation. The processor
has 128K words of memory, the upper 2K being used for the video graphics
display. The RSX-11M operating system, version 3.2, is used to execute
the tasks and control inter-task communication and synchronization. The
SATCAL and LURE software has been written in FORTRAN and MACRO-17
languages.

2.0 SATCAL

The SATCAL version 6.0, satellite ranging software consists of
the following programs:

1. SATCAL is a small task which prompts the operator
for the desired activity, performs initializations,
and starts execution of the DESIGN task.

2. DESIGN is the main program for satellite and target
board ranging. It starts up all of the other tasks,
goes into a one-second real-time ranging loop, and
exits when ranging is done.

3. INLIZE is started up by DESIGN, and initializes the
variables needed for satellite and target board
ranging.

4, RANGE runs only during the real-time ranging cycle.
[t contains a Toop which runs N times a second, N
being a number set by the operator. N can be any
number from 1 to 10, but due to the structure of
the laser, the only numbers which can be used are
1, 5, or 10. 5 is the number used at present for
satellite ranging. RANGE fires the laser and arms
the Event Timer for the return pulse.
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5. UTIPR is the task which interfaces with the Hewlett
Packard 5370A Universal Time Interval Counter {re-
ferred to henceforth as the UTI). It contains a
Toop which is activated whenever a return pulse is
expected, up to N times per second. It reads the
UTT and arms it for the next return.

6. INTEG runs during the real-time cycle. [t contains
~a loop which is executed every 2 seconds. Every
other Toop (i.e. every 4 seconds) it integrates
the IRV vector in order to get the current azimuth,

elevation, and range for the satellite. It also
performs the necessary corrections for refraction,
mirrer offsets, etc.

7. I0PRG runs during the real-time cycle and prompts
the operator for commands such as: fire laser, re-
cord the data, etc.

8. SYSCOM is a common region which is shared by all of
the tasks. It contains constants, inter-task sema-
phores (called "event flags" by RSX-11M), and vari-
ables shared by the tasks.

9. VIDCOM is a system common region which corresponds
to the video graphics display memory. Once a sec-
cond, DESIGN writes to this region, in order to up-
date the display.

These tasks are described in detail in the following paragraphs.

SATCAL is a smal] task which is invoked directly by the operator
by the command RUN SATCAL. It initializes the dispiay on the operator's
VT100 console. It also initializes the video graphics display. It reads
the file CONFIL. DAT, which contains several SYSCOM constants, such as
current temperature, humidity, telescope tiltmeter readings, etc. CONFIL.
DAT is edited by the operator to update the appropriate values, before
the start of each satellite run. SATCAL prompts the user for the acti-
vity desired (range to a sateliite, range to the target board only,
range to the corner cube, or exit program). SATCAL starts up (i.e.,
spawns) the DESIGN task, and then waits patiently for DESIGN to exit.

It then goes back and prompts the user for the next activity.

DESIGN is the main task for satellite and target board
ranging. It starts up the INLIZE task, which initializes SYSCOM
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vaiues and prompts the operator for several parameters. DESIGN waits
for INLIZE to finish, and then proceeds to create and open the output
data file. It asks the operator if target board ranging is desired.
if so, it calls the subroutine CALIBR, which performs real-time target
poard ranging. (CALIBR is described in detail below).

After target board ranging is complete, if the operator has
requested satellite ranging, DESIGN starts up INLIZE again, this time to
compute the initial telescope positions and range for the satellite for
a time a minute or two from now. After INLIZE is done, DESIGN points
the telescope to this initial position, using the telescope's “position”
mode. It then starts up the following tasks: RANGE, IOPRG, INTEG, and
UTIPR. Then it goes into a Toop, which is executed once a second. In
this loop, during which all of the tasks are executing and performing
the necessary activities for laser ranging, DESIGN does the following:

1. Wait for an event flag to be set by the RANGE task,
and then clear it.

2. If the current time 1is less than the initial time,
then go back to step 1 and wait again.

3. Point the Lunastat, in telescope "digital rate"
mode. If using the Lurescope to receive ranges
(this is rarely done), point it too.

4. Write the previous second's data to the data file.

5. Point the dome if necessary. (Is done every 10
degrees of azimuth).

6., Every 2 seconds, set a flag for the INTEG task to
begin its Joop.

7. Every 4 seconds, take the values just calculated by
INTEG, and put them in the interpolation tables.

8. Interpolate the az, el, and range for 2 seconds
from now.

9. Update the video graphics display.

10. Go back to the first step and wait.



o

This Toop will continue indefinitely until the operator has
indicated "exit" to the system via 10PRG.

At the termination of this loop, DESIGN asks the operator if
target board post-calibration is desired, and if so, calls CALIBR again.
Then, 1t closes the data file, stops the telescopes, sets several event
fiags to ensure that ail of the other tasks have stopped, sets a flag
to signal to SATCAL that it is done, and exits.

CALIBR is a subroutine cailed by DESIGN, to perform target
board ranging. It also does corner cube ranging, which is exactly 1ike
target board ranging, except that the telescope is pointed to a slight-
ly different position. CALIBR first initializes the appropriate Tocal
and common variables, points the telescope to the target board, and
starts up the tasks RANGE, UTIPR, AND IOPRG. It then enters a one-
second real-time ranging loop, which is very similar to the one in
DESIGN,

INLIZE is executed before a sate]lite and/or target board
ranging run. It calls routines which read in SYSCOM values from
various files, and other routines which prompt the operator for
ranging parameters., For satellites, it calculates the initia)
satellite position and range from the IRV vector. It corrects these
values for refraction, the mount model, and mirror offsets. It also
checks if the satellite is too near the sun, and calls sun avoidance
routines if necessary. It sets up and initializes tables which will
be Tater used by INTEG to interpolate the azimuth, elevation, and
range.

RANGE runs only during the real-time ranging cycle. It
connects to an interrupt card which provides interrupts at N times a
second. N is set by the operator, and is usually set to 5, for
satellite ranging, It executes a loop N times a second, during which
the following things are done:

1. Wait for an event flag to be set by the interrupt
card, and then clear it.

2. Fire the laser.
3. Read the time of laser fire (start diode time).
4. Compute the time &t which to open the range gate.

The range gate is opened just befere the satellite
return pulse is expected back, and closed just after.
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When the range gate is open, the return pulse can
be detected by the receive eguipment. _

5. Arm the Event Timer to open the range gate at the
proper time.

6. Calculate the predicted range for the next cycle.

7. After the range gate has been opened, set an event
flag to signal to the task UTIPR. UTIPR will read
the UTI for the range value.

8. Go back to the first step and wait.

UTIPR is a task which interfaces to the UTI. When it is first
started up, it connects to the UTI, initializes it, and arms it to re-
ceive the first satellite range. It then goes into a loop, which is
executed every time a flag has been set by RANGE. RANGE sets this flag
whenever it has gotten a laser start and is expecting a return pulse.
Therefore UTIPR's loop is executed up to N times a second. During this
loop, the following happens:

1. MWait for the flag to be set by RANGE, then clear
it.

2. Check event flags which indicate whether or not a
return range has been received. Continue checking
until we time-out, in which case we haven't gotten
a return pulse.

3. If a range has been received, read it from the
buffer.

4. If a range has been received, read the Receive
Energy Module (REM) and save this value in SYSCOM.

5. Clear out the buffer.

6. Re-arm the UTI to receive the next range.

IOPRG runs during the real-time cycle. It simply displays a
prompt on the YT100 console, and waits for the operator to type in a

command. The commands can be abbreviated. The following is a list of
the available commands. The upper case letters indicate the minimum



possible abbreviation, and the lower case letters are optional.
the actual program, the commands consist of all upper case letter).

1.

2.

11.

Fire - Start to fire the laser.

NOFire - Stop the laser firing.

Record - Record the data on the data file.
NORecord - Stop recording.

WRITEaT? ~ Write to the data file, whether or not
there have been any return ranges.

LScan - Change Lunastat scanning mode. Available
modes are:

1. PADdle - Read the paddles and calculate the
cross-track and long-bias, based on the read-
ings.

2. SPiral - Change the cross-track and the
Tong-bias automatically, in a spiral pattern.

3. TIMscan - Use the paddie readings to calculate
the cross-track and the time-bias.

4. STop - Stop the spiral.

5. Clear - Set the cross-track and Tong-bias
offsets to zero.

MLtscan - Change the scanning mode for the Lure-

scope. The modes are the same as for the Lunastat.

EXit « Stop the real-time ranging cycle.
Carriage return - same as a "nofire",
RBias - Change the range bias.

TBias - Change the time bias.

{In
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tains a loop which is activated every two seconds. Curing this Toop, il

INTEG runs only during the real-time ranging cycie. It con-

does the following:

following:

1. Wait for an event flag to be set by DESIGN,
then clear it.

2. 1f the operator is using the hand paddles to
change vector time bias, then read the paddles
and calculate the time bias.

3. Read the Analog-to-Digital Card for environmental
information, such as temperature, etc. (However,
at this writing, the A-to-D card is disabled).

Every other cycle, i.e., every 4 seconds, INTEG also does the

1. Integrate the IRV vector to 4 éeconds in the future.
2. De-inertialize the vector.

3. Modify the vector cross-track and/or Tong-bias,
either by reading the hand paddles or changing
them in a spiral pattern. (The operator selects
which mode to use for cross-track and Jong-bias
scanning).

4. Calculate the azimuth, elevation, and range for
4 seconds from now. '

5. Checks the azimuth and elevation of the sun. I[f
the satellite position is within 15 degrees of the
sun, then modify the satellite position to go
around the sun, and stop firing the laser. It is
necessary to avoid pointing the telescope directly
at the sun, since it could be destructive to the
receive equipment.

6. Correct the elevation and range for refraction.

7. Convert the azimuth and elevation from satellijte

angles to Lunastat mirror angles.
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8. Correct the azimuth and elevaition for the mount
mode].

9. Place the calculated values in the interpolation
tables.

3.0 LURE

The LURE version 7.0, lunar ranging software consists of
the following programs:

1. SYSCOM is a common region of shared memory.

2. MOON is a majin control program for lunar
ranging.

3. INITSK injtialized values in syscom.

4. POINT fires the laser and points the
telescope.

5. ETINT arms and reads the event timer.

6. I0PRG updates the video display and accepts
user commands.

7. HISTO displays residuals on the histogram.

These tasks are described in detail in the following para-
graphs.

.+ SYSCOM is a common region of memory which is shared by all of
the programs. It contains values which are used by all of the programs,
such as constants. It provides a means for the programs to pass values
to each other., VIDCOM is another shared region of memory, however, it
is only used by the IOPRG program. It corresponds to a region of the
memory which is connected to a MATROX video display card, therefore,
writing to this region will update the display.

MOON is the main program which initiates the Tunar ranging
sequence. Its first task is to start up the program INITSK. MOON
suspends its own execution until INITSK is done., After INITSK has
complieted and exited, MOON proceeds to open the output data file on
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the disk. If target board pre-calibration ranging is requested by the "
operator, the calibration routine is called. HMOON reads in the lunar

ephemeris, which is calculated by another program prior to the lunar

run, MOON uses the ephemeris to calculate an initial position and range

for the moon for a time a couple of minutes in the future. It then points

the two telescopes to this initial az and el, using "position drive” mode.

MOON now starts up the program POINT, IOPRG, and HISTO. Then, MOON enters

a software loop which is executed once a second. This loop will be re-

ferred to as the “real-time ranging cycle". So, once a second, MOON does

the following:

1. Wait for a flag to be set by the POINT program.
This flag is set once a second, to signal to
MOON that it is time to do its loop.

2. See if any lunar data has been obtained. If so,
write it to the data file.

3. If there was lunar data, also signal the HISTO
program so it can be plotted.

4, Predict the lunar position (az, el) and range,
for 2 seconds from now. This is done by inter-
polating the ephemeris values. %

5. Correct the az, el, and range for the following:
refraction, Lunastat mirror angles, and mount
model.

6. Go hack to the first step and wait.

This loop will continue indefinitely, until the operator indi-
cates that the Tunar run is over. When the Joop is terminated in this
manner,. the POINT, IOPRG, and HISTO programs all exit. MOON now will per-
form a post-cal on the target board if the operator so requests, and then
closes all of the input and output files and exits. '

INITSK, as mentioned above, is started up by MOON. Its only”
function is to initialize the values in SYSCOM. It obtains these values
from user input and several disk files,

POINT is a program which runs only during the real-time ranging
Toop. It starts up the ETINT program, then enters a loop which is exe-
cuted 5 times a second. This Joop does the following things:
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ETINT is a small program which runs only during the real-time
cycle. It is active only when a return range is expected during the 200
Therefore, it usually runs b times a second.
When the flag is set, it arms the Event
After the range has been received, it
processes the Event Timer readings and places the results in a buffer.

millisecond cycle,
waits for a flag from POINT.
Timer for the expected range.

Wait for an interrupt to come in from the in-
terrupt card., The card is connected to the
Cesjum clock, and can be programmed to give an
interrupt at 1 to 10 times a second.

If the range gate is open, wait until it is
closed. This is done to avoid any possible
conflicts between the laser fire and the Tunar
return coming back, since the same event timer
is used for both events. The range gate is
usually open for 1 microsecond.

If the "laser fire" flag has been setf to "Yes"
by the operator, fire the laser and read the
start time.

If there is a return coming in during this
cycle, send a signal to the ETINT program.

Once every 5 cycles, (or once a second) point
the telescopes. The current position of the
telescope is compared against the position at
which it should be in one second, and the cor-
responding rate command is sent to the tele-
scope.

Once every second, set event flags to start
up the MOON and TOPRG programs.

Calculate whether or not a return is coming
in during the next cycle.

Go back to the first step and wait.

It then goes back and waits for another flag from POINT.

I0PRG only runs during the real-time cycle.
once & second by the POINT program.

It

It is activated
it updates the video display, which
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contains current values for az, el, range, time, number of data ob-
tained thus far, and other values useful to the operator. IOPRG also
interacts with the operator at the console, accepting the various
commands such as fire the laser, stop firing, exit from the lunar run,
etc.

HISTO is activated only when the MOON program has determined
that some lunar data has been received. Therefore, HISTO runs once a
second or less. It takes the residual values (Observed range minus
Calculated range) and plots them on the histogram display. This pro-
vides real-time feedback to the operator, since many returns in the
same bin of the histogram would indicate possible lunar ranges.

4.0 DISCUSSION

The LSI-11/23 with 128 kilowords of memory using the RSX-11M
operating system has proven adequate for satellite and Tunar laser rang-
ing at 5 p.p.s. However, due to the somewhat elaborate executive over-
head of the RSX-11M operating system, program execution timing conflicts
can arise on lower orbit satellites such as Starlette and BE-C.



i

a4

REFERENCES

Documentation Kit RSX-11# Version 3.2, Digital Equipment Corporation,
Maynard, Massachusetts, 1979,

Microcomputer Interface Handbook, Digital Equipment Corporation,
Maynard, Massachusetts, 1980.

Microcomputer Processor Handbook, Digital Equipment Corporation,
Maynard, Massachusetts, 1979.




384.

AN OVERVIEW OF THE NLRS RANGING SOFTWARE

R.J. Bryant’ J.P. Guitfoyle**
Division Of National Mapping
Department of Ressources and Energy
Canberra, Australia

Telephone *62 52 52 77 ** g2 35 72 85
Telex 62230

ABSTRACT h

The Division of National Mapping in co-operation with NASA have under-
taken an upgrade of the National Mapping ranging facility to enable Satel-
Tite Laser Ranging as well as a Lunar Ranging to be performed at the site.
Because the new system was to be so dramatically different from what existed,
this upgrade provided a unique opportunity to design from basics a complete
integrated system to fulfil this dual role. This paper provides a brief out-
Tine of the ranging system hardware used and an overview of the software sys-
tem to control it. It should not be taken as a recipe for instant success or
necessarily the best way but as an outline of the approach taken by National
Mapping to achieve the goal of routine high accuracy ranging.
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AN OVERVIEW OF THE NLRS RANGING SOPTWARLE

Introductiion

The Division of National Mapping in co-operation with NASA have undertaken
an upgrade of the Natiomal Mapping ranging facility to cnable Satellite
Laser Ranging as well as a Lunar Ranging to be performed at the site.

Hecause the new system was to be so dramatically ditfferent from what
existed, this upgrade provided a unique opportunity to design From basics
a complete integrated system to fulfil this dual role,

This paper provides a brief outline of the ranging systoem hardware used

and an overview of the software system to control it. It should not be

taken as a recipe for instant success or necessarily the best way but as
an outline of the approach taken by National Mapping to achieve the goal
of routine high accuracy ranging.

Ranging System Hardware.

Telescope and Telescope Control:

The telescope is a 60 inch clear aperture Cassegraln telescope
mounted in an X-Y contiguration. The telescope control
electronics consists of a Contraves-Goerz MPACS system with an
absolute encoding system providing a resolution of 0.36 arc
seconds. The telescope's position can be read under computer
control and it can be driven in both position and rate modes.

The MPACS system is interfaced to the computer system through a
locally designed and built interface (MPACS Interface).

Automated dome control is implemented by means of this interface
together with a guiding handpaddie which provides a manual offset
of the computed telescope position. Four push buttons provide
long and cross track corrections for satellite ranging. These
same push buttons provide X and Y corrections when used for
Flexure Mapping of the telescope. Incorporated in the Handpaddle
is an 'on target'! switch which is also used for IFlexure Mapping.



Laser Ranging Controller:

The NLRS uses epoch determination rather than time interval
measurements for establishing the time-~of-flight. Coarse cpoch
consisting of days, hours, minutes, scconds and decimal seconds fo
the 100 nanosecond level is obtained from a tocally designed and
built Laser Ranging Controller. Fine resolution epochs to ten
picoseconds are obtained by merging the coarse cpoch with readings
taken from 2 Lecroy 4202 Time to Digital converters which are
controlled by the same pulses as the Laser Ranging Controller's
clock. The Lecroy modules are housed in a standard Camac crate.

The LRC provides a) the Range Gate function for the system; b) in
conjunction with a Hewlett Packard 5359A Time Synthesiser two
software selectable off-line system calibration modes; ¢} a T/R
system monitor; d} a Station Clock which can be used under
computer control to determine epochs of selected events other than
ranging operations together with Laser Control, Diode/PMT gating
logic and the necessary computer hardware interface.

CAMAGC Crate:
A standard CAMAC crate is used to house the following modules:
a) Kinetic Systems crate controller
b} Locally developed computer Interface
¢} Dataway display module for diagnostic purposes
d) Discriminator and Logic modules for Timing System
e} Lecroy 4202 TbC modules \
f) T/R stepping motor controller
g) A/D Converter module for Metecoralogical system.
Transmit/Receive System:
A T/R system of the same design employed by the Mchonald
Observatory MLRS is used in the NLRS. A spinning disc mirror with
2 diametrically opposed holes is used to switch the optical path
between laser transmission from the telescope and returning signal
into the PMT. A spinning 'dog-bone'! is uscd as a protective
shield for the PMT. The mirror disc and the 'dog-bone' have to be
synchronised and rotated at the same spesed for system operation.
Locally developed hardware is used to detect that the T/H system
is in position for the Laser to five. This is used in conjpmetion

“with a master Laser Enable signal gencrated by the computer
through the LRC to fire the laser.



The T/R system is controlled by the computer via a module in the
CAMAC crate,

Computer Hardware:

There are two Hewlett Packard A-Series compurers on sirte.

The Ranging is currently run on the A-700 system which is
configured with tMb of memory, hardware floating point, O5Mb
Winchester disc drive, 400 1pm printer, 1000 BPI magnetic tape
drive, graphics VDU, system console VDU.

The second system comprises an A-900 system with [|.5Mb memory,
hardware floating point, [32Mb Winchester disc, 10600 BPL magnetic
tape drive, 200 LPM printer, 2 graphics VDl's and a system console
viu.

All non-standard peripherals on both systems are interfaced using
Hewlett Packard (0 bit parallel interface cards. Although Hewlett
Packard supply a software driver for this card our approach has
been to develop our own. This has allowed us to customise the
drivers and provide a means whereby the complexity of the hardware
control and interrupt routines are removed from the actual ranging
and utility programs.

Both computer systems run the standard Hewlett Packard RTE-A Real
Time operating system which iz unmodified in any way. The
relevant software drivers for the locally developed hardware
interfaces are 'generated' into the system and these devices are
accessed from then on as any other standard peripheral using high
level language calls.

All locally developed drivers are written in Assembler language
(H.P. MACRO). The Ranging software and all other utility software
Is written in FORTRAN 77.

Ranging System Software

Satellite Prediction System:

The NLRS prediction software is based on that used at McDhonald
Observatory. Bphemeris data arrives at the site on magnetic tape
in the form of daily IRV's for about a 6 month pertod. They are
read from tape and stored in a variable record length disc file.

As required pregram FORMIRV is run against this disc file to
create a random access binarvy file or TRV's to cover the desired
pertod. FORMIRV performs checksum verification and the necessary
reformatting. It is capable of accepting IRV data from either
Goddard or U. of T. Experience at the McDonald site leads us to
believe that the U. of T. IRV's have a better long term stabiiity.
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Periodically the SATPREDICT program is run to produce an ALERT

file for a poriod as well as o PREDICTION file for cach satellire

pass where the satellite will rise above a 20 degree horizon.

Data in the prediction file consists of a file header containing

the relevant IRV from which it was generated, daily rime bump &
information as supplied by the network (UL of T.) and for every '
I minute point in the pass a satellite position in Azimuth,

Elevation and Range.

Operator inputs to program SATPREDICT are:

a}

b

c)

d)

e)

File name of checked daily IRV's
Starting date and number of days predicts required

Whether program can expect a new IRV for cach day's processing
or has to extrapolate from only one IRV

Whether PREDICT files are required

Whether an ALERT file is required.

Where there is a missing IRV the program can extrapolate across

the gap.

Ranging Software: "
The Ranging system.comprises 3 separate programs, INITIAL, RANCGE -
and CLEANUP.

Program INITIAL performs the following sequence of operations:

a) Initialise the inter—program communication memory area.

b) Access the ALERT's file to determine which pass is the relevant
one, obtain the name of the PREDICT file and create and initialise
the observation data file.

¢) Read in from a disc file the current flexurc parameters for the
telescope.

d) Obtain the current weather parameters from the meteorological
system.

e) Loop through the PREDICTION file data applying refraction
corrections to predicted elevation and range; azimuth corrections
for dome positioning; corrections for X-Y axes offset and optical
path lengths to system fundamental point; corrections for
telescope flexure.

“f) Store in the inter-program communication area the corrected
prediction data together with all other default parameters such as
al

range gate window width, firing repetition rate, real time display
parameters etc.
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Program RANGE is the actual data acquisition program. It is
basically a supervisory program which directs the various hardware
systems to perform the requested actions in a sequential fashion.
This sequence is as follows:

a} Initialise all hardware modules, position dome tor start of pass.

b} Synchronise T/R stepping motors.

¢) Initialise real time display.

d) Verify all variable parameters with user.

e¢) Ramp up the T/R system to require repetition rate.

f) Determine theoretical telescope and dome positions. Output them
to MPACS. Wait 100msec then read in telescope position from
MPACS. Evaluate new theoretical position and calculate error
vector. If error vector is less than 0.02 degrees then proceed
otherwise repeat this step.

g) Issue the Master Laser Enable signal to the LRC.

h) Read in from the LRC and CAMAC timing modules the epoch of the
laser diode pulse and PMT calibration pulse.

i) Evaluate predictions for theoretical range.
j) Output Range Gate Epoch to LRC.

k) Read in from MPACS the current telescope position, time and
handpaddle data.

1) Determine theoretical position, drive rates and dome azimuth.

m) Calculate actual drive rate for ensuing period by adding in to
base rate corrections for handpaddle.

n) Output pointing information to MPACS.
o) Read in current weather details from CAMAC module.

p) Read in from the LRC and CAMAC timing modules the epoch/s of
returning photons.

q) Calculate and display Residuals on real time display.

r} Journal data to disc file.
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Steps (h) through (r) are repeated for the duration of the pass.
The system can be halted atv any time to enable the user to vary
such things as fiving rate, range gate window width, range gatve
offset, real time display parameters and also to display a
histogram of the current recal time calibration data. UOnce this is
done control goes back to step {(h) and ranging is resumed.

The one minute IRV's held in the inter-program communication area
are interpolated using Bessel's Centralt-Difference Formula of
degree 5 to provide theoretical range at step (i) and telescope
position and dome azimuth at steps (f} and (1).

Steps (h) and {p} are the only ocrasions when the software system
has to wait for a hardware interrupt from an external device.

Program CLEANUP is true to its name. Essentially it filters the ranging
data and reformats it to make up the QUTCKLOOK, MATLING and ARCHIVING
files. Tt operates in the following manner:

Low noise passes

Three iterations of a two step strippiag process are employed on
each 1 minute block of returns. The two steps are:

a}  Residuals are histogrammed (at a bin width of 6 nanosecconds on
the Cirst iteration an 172 sigma on subsceguent itcrapiuus). The
highest bin is determined. Data in bins of heitght lTess than a
neminated fraction {typically 25%) of this maximum are rejected.

b) A straight line is fitted through the remaining residuals.
Results more than 3 standard errors away are rejected.

In practice this procedure converges satisfactorily and the tinal
histogram has a reasonably normal distribution out to 3 sipma.

The standard error is often 0.3 nanoscconds and 67 - 830% ot all
data points are accepted.

High Noise Passes

A preliminary estimate of the starting point and slope of the real
trace in the first minute of the data has to be obtained from the
real time ranging display. All data points more than 32
nanoseconds away from this line are then stripped out. The low
noise procedure outlined above is then performed. The resulting
straight line is then used as the reference for the next 1 minute
of data.

Future Development

The system described is the satellite ranging software system. For Lunar
ranging the same concepts - indeed almost the same programs - are being
used. The inter-program communication area will be expanded to hold data
for the several lunar targets, some of the internal loops of program RANGE
will need to be modified to allow for multiple photons in flight and the
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user will be given the ability to switch from cone target to the other
without having to reinitialise the system. The hardware will require no
modification nor will the software drivers that interface them to the
computer. It is intended to include into the system one or two video
monitors for the real time display instead of using the graphics VDU,
This will enable the display of both residuals and calibration
simultaneously.

Conclusions

The Hewlett Packard computer system used has proven adequate. Once an
integrated hardware/software design for the system was reached both
streams were able to procesd in parallel. The ability to 'hide' the
complex hardware control within the operating system makes the high level
code easy to write and maintain. If software drivers need to be changed
then a new system has to be generated but since this takes on average half
an hour it is not seen as a problem. It facilitates the testing of
individual parts of the system using various locally written high level
utility routines which proved extremely helpful in the debugging phase of
the project.

Une of the main design aims in the sof'tware has been to make the svstem
user friendly to the extent that specialists are not required tor the
routine operation of the site. Por satellite ranging this goal has been
achicved and National Mapping's Laser Ranging System is now in full
production.
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UPGRADING THE COMPUTER CONTROL OF THE INTERKOSMOS
LASER RANGING STATION IN HELWAN
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ABSTRACT

To fulfill the requirements on the laser ranging systems, the soft/
hadware package of the Helwan station was significantly modified in period
1982-84. The max. ranging reprate was increased up to 5 pps. The mount poin-
ting accuracy was increased implementing the mechanical inaccuracies software
modeT. The automatical comparison of the time base to the Loran C signal was
put into operation,



UPCGRADING THE COMPUTER CCNTFROL OF THE INTERKOSMOS LASER RANGING
STATION IN HELWAM

Software package for the Satellite Laser Fenging Station in Helwan,
Egypt was presented at the 4th Workshcop, 2ustin 19561 /1/. This software
was used untill June 19&3. The significiant modification and expansion
were carried out in the period 1983-84.

SATELLITE POSITION PREDICTION

It is based on SAC prediction routines. The new perturbeation
calculation scheme (GRIPE) was inplerented /2/. The prediction program
merory recguirements were reduced (<32Kkbytes), the special operating
system for prediction is not required more.

To make the prediciton algorithm more effective, twe stegp
interpolation of predicted position is used. In the prepass phase,
the gatellite position (x,v,z) is computed = 10 points per pass only.
The satellite position is then interpolated ¢nto 150 points, the
satellite topocentric coordinates are computed, the mount mechanical
inaccuracies are software compensated (program PPP). In the on-line
phase, the quadratic interpolation is used.

CONTROL, SOFTWARE PACKAGE

The control software peckage was significantly modified mainly
because of the ruy laser transmitter replscement by Mode Locked Train
YAG Leser /3/. The software had to take into acccocunt that:
- higher repetition rate of lacer firing is recuired,
~ 30 arcsec positioning accuracy must be achieved,
- only the single photo-electron echoes are acceptable.

CALIBRATION _

The main features of calibration program include:
Programmable reprate up to 10U Hz, parallel resding and raw data
processing from two ranging counters (HP536(A, HP5370B), independent
time ranging gates for both counters in two ranges ( fixed target

- 7500m, internal pass ~2m), statistical check of the single photo-electron

level determined on-line by the ratio : transmitted laser pulses to
detected pulsecg. The ratio must be higher than 5:1.

The calibration results confirm that nresent accuracy of the
Helwan system is determine¢ mainly by sinale photo-electron PMI' jitter

397.
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/4/. The ranging counter HP5370B is used for calibration only.

SBTELLITE TRACKING
There are two programs simultaneously loaded into memory, which
share the system commen block for data handling. Using a different
priovities and Resource Number flag, the synchronism of the programmes
execution is guaranteed. ’
The segmented background programme ETY keeps the structure c¢f
the older SATEL. The tracking segment of this programme uses a 4
second loop. During one loop:
results are avaluated and stored into disc file
range resgiduals are displayed on the cperator CRT conscle
and transmitted into HBP85 for on-line grephics display,
ccwputation of 4 mount settings and gate positions are carried out,
on the console is displayed : time, mount setting, no. of stops
within the gate for the last 10 shots, range residuals.

The gmall foreground proaram hes a higher computing priority.
Timing of its internal loop is checked by flag derived from the leser
trigger pulse. The trigger pulse is generated and synchronised tc
Station Time Base by Laser Clock. This programme transmites data to
Step Motors Controller and Time Gete Window Unit and reads results
from Laser Clock {epcch timer) &nd range counter.

jhe internal structyre of the loops in this prograrme depends on
appl ied repetition rate of the lscer triggers, which can be 1 pps, *
2.5 pps and 5 pps.

i

GRAPEICS

working with a train of picosecond pulses at the single
photo~electron level implies poor signal to noise ratio. In this cases
the graphical cutput of range regiduals versus time is simple method
to reccgnize the retrosignal from noise on-line and off-line, as well.

The personal computer HPESF (graphical CRT and graphicel printer
build In) wes instzlled. The range residuales ({(+/- 3usec for low
setellites, +/-lusec for Lageos) aere displayed on the screen , 15 or
30 minutes of tracking per screen.

MOUNT ORIENTING AND EREFOR COMP ENSATION

To increase the mount positioning accuracy, the mount pointing
accuracy is checked, the error model Ls computed. The mount error
wodel 4% taking into account:

~ the mount gears eccentricities 4 parsmeters
~ the nonperpendicularities 2 parameters
~ the coordinates offsets 2 parameters .

The first four parameters are determined on the basis of mechanical
measurements and ground aiming tests, the others sre determined on
the basis of the star cbservations. Ten to thirteen suitably distributed
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tars are uged. The interactive program (Stare) is used for the star
catalogue manipulations, selecking of the obgerving star socuence
#

The star position is monitored visually using an aiming telescope
{50em) . The program MMP evaluates the ({Llour) mount paremeters on the
basis of the star observation results /6/.

TIME BASE

Station time base 1s based on the FBP5(61l Cs frecuency
standard/clock. As the epoch reference, the loran C signal (Mediterranean
chain) is used. Laser Clock is synchronized from cesium clock.
Fropagation dalays of the LOERAN C transmitters (Master, Slavesg X,Y,%)
were calibrated in 1983 by cesium flying clock.

2n automatical comparison of the local time base to the LORAN
C signal was oceveloped. The system consist of:
~ LOEFAN C signal receiver + LORAN C rate generstor
- delay generator
-~ oscilloscope
- epoch timer (Laser Clock) + computer + programme LORNT.

Principle of operation:

Output from LOPAN C rate generator is ccnnected to input of epoch
timer instead of Laser ETART pulce. The phase ¢f the generator is
adjusted to correspond to the phase of the received Loran signal. The
oscilloscepe is used for this pupose. Recording the phase of the rate
generator by the epoch timer, taking into account the delays, one can
cepute the difference between the station time base and the Loran C
timing signal.

The program LORAN ig runnino in the loop and is resposible for
- reading the date from the Epoch Timer (Ti) -~ computinag of the
nearest Time of Coincidence {TOC) ,
~ computing the time difference (Di) according to the formulas:
Di = (Ti - TOC —-n*P )
-F < DL < P
where P is the Loran vericd and n is sn integer.
- computing the mean of ten readings,
- identifying the transmitter according to the value of Di,
- applying the corresponding deleay.
Copleting the procedure for all the transmitters available, the
welahted mean is computed, the protocol ies printec.

POSTPAESS FANGING DATA ANALYSIS

This part of the Station Scftware Package was significently
expanded. The programs for noise rejection and orbital fitting programs
were coimpleted. The accuracy of the raw results from calibretion and
satellite renging (2—-4nsec rmsg) is given by the laser pulse train
envelope. Using the "Mode Locked Train YAG Lacer KRenging Deta Procesging”
coftware peckage /5/ the data are converted into "like single pulse®
form and the subdecimeter rms level 1s achieved.
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ABSTRACT

The method of processing of laser ranging data collected using the pas-
sively mode locked YAG train laser is decribed. The algorithm for resolving
of individual peaks in measured ranges histogram and system internal noise
determination is explained together with the crosscorrelation methods for
system calibration constant evaluation. The low satellites, Lageos and cali-
bration ranging results are included.
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MODE LOCKED TRAIN YAG LASER RANGING DATA PROCESSING

The INTERKOSMOS satellite laser ranging station in Helwan 1is
using the passively mode locked train YAG laser transmitter since
late 1982 /1/. The laser generates the train of pulses, 70psec each,
spaced at fixed distance 2.0 nsec, most of the energy is ccncentrated
within 3 pulses. The ranging system operates on the single PE signal
lsvel only. The software package for the mode locked train (MLT) laser
ranging data processing was developed., Its final goal is:

a/ to find out the ranging data sets internal structure, to resolve
the echoes from the individual laser pulses within the train,
b/ to determine the calibration constant and system internal noise,
¢/ to convert the ranging data into the "like single pulse" form.
In comparison with the TLRS 1 /2/, the spacing of the pulses
in the train is much smaller. It is dictated by the laser construction
and stability reguiremets /5/., However, decreasing the MLT pulses
spacing, the analysis of the measured signal becomes more critical.
Several laser transmitters with MLT pulses spacings l.6~2.2nsec were
tested during 1982-84. The value adcpted (2.0 nsec) is a compromise
between the laser stability and the data analysis limitations.

The fundamental procedure in the MLT ranging data processing
is to find out the function, describing the distribution of measured
values. Suppose the hypotetic ranging system using an individual short
laser pulse, single PE ranging, The distribution of the measured
ranges may be described by the Gaussian distribution function. Its
offset determines the measured range, its dispersion the system noise.
For a ranging system using the MLT laser, the problem is more complex.
Keeping in mind the shape of the train of transmitted pulses, START
discriminator /4/, single PE ranging, one may conclude: the measured
values distribution function will be a superposition of the Gaussian
disrribution functions of unknovn amplitudes, egual dispersion and
offsets, differing one to another in the value of pulses spacing
within the train.

N
Yﬂ ra 2
F{e) =/ a . exp {(~(t-o-k.p Si2.8 )) (1)
bs-i k
where T amplitudes,

o ... Offset,
s ... dispersion
¥ ... pulse spacing in the frain.
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Thus, having a set of measured data, one can find out the unknown
parameters s,0,2. (For the system, in which most of the energy is
contacned in 3 pulses, the value N=2 was found to be optimal.} The
measured data distribution is expressed in the form of a histogram,
the unknovn parameters of the function (1) are computed using the non
linear least sqguare fit process.

On figures 1 to 4 are the prinits out of the ranging data analysis
precedure for calibration, low satellite and Lageos, respectivelly.
The upper histogram corresponds to the measured data distribution,
the lower ones to the computed distripution function F. To check the
solution stability and confidence, the whole procedure is repeated
for different histogram constructions fcell width, starting point/,
totaly 5x4=20 solutions are calculated.

The complete ranging data analysis is carried out in 3 steps:
-~ the satellite ranging residuals are evaluated using algorithm /3/,
the distribution functions for the ranging and calibration are found,
- the calibration constant is determined : extremely simple /and
fast/ algorith is used to crosscorrelate the ranging and calibration
data and to assign to each rarnging data histogram peak the ccrresponding
one from the calibration data set. The accurate value of the calibration
constant is evaluated from the computed calibration data offset
adding/substracting integer multiples of the train pulses spacing.
~— the measured values are folded.

Conclusion

The mode locked train laser ranging data analysis procedures
were tested by a large number of numerical simulations, indoor
calibration tests and real satellite ranging and calibration runs.
The minimal number of echoes regquired for anralysis depends on the
system noise and the pulse train length. Typicaly, 50 range measurements
are sufficient to form a stable sclution, although the succesfull
data analysis for the set of 30 echoes occured.

The ultimate limit of the ranging system internal noise, for
which the mode locking structure may be resolved with the acceptable
confidency within the ranging data is 0.32 times the pulse spacing
within the train,

Special attention was given to the uncertainty caused by the
multipulse character of the laser transmitter. It may cause a systematic
error in range measurement of integer multiples of the spacing of the
wilses within the train /4/. Calibration tests to internal and/or
external targets were carried out to find the calibration constant
determination confidence during 1984 mission. It was found, that in
at least 90% of the mesurement series, the calibration costant was
determined correctly. in the remaining cases, the errors +/- 2.0 nsec
occured. On fig.5 there is histogram of pre-postpass calibration
differencies /6/, the distribution of the gsystematic errors may be seen.

If the mode locking structure can not be resolved within the
ranging data set, the data may be treated as beeing acguired by the
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SLR working with the single pulse of few nsec length. In such a case,
the system internal noise {RMS) ranges from 2 to 3 nsec.
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ABSTRACT

The Goddard Space Flight Center (GSFC) Laser Data System
supports and manages the flow of laser data products from satellite
laser ranging stations to the international laser data user community.
The GSFC Laser Data System performs quick look data management, opera-
tional orbit determination, orbital data analysis in supporting the
acquisition message and scheduling requirements of the international
laser tracking community. The Data System supports the production and
distribution of laser data products including quick look data, the
monthly global full rate MERIT 1 data tape, and eventually aggregate
laser data. The production and distribution of laser data through the
GSFC Laser Data System involves supporting stations, GLTN Communica-
tions System, the GLTN Bendix VAX Computer System, the Crustal Dynamics
Project Data Information System (DIS), and the Crustal Dynamics Project
Investigators.
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GLTN LASER DATA PRODUCTS

DATA FLOW

The Goddard Space Flight Center {GSFC) Laser data System supports
and manapges the flow of laser data products from satellice laser
ranging stations to the international laser data user community.

The GSFC Laser Data System supports and is supported by laser
stations from around the world including the Goddard Laser Tracking
Hetwork {GLTN}, Australian Laser Network (ALN}, Participating Laser
Network (PLN), Cooperating Foreign Laser Wetwork (CFLN), and others.
artachment 1 is a data flow schematic of the GSFC Laser Data System,
which includes supporting stations, the GLTN Communications System,
The GLTN Bendix VAX Computer System, the Crustal Dynamics Project
Data Information System (DIS), and the Crustal Dynamics Project
investigators.

The GLTN Communications System receives and transmits quick look
data, tracking operations reports, quick look analysis results,
acquisition data, scheduling information, and other station in-
formation. The GLTN Communications System uses a Micronet 8 to
support communications bhetween the laser stations, the GLTN VAX
Computer System, and Investigators through Direct Distance Dialing
(DDD), TELEX, GE Mark 3, or NASCOM.

The GLTN VAX Computer System supports the management, processing,

analysis, and quality control of satellite laser data. Raw satellite ¥
data from GLTN, ALN, and PLN stations is managed, processed and

merged with processed data from CFLN and other supporting stations

te produce a montly global data tape in the MERIT 1 format. The F
GLTN VAX Computer System also supports quick look laser data management,

operational orbit determination, and orbital data analysis used for

acquisition message generation and network scheduling. Data processing

and orbital analysis results and supporting data quality information

from tracking stations and investigators are used on the VAX Computer

System to produce data quality evaluation information which supports

the quality control of the monthly global MERIT | data tape and other

lager data products.

The Crustal Dynamics Project Data Information System manages, distributes,
and archives processed laser data to support the laser data user
community. In managing laser data, laser data information and investi-
gator results, the DI5 is the primary interface between the laser data
production community and the laser data user community.

The laser data user community is comprised of Crustal Dynamics Project
investigators and other scientists doing research in Crustal Dynamics,
earveh rotation, orbit determination, instrument calibration, data
evaluation, and other sclentific applications.
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HERIT DATA UOLUME  (Attachment 2)

Lasey data productivity bas increased sharply during the MERIT
Campaign which began in September 1983, The GSFC Laser Data
System has received quick look data from 28 different inter-
national lazer stations and full rate data from 22 different
international laser stations since the beginning of the MERIT
Campaign. During the MERIT Campaign the mouthly glebal pro-
cessed data tapes have averaged over 600 satellite passes and
over one half million satellite ranging observations per month.

LaSER DATA PRODUCTS

Satellice laser ranging observations have been traditionally
available to users inm either quick look or full rate form,

quick look data meeting the requirements for users necding

immediate access to data and full rate weeting the requirements

of users who need the complete precision data set. The recent
increases in worldwide laser data productivity have led a

number of users to investigate data compression techniques to

improve computer efficiency in using very large full rate laser

data sets. Statistically compressed or apgregate data is needed

as a new laser data product. Operational production of aggregate
laser data te supplement the quick look and full rate data products
is very likely in the near future. Attachment 3 highlights important
characteristics of the quick look, full rate, and aggregate data types.

Quick look data is typically produced on site using generic calibration
techniques, and is transmitted te the GLTN Communications System daily,
making it available to users within approximately 48 hours. Quick look
data is generally randomly sampled with only gross filtering to provide
a good representation of the full rate data set. Quick look precision
and accuracy is generally comparable to full rate. Intermittent data
problems occasionally impair quick look data accuracy. Many of these
problems are corrected during full rate processing. Quick look data
quality is adequate to support scientific applications and orbital
maintenance. Operational quality control using quick look data can

be very effective if on site data editing does not compromise the
representation of the full rate data set.

Full rate data is typically produced offsite using analytic calibration
techniques and is generally available within three months. Data
editing is limited to provide the most information in a complete
precision data set. The primary advantage of full rate data is that

it has the necessary data visibility to perform precision data quality
control. Full rate has been traditionally used to support scientific
applications.
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LASER DATA PRODUCTS con't

Agpregate data will probably be produced offsite [rom Tull rate data

and should also be available within three months. Aggregate data

will be produced by using a statistical wodel to compress the full #
rate data set into a much smaller precision data set. Aggregate

data accuracy should be virtually identical te full data accuracy.

The improved computer efficiency of aggregate data will make it

ideal for scientific applications. Quality control of laser data

using the aggregate data set will be very efficient and should

lead to improved techniques using orbital analysis of the global

data set. Precision data problems requiring special invesLigation .
can be resolved by referring back to the full rate data set.

Improved data compression techniques or specialized data compression

requirements are likely to evolve in the future. The archived full

rate data set can be reprocessed to meet new future aggregate data

requirements,

)
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PERFORMANCE AND EARLY OBSERVATION OF THE SECOND-GENERATION
SATELLITE LASER RANGING SYSTEM AT SHANGHAI OBSERVATORY

Y. Fumin, Z. Youming, S. Xiaoliang, T. Detong,
X. Chikun, S. Jinyuan, L. Jiagian

Shanghai Observatoryv Academia Sinica

Shanghai, China

ABSTRACT

The satellite laser ranging work at Shanghai Observatory has been
presented on the Fourth International Workshop on Laser Ranging Instru-
mentation held in Austin, Texas in 1981. The development of the second-
generation SLR system at Shanghai Observatory was begun in 1978, and
has been supported by the Academia Sinica. It is a product of the com-
bined efforts of several institutes under the Academia Sinica. The system
design demands and scheme were presented at Shanghai Observatory. The
mount of the system was designed at our obhservatory in collaboration with
the Changchun Satellite Observation Station, and manufactured by the Chang-
chun Institute of Optics and Fine Mechanics. The servo subsystem, torgue
motors and tachometers were developed and fabricated by the Shenyang Auto-
mation Institute. The Nd:YAG frequency-doubled laser was built by the
Shanghai Institute of Optics and Fine Mechanics. The receiver, timing sys-
tem, hardware and software of the computer control system were developed
at our observatory. The mount was instalied at Zo-Se Section of Shanghai
Observatory in March 1983. The integration of the system and measurements
of ground target were followed. The experimental ranging to satellites was
started in October, and the first echo from LAGEQS was successfully re-
ceived on November 7.
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Performance and Early Observation of the Second-Generation
Satellite lLaser Ranging System at Shanghai Observatory

I. Introduction

The satellite 1laser ranging work at Shanghai Observatory has been
presented on the Fourth International Workshop on Laser Ranging
Instrumentation held in Austin, Texas in 21981.11] The development of the
second-generation SLR system at Shanghai Observatory waz begun in 1978,
and has been supported by the Academia Sinica. It is a product of the
combined efforts of several institutes under the Academia Sinica. The
system design demands and scheme were presented at Shanghai Observatory.
The mount of the system was designed at our observatory in collaboration
with the Changchun Satellite Observation Station, and manufactured by the
Changchun  Institute of Optics and Fine Mechanics. The serveo subsystem,
torgue motors and tachometers were developed and fabricated by the Shenyang
Automation Institute. The Nd:YAG fregquency-doubled laser was built by
the Shanghaili Institute of Optics and Fine Mechanics. The receiver, timing
system, hardware and software of the computer control system were developed
at our observatory.

The mount was installed at 2o0-Se Section of Shanghai Observatory in
March, 1983. The integration of the system and measurements of ground
targets were followed. The experimental ranging to satellites was started
in Oc¢tober, and the first echo from LAGEOS was successfully received on
November 7.

II. Performance

The characteristics of the system are listed in Table 1. The main
observation object of the second-generation SLR system is LAGEOS, so that
the receiving telescope is specially designed for two purposes: one is
for receiving the laser return signals, the other for visual detection
of the faint satellites, such as LAGEOS. The coude optics is prepared
S0 as to install conveniently the high power Nd:YAG laser and to ensure
its stabillity. In order to operate smoothly the mount at low angular
velocity and reduce the error of mechanic drive, two axes of the mount
are directly coupled with torque motors. The optical encoders have 20-
bit resolution (1.2 arc seccnd).

The optics of receiving telescope is of Ritchey-Chretien configuration
and the field-of-view for receiver is adjustable from 30 arc seconds to
7 arc minutes in seven steps and the field-of-view Ffor visual detection
is 30 arc minutes. The width of interference filter is 10A. The type
of photomultiplier adopted is GDB-49, a kind of tube made by the Beijing
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ftuclear Instrument Factory, Beijing, China, which has a 1.7-1.9 nsec risctime,

a gain of 3x107, and a 200 psec transit time 3Jjitter. The measured time
walk of the receiver electronics, including PMT, pre-amplificr, constan%
{2

fraction discriminator and computing counter, etc., is less than 0.5 nsec.
The HNd:YAG laser has been continuously operated for nine months without

any heavy repairs, such as replacement of rods ©r mMirrors. The maximum
output energy in 5320A is 330 m3j in 4-5 nsce duration Lime (FWHM), and
the efficiency of frequency doubler is ahout 45 per cent. The maximum

repetition of the laser is 3 Hz, but only 0.5 or 1 Hz is adopted in routine
operation.

The wobble in each axis of the meount 1s held toe 1 arc second, and
the pointing accuracy of the mount is hetter than 10 arc seconds with
systematic errors not being corrected. The alignment of the coude mirrors
and transmit optics is made with the aid of a lateral transfer prism set,
which will be added at the front ends of both the receiving telescope and
the transmitter, if need be. It has been shown in the experiment that
the drift of the transmit beam arose from the rotations of two axes of
the mount is less than 5 arc seconds and the parallelism between the transmit
axis and the receiving one is better than 6 arc seconds.

Fig. 1 is the block diagram of the SLR system at Shanghai Observatory.

Fig. 2 1s the block diagram of the SLR servo subsystem.

Fig. 3 is the optical scheme of the NG:YAG frequency-doubled laser.

IIX. Preliminary Observation Results
The first echo from LAGEDS was received on November 7, 1983. The
visual tracking mode with joystick had been used, because the software
of the microcomputer had not been completed yet, sc¢ that the number of
successful observations per pass was only 10-20. The maximum range we
obtained was 7100km, and the lowest elevation angle of LAGECS was only
40 degrees.

We have transmitted the guick-look data of LAGEOS to NASA/Goddard
Laser Tracking Network, United States. These preliminary observation data
have been analysed by the Center for Space Research. The wuniversity of
Texas at Austin. (3] Table 2 1s the summary of residuals of LAGEOS guick-
look data obtained from Nov. 7 to Dec. 4, 1983, Shanghai SLR station. Fig.
4 is a typical range residuals of LAGEOS, taken by Shanghai station, Dec.
3, 1983 and it has shown that the accuracy of our data for signle shot
is about 16 cm. Only using the above 7 passes LAGEOS data, a preliminary
adjustment of our station coordinate has been done by the same center {Table
2}).

It was rain seascon during the intensive observation period (April
to June, 1984). Thus only a dozen successful observation passes have been
obtained from Wov. 1983 to July 1984. Afterward, we have got the long-
term precise prediction ephemeris of LAGEOS and relevant software from
the Center for Space Research, the University of Texas at Austin, and adopted

the "position mode” for LAGEOS ranging. The azimuth, elevation of telescope
and range gate (0.5-1.5us} have been mannually set by observers every 30
seconds. The single photoelectron receiving system has been developed.

The first blind track to LAGEOS was obtained on Sept. 3, 1984. Since then,
above-mentioned limitations have been broken free from, and the successful
observaton passes have been greatly increased. We have obtained 21 passes,
341 ocbservations during 571 minutes of tracking to LAGEOS (no editing)
in September, and 13 passes, 264 observations during 342 minutes for Oct.
1 to Oct. 26 (the writing moment). Up to now, the maximum range is about



B542 km, the lowest elelvation angle of LAGEQS is 20 degrees and the maximum
number of the observations in a pass is 61, and the longest trackine arc
of LAGEOS in a pass is 45 minutes.

IV. Future Plans

By the end of this year, we hope that the computer control system
will be available, and the SLR system will be automatically operated.
Further improvement on the performance is under consideration. A contract
to build a WNd:YAG {requency-doubled mode-locked system that nominally -
produces up to a 30 mj, 200 psec FWHM pulse with repetition rates up to
1G pulses per second has been signed with the Shanghai Institute of Optics
and Fine Mechanics, and the new laser will be delivered to the observatory
in 1386. In the meanwhile, a new 16-bit microcomputer system will be added
toe improve the control and data collection capabilities of the present
system. Therefore, we hope that a third-generation SLR system will be in
operation in 1986-1987, and do more contributions to the geodynamicé
applications.

Acknowledgement : The second-generation SLR system would have not been
operated if we had not been in cooperation with before-mentioned those
institutes and had not bad many colleagues' help in the work. The auvthors
are indebted to each of them. The authors would like to express their

gratitude to Prof. B.E. Schutz, the University of Texas, at Austin, for
his kind help in data analysis.
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Table 2 SUMMARY OF LAGECS QUICK-LOOK DATA RESIDUAL
SHANGHAT SLR 3TATION*

PSHANGHAI 3TATION COORDINATES:

837 SRANGEAI

ALTITUDE = 29.0230

LONGITUDE = 121.191740599 De
LATITUDE = 31.0497527357 Degrees

NCE ELLIPSCID FOR STATICN COORDINATES:

1/ = 298.257%0

WAVELZENGTE:
AN = 5320.0 Angstroms
T{x) = 1.025792
NO OQF TOTAT, ZUITE
PassBE3  OBS  0BS™T

T a2

W

++ .. .
20 meters edit criteria

= &378137.0 Mezers

1y
o
3
%

419,

L

2

No OF NOQ OF 2rs/
PASBES ¥zrs NP? TAHEE
7 24 3.2 7.4

NPT

D

*
Obtained from Nov.7 io Dec.4,1%83%, and anzliysed by Center for Space

-+

Research, Universiiy of Texzas at Aastin.

Preliminary Sstation Coordinate solution,
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REPORT OF THE ACTIVITIES OF THE LASER STATION GRAZ-LUSTBUEHEL

G. Kirchner
Observatory Lustbuehel
Lustbuehelstr. 46
A-B042 Graz Austria

Telephone (0) 316 42231
Telex 31078

ABSTRACT

An overview of the laser ranging activities at the observatory Graz-
Lustbuehel during the last two years is given; modifications of the system
and their result on the measurements accuracy are described.
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REPORT OF THE ACTIVITIES OF THE LASER STATION GRAZ-LUSTBUEHEL

In the year 1979 the installation of a third generation satellite
laser ranging system was initiated at the observatory Graz-lLustbuehel.
First test measurements to LAGEOS started in April 1982. Since October 1982
the laser station Graz is fully operational.

Up to now about 450 passes of LAGEOS, STARLETTE and BEACON-C have been
measured (fig. 1). The single shot RMS jitter of the measurements is now in
the range of +/- 2 cm to +/- 4 cm for all satellites (fig. 2).

The lgser measurements can only be made during night time (from mid-
night to 67 in the morning) due to restrictions from the aircraft authorities.

Laser

The laser system, made by QUANTEL, consists of a passive mode-locked
Nd:YAG laser (100 ps pulse width; 10 Hz/5 Hz/2.5 Hz repetition rate; 100 mJ
per pulse at 532 nm) and an additional ruby laser (passive Q-switched; up to
0.25 Hz; 3 ns/2.5 J or 6 ns/4 J).

A1l results up to now have heen obtained with the Nd:YAG laser at a 2.5
Hz repetition rate; most times the single pulse energy is kept in the 30 to
50 mJ region; this provides enough energy for LAGEOS while keeping power
densities at mirrors etc. low. Some passes of LAGEOS and STARLETTE have
been measured with pulse energies of about 2 to 5 mJ without major problems
(the last amplifier of the Nd:YAG laser was switched off).

Mount, telescope, detection package

The mount and telescope system (CONTRAVES) has proven high reliability;
one of the most useful features is the ISIT-camera. About 2/3 of all passes-
allow visual observation of the satellite (night time); therefore the
absolute pointing accuracy requirements can be somewhat diminished, while
sti11 allowing blind tracking, if necessary. Furthermore, it reduces the
necessary re-alignment work: Although there is some drift of the mirror
mountings in the Coude path, readjustment of these mirrors is done only in
intervalls of about 6 months or more.

The detection package still uses the relatively slow RCA 8852 PMT, a
conventional HF amplifier and the Ortec 934 constant fraction discriminator.
puring the jast year some effort has been made to optimize this package
(adjustment of the discriminator, use of different amplifiers, different

high voltages of the PMT etc.). As a conseguence, the RMS jitter of the
measurements went down from the initial +/-5 cm to +/- 8 cm and more to

“around +/-2 cm to +/-4 cm (fig. 2).

The Ortec 934 discriminator still produces some time walk, especially
Tor the multi-photon-electron returns of the lower satellites; therefore
a Tennelec TC454 constant fraction discriminator has been bought and will
be installed during the next months. With this and some other modifications
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it is hoped to reach an even better single shot accuracy.

Timing and calibration

Some improvements have been made in the timing system. The 1-Hz-pulse
and the 10 MHz standard frequency are transmitted via fibre optics from
the TUG time laboratory (within the ohservatory) to the laser room; there
the standard frequency is distributed to all instruments.

The transmission and distribution of the standard frequency introduced
some noticeable jitter into the measurements; therefore a new fibre optic
transmission and distribution system was developed and built hy the TUG time
laboratory; this new unit was installed at the end of August 1984, lowering
the RMS jitter of the laser measurements again (fig. 3, RMS jitter of the
calibration values; notice the step at the end of August 1934). Details of
this unit are described in another paper (D. Kirchner).

Pre- and post-calibration measurements are done to a fixed target in
about 460 m distance; during calibration, the laser is attenuated to about
2.5 micro-doules before transmission via two mirrors; this results in single
photon-electron detection, as with satellites, and avoids the sometimes
dangerous full power ranging to terrestrial targets.

Differences between pre- and postcalibrations are most times Tess than
1 cm, but show a systematic trend of about 0.4 cm in the average, probably
caused by some temperature effects within the system, but up te now not
clearly enough identified.

Pass-to-pass variations of the calibration measurements are within a few
centimeters, caused mainly by small variations of the initial manual setting
of the PMT high voltage; if this voltage remains unchanged, the variations
are below 1 cm.

Conclusion

The Graz laser station has now operated for almost two years on a seven
days per week schedule. The most severe restriction during this time was the
small allowed time of observation between midnight and 6°° (restriction from
aircraft authorities); the lack of observations in May and July 1983 (fig.1)
s due to the absence of any satellite passes within this allowed observation
time; other periods with no observations have been caused by more or less
continuous bad weather. About 5 % of all possible passes have been lost due
to technical problems.
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ABSTRACT

Since September 1983 the Matera Laser Ranging Station has been tracking
passes of LAGEOS, Starlette, Beacon-C, six days a week, on the basis of sche-
dules provides by SAO and, more recently, by GLTN, In twelve months, more than
300 passes of LAGEOS have been observed. In many cases we had between 500 and
800 returns per LAGEQGS pass, working at a pulse repetition frequency of 0.5 Hz.
The range data for most of LAGEOS passes have a r.m.s. precision between 10
and 15 cm (1 sigma), as is indicated by the comparison of r.m.s. of polynomial
fit of range data and the results of detailed calibrations. In this paper we
review the system performance and report on preliminary results from the data
analysis, in particular on the determination of the station coordinates within
a network of laser stations, and preliminary baselines estimates.
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FIRST RESULTS FROM SATELLITE
LASER RANGING ACTIVITY AT MATERA

1. INTRODUCTION

The Matera Laser ranging station operates since September
1983 under an agreement between the National Aeronautics and
Space Administration (NASA) and the Consiglio Nazionale delle
Ricerche - Piano Spaziale Nazionale (CNR/PSN}Y. Most of the
egquipment is an upgraded version of the Smithsonian
Astrophysical Observatory (SA0) laser ranging system which
has been operational at Natal, Brazil. The site near Matera
was selected for several reasons, particularly because of its
position in the Mediterranean area, its known seismicity,
local geoclogy (bed-roek) and weather conditions. The active
suppoart provided by the local Government of Regione
Baslilicata proved to be very important at every stage of the
project. Telespazio provided technical suppart for the
construction of the station and the installation of the
equipment, and presently operates the station wunder a
contract with CNR/PSN.

The construction of the statiom started in late 1982. In the
same period, Telespazio engineers spent two months at the SAO
station near Arequipa (Peru) and at SAO0 Headquarters 1In
Cambridge, Mass., becoming familiar with the equipment and
maintenance procedures.

In Spring 1983 SAO0 and Telespazio engineers jointly took care
6f the installation of the ranging system in the station, as
well as of the final tests. Since January 1984 the station
operates solely with Telespazio personnel.

In this paper we review the system performance and discuss an
estimate of the overall level of repeatibility of the range
measurements. Our analysis of calibration measurements

indlicates a precision between 10 and !5 c¢m for LAGEOS and
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between 4 and 8 cm for Starlerte.

Preliminary results are presuented on the sclentific work
centered on the use of the data from the international laser
network for the estimation of geodetic parameters, as Matera

coordinates, and eurcopean baselines.

2. SYSTEM PERFORMANCE

2.1. GENERAL

A summary of the main technical data 1is given in Table 2.1.
The characteristics of the upgraded SA0 system are well known
and we refer to the paper by Pearlman, Lanham, Wohn and Thorp
(1) for their discussion.

With the exception of time synchronization system, some
technical difficulties have been encountered, mostly due to
aging of the equipment mainly at the beginning of operation.
One of the most remarkable problems, during the first months
(late September, October and early November 1983), has been
the bad performance of the pulse chopping system which caused
up to 10%Z of the pulse amplitude to be leaked in a leading
edge extending as much as one half the length of the
unchopped oscillator pulse (20 ns FWHM). As a consequence it
often thappened that, wupon reception of the pulse, the
stop-~channel was anomalously triggered, especially when
working at low return areas.

After some weeks of work and testing, the problem was fixed.
The overall performance of the chopping system resulted
considerably improved (leakage below 4%Z) even in comparison
to the nominal level of performance.

No major problem was encountered 1n the start-stop sSystem.

2.2. TIMING STABILITY

The time system in Matera 1s based on two rubidium frequency

standacrds. Since the beginning of October we anticipate the
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teplacement of the primary standard with a HP 5061 cesium
standard, procured by NASA.

Due to the vicinity of the LORAN-C station in Sellia Marina
{about 200 km due South), synchronization to UTC (USNO) can
be controlled to within | microsec by wmeans of an Austron
2100 receiver of LORAN-C signals.

"A posteriori™ check is done by means of an independent
technique called TV SYNC. The method, proposed by prof. S,
Leschiutta (2) (3), consists in comparing the second provided
by the local clock with the epoch of the First vertical
sync-pulse broadcasted by the national TV network. When two
stations simultanecusly compare their 1local second with the
common TV sync-pulse, they can deterwmine thelr relative time
offset.

This method assumes a pre-synchronization of the clocks to
within 10 msec, to avoid ambiguity with adiacent pulses which
in fact are 20 msec long, according to Italian standards.

The precision of the time synchronization can be as high as 1
microsee, provided that the differential time of propagation
of the TV signal between the two stations is known to the
same accuracy (e.g. clock trip).

The advantages of TV sync are low cost and simple
instrumentation, possibility of making measurements during
each TV transmission and of monitoring the local time with
respect to the national time scale which is maintained by
Istituto Elettrotecnlco Nazionale (IEN) in Torino. A somewhat
cumbersome feature of the method is that a procedure of data
exchange must be set up between the stations.

The behaviour of the Station Primary Standard with respeet to
UTC is shown in fig. 2.1. The initial synchronization to UTC
was made on July 29, 1983 using the portable Cesium clock of
IEN. This synchronization will be repeated in the occasion of
the installation of the new cesium standard.

Although - as mentioned earlier - the synchromnization to UTC
could be precise to within 1 microsec, the local station time
1s permitted to drift from UTC (USNO) up to + 20 microsec, in
order to limit the number of resettings of the cycle-counter

or of the frequency of the master oscillator. The epoch of

_a;lg;;-
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the observatbigns..are ecorrected. to within:l mierosec during
the data preprocgssing phase-

So far, the average stability of the Primary:Standard has
been about 2 x 10“12 (occasionally 5 x 10rk39;‘so that the
resetting of the, cycle counter is necessary:every 3-4& months.
Only three  resettings ..of . the frequency-: of. the master
oscillator were up to now (August. 1984) necessary-.

Every timepjump,is recorded on paper .tape-.and noted in the
log-book. We have notad that the time<jumps cani.sometimes be’
caused by electrostatic, ,discharges ; or:fluctuations -in ' the
power supply from. the regional network. For this reason an
autonomous power supply system 1s Ybeing considered: ‘to

guarantee  the negessary, stabilityand gontbouddy. svo tow reds

Cn il iuitna ey omo mnihmoeguh .eesilil o Ciieooh ol

i
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2.3, CALIBR&T;pNh‘S‘;ﬂAB I‘L,I;Eg{ Wi e v ;?:vjjlé».i SETRL pie d SRS O
R L T e E T RI NI RN P I O TR grb Y wmuEET Tt pe b v e

All calibrations are made by ranging to a target board placed
at a distance from the station of about 1.17 km. The

separation hetween the center of the target and the Az-El

axes ilntersection of the laser mount has beegyageprabtigly .

surveyed by the Istituto Geografico Militare Italiano (IGMI)
and is reported on Tabe Zeloi: oo Loadosss wie wuddbioing
Differggggﬁ .between .the ,surveyed, value, and  the values
obtained by, lager ranging are caused fn,part,by,gradients of
the aigﬂaeﬁrggt?pg index?a%gggyggggl;nghof:gight,_Lm part by
internal system drift. o o

The first type of changewjnwpéghflgg&th is. correctable by
means gfylogal_meteo dgtq}qu aﬁﬁta§q§5§ﬁgggmugah Qur main
concerg,hﬁﬁhbggn‘tq use thekggjibrgﬁigpAdﬁgghppimpnitqr the
system drifts and to have an estimate of, the achievable level
of repeatibility in ranging te the target.

We distinguish , betyeen ,detailed target.,calibrations and

“prepass—postpass cglibrations,. s,y s 2 Carerw g i

Detailed target calibrvatlon consists in ranging to the target
and examining the response of the detection system to return
pulses of various level of strength. We fire a number of

pulses {25 to 100) and attenuate the returniag light by m=aas



of a neutral density filter at the receiving telescope. 1In
thls way we simulate the respanse of the detection system Eo
pulse streagths typical of LAGEOS (0.3 to 3 photoslectrons)
and of Starlette (3 to 100 photoelectrons).

Fig. 2.2 summarizes the results of the detailed target
caiihrations done so far., The “leakage™ problem mentioned in
subsect. 2.1 is evident in the first period of opevration. Far
the remaining data we see that the level of systenm stabiificy
is between 0.7 and 1 nsec (i0 to 15 cm) for low areas of the
return pulses (up to 3 photoelectrons) and about 0,3 nsec (9%
cm) for areas of the return pulses greater thaa 3
photoelectrons.

Pre-pass énd post~pass calibrations are made with different

nautral density filters, depending on the satellite.

Fig. 2.3 plots the difference between pre~pass and post-pass

calibrations for the Lageos passes since beginning of
operations: in most cases, these differences are below 0.2

nsece.

3. SATELLITE TRACKING

At Matera satellites are tracked on the basis of six nights
per week, following schedules provideé by the Goddard Lasar
Tracking Network (GLTN). LAGEOS is given top priority during
the night. Starlette and - on a lower priority - Beacon~C are
tracked also on daytime.

As part of the offline operations at the station, thae
computer generates schedules of observation. These are
memorized on magnetic tape (Linc ~ Tape) and are used during
the online operations (prepass calibration, satellite
tracking, postpass calibratlion).

During each pass, the tracking system is monitored by the
operators wﬁo ingervene to maintain optimal tracking

conditions by:

~ operating "early-late" corrections on the timing of pulsae

emission, in order to keep the satellite under conditions
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of optimal i1llumination, thus minimizing the effects of
non linearities in the photomultiplier;

= @attenuating the recelving signal whenever the electronics
of the detection system is going to respond non linearly;

= varying the range pate, e.g. to lower background noise or
minimize the risk of wmissing the satellite;

- «changing the field of view of the telescope;

- <changing the voltage of the flash-lamps, to have the
required energy;

- modifying the trigger threshold of the chopping system, to
maintain the chopping pulse near or slightly before .the
maximum of the oscillator pulse, to maximize the energy of

the output pulse and keep leakage within tolerance.

In fig. 3.1 a "tracking budget"™ is summarized since the
beginning of operations. "Successful passes" have at least 20
returns.

A pass is acquirable when maximum elevation is above 20
degrees. For LAGEQOS the pass must take place during the
night. For Starlette, nightly passes cannot conflict with
LAGEDS.,

In fig. 3.1. one recognizes that bad weather still is the
main reason for unsuccessful tracking.

In order to improve the planning of the shifts, a METEQOSAT
receiver was installed on December 1983.

Its data have proven most useful in local weather forecasting

and other operational activities,.

4. ANALYSIS OF THE PASSES

Since the beginning of the operational activity of the

station, our group Is also performing data -analysis, as shown

cin flg. 4.1,

The "full vrate”" data produced at Matera are saved on
linc~tapes and regularly shipped to GLTN. In order to have
these data available in & short rtime for pass-analysis, a

procedure was developed to transfer the data on 9-~track
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magnetic tapes.

The data are then systematically processed by the
pass—analysis program with the VAX at Telespazio. In this way
we could keep a record of some interesting information for
each pass, such as duration, total number of returns, r.m.s.
of "best-fitting" (in the weighted least squares sense)
polynomials, number of "good" returns (i.e. residual less
than 2.5 r.m.s5.), the difference between pre and post—pass
calibration.

Fig. 4.2 gives an example of "historical record"™: the r.m.s.
of post-fit residuals of the raw data of each pass to the
"best-fitting" polynomials is plotted as a function of time.
Initially we had the leakage problem mentioned in subsection
2.1, so that large r.m.s.’s are not surprisiang in passes from
late September to early Novemher.

Apart from that, on average the r.m.s.’s are between 10 and
15 c¢m for LAGEOS and 4 to 8 cm for STARLETTE.

We consider this result very interesting, because iU i1s fully
consistent with the system precision independently measured
during the detailed target calibrations (see subsection 2.3).
HYoreover, this level of intrinsic repeability of the ranging
system at Matera 1is also in agreement with the values
provided by SAO oun its latest upgraded equipment (4).
Finally, we have worked on several orbital solutions with
GEODYN, wusing LAGEOS full rate data from ! to 15 October 1983
(about 12000 observations from 13 stations) and from 10 to 25
November 1983 (about 11000 observations from 13 stations).
The statistical analysis of the passes over Matera (the
coordinates of which were estimated) show that the Matera
welghted residuals have a r.m.s. value of 23 ecm for the
cctober data and of 19 cm for the november data; the total
r-m.s. of residuals for all the statlous are respectively 18
cm and 17 cm. These values are slightly larger than the
estimates obtained through target calibrations. This increase
In r.m.s. values can be Interpreted In terms of uncertainties

cf the force model of the order of 15 cm (1 sigma).
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5. PRELIMINARY RESULTS OF SCIENTIFIC WORK

Our data analysis work 1is part of a scientific project of
iavestigation of Crustal Dynamics in the Mediterranean Basin
endorsed by PSN-CNR and approved by NASA within the
Geodynamics Program.

The three maln goals of our work are:

- to monitor the Matera coordinates and. compare the laser
estimates with those obtazined by means of Doppler and
conventional ground-based surveying;

- to obtain polar motion estimates with increasing time
resolutlon, possibly one-day or bhetter;

=~ to compute baselines joining Matera to other laser

statlons, particularly rthe ERuropean ones. -~

Estimates of Matera coordinates with several techniques and
obhtained by differed Institutions are given in Tab. 5.!. The
estimates with GEODYN appear to bhe significantly repeatable
independently of the analyst and of the set of data.

Table 5.2 . contains prelimianary estimates of european
baselines. We vemark that these estimates, obhtained by wmeans
0f a multiparameter dynamical solution with GEODYN, await for
comparison witcth a similar solutlion using other sets of full
rate data or normal points, and with solutions obtained with
the translocation method.

We have verified that adjusting the coordinates of the polar
axis and OUT1-UTC at a frequency higher than the usual five
days decreases the r.m.s. of the post-fit residuals of a few
centimetres.

It is possible that polar wmotion has structure with gnearly
diurnal pericd, In the reference system we use. We are

working on solutions with diurnal or even semi-diurnal

“adjustments of the pole coordinates;, and the results will be

published soon.
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6. CONCLUSION

In 1981 one of us attended at the 4° edition of this
Symposium at Austin, Texas. In that occasion the Ldea of
placing a lasar station in Southern Tealy was Firste
conceived, particularly because of the interest and support
of the late prof. G. Colombo.

Three years later, the Matera station is a reality, thanks to
the support provided by Pilano Spaziale Nazlonale and Regione
Basilicata, the collaboration from Colleagues of ILtalian and
Foreign Institutions, particularly NASA-GSFC, EG&C and SAQ,
and the dedicated work of the Station Team, led by Mr., W,
Sacchini.

The work done permits te report at this Symposium on
preliminary technical evaluations and scieatific results.
S5till considerable work remains to be done. We feel that the
data analysis can probably be continued systematlcally, since
adequate software is available. For the future, most of the
effort will have to be pur in the replacement of the actual
equipment with a third generation laser system in Matera, and
in the construction of a transportable system, for the

systematic surveying of some reference baselines in Italy.
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LASER SYSTEM

- wavelength

~ energy/pulse

~ pulse width

- firlag frequency

OPTICS

= transmitting telescope
-~ beam divergence

~ recelving telescope

=  mount type

— pointing &accuracy

- slew rate
~ pass—band filter

PHOTOMULTIPLLER

- type

= quantum efficiency
— gain

- rise time

TIME AND FREQUENCY SYSTEM

- frequency standard

~ estimated stability

- synchronization

- resolution of interval
counter

CALIBRATION

- external target

- standard deviation of
the detection system

- short term drift
(prepass - postpass)

METEQO SYSTEM

- Meteosat receiver

- digital pressure seunsor

~ digital temperature
sensor

- digital humidity sensor

COMPUTER
— Data General NQVA 1200
(16 bhit)

440,

6943 A°
0.5 joule
3 as

30 ppwm max

galilean, 12.7 c¢m lensg

2 arc min

Cassegrain, 50.8 cm mirror
Az—-E1l, computer controlled
+ 30 arcsec, with thermal
“control of backlash

2% /sec

3 A°

Amperex XP2233P
4% v

3-4 x 10

2 ns

Rubidiu
2 x 10 12
Loran C/TV Sync

0.1 ns

1172.190 m

+ 1 nsec at 1 p.e.
0.1 ~ 0.5 nsec

24 h coverage
resol. | mB

resol. 0.1 C
resol. 1%

32 k core memory

TABLE 2.1.

TECHNICAL CHARACTERISTICS OF THE
540 LASER STATION AT MATERA



SOURCE LATITUDE LONGLTUDE HEIGHT X
(deg) {deg) ()} (m)
IGM (ED79) 40°38°59%.2245 16742719%.6437 490.22
(FEB 83) .
DOPPLER 407 3B 55" .546 167427 16".097 505.2 4661973.9
(SEPT 83)
GTBS (24.3.84)  40738755".004 16°42°17".824  516.2Bl 4641945.5
(1-15 SEPT 83)
CEODYN {15.3.84) 407 38755".7783 16°42718™.6955 525.242 4641966.9
(i~1% JAN B4)
UNIV. OF TEXAS  40°38’55".7484 16°42°16".6608 528.385 4641%67.7
(5L5.1)
GEODYN (20.8.84) 40738755".7969 16742716".6761 528,970 4641966.4¢6
(1-15 OCT 83)
GEQDYN (30.8.84) 40°3B755".7834 15°642716".6821 528.75) 4643566.52
(10~25 NOV 83)
GEODYN * 40°38°55%.79 16°42° 16" .69 528.9
(OCT 83)
ELLIPSOID GTDS : R = £378.144 1/F = 298,255
GEODYN : R = 6378.144 1/F = 298,255
TEXAS R = 6378.145 1/F = 298.255
DOPPLER : R = 6378.388 1/F = 298.0
* private communication of P. DUNN, August 1984
TABLE 5.1

ESTIMATES OF MATERA COQRDINATES

(m}

1393053.8

1393087.6

1393066, 4

1393065.8

1393065.76 4133262.34

1393065.93 4133261.89

Z

{m)

4133257.2

4133258.9

4133262.1

4133261.4

441.

SIGMA
(m)

2.8

6.1

0.21

0.20
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GRAZ

WETTZELL RGO
MATERA 990118.51 + 0.80  1694490.71 + 0.31  719404.63 + 0.32
GRAZ 302138.21 + 0.99 1183242.71 + 0.38
RGO 917334.43 + 1.15

a) Quick look data 1-15 january 1984

WETTZELL GRAZ
MATERA 990118.92 + 0.17 719405.15 + 0.15
GRAZ 302138.22 + 0.21

b) Full rate data 1-15 october 1983

WETTZELL GRAZ
MATERA 990119.14 *+ 0.15 719405.07 + 0.16
GRAZ 302138.64 + 0.13

¢) Full rate data 10-25 november 1983

TABLE 5.2.

SOME EUROPEAN BASELINES IN METERS ESTIMATED WITH GEODYN
(FORMAL ERROR 1 SIGMA)
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CUICK LOOK

i
DATA FROM por e
OTHER STATIONS R

s

R

F

5 MATERA
b LASER  ETATION
QUICK LOOK
DATA (NOVA o)
¥
MATERA

FULL RATE DATA

i
FULL RATE DATA

I FROM OTHER
l ¢STATIONS
DATA PRE ESSOR
A PROCESSOR DATA PREPROCESSOR
FO
RMATTER GsFC
- PREPROCESSOR
. POLYNOMIAL FIT i
TELESPAZTO DATA  INFDRMATION
(VAX 11/780} SYSTEM (DIS)
GSFC
GEODYN
, (IBM 3081
. © CNUCE-PISA)
PASS ANRLYSTS

» STATION PERFORM,
- DATA QUALITY

i

.« RESIDUAL ANALYS
.« POLAR MOTION
{(VAX 11/780)
. - STATION POSIT.
- BASELINES

FIG. 4.1. - BLOCK DIAGRAM OF MATERA LASER DATA HANDLING AND
SCIENTTIFIC ZHALYSIS
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1. INTRODUCTION

Purpose of this report

The report presented in this brochure covers the progress achieved

at Zimmerwald Laser Observation Station during the years 1979-1984.

It also outlines some plans for further development of the Sation.

Form and contents of the report have been chosen to serve the fol-

lowing two purposes:

- Exchange of experience with stations both already existing or
under construction.

- Progress report to the organisations which provide funds for our
research. These organisations are:

The Swiss National Science Foundation

The Canton of Berne

The Geodetic Commission of the Swiss Academy o©f Science and
The Swiss Federal Department of Defense .

1.1, Historical Remarks

The experiences with the original ruby laser (Kldckler et al., 1978}
during SHORT MERIT {(August/September 19%980) have shown that any
further efforts with this system would be inefficient and could no
longer be justified. With the aim of joining the main MERIT campaign
1883/84, the acguisition of a third generation laser system was im-
mediately initiated (Bauersima, 1981, paragraph 4.3.5). The scienti-
fic importance of this development had already been laid down in
{Bauversima, 1979, Table 2).

The building of the new LRS was delayed by financial problems until
spring 1983. The construction itself was taking a relatively slow
pace because many obstacles had to be overcome. (Optical and mechani-

cal properties of components were not consistent with the vendor's
specifications.) A diagram of the LRS 1s presented in Fig. 1.

The first successful ranges to LAGECS were finally obtained on May
15, 1584, From there on, an increasing amount of ranging data cculd
be acquired and sent to the computing centres,

l.2. Direction Observations

The original dye laser for illumination/purposes is no more contained
in the present system. It should have permitted photographic direc-
tion observation to geodynamic satellites as STARLETTE and LAGEOS.
The importance of such cbservations had often been noted (e.qg.
Kl8ckler et al., 1978 or Bauersima, 1581). Since then we have eva-
luated the possibility of optoelectronic observation of certain
celestial fields along the satellite’s orbits. The concept of il-
lumation lasers appears for many reasons to be outdated.



The development of an appropriate dlgital image processing system
Could not be started vet because of scarcity of funds. Yet we hope
to backie this challenge in the fiame of onr TNSSPY) project (Bauer—
sima, 1984) which has won support of the Swiss National Science
Foundation,

1.3. Outlook

The digital optoelectronic image processing system that will com-—
Prise the cornersione of project CESP*lwill also he linked with
the tracking TV-camera of cur LFS. This will allow simultaneous
ranging and direction observations of geodetic satellites.

The accuracy of relative station positions determined by laser
ranging observations increases witn Lhe number of such observations.
To each number of observations, an average time interval can be re-
lated in which thesa obsesvations have heen made. There exists a
characteristic time interval such that the local anomaly of corres-
ponding pesition shift due to crustal dynamics significantly becomes
greater than the mean erxror of the station's positions gained during
this interval. This characteristic interval is generally not known

in advance; therefore it is suggested that pericdical surveying links
between the LRS and a large network of triangulation markers be made
{e.g. once per year). The latter should be resting in a common and
geclogically stable formaticn. This task is equally important as the
laser observations themselves are. Hot long ago, the surveying ex-
pense for this goal would have been enormous. In the near future,
this high precision local survey will be made possible thanks to
radio-interfercmetric chservations of GPS satellites (Bauersima,
1983a),b) and Beutler et al., 1984). Here we want to stress the point
that 1f a network of more than three points has to be surveyed, a
minimum of four recsivers (e.g. MACROMETER-stations) is necessary for
high preciszion surveying. This for the reason that the infiuence of
ephemeris errors practically cancel if during each guasi~simultaneous
Cbservation set at least three receivers are placed at sites which
have been previously surveyed in a gquasi-simultaneous mode (Bauer-—
sima, 1983b), p. 41).

In order to undertake autonomously radio-interferometric GPS obser-
vations in a country like Switzerland, at least four receiving sets
will have to be either acquired, loaned or rented.

%
The aim of OESE is, briefly spoken, o provids a reliable link between a

star cataleg {(as the one huing generated by project HIPPAROOS) and a quasar
fived reference frame. Cne seanent, called C88P, will link catalog stars and
-sutellites of the Global Posiciong System by optical observations. The other,
TP, will provide a link hetween quasars and GPS-satellites by radio-inter—
fercmetry,



[

The result of such Fing bres between the LRS
and the surveying o Gomeny poned above weuld be eguivalent
to the fictive foundation of that 20 in the local primitive
rocks. Pesidus importance of this fact for global geo-
dynamics, also questicns aboul local or regional geodynamics
can e fac ¢ game ratic interferometric survey. With
regard to orgenisation of such local GPS campaigns we
hope to ga: SURPoTL omoorganisations which have supported
the activities of Zimmerwald Laser Observation Station so far,
as well as from such organisations that have an interest in
these campaigns for ether reasons.
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Z. HARDWARE

2.1, Laser Tranamitter

lasar has the characteristics of a QUANTEL YG 402 DP
= - gh it has been built from components on the existing
SLOdu bench without thc performance warranty which asually is

part of tha deal. The mechanical and optical quality of components
supplied by QUANTEL {France) was not always satisfactory, heavy
radio interfsrence had to be coped with, and the pulse selector
2ryastal had to be replaced because of eleckrode disintegration.

Since early 1%84, tihe laser operates satisfactorily, though at a
reduced oustput level. A pyroelectric energy meter {LASER PRECISION
RI71L00) was utllized to monitor the output. Its readings appear
doubtful, buit calibration is under way. Lifetime problems exist
with KD*P crystals of the second harmonic generator.

Farther improvements of the laser should include spatial filtering

and poesslbiy actlive/passive mode locking to improve beam quality
and raduce energy fluctuations.

2.2. Receiver, Timing

The receiver subsystem and the associated electronics are depicted
In Fig, 2. It is shown as used in MERIT 1984 and is commented on
in the follewing paragraphs.

Photomultiplier

Various types can be housed in the refrigerated cabinet by PRODUCTS
FOR RESEARCH Inc. Presently used is the linear focused, 13 dynode
device D341B by EMI~GENCOM, yielding a gain of 5 IOWQ 2400 V. The
timing resolution was found to bg approx. 500 ps at 1 photoelectron
and 100 ps at 10 photoelectrons,j

A second detector tube utilizing two microchannel plates was experi-
mentally being used. The results indicate that a timing reso%ution
below 200 ps can be achieved in single photoelectron regime.

The P.M. tube is preceded by the laser line filter, where two band
widths can be selected. A BALZERS Inc. 60 R filter was utilized
throughout MERIT 1984, because only night time tracking was per-
formed. The second one, a DAYSTAR 3 e filter, will be employed as
soon as daytime opevations commence. Its transmission is approx.
20 - 30 %, if temperature is optimized.

The chopper wheel was not in use as to this date in order to keep
receiver complexily as low as possible. Backscatter from the laser
is a problem 1f the microchannel device is used (lifetime problem).
It also blocks the pulse amplitude reading when in-pass calibration
ls made {wviz. 4.1.).

*) viz. the paper "First Experiences with Microchannel Photomulti-—
Plier® at this workshiop



Time-of-Flight Electronics

An ORTEC 934 model constani fraction discriminatox, preceded by a
LECROY 1338 amplifier (risetime 1 ns , gain 10x), discriminates
all pulses above 100 mV. The residual time walk is substantial
(viz. Figs. 3 and 4), so leading edge discrimination is still con-
sidered, particularly with the 380 ps risetime pulse of the micro-
channel device. In this case, the amplifier used will be the model
AC 3000 by BaH (risetime 130 ps).

The pulse charge (number of photoelectrons x gain) is monitored by
a LECROY 2249 mod. charge-to-digital converter.

Time-of-flight is measured with a LECROY 4202 model extended time-
to-digital-converter (T.D.C.). Reseolution is 156 ps, with a dif-
ferential nonlinearity of % 2 LSB. This could only be achieved
after an external 100 MHz c¢lock pulse was used instead of an in-
ternal crystal oscillater, which had too much phase noise. The ex-~
ternal standard is derived from the 5 MHz station oscillator by
harmonic multiplication, so its time bias is monitored and con-
trolled to be smaller than 10710 3 1,5 mm/15000 km.

The range gate delay and width, and the epoch are generated in 3
separate real time clock modules, the resolution being 100 ns with

an uncertainty of # 50 ns. Minimum gate width is chosen to be 200 ns.

Gating 1s performed within the T.D.C.

*
The range gate is controlled by a real time filter algorithm En the
computer which adapts gate delay and width to the return pulse off-
sets. Once the filter is in "lock"-mode, very few false return are
noticed (night operation).

Epcch timing

The epoch is compared with the LORAN-C second (a total timing de~
lay of 33.074 ms being applied) for a quick look timing accuracy
of * 5 pus. Daily TV comparisons with UTC (OFM) allow an "“a poste—
riori® adjustment to within * 1 s,

453.

Station frequency standard is basically a model B1326 oven-controlled

crystal oscillator by OSCILLOQUARTZ SA. Its phase vs. LORAN~C is
registered and steered to be < 10 us/day.

*) viz. the paper "Real Time Filrtering of Laser Range Observations®
at this workshop
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Hq;l;;;, ad Elactronics

The mounit 1s driven by two DC servo motors and computer controlled
via CAMAC, FPogition feedback comes fyrom Ewo inncemental angle en-
coding 23 z (resclution lé microradians). An angular readout
processcr corrscts fhe opbical encoder cubtputs for bias wvariations.
The encodey disks ave mounted divectly in the instrument’s axes in

A

order to avold gsar 2rrors.

The errors in the mount axes could be well determined by star
tracking. S¢i1l lacking is a model of the transmit/receive noncol-
limation which would be necessary for daylight tracking.

The transmit optics have been £itted with a divergence control
{.1 through 1 mrad).

On the receiving side, the calikration paths ({(light fibre and direct)
with variable attenuator and the light collection optics have been
added A varlabie speed/laser synchronous chopper and a safety

s : »F bhe receiver package, as well as the refriger-
ated photomulLlpller cabinet and the associated HV supply.

GELEE

A digital remote control unit menitors the above devices from the
operator’s console which also comprises a joystick to allow for
tracking corractions by joyvstick.

The most valuable asset for this purpose is still the Intensified-
Silicon~-Intensified-Targset TV-camera seated on top of the receiving
telescope (limiting magnitude m v 14),

TMAGE PRESENTED TO THE CUBSERVER DURING TRACKING SESSION.
LAGEOS 18 BARELY VISIBLE AT THE APEX OF THE LASER BEAM.
SOME OF THE DISPLAYED INFORMATION 1S NOT LEGIBLE BECAUSE
OF LASER FTIRING.
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3. COMPUTER FACILITIES

3.1. Hardware

Station computer is a PDP-11/40 under RT-11 operating system. Core
memory is 64 K bytes. Peripherals comprise a graphic display (vT 11
graphic processor), a second data terminal, two RK@S disk drives, a
S-track magtape ({(800/1600 bpi), a CAMAC interface system and §
channel paper tape reader and punch.

Off-line data processing can be done on the University's IBM 3083/
3033 mainframe computer. Data communication between mainframe and
mini 1s by magtape or via telephone modem.

This medem also will facilitate access to G.E. Mk. III data network,
which possibility is presently considered.

3.2. Software

General software for telescope handling allows positioning, initia-
lizing and testing of angle encoders and determination of the tele-
scope's axes by evaluation of encoder readings to catalog stars.

Preparatory programs perfom the following tasks:
=~ input and error detection of SAO mean elements telex message.

- listing of possible satellite passes and ephemeris computation
thereof AIMLASER (adapted to IBM mainframe by Delft University)
and University of Texas IRVINT have been adapted to run on the
University's mainframe computer.

= computation of coefficients and parameters used for the on-line
filter algorithm,™

The tracking software controls the laser and collects time—cf-
flight, angle encoder readings, epoch, return pulse strenght and
various relevant system parameters. It also performs on-line filte-
ring of data, range gate control and in-pass range calibration. **)
This data can be monitored by the operator on the TV screen, along
with the tracking camera's image.

Further off-line data screening of range measurements affords graphic
display of residuals against ranges computed with AIMLASER or IRVINT
reference orbit..Subsequent orbit improvement is made by least sqguares
parameter estimation using numerical orbit integration. R.m.s. values
of ranges are displaved and false returns eliminated. In-pass cali-
bration values™) are first screened and then curve fitted and inter-
polated for each range measurement.

¥) viz. paper "On-line Filter Control of the Range Gate"
at this workshop
**) viz. paper on "In-Pass Calibration during Laser Ranging Operation®

at this workshop
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final data handling procedures are:

= stowring of range data and system parameters in an internal #
format on backup disk or tape.

- extraction of a portion of observations for quick loock data and
genaration of a telex paper tape in SAO format.

- copying of range data onto magtape in the SEASAT format for
distribution to computing centers.

~ digplay of residuvals (raw and respective to best fit orbit).
Also being displayed are range residuals vs. return strenght to
visualize residwval discriminator systematics.

4. RESULTS

4.1, Calibration

A prerequisite for precise ranging results is certainly a good and

consistent range calibration. During MERIT 1983/1884, this cali- -
bration value was subject to change because of delay line adjust-

ment of the constant fraction discriminator., The temporal wvariations

of the calibration "“constant" are presented elsewhere *). "

The noise contributions of the various timing components have been
partly isolated. It was demonstrated that the main contributor to
timing noise (jitter) is still the photomultiplier. What accuracy
concerns, there have been rangings made to an external target at
about 1.4 km. This distance has been verified by an independent
survey of the Federal Office of Topography to within * 1 cm, as
compared with the laser results using "in-pass™ (internal) cali-
bration.

4.2. Ranging Data

A list of data submitted to the computing centers in a "guick-look"
selection is presented in the appendix. The given r.m.s. noise of
the data is estimated after passing our off-~line sereening where 4
(Starlette) or 5 (Lageos) orbital parameters are fitted. This being
an absolute minimum of coefficents to be estimated, we believe these
values to be a conservative estimate.

A set of plots is presented in Figures 3 - 6 + where the present
capabilities of our data screening and displaying software are de-
monstrated.

L

*) viz. the separate paper on "In Pass Calibration during Laser
Ranging Operation™ at this workshop
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TECENICAY, SPECIFICATION QF ZIMMERWALD LASER RANGING STATION

mirror slze

focxl langhh

field of view
spactral bandwidth

Lyps
Zrent lans diameter
baam expantion factor

type

drive

angulay readout accuracy
gaar ratie

max. zpaad

min. speed

2. Trackin

nathods

pointing acouracy {(visual)
pointing accuracy {(computer)

type

wmiited enargy
puls width

haan divergence
pulsa fragquency

4. Bgho dgtection
line filter
photomultiplliers

quantum afficlency
pulsa rias timg
timing system
timing resolution
calibration methad

systen
time base acouracy
time baze verification

&. Qvarall Parformance

7. Qoeratability

mannead,

(1984, SEPTEMSBER)

Tracking: Receiving:
525 mm
lm
33 x 44 &' diameter
400-500/550~650 mn 532 ¢ .15 nm
Transmitting
coudd rafractor
dm .
8 %
Mount

blaxial horizontal
DC servo disc motors
5n

4800 : 1L

49/ 3ac

57 /gec

closed~loop by computer with mount flexure model or visual
using ISIT camera

+ 30° {(objects m < 15)

+ 10"

mode-locked, fraquency doublad Nd-YAG laser

450 m} IR, 125 wj green

100 ps

lagar: .6 mrad, talascope: variable from .1 to 1 mrad
5 Hz or less

DAYSTAR 3 X / BALZERS 60 R

aj HAMARMATSU RL244 TANDEM MICROCHANNEL PLATE

b} EMI GENCOM D341B

10/12 % at 532 om

.35/1.3 ns

Le Croy 4202 TOC

156 pe

internal, pre & post pass plus one cal. shot in n (n=2,3...)

Quartz time hasa controlled by LORAN-C
£ 10 us {quick look}; * L us {final data)
travelling clock plus daily TV comparisen with UTC(OFM)

+ i) em or hetter single shot
to LAGEOS

5 nights a week / 8 months per year

Table A
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PROPOSED ONE MILLION KILOMLVER
LASER GRAVITATIONAL WAVE ANTENNA IN SPACE

P.l.. Bender, J.E. Faller, Jd.L. Hall, D. Hils, M.A. Vincent
Joint Institute for Laboratory Astrophysics

National Bureau of Standards and University of Colorado
Boulder, Colorado 80309, USA

Telephone (303) 492 6952
Telex 910 940 3441

ABSTRACT

We are investigating the possible use of Taser heterodyne measurements
-between free test masses in three separate spacecraft to observe gravitatio-
nal waves with periods of roughly 0.7 to 106 seconds. The geometry is the
same as for a Michelson interferometer with nearly equal arms. The beam split-
ter is mounted in the test mass in the central spacecraft. A laser in each end
spacecraft is phase-locked to the received light, and the output power is sent
back to the central spacecraft. The returned beams from the two arms are beat
against the Taser in the central spacecraft, and the phases of the two resul-
ting Doppler signals are reccorded as a function of time. With t mW of visible
light from a helium-neon Taser and 50 cm diameter transmit-receive optics, the
shot noise limit on measuring the fractional difference in length of the two
arms is about 10~13/y/Hz, independent of the arm length. The use of other types
of Tasers with better efficiency and higher power output may be possible, pro-
vided sufficient stability and reliability can be achieved.

One case we have considered involves 102 km spacecraft separation, with
all three spacecraft located roughly 15° behind the earth in nearly circular
orbits about the sun. By choosing the starting conditjons correctly, the lengths
of the two arms will stay equal to about 1 part in 103 over several years. A
major goal of the spacecraft design would be to keep the spurious accelerations
of the Llest masses smail enough so that the gravitational wave measurements are
mainly shot neise Timited for periods up to at least 104 sec. Unmodeled E]ane—
tary perturbations will be extremely small out to periods longer than 10° sec,
so observations on one arm can be used to determine fluctuations in the laser
waveiength, The coyrected laser wavelength then is used to measure the diffe-
rence in length of the two arms, With this approach, the stability of helium-
neon lasers carefully locked to Fabry-Perot cavities appears to be adequate.
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For periodic sources and a 105 sec measurement time, the strain sen~
sitivity would be about 10722 over the period range from 10 to 10% sec. This
range includes the following expected observable sources : a few known rota-
ting binaries ; perhaps 100 close double white dwarf binaries with periods
of roughly 100 sec and longer ; and a large number of unknown W UMa binaries
with periods near 10% sec. For impulsive sources, the sensitivity would be
sufficient to see pulses from the formation of black holes of 10% to 108 solar
mass at large redshifts, if such events occured in most galaxies. Some useful
information on a possible stochastic back-ground also could be obtained, des~
pite having only one antenna, provided that the spectrum is quite different
from that expected for spurious accelerations of the test masses and other
disturbances in the system.

Two other possible antenna geometries for extending the observable period
range also have been considered. One uses spacecraft at the L1, L4 and L5 points
of the earth-sun system, and therefore a 1.5 x 108 km separation, This would
make possible much better Eerformance for periods longer than 104 sec, but with
worse performance below 10° sec periad. Additional care would be needed in the
optical design because of the 2 x 107 times weaker Taser power that would be
received. However, it would not be necessary to measure to as small a fraction
of a wavelength. Therefore, thermal distortion in the optical system, laser
beam direction variations, and mirror irregularity effects would be less severe.
The other geometry consists of three spacecraft 90° apart in geosynchronous
earth orbits, giving 60 000 km arm Tengths. In this case the performance for
periods of 0.1 to 10 sec would be improved. However, performance for periods
Tonger than about 3 000 sec would beconsiderably worse. Thermal disturbances
and certain other perturbations alsoc would be worse.
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TREAK CAMERA-BASED LASER RANGING RECEIVER DEVELOPMENT

J.B. Abshire, J.F. McGarry, H.E. Rowe, J.J. Degnan
Instrument Electro-Optics Branch

NASA Goddard Space Flight Center

Greenbelt, MD 20771 USA

Telephone (301) 344 7000
TWX 710 828 9716

ABSTRACT

A laser ranging (LR) system which uses a 2 psec resolution streak camera
(SC) receiver has been designed and constructed. The system features a 48 nsec
imaging optical delay path to compensate for the trigger delay of the SC and
utilizes an amplified photomultiplier (PMT) as the SC trigger detector. The
system transmitter is a modelocked Nd:YAG laser which emits 30 psec pulses at
1064, 532 and 355 nm. Pulsed two-color ranging tests with this system show dif-
ferential ranging accuracies of +-0.5 mm after the 355 and 532 nm pulse traverse
a 921 m round trip horizontal path.

Initial SC sweep speed calibration has utilized an etalon, and the results
show SC sweep nonlinearities of 8 percent. Sensitivity measurements show a mi-
nimum detectable signal of ~ 125 photoelectrons (PE) at 532 nm, This can be
enhanced to the single PE level by adding an image intensifier to the system.
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INTRODUCTION;

Present laser ranging (LR} systems which use modelocked laser
transmitters, MCP-based PMT's, high speed preamplifiers, and low
time-walk discriminators,; can achieve 1 cm range accuracy

{Ref. 1}. For much higher accuracies, substantial improvements
in receiver bandwidth must be made. Such an improvement is
readily available in streak cameras which have psec time
resolution. For such devices to achieve mm-level accuracies in
LR systems, they must be carefully calibrated and interfaced to
the ranging system. This paper reviews recent work to achieve

these goals at NASA-Goddard.

The operation of a typical linear scan SC is shown in Fig. 1.
The incident optical pulse illuminates the photocathode and
irees photoelectrons from its rear surface. These are accelerated
rapidly by a mesh electrode and then are deflected vertically by
a fast electrical sweep. This results in a time-~to-space
mapping of the electron stream. The resulting electron
distribution impinges on the microchannel plate, which preserves
the spatial distribution and amplifies it. The amplified
electron bundle exits the rear of the plate, and is accelerated
into a phosphor screen. This produces a weak optical image
whose spatial intensity distribution is proportional to the
temporal intensity distribution of the illuminating optical
pulse. In most streak cameras, an intensified video camera
reads out this image and a OMA system converts it back to an
intensity. versus time profile. The phosphor image from a
exponentially decaying set of optical pulses is shown at the
bottom of the figure, along with the intensity versus time

profile.

Cirenlar scan 8C's also have been developed foxr LR applications
(Ref, 2). However dual channel linear-scan SC are presently
favored at Goddard since they will record extended optical

“ signals in both channels. This capability is important for sea

state, ' altimetry, and pressure measuring applications (Ref. 3-5).
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CURBENT DREVELOPMENTS :

The optical configuration of our present laboratory system is
gshown in Fig. 2, and its parameters are summarized in Table 1.
This system operates in the following manner. The 30 psec
pulses from the dye-modelocked ND:YAG laser first enter the
transmit beam aligner system, which matches the divergence
angles and center points of the 355 and 532 nm beams. The
original offset is caused by the angle tuned KD*P doubler and
tripler inside the laser. The aligned beams then are reflected
up into the periscope system, and are directed to the target
cube~corner (CC) by the roof periscope mirror. The optical
return from the CC is reflected by the roof mirror and is
collected by the receiver telescope. It is reimaged by an
eyepiece, which relays the focal point to the start of the
optical delsy system. Just before this point, a beamsplitter
reflects ~8 percent of the optical signal into a PMT, whose
output is then amplified and triggers the SC. The remainder of
the energy enters the imaging delay line, which operates in the
same manner as a White cell. The signal from this system then
enters a light-tight enclosure, where the 355 nm pulses are
reflected from a dichroic beam splitter, while the 532 pulses
pass through it. The pulses in each path then pass through a
bandpass filter for background light rejection. They are then
recombined by a second dichroic and are focussed onto the SC

photocathode.

The characteristics of the horizontal path which is currently
used for 2-color ranging tests are summarized in Table 2. The 1
inch CC is mounted on a water tower, and the path passes over
parking lots and buildings. Owens' 1967 refractivity formula is
used to predict the refractive delay difference between the 532
and 355 nm pulses. The wavelength dependence of the refractive
delay under standard atmospheric conditions is shown in Fig. 3.
The meteorclogical data for this formula is taken from P, T, &
Rh sensors mounted at the periscope mirror. Sensor accuracy is
sufficient toc allow less than 1 psec uncertainty in differential

delay over this short path.
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recorded by the system are shown in Fig. 4.

were recorded from the reference path,
while the right hand pulses were recorded after a second pulse
pair traversed the horizontal path. The pulses are correctly

=4
aligned in time for both figures. The shift of the 355 nm pulse

et

he right hand pair is caused by the additional refractive
delay it encounters in the path. The small scale structure
within the pulses shows the psec temporal resolution capability
of the SC system.

A typical output of the computer program which processes the SC
data for dispersion measurements is shown in Fig. 5. Recorded
waveforms at 532 & 355 nm are shown on the left hand side, while
the convolution of the two is shown at the top right. For every
laser firing, the program selects the peak of the convolution as
its best estimate of the differential delay. The bottom figure
right shows the histogram of the differential delay values. The
mean and standard deviation of the differential delay are
calculated from this histogram. Here, one channel corresponds
to 2.2 psec.

To achieve accurate timing, the streak camera time base must be

accurately calibrated. This is done by inserting a lossy etalon
into the reference path, as is shown in Fig. 6. A single pulse

input into the etalon results in a train of pulses with exponen-
tially decaying intensities. These pulses are separated by the’
etalon round trip time. Since this time is accurately known by

the setting of the translation stage, the pulses can be used as

calibration markers.

A typical output from the calibration computer program is shown
in Fig. 7. The upper left waveform shows the raw 532 nm data
from & single laser firing as recorded by the SC. For this
data, the etalon was aligned to emit only two pulses into the

system. The upper right waveform shows the raw data after being

* gonvolved with a 25 channel-wide raised cosine impulse response.
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The peak x-values from each pulse is then recordsd. After
muliiple laser firings, the computer calculates the average
value of the first peak x-value and the x-separation. The sweep
sneed profile can be measured by repeating this procedure after

changing the x-value of the first peak.

The results of this procedure are shown in Fig. 8. Each point

plotied herse is the average of approximately 25 measurements,

®

and the error bars are the standard deviation of the sample mean
values. The data show that the sweep speed is fastest at the
start of the sweep, and slows by A8 percent over the region

shown.

To calculate the atmospheric delay, the fixed offsets within the
LR system also must be removed. This is done by first measuring
the differential delay over the horizontal path. Then the laser
output is blocked from traversing the path and the reference
shutter is opened. The same procedure is then repeated while
the laser pulses traverse only the reference path. Since all
fixed offsets within the system are common to both paths,
subtracting the reference values from the path values leaves
only differential delay caused by the atmosphere. Both the
sweep speed and offset corrections are very similar to those
developed for a waveform digitizer-based two color LR system
(Ref, 6}.

Results from repetitively measuring the atmospheric dispersive
delay after using these procedures are shown in Fig. 9. Each
plotted point is the mean value of 25 measurements while the
error bars show +- one standard deviation. The average bias of
the first set of 4 points is -3 psec, while the average bias of
the second set of 9 points is "2 psec. The shifts in the
average values are thought to be caused by small errors in
spatially aligning the reference to the tower path. Even with
these errors, the differential ranging accuracy 1is within +-0.5
mm for this measurement set. This data shows the very high LR

accuracy which is available with S8C~based receivers.



il

&

471,

PUTURE DEVELOPMENTS :

SC technology also can be used in an "optical time-interval-unit®
{OTIU}, Thig devices utilizes the high time resolution of the
8C for its optical interpolator. A “coarse” 500 MHz electronic
counter is used to measure the integer number of clock pulses
between the incoming optical start and stop pulses. Such an
approach based upcon our existing SC technology is shown in

Fig. 10, This apprcach is somewhat similar to our earlier one
for circular-scan S8C's (Ref. 2}, but uses optical clock pulses.
In the present design, both the start and stop laser pulses are
detected by the PMT, which triggers both the electronic TIU and
the 8C. Most of the optical pulse energy is directed into the
optical delay line for recording by the SC. Short optical
pulses which are coincident with the TIU clock are generated by
a several GHz bandwidth laser diode within the optical clock
module. These are optically summed with the laser pulses into
the 8C optical input. Both the SC and TIU output digitized data

inte the computer for each start/stop laser pair.

The principle of a two-color OTIU operation is shown in Fig. 11.
In the left column, both the SC image and the optical waveforms
are shown for the start pulse. In this representation, both
laser colors are shown to be coincident in time, Therefore only
the time interval between the first clock pulse and the laser
pulse must be recorded. The right column shows the same data
for the stop pulse. For this return, the two-color pulses have
been temporally separated by the atmosphere. Therefore the
computer must calculate the differential arrival time between
pulses as well as the single color delay at wavelength 1. Given
this data, it is straitforward to calculate the single color
delay and the atmospheric correction by using the formulas
shown. Such a system is presently being constructed by the

zuthors.
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SUMMAKY :
SC-based laser ranging receivers are currently being developed
at HAhSA-Goddard. Test results show that when systematic errors
are properly controlled, differential range accuracies of
+-0.5mm  are readily achievable. Higher accuracies should be
possible with more work. The accuracies already achieved exceed
those typical of state-of~the-art PMT-based receivers by an
order of magnitude. Such SC-based systems can be used to
measure single color atmospheric delays to Smm using two-color
ranging. They also can be used to construct complete ranging

receivers with accuracies of a mm or better.

ACKNOWLEDGEMENT :

We would like teo thank Xent D. Christian for his technical

assistance in operating the SC system.

REFERENCES

1. J. J. Degnan, T. W. Zagwodzki, H. E. Rowe, "Satellite Laser
Ranging Experiments With an Upgraded Moblas Station,” this
proceedings.

2. €. B. Johnson, 8. Kevin, J. Bebris, and J. B. Abshire,

Applied Optics, Volume 19, 3491 (1980).

3. C. 5. Gardner, B. M. Tsai, and K. E. Irw, Applied Optics,
Volume 22, 2571 (1983).

4, J. B. Abshire and J. E. Kalshoven, Jr., Applied Optics,
Volume 22, 2578 (1983}.

5. J. B. Abshire, J. ¥. McGarry, B. M. Tsai, and C. §. Gardner,
Conference on Lasers and Electro~Optics, Paper WL2, Anaheim
Ca, June 1384.

&, J. B. Abshire, "Pulsed Multiwavelength Laser Ranging
System," NASA Technical Memo 83917, March 1982



siraak

TRIGGE Y mmmroning

LR
GENLRA TR

w0 . . L gy &
La@imers Lparaunsn
e Mt ROLHANSE LELATE

INCIHNT
LT =t

MtncAaTinb

% skjaded
s ; " . .
s piieenite v PHUAPHOR SCRIEN

| 4 7

Figure 1 - Streak Camera Operation

SYSTEM CONFIGURATION

TURMING JURROH START

~ v

40 NSEC Ib:::lC:NG DiAY R ns

XA oas5
[L Y|

?;"EQ LN o ”

NE YA

LALER o ~ By

Los
*5
& Figure 2 - Present Streck Camera-Based Ranging

System

473,



STREAK CAMERA-BASED RANGING
SYSTEM PARAMETERS

LASER QUANTEL YG 40 dye mil. 30 psec FWHM
G omd g 1864 nm, 7 e g 532 am_ 1 ) g 355 nm
DIV ¢3 TO 1 0 sorad, abyn: €1G% DIV

MIRRORS Doutie dielectne. MAX R ¢p 355 f1 932 nin

T Iy 45% AT 532 & 355 nm, fexcluding wlescape § prnscape)
TELESCOPE 450 cin AREA, 97 e FL

T HAM RIZ8A MOP type OF = 4% £ = 10"

WAVEFORM

maresn TER TRONIK 17952

Ty DR 100 prar ey

STREAR CARIERA HAM 1320 2 psac resol | 550 psec window, 2 7 psecichan {f.
MINICOMPUTER BEC LS 1123, SKYMNK avay prot duat Huppy disks ﬂ

Table 1 - Streak Camera System Parameters

TWOC COLOR RANGING TEST PATH

LENGTH

ELEVATION
ANGLE

REFLECTOR

ENO POINT
SENSORS

ALGORITHM

Table 2 - Horizontal Path Used for Ranging Tests

92

1.2 m {round-trip)

+ 35 deg

254 ¢m CC

T
P
Rh

— aspirated thermometer
— setra 270
-- hair hygrometer

ATy = & Argy (P, T, Rh)

L

Tgd

= €T3 {1193 (P, T, RhI}

(P, T, Rh} = group refractivity ar A
{GWENS, APP. OPT,, 1967}

Pm -~ midpeint pressure

T2

- TiU reading at 4,
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Figure 3 - Group Velceity Dispersiocn of Air Under
Standard Conditions
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Figure 4 - Optical Pulse Shapes Recorded by Streak
Camera Receiver System
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Figure 5 - Typieal SC Computer Analysis
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Figure 6 - Calibration Procedure for the SC Time Base
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NEW LASER DEVELOPMENTS TOWARD A CENTIMETER ACCURACY
LUNAR RANGING SYSTEM

S.R. Bowman, C.0. Alley, J.J. Degnan*
W.L. Cao**, M.Z. Zhang**, N,H. Wang**
Dept. of Physics and Astronomy
University of Maryland

College Park, Maryland 20742 USA

Telephone (301) 454 3405
Telex 908787
*Now at Goddard Space Flight Center of the National Aeronautics

and Space Administration

Visiting Scholars from the Shangahai Institute of Optics and
Fine Mechanics Academica Sinica, P.R.C.

ABSTRACT

The design considerations and performance characteristics of the cur-
rently operating laser are briefly described. The laser was designed and
constructed for the specific purpose of lunar ranging.
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Our goal is the establishment of a high accuracy lunar ranging station
at the 48-inch Precision Tracking Telescope located on the Geddard Optical
Research Facility in Greenbelt, Maryland. This paper describes the laser
system designed and built to be the transmitter for this station.

Losses in the atmosphere and telescope were a major concern in the
ranging system design. To overcome these losses we pressed the laser
design for high average power. Of course, short pulse length, low oufput
divergence, and reliability could not be compromised. Eventually, a mode-
locked Neodymium YAG laser configuration emerged which we feel should give
acceptable signal strength. The optical layout and output parameters are
given in Fig.l.

The heart of a laser system is the oscillator. Our oscillator design
emphaSizes=maximum output energy in a single, gaussian spatial mode
pulse. This reduces the number of amplifiers needed thereby simplifying
the overall system. A polarization switch cavity dump gives a factor of at
least three improvement in energy compared to external pulse selectors. A
combination of ‘actlve mode-locking with an acousto-optic modulator and
passiveé Q-switching with a nanosecond recovery dye (Kodak 14617 dye in
dichloro-ethane) produced the 100 picosecond pulse length we wanted, '?
Simple passive mode-locking and etalon pulse stretching techniques did not
allow stable Q-switching at higher energles.

Damage in the flowing Q-switch dye cell was the most difficult problem
we encountered. We now believe it was due to absorptive heating near the
dye cell windews, The problem was overcome by using a large transmission
dye cell near the cavity center which slowly translates perpendicular to
the beam.

The oscillator now delivers 800 to 1000 microjoules in a single, "S"
polarized pulse. The transverse mode is TEM, . and the energy stablility is
5 to 10 percent. The half power pulse duration is 107 picoseconds as
measured by a picosecond resclution Hadland FPhotonics streak camera.

After the oscillator, we have two high gain laser amplifiers. Two
amplifiers are required to get the energy up near the damage threshold,
because of the onset of amplified spontaneous emission when the gain
becomes too high.
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Goddard/Maryland Lunar Ranging

L.aser Tramsmitter

Paranmeblers:

- Single pulses at 10 Hertz

- Pulse

- Pulise

duration 107 picoseconds
enerpgy 0.52 Joules € 1064nm
0.31 Joules @ 532nm

System

- Beam divergence less than 200 microradians
- Poplarization 98% "P" @ 1064nm
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- 45° dichroic beamsplitter

- Two crystal harmonic generator

- F/20 vacuum spatial filter

- Wd:YAG amplifier (9 mm diameter)

- 4£5° HR mirrors

- Normal incidence HR mirvor (10m cuxrvature)
- Acoustooptic modulator

- Mode selection aperature

~ Nd:YAG oscillator head (3mm diameter)
~ Flouving setursble dye cell

- Mulei-layer dielectric polarizers

~ Pockels cells

- Hormal incidence HR mirrors {(flat)

~ Helf wave plate

- $lan~Thompson polarizer

- ¥/50 spatial filter

- 33° BR mirror

~ Quarter wave plate

- Wd:¥AG amplifier (7nn dianeter)

- F/530 vacuum spatial filter
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Separating components in the amplifier chain, Lhere arce three spatial
p g p ’

filters. These inercase the system's average power in i number of ways: s

i) rectuced damage caused by the growth of high spatial frequency
intensity components;

ii) reduced damage from diffraction ripple by image relaying;

iii) increased energy from amplifiers by efficient filling of laser
rods;

iv) increased firing rate by correcting for thermal lensing of
laser rods;

V) increased isolation between amplifiers allows higher gain,

Infrared output of the laser system is 520 millijoules per pulse with
pre-pulse energy of less than one millijoule. At 10 Hertz [iring rate the
output beam is 98 percent "P" polarized with less than two times
diffraction limited divergence.

The 532 nanometer second harmonic is generated with a KD*P type 1I,
angle tuned crystal. The crystal is 15 millimeter long and immersed in a
temperature stabilized, index matching fluid. The last spatial filter
expands ghe beam so that the intensity on the doubler is 2 x 10
watbts/em®.  Present doubling efficiency 1s a somewhal disappointing iy
percent. Single crystal doubling efficiencies as high as T4 percent have
been reported in the literature and we are still working to improve our
number.,

In addition to the single crystal second hargonio work, we have tested
one of several two ecrystal doubling techniques.s’ Two KDP type II
crystals have been used in a quadrature scheme to generate 60 percent
conversion efficiency. Some practical problems remain to be solved and we
are continuing this work.

The Maryland/Goddard Lunar Ranging Station was aclivated briefly in
the rfall of 1984. Ranging results from LAGEQOS at that time uncovered some
minor problems in the system. At the time of this writing {January, 1985),
those problems have heen solved and the station is about to resume
operation.

An additional amplifier with slab geometry is being designed to
increase the output energy further. It utilizes recently available large
size necdymium doped YAG material and will probably utilize an active
mirror configuration.
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ABSTRACT

The use of epoch timing and multi-tasking in the University of Maryland
Lunar Ranging System is described with emphasis on the problems created by
interleaved starts and stops.
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The only significant difference between programming for lunar and
for satellite ranging is that in the lunar case, the time between laser
shots is considerably less than the round trip time to the target. This
complicates the timing since we now have many interleaved start pulses
between corresponding start and stop pulses., In this situation a single
time interval meter is no longer sufficient. One way to deal with this
problem is to measure independently the epoch of the outgolng and
returned pulses. The round trip time can then he derived by simple
subtraction.

dlthough this is the chief reason to go to epoch timing there are
several other advantages to be gained by incorporating an epoch timer in
a ranging system. Among these are:

1) The epoch timer serves as the station time of day clock,
2) It can directly measure the station epoch,
3) It can generate a return gate for the received pulse,

4) The laser firing epoch is automatically measured to high
accuracy.

Although use of a multi-tasking operating system is desirable for
any ranging system, it is particularly valuable for one based on epoch
timing and almost indispensable for one with interleaved starts and
stops. The key feature of a multi-tasking operating system is lts
ability to run many programs at the same time., This is accomplished by
awitching control of the computer between the various competing
programs. Use of a multi-tasking system allows the ranging program to
be separated into pieces without regard to the details of timing. These
pieces or tasks are then synchronized by exchanging messages between
themselves. For example, a data collection task can send a message [o a
data output task saying "I have some data for you to write to disk".

The output task then starts up and writes the data out.

Tne partitioning of a multi-tasking program into its various tasks
is one of the key decisions in the design process. The partitioning of
the Maryland ranging program is shown in Figure 1. As the figure shows,
the program consists of four tasks. The range task calculates the range
“to the moon once a second. It is synchronized £o the real world by a
message sent once a second by the epoch timer control task. On
recelving the message it makes the range and range rate available to the
event timer control task in a buffer. The display task runs at the
lowest priority using whatever time is not used by more important tasks
to plot a histogram of as many range residuals as possible, It sets a
fiag when it is ready to process a poini, then the data from the next
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rebart 18 3£nt 88 & message by Lhe epoch timer control task. As range
data is acquired it is sent fo the cubput Lask. Then when a buffer
fills up, the oubtput task writes 1t to disk.

This leaves the epoch timer control task which is the heart of the
system, This is really a collection of tasks all executing the same
code. Three different structures were considered. We could have had
ong task devoted to the epoch timer which then decides whether the next
measurement Is a stop or gtart. An alternative to this is to have two
tasks one for starts and one for stops. You then need a scheduler to
decide which task to activate next. Qur system uses a third approach,
with each shot handled by a separate task which measures the start epoch
then goes dormant until it is time to take care of the stop. The actual
code for the three different approaches is gquite similar, in that they
all need to schedule the epoch timer. The third method was chosen
because arranging the code sequentially for one shot seemed conceptually
simpler. At a 10 pps repetition rate we have ahout 25 invecations of
the epoech timer control task running. OfF course all but one are
dormant, walting for their turn at the epoch timer program. Each task
uses the same copy of the Event Timer Program, but each has 1ts own data
blonok in which it keeps its own local data.

The key to the program is the scheduling of the epoch timer which
is handled by the scheduler sub-routine. The scheduler maintains two
lists or queues of data blogks, one for starts and one for stops. The
epoch timer control program gives the scheduler a data bloek and a
pointer to the appropriate queue. The block is then linked to the end
of the indicated gueue and the calling task is suspended. When the
epoch timer finishes measuring the time of a start or stop it is
necessary to determine the next task to use the epoch timer, FEach data
block contains the expected time for its associated start or stop.
Therefore, 1t i3 just a matter of comparing the times contained in the
data blocks heading the two gqueues and scheduling the one with the
earliest time. If the the times are within 1 millisecond of each other,
the stop task is aborted and the start task scheduled, since the laser
firing would wipe out any return.

By using an epoch timer and a standard multi-tasking operating
system we were able to generalize cur non-interleaved satellite ranging
progam te the interleaved lunar ranging case with a minimial amount of
trouble using many pieces of the satellite program.
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PERFORMANCE OF SATELLITE LASER RANGING DURING MERIT
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ABSTRACT

Over 30 stations contributed data to the MERIT Project, with some
stations operating at the 1-2 cm single range measurement level of pre-
cision. Thes stations tracked over 5000 LAGEOS Passes and over 2500
STARLETTE passes during the 14 month campaing, an average of over 10
passes per day for LAGEOS. Rapid service earth rotation solutions were
possible because of the timely availability of the data. Improvements
in the models used for the analysis of the data have enabled identifi-
cation of instrumental anomalies at the 20 cm level in range bias and
150 microsecond level in time bias.
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PERFORMANCE OF SATELLITE LASER RANGING DURING MERIT

Introduction

Since the Fourth Laser Ranging Workshop in October 1981, numerous
developments In applications to artificial satellites have occurred.
These developments ineclude the introduction of new mobile satellite
laser ranging (SLR) systems, the introduction of improved hardware in
existing systems, and the addition of new stationary systems. Although
some aspects of the developments can be regarded as the result of the
SLR evolutionary process, most of the developments have been motivated
by the NASA Crustal Dynamics Project and the IAU/TUGG project to monitor
earth rotation and intercompare the techniques (MERIT).

This paper summarizes the performance of SLR systems in the MERIT
period (September 1, 1983, to Cctober 31, 1984) and contrasts the per-
formance to the pre—~MERIT period. The performance is characterized in
terms of tracked passes, estimated instrument precision and number of
participating sites. Because of improvements that have been possible as
the result of improved instrument performance, concommitant improvements
have been possible in the satellite force models, measurement models and
kinematic models. These latter Iimprovements have produced analysis
technigues that enable identification of instrumental errors in near
real-time at levels of 20 cm in range blas and 150 microseconds in time
bias.

Data Sets

The results have been obtained using full-rate (FR) and quick-look
{QL} data. The QL data are sampled at approximately 50 points per pass
and are transmitted within a few hours after acquistiion via telex,
GE Mark 3, computer modem or other means of data communication. The FR
data, on the other hand, encompass the complete set of data and are usu-
ally transmitted from the respective station via magnetic tape to a Data
Collection Facility (DCC). During the MERIT period, the DCC for QL and
FR data has been located at the Goddard Space Flight Center (GSFC).

The pulse repetition rate now used with new laser systems is suffi-
ciently high that some passes exceed 10,000 full-rate LAGEOS range meas-
urements at a single station. To reduce the computer time required for
data analysis while retaining the information content of the individual
measurements, a data compression technique has been used to create nor-
mal points (NP). The LAGEUOS normal peints used in this paper were
created from bins of raw data spanning three minutes, The technique
used 1is essentially "Recommendation 84A: SLR Normal Point Generation
and Exchange," differing only by the compression window (three minutes
versus the recommended two minutes). STARLETTE normal points have been
formed using 30-second bins.

489



Bualysla Progedures

The analysis of laser range data is performed on a regular basis at
the Center for Space Research. Quick-leocok data are received in a PDP
11/60 computer via a computer modem, and the received Files are merged
and preprocessed. The data are translated into the Modified Seasat
decimal formal and transferred electronically via a dedicated circuit to
The University of Texas academic computing facility for further process-—
ing on the dual CDC Cyber 170/750 computers. The accumulated data are
processed each  Tuesday for the earth rotation sclutions which are then
placed on the GE Mark 3 system. Since May 1984, the earth rotation
solutions have been performed using normal points formed from the QL
data. ‘'Tne formation of the normal points provides an initial level of
data editing through computation of a preliminary earth rotation solu-
tion based on the raw QL data. The range residuals resulting from this
soiutlon are further analyzed and edited to create QL normal points.
The resulting normal points are used in the final earth rotation solu-
Lions reported on Mark 3 as ERP (CSR) 84 L 02. The reported solutions
include both "final™ and "preliminary" solutions, where the latter case
represents an lncomplete five-day interval or that additional data are
expacted. In addition, unreported solutions are made based on all
avallable data, however, these solutions may span only cne or two days.
Both Lthe prelimicary and the unreported solutions provide a near real-
time opportunity to assess the current data quality and to aid in the
identification of anomalous station performance. These basic procedures
have been in use since the short MERIT Campaign in 1980.

In addition to the weekly assessment, a somewhat more [formal pro-
cess i3 performed on a monthly basis for LAGEOS. This analysis is dis-
tributed in a monthly report of the Center for Space Research, "Analysis
of LAGEOS Laser Range Data," prepared with the support of NASA. The
monthly report provides detailed information on the stations used in the
earth rotation solutions and provides additional information on indivi-
dual station performance. The station performance is summarized through
the use of a single, continuous orbital arc spanning at least one month.
This arc is it to the unedited QL data for the purpose of providing
detailed analysis of station performance, computing final QL normal
points and incorporating data into the data base that was received too
late for the weekly earth rotation solutions. The force and kinematic
model used for the long-arc orbit computations in UTOPIA (Schutz,
et al., 1982) 1is essentially consistent with the MERIT Standards (Mel-
bourne, et al., 1983). Because of small errors in these models, the
least squares estimation process ls unable to it the data to the meas-
urement noise., Nevertheless, these model errors normally have unique
signatures when compared with the lnstrumental error sources discussed
by Pearlman (1984). Further information on the analysis procedures is
given by Tapley, et al. (1981),

Cer I Ormancs

International tracking campaigns such as MERIT have made signifi-
cant.  contributions to the performance of laser systems. Such campaigns
have encouraged the development of improved systems, promoted Lhe
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development  of new systems and fostered international cooperation, The
growth in laser ranging activities from operational systems capable of
tracking LAGEOS is reflected in the number of full-rate passes tracked
in each five-day interval since May 8, 1976, until September 30, 1684,
This feature is shown in Figure 1. The steady increase during the Main
MERIT Campaign is readily apparent, in part because of the participation
during the Intense Campalgn during April-Jure, 19814, it is also
apparent that more passes of LAGEQS were obtained during MERIT than dur-
ing any other comparable periocd.

Before the MERIT Campaign was completed, 20 stations had provided
data during a single b5~day period (earth rotation epoch 26 October
1984), a remarkable change from the number of stations contributing in
1981 (typieally, 4 to 6). The individual pass contributions of each
station during MERIT are shown in Table 1 for LAGEOS and STARLETTE.
Additional information on the individual station hardware characteris-—
tics are given by Schutz (1983).

The monthly assessment of station performance using the previously
described procedures generally vresults in range residuals with an
overall RMS of 10-12 om. In this assessment, all range measurcments are
equally weighted except for those stations with known systematic prob-
1ems or new stations with significantly uncertain station coordinates.
is a consequence, the resulting RMS is indicative of remaining force and
kinematic model errors as well as posszible instrumental problems.
Through the process described by Tapley, et al. {1982), the range resi-
duals in a pass can be resolved into "range bilas" and feime Dbias."
After removal of the range bias and time bias, the remaining systematic
tprends in the residuals can be removed by appropriate polynomials, and
an estimate of the instrument precision can be made from the resulting
residuals. As an indication of current performance in quick-look {QL)
and full-rate (FR) data, Tables 2 and 3 illustrate the precision esti-
mates for August 1984. It is evident from these tables that the preci-
sion of raw QL and FR data is comparable and ranges from i-2 cm for some
stations to tens of centimeters for others. Because the edit criteria
generally used is about 30 cm, the data are significantly edited from
stations which operate with precision greater than 20 cm.

It is the general guideline that about 50 points of QL data be
transmitted per LAGEOS pass; however, as noted previously, some stations
obtain more than 10,000 FR peints in & pass. As a consequence, the nor-—
mal points created from the QL and FR data have somewhat different lev-
els of precision due to the significant difference in the number of
measurements that are compressed into a single normal point. Although
the selected QL points are somewhat randomly spread over the pass, Judi-
cious selection of QL points has consistently resulted in smaller QL
precision than FR precision for at least one station (Simosato).

The STARLETTE station performance is summarized in Table i, Com-
parison of the precision estimates in this table with the LAGEOS values
in Table 2 show comparable performance.
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For various reasons, the editing criteria used in the analysis of
QL. data generally results in an editing of 5-20 percent of the data,
Farbhar analysis of the edited data provides an indieation of anomalous
performance or other problems. Based on the current force and kinematic
model accuracles, it is possible to resolve instrumental problems wWwith
ths previously described procedures at the level of 20 om in range bias
and 150 microseconds in Lime bias. As a consequence, time tag errors at
the miilisecond or more level have heen readily ohserved, and informa-
£ion has been provided to the stations regarding such an anomaly.

Because of the rapid avallability of QL data, iU bas bLeen possible
Lo provide Limely results of ecarth rotation parameters (ERPY. As noted
previously, the ERP from SLR have been produced weckly and wmade avail-
able on the GE Mark 3 System. Because of the inherent delays in making
FR data available, the comparable ERP solutions have lagged the QL solu-
tions by several months. However, comparisons between ERP results
obtained from QL and FR data for the Tirst three months of the MERTT
Campaign showed differences in the x and y pole position of less
than one milliarcsecond. Experience has shown that the QL data not only
provide 4 signilicant data resource for the idenlLification of ancmalous
instrument performance and orbit nmaintenance, bul. it is also a very usee
ful actentific rescurce. To enhance  Lhe selentiric uselulness, Lhe
transmittal of QL normal peoints, rathor than selected raw ranges, is a
matler that shouid be encouraged.

Analyses for earth rotation parameters obtained during MFERIT has
illustrated the high performance of the stations. Comparisons with
other techniques, such as VLBI, have demonstrated consistent agreament,
at the 2 milliaresecond level (Robertson, et al., 1985). Such comparis-
ona have generally been based on the QL results of SLA data, thereby
emphasizing the aignificant sclentilfic importance of QL data.

Conclusions

The satellite laser ranging community put forth a very strong
effort during the MERIT project. Over 30 stations contributed data to
the project, with some stations operating at the 1-2 em single range
measurement level of precision. Rapid service earth rotation solutions
were possible because of the timely availability of data. Improvements
in the models used for the analysis of the data have enabled identifica-
tion of instrumental anomalies at the 20 em level in range bias and
150 microsecond level in time bias.

Acknowledgments

The contributions of John Ries and M. K. Cheng are gratefully ack-
nowledged. This research was supported by NASA Contract No. NASS-27341,



Refarences
Melbourne, W. G., R. J. Anderle, M. Felssel, R. King, D. D. MeCarthy, D.

E. Smith, B. D. Tapley and R. 0. Vicente, Project MERIT Standards,
USNO Circular No. 167, Washington, D. C., 1983,

Pearlman, M. R., "Laser System Characterization,” Presented at the Fifth
International Workshop on Laser Ranging,'" Hazrstmonceux, 1984,

Robertson, D. S., W. E. Carter, B. D. Tapley, B. E. Schutz and R. J.
Eanes, "Polar Motion Measurements: Sub-Decimeter Accuracy Verified
by Intercomparison," Science, To Appear, 1985.

Schutz, B. E. and B. D. Tapley, "UTOPIA: University of Texas Orbit Pro-

cessor," Center for Space Research, The University of Texas at Aus-
tin, 1984,

Schutz, B. E., "Participants During Project MERLT, " CSHR-83-3, Center for
Space Research, The University of Texas at Austin, 1983,

Tapley, B. D., B. E. Schutz and R. J. Fanes, ™A Critical Analysis of
Satellite Laser Ranging Data," Procoedings of the Fourth Internn-

tional Workshop on Laser Ranging, pp. 523-567, Geodetic Institute,
Bonn University, 1982,

493



494

TABLE 1. MERIT QUICK-LOOK SUMMARY
FPasses reported September 1, 1983, to
October 31, 1984, as quick-ipok data

(unedited)

LAGEOS PASSES STARLETTE PASSES

1072 Zvenigorod 21 7
1148 Ondrejov Y 53
1181 Potsdam 127 67
1873 Simeiz 33 23
1863 Crimesz 7 0
7086 Ft. Davis 147 o]
7090 Yaragadee 291 129
7105 Greenbelt 248 152
7109 Quincy h52 248
7110 Monument Peak 473 256
T1t2 Platteville 165 155
7121 Huahine 158 55
7122 Mazatlan 186 70
7210 Haleakala 389 23
7805 Metsahovi 31 2
7810 Zimmerwald 57 39
7824 San Fernando 5 3
7831 Helwan 3 3
7833 Koobwijk 72 32
7834 Wettzell 330 55
7835 Grasse 93 9
7837 Shanghai 58 0
7838 Simosato 243 11
7839 Craz 177 1T
7840 Herstmonceux 339 59
7843 Orroral 42 0
7886 Quincy/TLRS-1 49 0
7907 Arequipa 432 627
79325 Dodair 13 5
7939 Matera 383 363
7940 Dionysos 3 2
8833 Kootwi jk/MTLRS =1 13 1

Total 5044 2696
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TABLE 2. AUGUST 1984 LAGEOS QUICK~LOOK (QL) DATA
AND THREE~MINUTE NORMAL POINTS (HNP)

Number of QL Number of NP
Stat fon Passes QL Ranges Precision NP Ranges Precision

{cem) {cm)
1181 Potsdam 16 b7 19.8 B7 B.6
7086 Ft. Davis 14 6594 6.8 121 2.5
7090 Yaragadee 15 684 1.5 175 0.7
7105 Greenbelt 23 1050 2.7 228 1.2
7109 Quincy 54 2631 2.6 733 1.2
7110 Monument Peak 50 2403 2.7 54y 1.2
7112 Platteville 13 332 14.9 96 7.3
7121 Huahine 6 256 ‘8.8 53 h,o0
7122 Mazatlan 14 632 6.9 126 2.3
7210 Haleakala 27 1237 3.7 209 1.2
7805 Metsahovi 5 62 21.7 34 15,1
7810 Zimmerwald 117 836 9.8 171 y,2
7833 Kootwijk 6 191 17.0 56 9.0
7834 Wettzell 30 1147 6.4 227 2.3
7835 Grasse Y 56 5.5 18 2.7
7837 Shanghai 3 18 11.0 11 11.0
7838 Simosato 24 g2 3.9 138 1.2
7839 Graz 5 261 3.6 46 1.5
7340 Herstmonceux 31 1231 4,7 295 2.1
7886 Quincy/TLRS-1 3 248 6.8 32 2.4
7907 Arequipa 50 2146 14.2 375 5.7
7939 Matera 39 1818 13.8 419 6.3
Totals h50 19192 8.6 4194 1.5



TABLE 3. AUGUST 1984 LAGEQS FULL-RATE (FR} DATA
AND THREE~MINUTE NORMAL POINTS (NB)

Number of FR Number of NP FR
Station Passes FR Ranges Precision NP Ranges Precision UTC
{cm) {cm)

1181 Polsadam 1N 382 17.6 86 8.3 BIH
7086 Ft. Davis 1Y 8210 6.9 138 G.8 USNO
7090 Yaragadee 14 TH2 456 1.5 180 0.1 USNC
7105 Greenbelt 23 102386 2.5 239 0.1 USNO
7109 Quiney 54 382862 2.4 74O 0.1 USNO
7110 Monument Peak 50 268043 2.4 553 0.1 USNO
7112 Platteville 13 1690 12.2 111 2.5 USNO
T121 Huahine 5 21 8.2 o 0.4 USNO
1122 Mazatlan 1l ELANA! 5.3 137 (.3 15NO
T210 Haleakala 25 6l 3.1 aledit .o HSNO

71805 Metsahovi 7 82 19.9 EN 16.4 BTH

1810 Zimmerwald 13 4602 7.5 148 1.3 B1H

1833 Kontwijk H h28 3.0 b 1.3 Bl
7834 Wettzell 30 19426 6.2 205 0.7 USNQ

7835 {rasse 3 1832 T 27 0.7 BIH

7837 Shanghai 5 39 17.0 16 12.90 BIH
7828 Simosato 27 13656 g1 166 1.0 LBSNO
783% Graz 9 1616 3.0 59 0.7 TOG

T840 Herstmonceux 31 8001 .5 299 0.8 BT
7886 Quinecy/TLRS-1 38 70546 6.1 3y G.5 USNO
7907 Arequipa 50 13578 14,4 550 2.8 USNO
74639 Matera el 10378 13.7 kgs 2.8 USNO

Totals 488 1082882 b.0o 5012

o
o
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TABLE 4, ESTIMATES OF STARLETTE QUICK-LOOK
PRECTSION DURING MERIT

Precision Fstimate

(em)
1148 Undrejov 18.7
1181 Potsdan 19.1
1873 Simeiz 2.0
7080 Yaragadee * oL
7105 Greenbelt 4.7
7109 Quincy 3.1
7110 Monument Peak 2.9
7112 Platteville 8.9
7121 Huahine 6.8
7122 Mazatlan 9.6
7210 Haleakala 3.6
7810 Zimmerwald 16,1
7833 Kootwijk 16.7
7834 Wettzell 7.5
7835 Grasse h.2
7838 Simosato 7.6
7839 Graz 3.5
7840 Herstmonceux 5.3
907 Arequipa 10.6
7935 Dodair 16.1
7939 Matera 9.1
7940 Dionysos 17.5

Edit c¢riteria: 30 cm

Analysis of other stations is incomplete.
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CURRENT DEVELOPMENTS IN EVENT TIMERS AT
THE UNIVERSITY OF MARYLAND

C.A. Steggerda

Dept. of Physics and Astronomy
University of Maryland

College Park, Maryland 20742 USA

Telephone (301) 454 3405
Telex 908787

ABSTRACT

The Maryland dual slope Event Timer resolution has been improved to
50 ps. A dual frequency one stop Event Timer with resolution of 20 ps is
under development.
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Tne dual slope Event Timer originally developed in 1973 (1 has
been updated and improved to have a 50 ps resolution. Specifically, the
charging resistors affecting the dual slope sweep were changed so that
the ratio of the slopes of the two sweeps is 250 to 1 instead of 125 to
1. This change causes the vernier to divide the basic 10 MHz clock rate
into 2000 parts instead of 1000 parts. One of the MECL II integrated
circults was updated to its MECL 10K equivalent. The start amplifier
has been replaced with a Tennelec model U455 Quad. constant fraction
discriminator and LEMO connectors have been instalied on all input ports
for ease in maintenance and operation. The Event Timer can be run in
the conventional single input mode which will allow detection of four
event.s each about 6 nsec apart, or, with a small modilication, the
system can be made into Four independent single event Event Timers.

A dual frequency Exent Timer using Lhe vernier prianciple off Lhe
Hewloett Packard 537OA(2 inLerpeolator ia currenliy under developnment,
The Event Timer hags a resolution of 20 ps and should be able to make Lwo
measurement.s 2 us apart using one vernier. The Event Timer is connected
to a microprocessor to form a time of day clock, range gate and Event
Timer system. The micro processor puts the data in an IEEE format and
interprets the IEEE format for the range gabe. The Event Timer may be
synchronized to either a 5 or 10 MHz standard or may aoperate alone with
reduced accuracy.

A block diagram of the present form of the new Event Timer is shown
in Figure 1. A 5 or 10 MHz external frequency standard is applied to
oneg of the input ports of a phase detector while the 200 MHz signal
generated by a voltage controlled crystal oscillator is divided by 40 or
20 and applied to the other input. The D.C. output of the phase
detector controls the voltage controlled crystal oscillator which
generates F0 = 200 MHz. This is one of the dual frequencies,

In the absence of an input pulse, a delay line oscillator, made by
Hewlett Packard, generates a second frequency, Fi= 199.2217899 MHz,
which will be referred to as Fy or 199% MHz. The two {requencies Fy and
F1 are applied to the "B" and "eclock" inputs of a "D type” flip flop
which is used as a mixer. The output of the mixer is a square wave with
a pericd of 1.285 us and a freguency (FO - Fl) aof .778210 MHz. The beat
frequency (FO - Fl) is further synchronized to Fl by the Sync. F.F., and
applied t¢ one of the inputs of a phase comparator while the second
input of the comparator is supplied by (Fl + 256).

(1} 1973 A Precision Event Timer for Lunar Ranging, University of Maryland
Department of Physics and Astronomy Tech Report TY-038,
(2) Manual for Hewlett Packard 5370A Universal Time Interval Counter.
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The comparator output is a D.C. voltage used to control the 199% MHz
oscillator and to establish the equation:

(FO - F1) = F}/256
which establishes the frequency F1.

FO is applied to the clock line of a 26 bit synchronous counter
which consists of a two bit pre-scaler and a 24 bit synchronous counter
wnich ieg adjusted to count exactly 12,500,000 states. The counter drive
signals are adjusted so that in combination the two counters appear as
one 26 bit synchronous counter with 50,000,000 states, The output of
the synchronous counter is a pulse 4 times per second which is counted
by the computer to form the time of day.

The rising edge, going from -.70 to 0 volts, of the input pulse,
starts the Event Timer. 1In the test circult the trailing edge of a
negative going 30 ns pulse both edges of which are very precisely
synchronized to F,,» activates the Event Timer. When a PMT is used, the
input guiescent state will be -.70 volts and the leading edge of a
positive going pulse is the starting event., This rising edge triggers a
very precise 10 ns phase disconnect one shot.

The phase disconnect one shot stops the 199% MHz oscillator for
about two cycles. When the oscillator restarts, hopefully, the
frequency remains constant but fhe phase of the oscillation is
synchronized to the input pulse rising edge. The rising edge of the
input pulse also triggers a 45 ns anti-coineidence one shot which forces
the coincidence F.F. to the set state. When the coincidence F.F. is
set, the divide by 256 counter is held in the reset position, the phase
detector is inhibited so that the D.C. control does not change, and a 9
bit "A counter"! is enabled to count pulses from the 199% MHz oscillator
oceuring after the input pulse. After 45 ns, the set signal is removed
and the coincidence F.F. is allowed to reset on the next synchronizer
pulse which occurs when F, and F1 have the praoper over-lap to cause the
mixer to change state. When the co~incidence F.F. is reset, the divide
by 256 counter is allowed to count from zero, the phase detector is

. reactivatéd, the "4 counter™ is stopped with the total number of counts
proportional to the time from T, the time of the event, to the time of

. taincidence; and, a 26 bit latch or "B counter" stores the state of the

" synchronous counter when coincidence ceccurred,

Referring to Figure 2, at the end of the cycle of evenis, the YA
counter” contains the number of 199% MHz (or 5.0195 ns) pulses from the
event being timed to coincidence, the "B counter™ contains the state of
the 26 bit synchronous counter which is a measure of the number of 200
MHz (or 5.00 ns) pulses from the last 1/4 second to coincidence, and the
phase locked loop is again closed with very little perturbations of F1
due to the way that the divide by 256 counter is restarted at the time
of coincidence.



THE EVHENT TIMER HAS TWO QUTPUT REGISPERS, THE 9 BIT A REGISTER RECORDS THE RUMBER OF 199 * MI1Z
CYCLES FROM THE EVENT MEASURED TO THE TIME OF CO-INCIDBMCE. THE 26 BIT B REGISTER HECORDS THE
WER OF 200 tHZ CYCLES FRGM THE LAST i/4 SECOHD TIME MARK T0 THE TIME OF CO-INCIDENCE.
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During measurements of the Event Timer, an inpubk pulse was
generated every 1/4 second and was synchronized very precisely with
FO. The phase of the input pulse with respect to Fo was adjusted with a
Ttrombone”™ adjustable delay line. The adjustable delay line sysiem made
it possible Lo sweep over one entire 5 ns time period. Figure 3 shows
what happens at the fold point when Lhe A and B counters jump 20 and
257 counts respeclively.

As the "trombone" delay line is adjusted, the point of coincidence
as seen by the mixer output rising edge, comes progessively closer to
the trailing edge of the anti-coincidence pulse. PFurther adjustment of
the delay line moves the mixer rising edge inside the anti-coinaidence
pulse which blocks the coincidence F.F. from resetting. The result is
that the "A counter" jumps 255 of the 5.01953 ns counts and the
"3 counter" jumps 256 of the 5.000 ns counts. Any deviation from this
procedure results in an error when the epoch is calculated,

Figure Y4 shows one of the prototype Event Timers and Figure 5 shows
an interface card and an 8-bit microprocessor system used with Lhe Event
Timer., A great deal of effort has gone into making the fold-over point
accurate. One of the problems that occurs is that when the 199% Miz
oscillator is restarted during the measurement time, the oscillator is
free running and its frequency will be slightly raised due to coupling
to the 200 MHz. As soon as the phase locked loop is reclosed, F1
returns to 196% MHz, but the fold-over point has too many counts. A
further problem occurs if the "A counter® couples into 91. This
coupling appears to cause the odd states of the "A counter" Lo be
Tavored over the even states, It i3 anticipated thal these problems can
be overcome however and that a 20 ps resolution Event Timer c¢a be built
requiring no adjustments.
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THE CONSTRUCTION AND TESTING OF NORMAL POINTS
AT GODDARD SPACE FLIGHT CENTER

M.H. Torrence, S.M. Klosko _

EG&G Washington Analytical Services Center, Inc.
Lanham, Maryland 20706, USA _

Telephone (301) 731 2044

Telex 590613 S
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Geodynamics Branch, N
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Telephone (301) 344 7000
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ABSTRACT

Satellite laser ranging (SLR) data to the Lageos satellite since its
Taunch in May of 1976 have been compressed into three types of 2 minutes
normal points. These normal points have been tested by comparing orbital
and geodetic results derived with them with results derived with the full
rate SLR data. The alogorithm udes to generate the normal points: is very
similar to the proposal made at this workshop. " P
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THE CONSTRUCTION AND TESTING OF NORMAL POILNTS
AT GODDARD SPACE FLIGHT CENTER

INTRODUCTION

At the National Aeronautics and Space Administration™s
Goddard Space Flight Center (GSFC), satellite laser ranging
{SLR) data to the Lageos satellite has been compressed into
normal points. Recently the SLR data has become so numerous,
with current data rates of 1 to 5 points per second and almost
thirty systeuns tracking worldwide, that some aggregation method
has become necessary to avold very costly analysis of the
data. For a satellite such as Lageos, which is orbiting at
nearly an earth”s radius in altitude, wutilization of data of
this temporal density yields a redundancy of information which
is approximately two orders of magnitude greater than that
which is needed to fully monitor the perturbed motion of this
satellite. While large data sets of independent observatiouns
reduce the influence of data noise on the c¢alculated eorbit,
experience has shown that data noise 1is not a dominant error
source for most applications of these data, and can be reduced
through statistical methods which use the full data density to
filter out the noise. The SLR data 1is compressed using
temporal sawmpling based wupon the presence of some minimum
number of data points in the sampling interval. Other groups,
Hauck and Lelgemann (1982) and Masters et al. (1983), have
adopted methods to both thin the data while at the same time
reducing noise 1im that data set. Masters et al. wused

successive differences in the second time derivative of the
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range to edit the data and Chebyshev polynomial fits to shert
spans (150 sec) of the editted data to produce so called "laser
normal points™, This procedure accomplished three
objectives: (1) outlying differences were used to edit
anomalistic points, (2} the noise over these short spans was
reduced by being averaged over the empirical Ffunction, and (3)

filtered data, absent this noise, were produced. We have
adopted similar procedures to accomplish these same
objectives. Our approach was adopted to address not only the
formation of normal points Dbut also to assist with the

assesment of the systematic stability of the laser systems, and
their relative perfomance with respect to the other laser
systems.

DEFINITIONS

Measurements inherently contain random errorvr of
observation, Ideally, the normal points assoclated with a
siven set of observations would be those same observatioons
without the noise, i.e., the observations which would have been
made 1f the process were noise free.

Consider laser ranging observations. The observed range
at time t 1is

Ro(t) = R{(t) + e(t)
where R({t) is the true range and
€(t) is the observational noise.

Mathematically, we can remove the error by averaging sufficient
observations at time t so that the expected contribution of the
random error to the average 1is insignificant. (for example,
Lilmm) . In the real world there is only one measurement at each
time t, and we rely on having observations at a rapid rate over

a short period of time AL, There musk be sufficient
observations during At so that the expected noise coutribution
is iusignificant. The unnodelled change in the observation

during this A&t wmust also have an insignificant contribution.
Because the noise removal must be performed over a
non—-zero time span, we have been required to 1introduce the
concept of an observation model and a noise model.
We know that the true range at time t i1s given by
R(t) = £(0,8,A,t)

where f is a function of

0 the parameters defining the geocentric
position of the instrument,
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5 the parameters describing the position of- the
satellite,

A the parameters describing the atmospheric
effects.

That is to say, the range to the satellite at auny tiwe is the
result of known modelable physical processes. These models are

capable of predicting range at all times within a pass, not
just at the times of the observations, to the same general
level of accuracy: it is deterministic. (A pass 1s a set of
tracking data which is acquired as the satellite goes from
horizon to horizon.) There are errors in our modeling of the

"true'" range, Rc(t). Rc(t) is accurate to.the decimeter level;
our model of the evolution of the range in time is correct for
the first seven or so significant figures,. This error in
Ro(t) is the residual dR(t) given by:

SR{(t) = R(t) + e{t) - Rc(t)

where R(t) is the true noiseless range or the '"normal" point
range which is to be obtained.

Given a process, we would have unormal points at each
observation time, This 1is a very dense set, far more often
than is required to demonstrate physical phenomena. Therefore,
along with normal point creation (or noise removal) we also
thin out the data. Typical practical solutions to this are
decimation, interpolating the observation wmodel to specified
times, or just selecting the observation closest 1In tlme to

At . . ; .
the 5 point - the bin midpoint.
Several considerations are necessary in order to
construct normal points. First, we need to characterize the

expected range as a function of time. Through knowledge of the
spectral characteristics of the 0, S, A above we can find a
"sampling" interval {(bin) which permits the reconstruction of
all known "true" physical signals in the observed ranges from
the thinned normal poiats.

Second, it 1is necessary to understand the behavior of

SR within each bin. The spectra of O6R and € should be

ideutical at short periods, i.e., the bin width, with some
difference at longer periods due to uamodeled orbit ervors.
Harmonic analyses of the force model error perturbations on
Lageos show no perturbation greater that a centimeter for
periods of less than five minutes. Thus normal points formed
from normally distributed data could safely be made at periods
of less than 2.5 minutes. A numerical analysis of the order of
the orbit integrator and the integration step size available
for use in the computer program GEODYN (Putney, I1977) reveals
that a good combination is a twelvth order integrator coupled
with a 150 second step size. Both the error spectra of orbit
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perturbations and the consideration ©of numerical accuracy has
iled us to choose two minutes for the bin to be used for forming
normal points., On the basis of these analyses, we can state
that the ervors are modeled adequately by a low degree
polynomial over a pass of residuals and may vary linearly
within a properly selected bin width. This is a result of
using an accurate RC.

Therefore, we can state
RN(t) = R(t) = f(8R(e)) + R (&)
c

where f(S8R(t)) is some Ffunctienal representation over both the
pass aad the individual bin width which merely filters out,

£, the noise, and corrects our calculated range for the error
in our models through the resulting signal in the range
residuals,

We make three types of compressed range observations, or
normal points, oanly one of which is a true normal point.

To do so, we follow these steps:
l. GEODYN, based on our best knowledge of the forces,

etc. produces a set of residuals from 15 days worth
of global range data

6R(£) = R () - R_(t)
2. A polynomial is fitted to the residuals to a pass
of data

SR(t) = g(t) + E(t)

50 each residual is then characterized in terms of
signal and noise.

3. The remaining residuals are then:

Sr(t) = SR(t) - g(t)

4, §r is characterized by the mean residual in the bin
6T, = r(e)> + <&(t)>
5. Form "poly=-points" as:

Rp(T) = g(T) + R _(T)

where T is time in the pass measured in two minute
intervals from O hours UTC,
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6. Form "bin corrccted poly~-points™ as:
= "y o+ +
RB(T) g(T) RC(T) EFb
where T is defined as in > above.
7. Form "true normal points™ as:

RN(t“) = R:(t’) +  glc7y + G?b

alternatively:

RN(t’) = Ro(t’) - (6r(t) - o)

b

where t~ is the time of an observation closest to the
mean observation time within the bin.

See Figure 1 for a graphical representation of these data
types.
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Figure 1.
Thus the "true" normal point noise at a specific point 1is

estimated by the "signal" over the bin width. The noise ervor
for a single point is then estimated and subtracted off the
original range which is simply the true range (or unormal point
range) plus noise. Note also, our '"true" normal point is at

the time of a real observation. We have merely removed noise
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from this observation te form & "normal point"™ at the mean
observation time within each bin. This algorithm for "true"
normal points coafoerms toe the concept being put forth by this
workshop.

VERLFECATION OF THE GSFC NORMAL POINT PROCEDURE

The Lageos vange data is being taken to yield a data set
to build an acecurate model for the sateliite”s orbital motion
to the accuracy of the data. The establishment of a reference
frame defined by the orbit permits the accurate estimation of
station positions and earth orientation parameters to help
improve the understanding of the dynamics of the earth. In
addition, improvements to and understanding of the force model
is also acconmplished. Thus, our testing philosophy was simple:
do the normal points preserve the information content of the
full rate data for caleculating the Lageos orbit and Ffor the
recovery of station positions,

Three types of tests have been done ¢to assess the
performance of our normal points. For the first test, an orbit
calculated with the full rate tracking data is fixed and
station positions are adjusted, This is done with each of the
three types of normal points and with the full rate data. The
resulting sets of station positions are compared. The second
test is the converse of the first; an orbit is converged with a
fixed set of station positons. As before, this is done using
the full rate data and each of the normal points data types
individually. Then the four orbits are compared. The third
test invoilves the coavolution of the first two tests; the full
rate data 1s used to converge an orbit and to solve for station
positions, and the three types of normal points are used to
converge the same orbit and solve for the same set of
stations. tThe resulting orbits and station position are
compared, The significance of these tests are evaluated by
comparing the chauges in the solved for quantities Ffrom the
different data types with the formal errors.

TESTS FOR ORBIT RECOVERY: FIXING STATION POSITIONS

This test is to determine which, if any of the normal
points can reproduce the orbit determined from the full rate
data given the identical force model and station positions,
Each normal point data fype and the full rate data are used
individually with the GEODYN program to solve for an epoch
state vector for Lageos from the same time span of data. (For
the purpose of this paper "state vector" refers to not only
the position and velocity of Lageos but also includes the
coefficients of along track acceleration and solar radiation
pressure. ) For this test each orbit determination is done with
the same set of tracking stations which are not adjusted.
When the true normal points were weighted at 1//a m., where
n is the number of fullrate peoints in the rwo minute bin, the
state wvector derived in the orbit determination reproduces

the state vector determined from the full rate data when
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that data is weighted at 1 m. If the true normal points
were welghted at 1 m. the difference in the state vectors
is significant, as 1is the case for uniformly weighted bin

poly-points and poly-points. The true normal points, weighted
at i/Yn m,, reproduce the orbit recovered from the full rate
data to a satisfactory level, but uniform weighting of the
three normal point types 1is not equivalent to weighting the
data by 1/Vn. Table | shows the difference of the x position
and velocity component, along track acceleration, and
coefficient of solar radiacion from the corresponding quantity
determined from the full rate data.

Table 1. Test of Orbit Adjustment: four fixed stations, 3 day arc

data type weilght difference from apriori
{meters) epoch fyll rate determination

AX A¥ Accel Cr
(m) (m/s) x10~tlm/sec?

true normal point 1/¥a 0.004 -0.004 0.001 0.0000

true normal point 1 0.793 ~0.049 -0.049 0.0069

bin poly=-point 1 0.847 ~0.050  =0.044 0.0063

poly~point i 0.793 -0.053 ~0.041 0.0069

Tables 2 and 3 show the adjustments and their noise
sigma of the epoch position and velocity from the same inicial
conditions for each of the normal point data types. These
orbit determinations were done with four tracking stations and
fifteen days of tracking data weighted at 0.10 m. Each of the
four tracking stations had 0.10 m. quality full rate data and
at least eight robust passes of data in the fifteen day span.
The differences between adjustments from each normal point data
type are small and not statistically significant. Thus orbits
determined with any of the three normal point data types from
robust, low noise data are equivalent.

Table 2. Test of Orbit Adjustment: Ffour stations, 15 day arc, 0.1 m, weight

adjustment from aprori position {meters)

data type AX oX AY a¥ AZ oZ
true normal point -0.430 0.024 -0.081 0.021 1.016 0.020
bin poly point -0.439 0.026 =~0.130  0.023 1.124 0,021

poly-point -0.469 0.025 -0.104 0.023 1.121 0.021
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Table 3. Test of Orbit Adjustment: four stations, 15 day arc, 0.1 m. weight

adjustment from aprori veleocity {meters/sec)

data Lype AX oX &Y oY AZ GZ
true normal point -0.019 0.042 -~0.037 0.100 -0.014 0.042
bin poly-point -0.023 0.042 ~0.041 0.104 -0.015 0.042
poly—-point -0.022 0.04) -0.040 0.104 ~0.015 0.042

TESTS FOR STATION RECOVERY: FIXING THE ORBET

These tests are performed by comparing station positions
determined from fifteen days of data in the presence of a fixed
orbit. The data from each of the normal point types is weighted
at 0.1 m. or 0.1/Yn m. Table 4 shows the amount of adjustment
and the noise sigmas of the adjustment in meters for the three
data types.

Table 4, Test of Station Position Adjustment: 15 day arc, epoch state Fixed

weight Earth Centered Component Adjustment (meters)

data Lype {meters) AX oX AY oY AZ a7
true normal point 0.1 ~0.137 0.021 -0.145 .019 0.007 0.018
bin poly-point D.1 =0.126  0.02% =0.142  0.020  0.002  0.019
poly-point 0.1 =0.121 0,023 ~0.122 0.020  0.018  0.019

true normal point 0.1/Yn  ~0.114  0.017 =0.090 0.0i6  0.023  0.013

bin poly-point 0.1//Yn ~0.104 0.017 -0.079 0.016 0.023 0.014

When the data are equally weighted, the differences between
normal point types for each component adjustment of the station
position are within the noise sigma of the adjustments. The
RSS5 difference between the 0.1 m. weighted solutions are
0.012 m. for the true normal point minus the bin poly—-point,
and 0.036 m. for the true normal point minus the poly-point,
and 0.026 m. for the bin poly-point minus the poly-point,.
These small numbers indicate that there is no significant
difference between station positions determined from any of the
uniformly weighted normal point types. This is also the case
for a comparison between the uniformly weighted determination
and the determination with the data weighted at 0.1//n m. But,
in this instance the RSS differences are larger than those
above being 0.062 wm for the true normal points and 0.070 for
the” bin poly—-point.
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TESTS FOR ORBIT AND STATION RECOVERY

This test is done by combining station position adjust-
ment with state vector adjustment. For this test, a 15 day arc
is determined with data from stations which had at least 10
passes of 3 cm precision data. Fach type of normal points are
weighted at 0.1 m in each of the least squares adjustment of

the state vector and station positlon. Table 5% shows the
resulting adjustment of a station position for cach of rthe
normal polint types. There is no signiFficaant difference between

these determinations.

Table $. Station Position Adjustment: orbit adjusted, 5 day arc,
0.1 m, weights

data type Sarth Centered Component Adjustment (meters)
AX 0):4 AY ay AZ oz
true normal points ~-0.328 0.024 0.027 0.021 0.079 0.020
bin poly-poeints -0.329 0.026 0.010 0.0273 G.05%% 0,021
poly=points -0.327 0.025 0.027 0.023 0.06% 0.021

It is important to note, however, that station positions
determined with sparse or noisy data weighted at 0.l m, will
show larger but still statistically insignificant differences
between solutions done with the three types of data.

CONCLUSIONS

At GSFC, our analyses have shown that SLR data
compression for the Lageos satellite 1is best done with two
minute spans {bins) of full rate data. The algorthim we use

to coastruct true normal points is virtually the same as
recommended by this workshop, and we construct two other types
of compressed data at the same time. From the analyses
briefly reported above, we conclude that the true normal point
constructed at GSFC can reproduce the results of the full rate
data for state vector and station position determination when
the true normal points are weighted at 1/Yn m., where n is the
number of points in the two minute bin. In addition, use of
any of the normal point types, when equally weighted, to
determine a state vector and/or station positions will produce
results which differ insignificantly from each other.
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AGENDA

Adoption of the Agenda.

LEUT Organisation.

Status of LASS50 on board METEQSAT-P2.

Scatus of participating Laser Stations {(including technical aspects).
Communication Network.

Calibration.

A. O. B.

Date and place of next meeting.
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The meeting was held on 12 September 1984 at Herstmonceux Castle during the Fifth
International Workshop on Laser Ranging Instrumentation.

As this LEUT meeting was the first to be held since the revival of LASSO, Dr. SERENE
presented the goals

restart the organisation and work of the group;

establish good relationships between the participants.

ADOPTION OF THE AGEHNDA

The agenda was amended to include a proposal of USNO to implement its bulletin in
IRS DDS (Anmex 1).

LEUT ORGANISATION

The LEUT Group was chaired by two Co—Chairmen :

-~ Dr. B. SERENE (representing the European Space Agency),

~ Prof. S. LEISCHIUTTA, Politecnico di Torino (representing the Users).
Mr. GAIGNEBET acted as Session Secretary.

The minutes of the meeting will be typed and distributed by ES3A.

STATUS OF LASSO ONBOARD METEOSAT-P2

The package designed for SIRIO-2 is going to be implemented on the METEQSAT-P2
satellite, after refurbishment. Like S8IRIO-2, the satellite is spun but at
100 rpm. Its main mission implies a high stability of the spin rate and the
syanchronisation signal for image—taking must be very accurate.

Now the retro-reflectors and the detection unit are located side by side.

The nominal position of the satellite after launch is 0° in longitude for a
duration of abour one year. It should be moved over the Atlantic Ocegan as saon
ag a METEOSAT Operational satellite is in operation at the same site. This will
allow the USA to participte in the programme.

ESA has to provide the group members with more precise specifications of the
spacecraft, in particular its structure, frequency of the manoeuvres. A history
of the manoeuvres of the existing meteorological satellites is thought to be very
useful by the off-line members (Messrs. BERTOTTL, DOW, LESCHIUTTA}.
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STATUS OF THE STATIONS

tations at Grasse (2}, Kootwijk, San Fernando and Graz will participate as from
comuissioning.

The station of the University of Maryland, GSFC, will participate as soon as the
position of the satellite permits.

The station of the Finmish Geodetic Institute is ready but its northern position
limits the possibilities of ranging.

Stations at Wetzell (FRG), Dyonisos (GR), Matera, Zimmerwall (CH) and
Cagliari (1) are willing to participate but are not certainm to be ready in time.

The Herstmonceux station (UK) 1is neither not able to nor interested 1in
participation.

Off-line members are interested by the ranging data and hope that the satellite
will be kept withouf manosuvres for long periods.

BIH will participate, in collaboration with CERGA, in pre-processing the data
{(Stations Synchronisations), the results being implemented on IRS/DDS as well as
being included in the BIH Bulletin.

Participation of Intercosmos network stations :

Potsdam is still willing to participate. They are willing to switch to a YAG
picosecond laser.

Mrs. TATEVIAN is interested In participating and would like more documentation.

The laser station representatives are requested to fi1ll in the questionnaire
(Annex 3) and to retuin it to ESA.

COMMUNICATLION NETWORK

ESA 1s willing to keep the arrangement set up for SIRIO-2, i.e. use of the ESA
network IRS/DDS. Many users feel that as they are already connected to MK III
this could be the best means. The compatibility with the procedure defined for
SIRI0~Z has to be confirmed by ESRIN. In any case, participating members hope
that the network will operate very early to restart the knowledge and habits.

The Users ask ESA to study the possibility of taking charge of the network. This
problem was opened by Dr. SERENE who reminded the participants that the budget is
fixzed and every over—cost will be taken off the exploitation time (predicted for
3 years).

The members ask ESA to provide cost figures for the use of IRS/DDS (Anmnex 2).

- implementation of USNO Bulletin on IRS/DDS

The stations have unanimously expressed their interest in this implementation.
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CALIBRATION

Mr. GAIGNEBET has to provide cost figures for calibration round trips
participating stations.

NEXT MBETIRG

TBD.

to all
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RESOLUTIONS ADGPTED AT THE FIFTH (1984)
iNTERNATIONAL WORKSHOP ON LASER RANGING INSTRUMENTATION
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RESQLUTION 1 : On the dedication of the proceedings

The participants in the fifth (1984) International Workshop on Laser
Ranging Instrumentation consider that the proceedings of the Workshop should
be dedicated to Frank Zeeman, late engineer al the Observalory for Satellite
Geodesy at Kootwijk, Netherlands, who made major contributions to the deve-
lopment of the techniques of satellite laser ranging.
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RESOLUTION 2 : On the need for the continuation of Loran-C emissions

The participants in the fifth (1984) International Workshop on Laser
Ranging Instrumentatiocn :

considering that the closure of the Mediterranean Loran-C chain is now fore-
seen for the year 1985 instead of 1992 as previously planned, that other clos-
sures can be foreseen, and that the Loran-C signals constitute the main time
synchronisation system for the laser stations operating in the northern hemis-
phere ;

and recognizing the needs of the Agency responsible for the Loran-C chains to
terminate this service, and the adequacy of the interval until the year 1992
to introduce other synchronisation means for the laser ranging stations ;

urge the Agency responsible for the Loran-C system to review the proposed
closure and to delay it at least until alternative means for time synchroni-
sation are available to the laser ranging community.
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RESOLUTION 3 :  On the generation of normal points and the exchange of SLR data

The participants in the Fifth (1984} International Workshop on Laser
Ranging Instrumentation recommend that :

1) The technique identified as Recommendation 84A for SLR normal-point gene-
ration and data exchange be adopted as an approved technique for the ag-
gragation of SLR data ;

2) Details of the formats to accomodate normal points should be formulated
by IAG $5G-2.81 and the final formats should be published in the procee-
dings of this workshop ; the formats should (a) provide for information
that will cover the highest available quick-look normal-point accuracy,
including time connections, (b} enable the identification of the normal-
point generation technique, and (c) be suitable for the efficient exchange
of SLR data ;

3) A1l stations or their agencies should make every effort to provide quick-
look normal points in accordance with Recommendation 84A as soon as possi-

bie after the formats are finalized.

Recommendation 84A : On SLR normal-point generation and data exchange

The procedures for engineering anlysis and data screening that take place
before quick-look data are transmitted should include a data compression step
to provide high-quality quick-look data for scientific applications and to pro-
vide for the further avaluation of the data by the individual station or ope-
rating agency. The aggregation of raw data into a satellite-dependent fixed-
time interval by an appropriate technique will produce a "normal-point range"
and associated statistical properties. The resulting normal points should be
transmitted as quick-Took observations and should include the transwission of
the associated statistics as well as information to enable the reconstruction
of a raw weasurement within the fixed interval. The following general procedure
is recommended :
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Use high-accuracy predictions to generate prediction-residuals PR.

(PR = Observation - prediction : include best available estimate for
a time-bias and possible UT1-correction ; predicted range must inclu-
de refraction).

Use a suitable range (and time) window to remove large outliers.
Solve for a set of parameters (orbital parameters are preferable) to re-

move the systematic trends of the prediction residuals, not introducing
spurious high-frequency signals into the trend-function f(p).

Compute fit-residuals FR = PR - f(p), and identify remaining gross errors

using a 3 criterion,

Iterate the two previous steps until no more can be identified ; previou-
sly rejected abservations should always be reconsidered.

Subdivide the edited fit residuals into fixed intervals (bins) starting
from of UTC ; the bin size should be the following :

Lageos : 2 minutes

Stariette : 30 seconds

Others : to be decided

Compute the mean value FRH and the mean epoch of the fit residuals for
each bin.

Locate the particular observation Oi’ with its fit residual FR1, whose
observation time ti is nearest the mean epoch of the bin i.

Compute the normal-point range NPi for each bin 1 using

NP, = 0. - (FRi - FR’].)

fia)
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(10) Compute the root-mean-square deviation m. of the fit residuals for
bin 1 from their mean, using

m, = (( 7. (FR - FRi))/(n~1)) or m, =c¢if n=1,

(11) Report for each bin i

ti ohservation time

NPi normal~point range

n. niumber of observations in the bin i
FR, mean value of FR in the bin i

M. bin standard error of single observations
Also report : o pass standard error of single observations

(12) Use the format that is specified by SSG 2.82 for normal-point quick-look
data.

(13) Report both old and new'messages for at Teast ten passes for each station
at the beginning of the distribution of quick-look data as normal-point

ranges.

(14) Continue to report screened full-rate data in the standard format to the
established data centres.
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RESOLUTION 4 : On the need for Tunar laser ranging observations

The participants in the Fifth (1984) International Workshop on Laser

Ranging Instrumentation :

recognising the need for lunar laser ranging {(LLR) data for use in current
comparative studies of earth rotation and references systems, the value of
LLR data in many scientific investigations, and that for the first time
three LLR stations (CERGA, McDonald 107 and MLRS) are simultaneously opera-
tional ;

commend these stations for their successful efforts .

urge other stations (e.g. Orroral, MAUI, Wetzell and the Crimea) to become
operational as soon as possible

and strongly encourage all stations to obtain high-quality LLR data during
the second MERIT-COTES intensive campaign in 1985 (May 23-31 ; June 6-14,
21-24 3 July 6-14, 20-28).



