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FOREWORD

With the 1980's came the first widespread recognition that an understanding of the
Earth requires a global perspective of the numerous interacting dynamical systems
operating at a range of spatial and temporal scales. This has led to the recognition of
the urgent need to understand the Earth as a planet and to assess the impact of both
natural change and human interaction. From this has arisen the novel concept of the
"Mission to Planet Earth". The solid Earth is a crucial element of the global interplay
of dynamic systems, and the Solid Earth Science Program of NASA for the coming
decade builds upon the new paradigm of Earth System Science.

To help plan its Solid Earth Science Program for the 1990's, NASA sponsored a
workshop at Coolfont, WV, from July 22 to July 28, 1989. The workshop was attended
by over 130 people from universities, research institutions, and government agencies
in the United States and 13 countries. In this the third volume of the set of reports
generated by the workshop, the measurement techniques and technologies needed to
satisfy the data requirements from the science panels are addressed.
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1. INTRODUCTION

The Measurement Technique and Technology Panel was tasked with identifying mea-
surement systems for each of the measurements required for the Geodynamics/-
Geology Program that would fall under the NASA purview. For each technique, the
Panel was to provide:

A S e M

el

The pertinent measurement requirements from the Science Panels.

Alternative approaches to meet the measurement requirements.

Present measurement capability in terms of: accuracy, spatial resolution, and
temporal resolution.

Present limitations in performance.

Required support measurements such as: meteorology, eccentricities, footprint
surveys, local environment, etc.

Developments required to improve performance of current systems and new
systems which may be built.

Projected performance over the next decade with assumptions used.

Present and projected level of data flow and flow limitations.

Mode of data storage and user access.

The Panel was also to develop a technology plan on how to bring the measurement
techniques to the level of capability required to meet the scientific objectives. This
plan was to include:

NhW =

Strategies, tradeoffs, and issues.
Development program
Validation

Schedule

Cost

The Panel was to identify measurement needs that cannot be met using current tech-
niques with projected capabilities, and try to identify other techniques that could sat-
isfy these needs. In the data area, the Panel was tasked with providing:

1.

5.

Description of current data storage and management systems in use for the cur-
rent NASA Geodynamics and Geology Programs.

2. Description of the current data stored and the method of user interface.
3.
4. New capabilities and capacity anticipated over the next decade (CDDIS, PLDS,

Limitations of the current system.

Eos, etc.)
Shortcomings anticipated.

The members of the Panel are listed in Table 1.1.



To facilitate the activities, the Panel was divided into subpanels, each responsible for
the material in a particular measurement area. These included:

SUBPANEL MEASUREMENT AREA

Geodetic Techniques Baselines, Station coordinates, Orienta-
tion/Rotation, Underwater Geodetic Mea-
surements

Thermal IR Mapping, Visible Mapping,
Topography (Land and Ice), Spectrometry
Field Measurement Gravity Field, Magnetic Field
Specialized Ground- Measurements Based Gravity Field, Earth Rotation
Data Systems and Techniques CDDIS, PLDS, EOS.

Remote Sensing Techniques

The memberships in the subpanels is reflected in the authorship of the chapters.

Table 1.1. Panel membership

Mike Abrams JPL

Peter Bender U. Colorado
Tom Clark GSFC

Steve Cohen GSFC

John Degnan GSFC

Francis Everitt Stanford University
Clyde Goad Ohio State University
Robert King MIT

Tom Herring CfA/MIT

Anne Kahle JPL

Ron Kolenkiewicz GSFC

Fuk Li JPL

Henry Linder GSFC

Cary Noll GSFC

Ho Jung Paik U. Maryland
David Sandwell U. Texas
Michael Pearlman CfA

Alan Rogers MIT/Haystack
Peter Shelus U. Texas

Ed Smith JPL

Fred Spiess Scripps Inst.
David Sonnabend JPL

Byron Tapley U. Texas

Cathy Thornton JPL

Nancy Vandenberg Interferometrics




2. GEODETIC TECHNIQUES

This section on Geodetic Techniques is concerned with measurements of: baseline
length (changes in length), station positions (3 dimensional), and Earth rotation
(nutation, polar motion, and length of day). The most stringent requirements from the
Scientific Panels are summarized as follows:

Earth Orientation

Accuracy of measurement:

Frequency of measurement:

Distribution of sites:
1 Motion{(Global

Accuracy of measurement:

Frequency of measurement:

Distribution of sites:

Crustal Motion(Regional)

Accuracy of measurement:

Frequency of measurement:

Distribution of sites:

0.1 mas (for polar motion), 0.01 mts
(for length of day)

Four times per day

8-9 sites uniformly distributed

1.0 mm per year

1/year for 1 mm system 12/year for §
mm system

2-3 per plate

1.0 - 10.0 mm per year
Continuous to once per 2 years
30-1000 sites in 25 regions (assume

1000-2000 sites)

The techniques discussed in this section include:

Satellite Laser Ranging (SLR)

Lunar Laser Ranging (LLR)

Spaceborne Laser Ranging (SBLR)

Global Positioning System (GPS)

Very Long Baseline Interferometry (VLBI)

Other Radio Techniques (PRARE, DORIS, GeoBeacons)

Each of the techniques supports a number of measurement applications as shown be-
low: (an X means applicable, P means possibly applicable—insufficient data are
available currently to determine)

SLR LILR SBLR GPS VLBI RADIO

TECH
Polar Motion X X P X P
Length of Day X X P X
Plate Motion X X X X X
Regional Motion X X X X X




Each technique however has its own unique characteristics involving: visibility, refer-
ence frame, susceptibility to environment, modeling errors, measurement errors, etc.
As such, each has its own strengths and weaknesses for particular geodetic mea-
surements, plus its own special synergies for other measurements in the Program.



2.1 Groundbased laser ranging techniques
M. Pearlman, T. Varghese, J. Degnan, P. Shelus, R. Kolenkiewicz

This section deals with Satellite Laser Ranging (SLR), and Lunar Laser Ranging
(LLR) and reviews the current status of each, the current limiting factors, work in
progress, progress and performance anticipated over the next decade, and issues of
data management.

The Williamstown Conference in 1969 projected a requirement on laser ranging of
2cm. This was presented as range accuracy or systematic error on a pass—by—pass
basis. The community saw the need for doing better, but with range accuracies then
about 1 meter, they tried to put their requirement on a practicable basis. Unfortu-
nately, with £2 cm range accuracy, measurements of crustal movement would require
long integration times, and high frequency, low amplitude structure would be impossi-
ble to measure.

From the International Workshop on "The Interdisciplinary Role of Space Geodesy
[Mueller and Zerbini, 1989], the most stringent requirements for SLR measurements
come from long term dynamics of the solid Earth where: (1) motion along interplate
baselines "must be resolved to an accuracy of about 1 mm/yr"; (2) variations in rates
must be studied for "signals averaged over 1 hour to 100 years"; and (3) "the most
significant departures from rigid plate motions occur in zones of 100 to 1000 km
width." In addition, requirements from Earth rotation and Earth tides project needs for
measurement accuracies of "0.3 cm" and "an order of magnitude better than present
space techniques can achieve," respectively.

Over the past several years, lasers and other techniques have surpassed the
Williamstown requirement, having reached measurement accuracies of 1 cm, and still
offering promise of considerably better performance. Based on this, and the evolving
need to see smaller structure over shorter observation times, the Laser Ranging
community is now striving for measurement accuracies of Imm with occupation times
of a week or less.

Satellite and Lunar Laser Ranging use short pulse lasers to make range measure-
ments from the ground to retroreflectors on artificial satellites or the moon. The quan-
tity of interest is a time-of-flight corrected for ranging system internal delay
(calibration), atmospheric refraction (delay), retroreflector offset to the spacecraft cen-
ter—of—mass (or lunar reflector position), and network epoch synchronization. SLR
measurements are referred to the Earth’s center—of—mass, and geodetic and geophys-
ical quantities are measured by aggregating data over a number of satellite passes.
For the past decade, satellite targets include one high satellite LAGEOS (5900 km)
for measurements of crustal motion and a complex of low satellites, used mainly for
gravity field determination. In early 1989, an additional satellite, Etalon (19000 km),
was launched by the USSR for measurements of crustal motion and Earth dynamics.

SLR is currently used at interstation separations of 100 km to intercontinental dis-
tances. Station position determinations are typically computed from 4-6 weeks of
data, but this limitation has been imposed by the limited number of appropriate satel-



lites. Over the next three years, additional satellites to be launched in both high and
low orbits will significantly enhance tracking coverage and geometry, thereby appre-
ciably reducing required data integration time.

LLR measurements are referred to the planetary reference frame, which is nearly
identical to the inertial reference frame; lunar and geophysical quantities are measured
by aggregating data from one or more of the four arrays over a number of lunar tran-
sits.

2.1.1. Systems in Operation or Under Development

Worldwide there are approximately 30 fixed SLR stations, of which 20 have high per-
formance and routine or scheduled operation. A list of the stations providing data dur-
ing the last year is included in Table 2.1-1. In addition, there are systems under de-
velopment in Japan, PRC, USSR, Saudi Arabia, Italy, and India. At the moment, den-
sity of coverage varies with geography: there are many stations located in Europe,
the U.S., and the Orient; there is no coverage in Africa, Indochina, and the Indian
Ocean. Many groups tend to keep their fixed SLR systems "close to home." There is
also considerable variation in the technology from system to system: Some are at the
state—of—the-art, using mode—locked lasers, microchannel plate photomultiplier tubes,
constant fraction discriminators, 20 ps resolution timing electronics, and either internal
or very close range target calibration. The very oldest vintage systems are still using
Q-switched lasers, conventional diode chain photomultipliers, threshold discrimina-
tion, 1 ns resolution timing electronics, and billboard target calibration. Fortunately,
some of these older systems such as those in Arequipa, Matera, and Bar Giyyora are
now in the process of being upgraded or replaced.

Table 2.1-1 Satellite laser ranging stations (providing data during the last year)

Arequipa, Peru Bar Giyyora, Israel (Moblas 2)
Borowiecz, Poland Chang Chun, PRC
Grasse, France Graz, Austria

Greenbelt, MD (Moblas 7) Helwan, Egypt
Herstmonceux, UK Matera, Italy

Mazatlan, Mexico (Moblas 6) Metsahovi, Finland
Monument Peak, CA (Moblas 4)

Mt. Fowlkes, TX Mt. Haleakala, HI
Orroral Valley, Australia Potsdam, GDR

Quincy, CA (Moblas 8) Riga, USSR

Santiago, De Cuba, Cuba Shanghai, PRC

Simosato, Japan Wettzell, FRG
Yarragadee, Australia (Moblas 5) Zimmerwald, Switzerland




There are presently seven mobile SLR systems:

SYSTEM OWNED/OPERATED
MTLRS-1 IFAG/FRG

MTLRS-2 DUT/Holland

TLRS 14 NASA/USA

HTLRS Hydrographic Office/Japan

Additional systems are under development in Italy and the USSR. Typically, mobile
systems occupy sites for periods of 8-12 weeks and then require 3-10 days for reloca-
tion, depending upon distance and logistics. Since the mobile laser systems are fairly
new, they tend to be of recent technology and at the higher end of the performance
spectrum. Sites currently available to accommodate mobile SLR are listed in Table
2.1-2.

Worldwide, there are six laser ranging stations which are capable of ranging to the
moon: Mt. Fowlkes (Texas), Mt. Haleakala (Hawaii), and Grasse (France) which
are in routine operation; and the Crimea (USSR), Orroral Valley (Australia), and
Wettzell (Federal Republic of Germany) which are in engineering status. One other
potentially lunar capable station is under development in Japan. In the longer run, ac-
tivities in Saudi Arabia and in China may lead to stations which also have lunar ca-
pability.

The LLR data which the operational stations obtain contribute significantly to Earth
science. Over the past five years, intercomparisons of LLR—derived UT-1 with other
techniques show agreement to 0.1 millisecond; it is presently the only such product
which can serve as an adequate check on VLBI UT-1 over extended periods of time.
Observations of the lunar rotation axis and free librations give information relevant to
the formation of the Earth-moon system. Nutation results provide valuable insights
into the internal structure of the Earth. The LLR data set, now 20 years in length,
permits the determination of corrections to the standard IAU model for the 18.6 year
terms as well as the precession constant.

LLR is also important in the unification of reference systems since most of the lunar
capable stations are artificial satellite ranging stations as well, allowing the straight-
forward tying of the geocentric artificial satellite reference system with the dynamical
reference system defined by the solar system. Finally, LLR data has made major con-
tributions to testing the foundations of gravitational physics. These contributions are
described in several reports of the National Academy of Science and in the recent
NASA report "Space Science: 1995-2015."



Table 2.1-2 Mobile SLR sites

WEGENER:

Switzerland Monte Generoso
Italy Lampedusa
Punta sa Menta
Basovizza
Bologna
Medicina
Greece Roumelil
Karitsa
Xrisokellaria
Askites
Kattavia
Dionysos
Turkey Yozgat
Diyarbakir
Yigilca
Melengiclik

Crustal Dynamics Project:

Westford, MA
Richmond, FL
Bear Lake, UT
Mojave, CA
Flagstaff, AZ
Platteville, CO
Vernal, CA
Yuma, AZ

Cerro Tololo, Chile
Santiago, Chile
Arequipa, Peru

Cabo san Lucas, Mexico
Easter Island

Tahiti

apan Marin ic_Control:

Ishigaki—shima
Titi-shima




2.1.2. System Performance

Ranging performance for typical SLR systems is shown in Table 2.1-3. Although it is
common to quantify ranging machine performance in terms of single shot range noise,
the most relevant quantity is accuracy, taken here as systematic excursions seen on a
pass—by-pass basis. In practice, these error signatures are observed either through
careful ground-based measurements designed to isolate individual error components,
such as range variation with signal strength or azimuth (see Figures 2.1-1 and 2.1-2),
or through side-by-side collocation or ranging by two systems (see Figure 2.1-3).
These collocation tests which have involved several of the fixed lasers in the U.S. and
Europe, and all six of the MTLRS and TLRS systems, have recovered interstation co-
ordinates using long-arc techniques to less than 1 cm, and in many cases a few mil-
limeters, using data sets of 20-30 Lageos passes.

The recovery of station positions or other geophysical parameter involves orbital com-
putations in which data is averaged over a number of passes and, therefore, sky ge-
ometry. The newer ranging systems with 1 cm quality data are producing station posi-
tions of accuracy 2 cm with about 100 passes of data. Older systems, even those with
accuracies of 3—-6 cm are producing station positions only a factor of two worse owing
to the strength of data averaging.

The LLR stations have very significant differences in design, but all are using recent
technology. An overview of the LLR System Performance is shown in Table 2.1-4.

MOBLAS 8 LAGEOS 3/25/88 AT 12:09 GMT

1

L

CALIBRATION RESIDUALS (CM)
o
o
l._

0 250 600 750 1000 1250 1500 1750 2000
RELATIVE RECEIVE ENERGY

BAT.AMS = 0.84 CM
SAT. OBS = 6313 BFEC/QLTN/PAS/HEINICK

Fig. 2.1-1 Receive energy dependence



TABLE 2.1-3 SLR System performance

Current technology Older vintage technology
Single shot noise 0.7-30cm 10-15cm
Normal point noise 02-04cm Scm
Ranging machine accuracy 0.5-1.0cm 3-6cm
Systematic errors per pass
Range modeling errors 05cm 0.5cm
(Refraction, C/M correc-
tion)
Station position recovery 2cm 4cm
(100 passes/3 months)
Baseline change (Monthly * Few mm/yr 1 Several mm/yr
solutions with several
years of data)
Polar motion 3-6cm
Length of day 0.2 ms

TABLE 2.1-4 Lunar Laser Ranging system performance

Single shot noise 2-6cm
Normal point noise 1-3cm
Ranging machine accuracy 24cm
Systematic errors

Range modeling errors (refraction) 0.5cm
UT1 0.1 ms
Variation of latitude 5cm
Geodetic precession (Moon) 2%
Nordtvedt effect <5cm

10
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2.1.3. Current Limiting Factors and Activities Underway
Satellite Laser Ranging
Limited Number of Satellites

For measurements of crustal motion and Earth rotation, the Williamstown Report rec-
ognized the need for a complex of three retroreflector satellites in high orbit to provide
sufficient geometry and opportunity for observations. As of the end of 1988, there is a
complex of satellites at lower orbital altitudes but only one satellite, LAGEQOS, at a
higher altitude. As a result, it has taken several months to acquire sufficient data to
accurately determine station positions and changes in position.

In early 1989, two higher altitude satellites, Etalon I and II, were launched by the
USSR. In addition, a number of satellites will be launched over the next five years,
radically changing the situation. These satellites to be launched include:

High Satellites Low Satellites

LAGEOS II (Italy/US) 1991 Stella (France) 1990
LAGEOS III (Italy/US) 1992 (7) ERS-1 (Europe) 1990
ACRE (US) 1992 (7) TOPEX (France/US) 1991

The dramatic increase in the complex of higher satellites will provide both the orbital
geometry and nearly continuous opportunity for observation which should allow SLR
site occupations to be reduced to a week or less. Those in lower orbits will be used to
further refine the gravity field models.

Refraction

The commonly used Marini and Murray model [Marini and Murray, 1973] for refrac-
tion delay correction has an estimated accuracy of 0.5 cm or better at 459 elevation.
The error is much worse at lower elevations, but the symmetry of the passes provides
considerable benefit through data averaging.

Efforts are underway now to adapt some of the improvements developed in the CfA
2.2 refraction model for VLBI [Davis et al., 1985] to the optical region. Since the opti-
cal region is less influenced by water vapor, the improvements may not be as dra-
matic, but may still offer considerable benefit.

Both of the above atmospheric models, and their associated error estimates, assume
that the atmosphere is made up of spherically symmetric shells which obey the hydro-
static equation in the vertical dimension. No allowance is made for horizontal gradi-
ents in the surface meteorological parameters such as pressure, temperature and hu-
midity. In recent VLBI data analyses, a parameter associated with horizontal atmo-
spheric gradients was included in the analysis along with the station coordinates and
used in the atmospheric delay correction for the VLBI signals. The validity and ulti-
mate accuracy of this approach should be studied further with an eye toward possible

12



application in single color satellite laser ranging systems. The validity of such a model
correction, if one is possible for SLR, should be established by comparison with direct
measurement of the atmospheric refraction correction.

The most promising technique for directly measuring the refraction corrections in the
optical region is multiple frequency ranging. The technique uses the difference in round
trip arrival time of frequencies selected to accentuate the dispersive effects of the at-
mosphere, and thereby gives a direct measure of the amount of intervening atmo-
sphere. Work is currently underway at CNES with 1.06 micron/5300A and at GSFC
with 5300A/3533A. Other groups are pursuing similar systems. and satellite ranging
is anticipated within the year. '

Because of the differential dual wavelength nature of the measurement, dispersion
measurements must be made to sensitivities of 10-20 times greater than the required
accuracy, i.e., millimeter accuracies require dispersion measurements of 0.05-1 mm.
Fortunately, commercially available streak cameras are already providing subpicosec-
ond resolution (.1mm), and the technology is evolving very rapidly.

At the moment, it is not clear that multiple frequency ranging machines would be re-
quired at every site. The first priority is to develop the machines and use them for
model evaluation and development. Once the limit of refraction corrections based on
groundbased data can be evaluated at a variety of sites and conditions, then the eco-
nomics and the value for going to multiple frequency systems could be evaluated.

Spacecraft Center—of-Mass Correction

Spacecraft center—of-mass correction is measured in the laboratory before launch. For
a geometrically simple spacecraft like LAGEOS, the correction is taken as indepen-
dent of aspect, and constant over lifetime. For more complex spacecraft, such as
TOPEX, the correction depends upon aspect and even internal fuel consumption. The
most accurate correction determined to date is that of LAGEOS which is estimated at
about +3 mm, and this limitation was imposed by the laboratory equipment used in
1976 prior to launch. More elaborate equipment, including multiple frequency mea-
surements with streak camera technology, are being used for tests on LAGEOS-II,
which should give us improved corrections for both LAGEOS-I and LAGEOS-IIL.

Until the LAGEOS II measurements are properly analyzed, we will not know the
ranging accuracy limitations imposed by the temporal spreading and the polarization
dependence resulting from the multiple cube corner response of the array. However, it
is thought to be in the range of 1-3 mm, depending upon the period of averaging. New
receiver strategies and/or algorithms must be developed to extract the optimum range
and differential range measurements from multiple color streak camera waveforms ob-
tained at low signal levels. In addition, a parallel effort to develop new space targets
more suited to millimeter accuracy ranging should be pursued. One approach might be
spherical satellites having fewer but larger cube corner reflectors which would further
restrict the number of cubes contributing to the return signal while maintaining a high
optical radar cross section. A recently proposed approach based on a modified cats—
eye reflector would potentially provide a polarization—insensitive "point” target re-
sponse and a more circularly symmetric far field target response than is currently ob-
tained with LAGEOS and Starlette type targets.
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Geodetic and Orbital Modelling

In spite of the fact that the ranging machines have demonstrated centimeter accura-
cies, it takes a considerable amount of data to reach 1 cm accuracy baselines and sta-
tion coordinates. This is partially due to the geometry limitation and partially due to
the quality of the geodetic and orbital models.

Historically, this modelling has been driven by the data quality and quantity. As the
lcm data base grows and additional satellites are introduced, we anticipate the evolu-
tion of model quality to continue. In particular, the 1cm data has been available from a
fairly wide network for only a couple of years, and as a result, model development
which relies on the historical data base is dependent upon a considerable amount of
lower quality and quantity data. This situation, however, is changing rapidly.

Operational Limitations

Limitations are imposed on the performance of the global SLR Network as a result of
operational and technical differences among stations. For the most part, SLR stations
are locally built using the same general philosophies, but differ in configuration, com-
penents and subsystems, calibration, operating procedures, and software. In addition,
these independently built and operated systems are operated with very different bud-
get and manpower constraints which lead to differences in temporal coverage, system
reliability, and implementation of upgrades for improved performance. As a result,
there are differences in: data quality, data quantity, daylight ranging capability, and
data turnaround.

Considerable effort is being made within the international community through organi-
zations such as the CSTG to introduce more standardization, particularly in: calibra-
tion, data handling procedures, and specialized components (such as the micro—chan-
nel plate tube). There is a strong tendency for new stations to be built by a few manu-
facturing groups (such as BFEC, TPD, EOS, and Intercosmos) that are now following
much more common paths. In addition, the older, more unique and problematic SLR
systems are tending to fall into disuse or are being totally replaced by new systems.

An example of activities presently underway to foster standardization is the devel-
opment of UNIX-based software for common use on site for:

+ Data Evaluation

* Machine Performance Evaluation

* Orbit/Prediction Update

Normal Point Generation
Multisatellite Tasking/Interleaving
Communications

Geographic Distribution
There are some areas of the world, such as Africa, the Indian Ocean, South America,

and Indochina, where there is little or no SLR coverage for spacecraft tracking, global
crustal motions, or local measurements. This situation will be relieved somewhat
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over the next five years through fixed systems now under development in/for: Japan,
China, USSR, Saudi Arabia, Italy, and India. In addition, mobile lasers now under de-
velopment in Italy, France, and the USSR should provide greatly enhanced coverage.

Limitations in Manpower

With the additional satellites and the demand for more comprehensive spatial and
temporal coverage, stations will be required to extend hours of operation and reduce
downtime. Since manpower is already the greatest expense at most stations, opera-
tions are limited to 1-2 shifts (40-80 hrs.) per week. The tendency now is to imple-
ment more automation, first for preparing and validating data to speed throughput and
monitor system performance, and second for reducing manpower during data acquisi-
tion. Some systems now under development envision hands—off operations for at
least part of the daily data acquisition and maintenance activities.

Lunar Laser Ranging

Many of the issues and activities discussed under SLR, such as refraction, modelling,
and operational considerations, are pertinent to LLR. In addition:

Limited Number of Stations and Geographic Coverage

At the moment, there are three LLR stations in routine operation and no southern
hemisphere coverage; this places limitations on global kinematics and lunar science.
The addition of operating stations at the Crimea, Orroral Valley, Wettzell, and Tokyo
will provide comprehensive longitudinal coverage and some data from the southern
hemisphere. This will constitute a very significant improvement in geographic cover-
age. There would still be a very strong desire for a second Southern Hemisphere site
in either South America or Africa.

Limited Data Yield

Lunar ranging is difficult, requiring a highly optimized system for routine success.
This, coupled with data limitations due to phase of the moon, daylight conditions, cloud
cover, and seeing condition (atmospheric propagation), means that only groups with
adequate technical and financial support will be active and successful participants.
The threshold for success has been very high, and in the past LLR groups have been
required to do considerable sophisticated technical development on their own.

The availability of commercial companies now willing to furnish part or all of the LLR
system may relax the development requirement on individual groups. Some
economies based on sharing software and hardware design/fabrication will be forth-
coming. On the other hand, the low data yield is pressing for more and more sophisti-
cation to expand data yield and data quality.

2.1.4. Required Support Measurements
Aside from calibration data required to measure system delay, the laser ranging sys-

tems require groundbased measurements of pressure, temperature, and humidity at
prescribed locations around the site to model the columnar delay due to atmospheric
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refraction. The most sensitive of these parameters, barometric pressure, models into a
delay of about 4 mm per millibar at an elevation of 45°- Experience has shown that
validation of this groundbased data, probably through regular comparison trips with
portable standards, will be required for millimeter accuracy.

Range measurements with SLR and LLR must be extrapolated to reference geodetic
ground markers. This accounts for the offset between the system reference (such as
the intersection of axes) and the local geodetic network. Measurement of this offset,
or "system eccentricity", must be made whenever there is reason to believe that shifts
have occurred in system position (vertical or horizontal).

2.1.5. Future Improvements in Ranging System Performance

The available technology has evolved beyond the stage of current SLR and LLR
equipment in the field. To reach 1 mm ranging accuracy will require an order of magni-
tude improvement in hardware performance, but even with modest projections based
on current technology, it does not appear that the ranging machine itself will be inhib-
ited from reaching this capability.

The main areas where improvements will be implemented are: (1) laser pulse width,
(2) time—of—flight electronics, (3) detectors, (4) calibration, (5) epoch synchronization,
and (6) laser pulse repetition rate. Lasers in the field are currently operating with 200
ps pulse widths at 5-10 pps. Reduction in pulse width reduces range rms, but more
importantly, it allows more detailed observation of systematic signatures. Field-
durable lasers are currently available with 50 ps pulse widths, and an addition factor of
2-3 seems quite reasonable based on laboratory systems,

Field time-of-flight electronics, have resolutions of 20 ps (4 mm). Hardware with
5 ps precision has been developed in prototype. This and upgrades planned by ven-
dors indicate that considerable improvement is underway in this area, with the ulti-
mate limitation being imposed by the discriminator. The use of newer, high speed
AlGaAs technology should improve timing resolution by at least a factor of four.

The best detectors in the field now for SLR and LLR are the MicroChannel Plate
(MCP) tubes. The impact of the MCP is to reduce the internal system delay depen-
dence on focal spot position and return signal strength. Tubes now in the field with 12
micron channel width constrain the range dependence on amplitude to about 3mm with
a quantum efficiency of 10%. Tubes are now being built with 6 micron channels and
quantum efficiencies of 20%, and additional timing improvements may be possible with
improved anode designs. Other classes of photodetectors, such as the geiger mode
avalanche photodiode, also offer promise of improved performance but mostly in LLR
where further improvements in quantum efficiency (as high as 50%) would help the
current weakness in data yield.

The most accurate ranging systems in the field today are using either internal calibra-
tion or the close "Nelson Pier" external calibration target. At millimeter accuracies,
measurements will be corrupted by temporal, spatial, and environmental variations,
requiring full environmental monitoring including real-time or shot-by-shot monitoring
of internal delay, plus system eccentricity within a local, stable reference frame. No
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new technology will be required to perform this monitoring, but the system configura-
tion may have to be modified to accommodate the additional measurements necessary.

Epoch synchronization through GPS is currently at 100 nsec with improvement to 50
nsec or better within the current capability. This is sufficient to meet the Imm accu-
racy requirement.

With the large complex of satellites to be available within the next five years, inter-
leaving of passes will become necessary during data acquisition. It may be advanta-
geous to increase the data rate to as much as 25-50 pps and reduce the time span for
each normal point. A LAGEOS normal point might be reduced from two minutes to,
perhaps, 15-30 seconds. The impact of this on the system would be the requirement
for higher pulse repetition rate lasers and faster data recording systems.

Lunar ranging would also benefit greatly from higher repetition rate for increased data
yield. In addition, the next five to ten years should see increases in laser output
power and higher detector quantum efficiency in LLR systems.

2.1.6. Projections of System Performance

Projections of ranging system capability depend upon our estimates of how the hard-
ware and modelling upgrades and development will evolve. After examining each of
the issues and activities underway, we developed a projection of capability for the
next decade assuming that development is actively pursued. Table 2.1-5 shows some
of the key parameters with overall ranging accuracy reaching 1-2 mm by 1998. The
dominant error sources are the atmospheric refraction and orbital modelling.

2.1.7. Present and Projected Data Flow

The SLR field stations produce tracking data in two forms: full rate data which includes
all points, and quick-look data which is sampled at the rate usually of 50 points per
pass. Full rate data is sent from the station periodically (few days to a week) by
storage medium to the operator's processing center, and then forwarded to the CDDIS
in 60-90 days. The quick-look data is sent daily by communications to BFEC where
the data is reviewed and redistributed for those users requiring rapid data. Full rate
data is available from the CDDIS by request or by terminal access. Processing centers
are also furnishing the CDDIS with aggregated data in the form of normal points along
with their full rate submission.

The global network is currently producing about 10,000 passes of data per year on La-
geos, Starlette and Ajisai. This equates to about 12,000,000 full rate data points or
about 1.5 billion characters per year. The quick-look data amounts to about 500,000
points or about S0 million characters per year.
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TABLE 2.1-5 Ranging capability

Present 1993 1998

Single shot noise (mm) 7-30 2-3 1
Normal point noise 24 1 <1
(mm)
Ranging machine sys- 5-10 2-5 1
tematic errors (mm)
Atmospheric refraction

Model (mm) 5 4 3

Multicolor (mm) 2 1
S/C Center of mass cor- 3 1 1
rection (mm)
Epoch 100 ns 50 ns 10 ns

(5 mm) (3 mm) (<1 mm)

Measures are now underway to have stations compute normal points on site. It is
anticipated that within two years most stations will submit both quick-look and nor-
mal points by communications. The quick-look data will remain the basis for engineer-
ing review, while a set of normal points (of similar or smaller size) will be available for
rapid data use. The intention is to provide normal points from the field of sufficient
quality to satisfy the Crustal Dynamics requirements. There is, however, no illusion
that the requirement for archiving full rate data at the CDDIS will disappear in the
foreseeable future.

By 1992-3, the increased satellite tracking load, the additional stations projected to be
in operation, and the need for extending tracking schedules to provide better and more
rapid temporal and geometric coverage, will increase the data volume by a factor of 6-
10. Based on this projection, the SLR Network will be producing as much as 10-15
billion characters of full rate and about 500 million characters of quick-look data per
year. This, coupled with scientific desire for more rapid availability of results, will
pressure the community to use the field generated normal points as primary data.
This, of course, requires that the SLR stations provide sufficient supporting informa-
tion and performance validation to convince the scientific community of the normal
point data quality.

The LLR field stations at Mt. Fowlkes, Mt. Haleakala, and Grasse produce about 600
normal points of lunar ranging data per year, each point an aggregation of 5-200 indi-
vidual photons accumulated over 545 minutes. The normal points are formed by each
group and submitted as the primary data to the CDDIS where it is available to user.
The data and information record for each normal point is about 300 characters. With
the operations in Orroral Valley, the Crimea, Tokyo, Wettzell, and possibly other sta-
tions, the data yield would probably double.
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The estimated cost and manpower for these activities are tabulated in Schedule 2.1-1
which is discussed in the next section.

2.1.8. System Development Plan

The SLR system development plan focusses on: (1) the evolution of technologies to
bring the current SLR network stations to the limit of their capabilities in a systematic
low risk approach; and (2) the development and implementation of newer technologies
and configurations that will lead to the next generation systems with even greater
ranging capabilities. This plan includes:

1. Development and demonstration of upgrades to the laser network from its current
instrument accuracy of 1 cm to a few mm. This approach will include a phased up-
grade of MOBLAS 7 to demonstrate the improved capability and to identify the
components and procedures required for the rest of the network (MOBLAS, TLRS,
and the cooperating network stations).

Once the upgrade capability is demonstrated on MOBLAS 7 it will be implemented on
the other SLR and LLR systems within the network: the technology and system plans
will also be made available to the overseas groups for implementation into their sys-
tems.

2. Development and demonstration of the newer technologies such as: newer high
performance lasers streak cameras and optical delay line calibration techniques to
enable SLR to reach mm accuracies and multiple wavelength operation. The newer
techniques will be developed on the 48 inch telescope facility at GSFC to:

a. Demonstrate the capability of the newer technologies.

b. Study and develop refraction models to test the limits of single frequency
ranging operations.

c. Develop a basis for configuring the design of the next generation SLR system.

3. Once the newer technologies have been demonstrated a mobile prototype of the
next generation system will be built for use as a portable standard for: (1) colloca-
tion and high accuracy baseline tests with the 48 inch telescope test facility; (2)
performance evaluation of the other network lasers; and (3) evaluation of refraction
models at a typical distribution of sites.

4. The new systems based on the prototype technology would then replace some of
the SLR systems in the field as required by the program.

Upgrading of the Current Systems

The upgrading required to bring the ranging machine accuracy of the current SLR sta-
tions to a few millimeters is based on: (1) modifications that maintain the present
systems configurations; (2) components already commercially available; (3) modifica-
tions to commercial items that have already been tested in the laboratory; or (4)
modifications to commercial components that appear within the current capability of
manufacturers.
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This activity includes:

* Reduction of the laser pulsewidth from 200 ps to 50 ps by changing some compo-
nents on the current laser table.

* Development and testing at a selected manufacturer of MCP tubes with nar-
rower channels to reduce jitter and range aliasing and begin tests of newer
tubes with 6 micron channels and higher quantum efficiencies and higher speeds.

* Reconfiguring the time interval unit (TTU) to use it as an interpolator in an event
timer configuration with a high frequency external oscillator as a coarse refer-
ence; this will require support to one of the TIU manufacturers to upgrade their
electronics for higher resolution and to reconfigure their system to use the same
circuits for both the start and stop channels.

* Upgrading the meteorological sensor system to read automatically conditions at
several locations in and around the system for both refraction correction and in-
ternal monitoring of system performance.

* Completing development of the internal calibration system using an internal opti-
cal path to measure system delay in real time.

» Completing the development and demonstration of the on-site data processing
and interface system which was recommended by the SLR Computer Panel and
is now underway.

* Upgrading the station timing system with a disciplined oscillator for better short
term timing stability.

* Upgrading the controller hardware and software to: (1) replace hardware items
that are becoming very difficult to spare and maintain; (2) replace software that
is cumbersome and difficult to maintain and upgrade due to age; (3) introduce
automation to enhance data yield and reduce operator intervention; and (4) pro-
vide on-site computer redundancy.

This program will be undertaken to bring the SLR Network to the highest level of per-
formance practicable within the constraints of current system configuration. The antic-
ipated ranging machine accuracy is in the neighborhood of 2—4 mm.

The ultimate limitations on the current SLR systems will be imposed by their basic
configuration. These systems which were originally built for decimeter accuracies
have been upgraded to centimeter and now even subcentimeter capability. At mil-
limeter accuracy however it may be necessary to make some fundamental changes in
configuration in order to incorporate the streak camera and its associated components.
In addition, it is doubtful that the current laser telescopes are stable to one millimeter

nor that they would lend themselves to real or near real time monitoring of system ec-
centricity.
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The estimated cost and manpower for both development and subsequent implementa-
tion in the network stations are tabulated in Schedule 2.1-1. In all of the following
schedules the costs are given in current K$. As discussed above the development
phase includes the implementation and demonstration in MOBLAS 7.

SCHEDULE 2.1-1. Upgrade of the current SLR systems ($K)

FY 90 91 92 93 94 95 9 REPL
Laser 60 60
Detector
First Unit 25 40
Development 75 75 75
TIU 50 75 100 60
Met. Sensor 25 25
Internal Cal. *
Data system * 35
Timing system 25 25
Controller 100 100 50
Automation 25 25 25 15
Control Elect. 50 100 50
TOTAL 235 350 400 75 310
Manpower (my) 2 3 2 2 2 2
Replication (12 units)
Hardware ($K) 305 610 915 915 915
Manpower 2 4 6 6 6

Development of New Generation Systems

The next generation SLR systems will be designed for 1 mm accuracy. At issue with
these systems is whether such capability requires multiple frequency operation for re-
fraction correction or whether atmospheric models can be refined to satisfy this need.
Under this plan a prototype of the next generation system will be developed jointly by
Code 601 and Code 723 at GSFC on the 48 inch telescope facility. This facility has
been made available as an R&D site and is supported in part by Center funding. The
prototype will be built to provide millimeter accuracy for ranging and multiple frequency
operation for refraction analysis. The specific frequencies and their number will be
selected to optimize the refraction correction procedure.

The system which is already in the early stages of development in the laboratories at
both GSFC and BFEC is based on the following:

1. Higher performance lasers
a. 10-15 ps pulsewidth
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b. 20-50 pps
c. multifrequency output

2. Streak cameras for detector and epoch timing interpolator and baseline
tests.

3. Optical delay line for calibration

4. Automated guidance and control system.

The new technology on the 48 inch telescope facility will be analyzed through colloca-
tion at GSFC and then used for testing and development of refraction models for range
correction. Once the concept has been satisfactorily demonstrated a mobile prototype
will be built as a portable standard for: (1) collocation and precision baseline tests
with the 48 inch telescope facility; (2) validating performance of the other stations in
the current SLR Network; and (3) development and validation of refraction models.
This network and model validation process is a critical aspect of reaching the 2-4 mm
level performance of the upgraded SLR stations in the current network (see 2.1.
above).

The estimated cost and manpower for these activities are tabulated in Schedule 2.1-2.
Once the performance of the new generation prototype system has been carefully
assessed there is a major decision point on whether and how to proceed with the im-
plementation of a new generation network and the design of its stations. This deci-
sion will depend upon:

1. The latest requirements from the scientific community at that time.

2. The demonstrated performance of the upgraded stations in the current SLR
Network.

3. The results of the refraction and spacecraft modelling activities.

4. The performance of the prototype system in both single and multiple fre-
quency modes.

5. The extent to which the existing stations can accommodate the new system
components.

It is assumed that the improved capability will be required to meet the long term sci-

entific objectives of this program and that a major reconfiguration or replacement of the
SLR systems may be required.
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SCHEDULE 2.1-2. Development of prototype on 48” telescope facility

FY

Laser
Streak camera

Optical TIU/CAL
Controller & S/W
Data system
Automation
GPS/INMARSAT
Control elect.
Support

Gen. Devel.

TOTAL

0 91 92 93 M4 9% % 97 98 B
150 50
200 20 20

100
50 75 75

50
50

60

100 50
100 100 100 100 100 100
100 200 300 400 500 500 500 500 500 500
650 695 605 500 600 600 500 500 500 500

Development of portable standard and new generation protoype

0 9 92 93 AU 9B 9% 9T 98 D

FY

Laser
Streak camera

Optical TIU/CAL
Controller & S/W
Data system
Automation

Met. Sensor
Telescope
Structure
GPS/INMARSAT
Control Elect.

TOTAL
Manpower (my)

Replication (12 units)

Hardware ($K)
Manpower (my)

100 100
200 20
50 50
75 715
50
50
25
200 200 200
50 150 300
60
50 50
450 570 475 560
5 5 7 7 7 2 2 2 2 2

4500 4500 4500 4500 4500
5 5 5 5 5
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Model Development

Improvement in range accuracy to 1 mm will require continued development in the
models for refraction correction and spacecraft center of mass.

Refraction: It will be necessary to continue work on the verification and/or possible
improvement of the: (1) Marini and Murray Atmospheric Model; and (2) CfA Refrac-
tion Model using ground based data and columnar information derived from both
ground and satellite sensors.

Models have already been developed for extraction of refraction correction from multi-
ple frequency ranging. Once data is forthcoming from the prototype on the 48 inch
facility and from the subsequent field version we anticipate considerable development
and refinement for both single frequency and multiple frequency models.

This activity includes manpower to continue the development of single and multiple
frequency refraction models and to analyze multiple frequency range data for perfor-
mance evaluation and model development.

The laboratory measurements on LAGEOS II showed
that center—of-mass corrections with the current field lasers can be made to an
accuracy of several mm on a single shot basis and 1-2 mm on an aggregated basis
over a pass. As laser pulse widths are reduced with commensurate improvement in
receiver performance it will become possible to discriminate returns from individual
cubes and cube arrays on the satellite. It is anticipated that analysis of the return
signals will allow us to improve the center—of—mass correction by using information on
satellite orientation.

In addition to this analysis approach there are also several new ideas on design of fu-
ture retroreflector spacecraft that could support submillimeter ranging.

This activity includes manpower and equipment to continue the refinement of center—
of—mass corrections on current satellites and to study future spacecraft and retrore-
flector designs with submillimeter capabilities.

The estimated cost and manpower for these activities are tabulated in Schedule 2.1-3.
Upgrade for Current LLR Capable Stations

Under current plans to upgrade the entire NASA/SLR network the lunar capabilities of
Haleakala and MLRS will not be significantly affected. The current number of days on
which observations can be obtained by the Haleakala and McDonald stations and
their accuracies although useful in producing the above-mentioned results are
marginal and sometimes inadequate for meeting future scientific goals.
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SCHEDULE 2.1-3. SLR model development

FY 99 91 92 93 94 9

Refraction
Manpower (my) 0.5 1.0 1.0 1.5 1.0 1.0

Center—of-mass
Equipment 10 10 10 10 10
Manpower (my) 0.5 1.0 1.0 1.0 1.0 1.0

It is highly likely that substantial improvements in data yield (in the lunar mode) can
be obtained if adequate guiding capability is provided to keep the transmitted beam on
any given reflector as well as the atmospheric "seeing" permits. With automatic off-
set guiding a small circular crater almost anywhere on the moon which is well illumi-
nated can be used for guiding. The image of the crater would be modulated across the
detector and used to lock the guiding system. The signal-to—noise ratio will be high.
Therefore the design construction and testing of automatic guiding systems for the
Haleakala and MLRS transmitters will increase the return signal level and there by al-
low measurements to be obtained on several times as many days per year.

The system design is based upon the following:

1. Use of a field—of-view covering the entire moon;

2. Inclusion of an image rotator to compensate for image rotation at the Coude
focus as the telescope drives across the sky;

3. Computer control of the guiding position offset to permit the use of any de-
sired small crater;

4. One arc—second stability of the offset angle and azimuth over periods of at
least 20 minutes.

One system would be designed initially for use at Haleakala and then installed and
tested. A set of narrower band but better transmitting optical filters and other optical
component upgrades would be provided at the same time. The same auto—guiding
system (but with system modifications specific to the MLRS) would then be built, in-
stalled, and tested at the MLRS with a similar optical filter and associated optical
component upgrade. The time scale for this effort is expected to be two years for
Haleakala plus one additional year after that for the MLRS.

After completing the automatic guiding system installations and testing in 1993, re-
placement of the lasers at both Haleakala and the MLRS with improved high power
units together with general electronic and timing system upgrades will be done. That
work should require an additional two years.

The estimated cost and manpower for these activities are tabulated in Schedule 2.1-4.
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SCHEDULE 2.1-4. Lunar specific upgrade of the current LLR capable systems

FY 2 9 92 93 94 95
Optical system

Modifications 50 100 100

Image rotators 25 50 50
Automatic guiding

Electronics and detectors 25 50 50

Controllers 25 75 25
Data system upgrades 50 75 50
High power lasers 150 150
TOTAL 125 275 275 225 200
Manpower (my) 2 2 2 2 2
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2.2 Spaceborne Laser Ranging Techniques
S. Cohen

2.2.1. Statement of Requirements

Spaceborne laser ranging systems have been designed to provide millimeter to cen-
timeter accuracy geodetic observations on spatial scales ranging from a few kilome-
ters to several hundred kilometers. This scale of observations is required in order to
study the accumulation and release of strain in seismically active zones, the deforma-
tion of tectonic plates at their boundaries, the relationships between crustal move-
ments and changes in sea level, and the mechanisms of strain build-up and release in
volcanoes. A typical seismic zone, for example, will have several hundred sites lo-
cated along-strike and orthogonal to the fault. Observations over a wide range of
temporal scales is required in order to examine the details of interseismic strain accu-
mulation, precursory deformation, and postseismic rebound. Thus, spaceborne laser
ranging systems are designed to provide both repeated scheduled surveys and on-call
capability to respond to specific events. Vertical motions of a few millimeters accu-
racy are also required over a wide range of horizontal scales. Millimeter to centimeter
accuracy range observations are also required to apply spaceborne laser ranging data
to plate boundary deformation, volcanic strain accumulation, postglacial rebound, and
other local and regional scale geodynamic studies.

Spaceborne laser ranging systems are particularly appropriate for conducting mea-
surements that require a high density of sites, nearly simultaneous observation of a
network, or an on-call survey capability. They are well suited for logistically difficult
locales where power may not be available, where lightweight packages are required
for easy deployment, or where maintenance, if needed at all, can be conducted by local
personnel. In principal the passive targets can be quite inexpensive. Once installed,
they can be observed as frequently as desired without mounting extensive field cam-
paigns.

Depending on the spacecraft height, platform stability, and orbital configuration such
ranging system can also be used for satellite-to-satellite tracking, gravity field model-
ing, non-conservative force field modeling, and satellite self-tracking to aid other sen-
sors. Reflectors can be placed on ice sheets to monitor ice flow. A precision onboard
clock can be used to transfer time from location to location and to conduct experiments
in special and general relativity. Spaceborne laser rangers designed with nadir looking
or pointable altimetric capabilities can also be used to measure land and ice topogra-
phy, determine cloud top heights, measure atmospheric pressure, determine geoid
heights, and measure wave heights.

2.2.2. Description of Measurement System

Engineering studies of a spaceborne laser ranging system started in 1975
[Fitzmaurice et al., 1975] and continued with a variety of simulations and experiments
being conducted in the late 1970's and early 1980's. In the mid-1980's consideration
began for inclusion of such a system as a facility instrument onboard the planned Earth
Observing System (Eos), a set of multisensor platforms being developed for
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integrated, multidisciplinary Earth science observations. Presently the Geoscience
Laser Ranging System (GLRS) [Cohen et al, 1987] is being developed by NASA as
part of Eos. The performance specifications for GLRS are shown in Figure 2.2-1 and a
conceptual block diagram of the system is shown in Figure 2.2-2.

The key features of GLRS are a dual-color laser ranging function and the ability to
conduct both laser ranging to passive retroreflector targets and altimetry to natural
surfaces. Under current design plans, the laser transmitter consists of a Nd:YAG
laser which will be pumped by a long-lived laser diode array. Its output pulse is fre-
quency doubled and tripled to produce pulses at 1064 (infrared), 532 (visible), and 355
(ultraviolet) nm. The visible and ultraviolet pulses are used for laser ranging and the
infrared pulse is transmitted at nadir for altimetry. The ranging signal is collected by
an 18 cm diameter telescope. A portion of the return green pulse is used in the range
receiver consisting of a microchannel plate photodetector, constant fraction discrimina-
tor, and time interval unit. This subsystem has a timing resolution of 10 ps. A 2 ps
resolution streak camera is used to detect the difference in the arrival time between
the green and ultraviolet pulses and thereby make the atmospheric delay correction.
A variable optical delay is used on the transmitted or received signals to assure that
both of these pulses return within a single sweep of the streak camera. The heritage
for this system can be found in existing operational laser ranging systems and
laboratory experiments on prototype components for GLRS.

GLRS Technical Specifications

LASER: ND:YAG, diode pumped, frequency doubled &
tripled, Q-switched, mode locked, cavity dumped

POINTING CAPABILITY: 50 degrees

MAXIMUM PULSE RATE: 40 pulses/sec

BEAM DIVERGENCE: 0.125 millirad (532 nm); 0.1 millirad (355 nm)
0.10 millirad (1064 nm; 80 m footprint)

TELESCOPE DIAMETER: 18 cm (ranging function)
50 cm (altimetry function)

WEIGHT: 380 kg

POWER: 650 W (peak)

LASER LIFETIME: > 1 billion shots (5 years)

PULSEWIDTH: 100 picoseconds (FWHM)

ENERGY: 120 millijoules (1064 nm)

60 millijoules (532 nm)
40 millijoules (355 nm)

RANGER POINTING PREC.: 0.01 miiliradlans
ALT. POINTING KNOWLEDGE: 0.25 milliradlans

TIMING RESOLUTION: 10 picoseconds (coarse range receiver)
2 picosconds (streak camera recelver)
300 picoseconds (surface altimeter receiver).
500 nanoseconds (cloud altimeter receiver)

DATA RATE: 800 kilobits/sec

Fig 2.2-1 GLRS technical specifications
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Fig 2.2-2 Block diagram of GLRS

The altimeter is designed to provide both surface and cloud-height observations. The
reflected light is collected by a 50 cm diameter telescope and detected by an avalanche
photodiode, timing circuitry, and waveform digitizers. For surface altimetry, the range
accuracy will be 10 cm over smooth surfaces and the surface roughness will be quan-
tized at 20 cm resolution over a dynamic range of several tens of meters. These
specifications are driven by ice-sheet topography requirements. ‘One of the major
goals of the observations is to detect subdecadal changes in ice sheet thickness and
topography. Such changes are intimately tied to global climate change and are affected
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by the coupled interaction of the oceans, the ice-sheets, and the atmosphere. Changes
in climate can manifest themselves in a myriad of ways including ice-sheet melting,
enhanced snowfall in the polar region, and changes in atmospheric flow patterns.

For cloud-tops the return signal will digitized into 75 m range bins over a range from
the ground to at least 30 km altitude. The ground-spot position uncertainty is ex-
pected to be about 20 m, corresponding to an attitude uncertainty of 5 arcsec. The
cloud top measurements not only provide important information for energy balance
models, but also provide direct vertical cloud distribution data, which can be used to
validate somewhat ambiguous, passive retrievals.

The system is pulsed at 40 pps. It has a ranging system pointing capability of 500
both along track and across track. Approximately 120, 60, and 40 mj are transmitted
at the 1064, 532, and 355 nm wavelengths, respectively. The divergence for the 532
nm beam is about 0.125 mrad, as dictated by eye safety considerations. The
divergence of the 355 nm beam is somewhat less to assure adequate photon density
on the target, and hence in the return beam. The 1064 nm altimeter beam divergence
of 0.1 mrad produces surface spots of approximately 70 m from the Eos altitude of 705
km. The along-track altimeter spot spacing is about 150 m. Position and attitude
information for GLRS are provided by an onboard GPS receiver, dual star-trackers, and
a 3 axis-gyro. The detailed design of GLRS is in progress, thus, it is likely that some
of the system specifications and design details will be changed as further progress is
made in technology and design. For example, it may be possible to reduce the pulse
width in order to improve the timing for the atmospheric propagation delay correction.

Several key aspects of spaceborne laser ranging systems distinguish these systems
from traditional laser ranging systems. These systems must operate in an unattended
mode for many years. In addition they must be designed with economy of space and
mass in order to fit within a reasonable envelope on a space platform, they must be
engineered to withstand the rigors of launch and deployment and they must operate in
a space environment.

2.2.3. Required Support Measurements

In order to acquire the ground targets as efficiently as possible, real time orbit position
at the several meter accuracy level is desirable. GLRS will either include a collocated
GPS receiver or utilize a GPS receiver onboard the Eos platform to obtain knowledge
of its position. Startrackers and gyros will be used to establish and maintain attitude
knowledge of the system. In processing GLRS data, it is likely that a precise orbital
ephemerides, provided by GPS observations, will be available to constrain the space-
craft orbital parameters. Consideration is also being given to verifying and calibrating
GLRS range data by performing ground-based laser ranging measurements to a
retroreflector target located on the GLRS package. The installation of GLRS targets
will include determination of the site coordinates to at least several meter accuracy,
most likely using GPS. The relative position of nearby reference sites will be deter-
mined to assure that the location of damaged sites can be recovered.
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2.2.4. Developments to Improve Performance

The major requirements on the laser are high reliability and long life and high electrical
and thermal efficiency. Since ground meterological data will not be available at the
GLRS sites two color ranging is used.

The most power efficient candidate lasers utilize a Nd:YAG rod pumped by an array of
AlGaAs laser diodes. Diode array lifetimes in excess of 3x109 shots have been

demonstrated and lifetimes in excess of 1010 shots are likely to be achieved. The
implications of these lifetimes are quite significant; a system with a lifetime of 10 bil-
lion firings would operate continuously for a decade at 30 pps and for 5 years at 60
pps. Laser pulsewidth can be narrowed to several tens of picoseconds via active
modelocking techniques.

The current design for GLRS involves sequential acquisition of individual targets
rather than multibeam tracking, the pointing system must be capable of providing: (1)
tracking of a given target with few arcsecond accuracy; (2) rapid slewing between tar-
gets; and (3) rapid settling into the tracking mode of newly acquired targets.
Prototype pointing systems having this slew and settling capability were developed in
the early 1980's. A typical prototype system can slew and settle over a 50 degree
pointing angle change in 0.5 seconds leaving more than 1 second for target
observations. Longer dwell times on targets can be achieved or more sites surveyed
by combining data from successive passes in which only a portion of a grid is viewed
in a single pass.

Several modes of operation are possible for the dual-color receiver. In one mode, the
differential time of flight between the visible and ultraviolet pulses is measured by, for
example, a streak camera. This data is used to correct range data for atmospheric
propagation delay only. This mode, which is the currently planned mode for GLRS, is
capable of providing absolute range accuracies of about 5-10 mm. In a second mode
the streak camera is used to provide a vernier timing correction to the coarser range
measurements. The total round-trip of flight of each of the pulses is measured. This
mode, although more technically difficult and risky, can potentially, provide an en-
hanced range accuracy of a one or two mm. Most of the residual atmospheric propa-
gation error is due to different dispersion properties of the water vapor and dry compo-
nents of the atmosphere. Correction for this term may require the use of multicolor, or
possibly, combined laser and microwave instruments.

For determination of the differential time of flight in either mode, a timing resolution of
a few psec or better is required. Available streak cameras and recently developed
timing units can achieve this resolution.

2.2.5. Projected Performance

GLRS is expected to provide absolute range measurements to an accuracy of 5-10
mm. Assuming such accuracy, it will be possible, in principle, to determine intersite
distances to an accuracy of a few millimeters at distances up to a few hundred km or
more. Figure 2.2-3 shows the computed accuracy in baseline length and relative
height in a local tangent plane coordinate system. The distances are measured
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relative to a fixed origin near the center of the grid. The results are based on a random
10 mm single shot range noise and a network of 157 sites separated by 50 km from
one another in California. Ten independent arcs of satellite data are simulated in the
analysis. Other parameters affecting the results include 1.5 sec dwell time on the
targets, and a 500 along and across track pointing capability of the instrument. No
systematic biases are included in this analysis.
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Fig 2.2-3 Length and height errors for GLRS

Covariance analyses of the effects of gravity field uncertainty for the same network
indicate that these effects become increasingly more significant with increasing
baseline length. However, in the Eos era it is likely that the satellite orbit will be well
determined by an onboard GPS receiver. In this case, gravity field uncertainties will
have a much reduced, and possibly negligible effect. The GPS orbit data will also be
used to enhance the ability of GLRS to determine long baseline length and in
determining the site coordinates in a geocentric coordinate system. Alternatively,
improvements in the gravity field model, including the incorporation of GLRS range
data, will substantially reduce gravity field aliasing. At the millimeter accuracy level,
the stability of the benchmarks may be a limiting factor. Other limiting factors may be
residual atmospheric delay effects and other systematic biases. GLRS accuracy will
also depend on the number of stations surveyed, their geometry, and the number of
arcs of data used in the solution. If, in the previously cited example, the number of
data arcs is reduced from ten to seven, the noise only solution degrades approximately
in proportion to the square root of the reduced number of observations (i.e., ¥1077).
Solutions based on fewer passes show greater dilution of precision due to loss of
geometric strength. Given the Eos altitude of approximately 700 km and the GLRS
pointing capability of 500, targets can generally be acquired in two passes a day at
mid-latitudes. The detailed trade off between accuracy and temporal resolution
depends on the number of targets surveyed.
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A spaceborne laser ranging system constellation could be based on GLRS hardware
and be upwardly compatible. It could provide total global monitoring at the few mm
level.

Subpicosecond time transfer would be possible with future laser ranging systems.
Such a capability would be quite useful for communications particularly in view of the
fact that the time measurements could be completely integrated with position.
Navigation and anticollision systems are possible.

A continuous wave laser interferometer system could be used for satellite—to—satellite
relativity experiments. Range rates of 0.01 um/s are possible.

2.2.6. Data Flow, Storage and User Access

The data for GLRS will be part of a large data system for the Earth Observing System
known as EosDIS. Permanent archives of raw, calibrated, ancillary, and processed
data (station coordinates, satellite orbits, etc) will be maintained. Under EosDIS
policy all data collected by GLRS will be available to all users with no exclusive data
rights. The data will be input in the system as it is processed with an emphasis on
the rapid deposition of raw and processed data. Data will be available, on line, to au-
thorized users through an electronic communications system.

GLRS is expected to operate at a maximum data rate of 800 Kbs, determined primarily
by the altimeter digitizer and the streak camera. Data will be downlinked through
TDRSS to the EosDIS (see below). In routine operation, it is expected that data will
be transmitted to the ground within one revolution of data collection. With a time av-
eraged duty cycle of approximately 20 percent, GLRS is a relatively low data rate sys-
tem on Eos. Observation schedules will be generated by the GLRS science team, and
be transmitted to the system through EosDIS. Both routine observation schedules
and high priority-specific event observations schemes will be accommodated. The
time required for uplinking new observational schedules is not yet fully determined.

Currently VLBI and SLR data products are routinely deposited in the CDDIS. GLRS
data will consist of raw data, calibration corrected data, and derived baselines and
target coordinates. Under Eos data policies, the data processing will be implemented
on the Eos Central Data Handler and the data archived in the Data Archive and
Distribution Systems. Plans must be made to assure that the GLRS data can be
easily merged with Crustal Dynamics data, GPS data, and other geodetic data. To the
extent that it is practical, common formatting of the data sets should be used. This
will require the development of communications networks for data transfer between
EosDIS and other geodetic data bases.

2.2.7. Plans for System Development
Ongoing and planned activities
GLRS is being developed for implementation on one of the NASA Polar Orbiting

Platform (NPOP) of Eos. At present NPOP-1 is scheduled for launch in the fourth
quarter of calendar year 1996 and NPOP-2 in the fourth quarter of 1999. The two

33



platforms will carry a different set of instruments and, according to current plans, they
will be replaced at 5 years intervals. The Eos mission is planned for at least 15 years.
Conceptual design studies (Phase-A) for GLRS have been completed. These design
studies cover both laser ranging and altimetry. The Phase-B studies will consider the
design in more detail, conduct tradeoff evaluations of alternative designs, and examine
risk issues. These studies are scheduled for completion in 1990. The Phase C/D
efforts which will include detailed design, building and testing of engineering and flight
packages are expected to last at least 4 years. The major technical challenges include
the development of a reliable, unattended system with a five year replacement
lifetime, assuring adequate signal strength under a variety of atmospheric visibility
conditions, and development of a reliable, inexpensive, and logistically simple ground
target. With regard to reliability of operation, the key technical issues are the
development, testing, and space qualification of the laser system and characterization
and space qualification of the streak camera. Reliability of the electronics and mechan-
ical devices must also be carefully maintained and will require the implementation of
redundant and backup components where possible. The data collected by GLRS will
be processed and archived within the Earth Observing System Data Information
System (EosDIS).

Cost

The development of the GLRS space flight hardware and ground package is being
supported by the Eos Project. Operational and data processing cost will also be borne
by Eos; however, the cost of manufacturing and deploying the ground targets will re-
quire support from the Solid Earth Science Program. GLRS targets are anticipated to
cost about $1000; therefore, an initial purchase of 500 targets, for example, would cost
0.5 million dollars and an ultimate deployment of 5000 targets would cost 5.0 million
dollars. It is possible that many of these costs will be borne by the Eos Project for
official Eos investigators and by foreign institutions for experiments conducted by their
personnel. Although GLRS is being developed as an Eos facility instrument, .aeither
the Eos Project nor the GLRS have been confirmed for flight at this time. Selection of
instruments for flight on the Eos platforms is expected in the early 1990's.
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2.3 Global Positioning System
C. Thomton, R. King, C. Goad

2.3.1. Current Capabilities

For some applications GPS already competes in accuracy and cost-effectiveness with
more mature technologies. For others, improvements in hardware, analysis tech-
niques, and the satellite constellation will be necessary to establish its role. The evi-
dence for GPS capabilities is greatest for static positioning over baselines from 50 to
1000 km, where the alternative technologies are mobile VLBI and SLR. However,
GPS measurements are or soon will be useful for applications ranging from attitude
determination (baselines of only a few meters) to monitoring the Earth's rotation
(baselines of thousands of kilometers). Because of today's limited GPS constellation,
in assessing current capabilities, it is important to take into account the location and
extent of the region to be studied.

In the past four years, baselines have been measured with high precision GPS tech-
niques between over 150 sites in the western U.S. alone, an order of magnitude more
than with mobile VLBL. The evidence to date suggests that the repeatability and ac-
curacy of the GPS and VLBI measurements, for comparable observing times, are not
significantly different for baselines up to 1000 km in length (Figures 2.3-1 and 2.3-2).

Figures 2.3—1 and 2.3-2 provide a concise indication of current GPS performance
relative to VLBL. Figure 2.3-1 illustrates the differences between GPS and VLBI
measurements of baselines in the western U.S. The VLBI values are taken from the
GSFC global analysis GLB 223; the GPS values are from analyses of three different
groups, using different software packages. The mean differences between GPS and
VLBI values are about 5 mm + 1 part in 108 in the horizontal components and 20 mm
in the vertical. Figure 2.3-2 presents comparisons of repeated measurements by
GPS and VLBI of the lengths of the baselines from Vandenberg to Mojave and Palos
Verdes. For the Vandenberg-Mojave line, the difference between the rates
estimated from VLBI and GPS measurements is less than 3 mm/yr.

The internal consistency of the GPS system is typically equivalent to the agreement
with VLBI, and in some cases it is noticeably better. Figure 2.3-3 illustrates GPS
system precision at the 1-2 mm level on the OVRO to Mojave baseline (245 km).
These recent results were obtained by Lindqwister and Blewitt at JPL using the
GIPSY software.

The high signal-to-noise ratio of the primary (L1) GPS signal allows carrier phase to
be measured with millimeter precision with less than one second averaging. Recent
experiments have used this capability to monitor the attitude of aircraft and ships with
a precision of better than 1 mrad [Purcell et al., 1989; Seeber and Wubbena, 1989].
Similarly, single-frequency measurements of short (<1 km) static baselines have
demonstrated repeatabilty and agreement with EDM measurements  at the (one) mil-
limeter level [Svarc et al., 1989; Meertens and Rocken, 1989]. For longer baseline
measurements requiring the second (L2) GPS frequency to calibrate ionospheric ef-
fects (up to 10-5 of baseline length), higher noise levels and unmodeled antenna
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phase-center variations have thus far limited accurac
Meertens and Rocken, 1989).
curacy better than 10 cm, providing, for example, an im

y to several millimeters [e.g.,

Kinematic positioning has been demonstrated at an ac-

portant tool for control of pho-

togrammetric surveying [Mader and Lucas, 1989]. Kinematic surveying at the cen-
timeter level has been reported by Remondi [1986]; and very recent tests by Goad et
al.[1989] suggest 5 mm capability.
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Figure 2.3-2. GPS and VLBI measurements of the baselines from Vandenberg to Mojave (a) and Palos
Verdes (b). The VLBI results are taken from the GSFC global analysis GLB223. The analysis of the
Vandenberg-Mojave observations was performed by K. Larson at Scripps using the GIPSY software. For
this line the difference in the inferred motion from the two techniques is 3 + 2.6 mm/yr, and the rms
scatters of the individual measurements about the mean slopes are 7.5 mm for GPS and 7.1 ram for VLBI.
The analysis of the Vandenberg-Palos Verdes observations were performed by Davis and Prescott at the
USGS using the Bernese software. The difference in the inferred motion from the two techniques is 9+ 6
mm/yr, and the rms scatters are 10 mm for GPS and 8 mm for VLBL.

Applications requiring relative position measurements over long baselines are limited
by the inherent lack of a stable GPS reference frame. Nevertheless, when a terrestrial
frame is provided by VLBI and SLR sites, GPS measurements can extend in time and
space the capabilities of these other techniques. For a few baselines in North Amer-
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ica, GPS and VLBI results have agreed at the level of 10 mms over a thousand
kilometers (1 part in 10-8) [Lichten and Bertiger, 1989; Blewirt, 1989]. GPS mea-
surements of short-period variations in the Earth's rotation are currently better than 1
part in 107 (0.5 ms in LOD, 10-20 cm in pole position), limited by the small number of
GPS satellites and poor distribution of tracking sites [Swift, 1988].
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Figure 2.3-3. Repeatibility of GPS solutions for the OVRO-Mojave baseline. The RMS scatter about the
mean is 0.9 mm in the East component and 2.3 mm in the North. These results were obtained by
Lindqwister and Blewitt using the GIPSY software.

Several special characteristics of system design and techniques of data analysis have
proven particularly advantageous in high performance GPS geodesy. These include:
(1) carrier cycle ambiguity resolution or "bias fixing" (and the algorithms and careful
geometric arrangement of the network of receiving sites that make it possible), (2)
stochastic modeling of zenith tropospheric delay and the nongravitational forces acting
on the GPS satellites, (3) judicious use of water vapor radiometers to calibrate the
wet tropospheric delay at humid sites having high spatial and temporal variability, (4)
multi-day GPS orbit solutions for measurements of long baselines, and (5) the
combined use of dual frequency carrier phase and pseudorange data. Resolution of
carrier phase ambiguity has now been achieved over distances of up to 2000 km. This
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has been accomplished using algorithms that formally reflect the integer character of
the cycle ambiguity problem and an arrangement of receiver sites permitting short and
intermediate baseline resolution as preliminary steps to long baseline resolution
[Blewitt, 1989; Dong and Bock, 1989). For baselines of a few hundred kilometers,
solutions after ambiguity resolution are typically 3-5 times more accurate than
solutions treating the carrier phase bias as a continuous variable. Carefully tuned
random walk troposphere models have proved effective in reducing tropospheric
contamination, improving baseline repeatability by as much as a factor of two over
constant delay models and surface meteorology calibrations.

The use of high precision pseudorange data in combination with carrier phase confers a
number of benefits. These include: (1) greatly simplifying data editing and recovering
from cycle breaks, (2) improving the speed and reliability of ambiguity resolution, (3)
improving solutions for clock offsets between receivers, (4) improving the carrier
phase bias solution when the ambiguity cannot be resolved, (5) enabling precise
kinematic tracking of moving platforms, and (6) generally reducing the system
sensitivity to data outages and other operational problems. Several studies have
shown that pseudorange of subdecimeter accuracy achieved by the new high
performance receivers and antenna systems, when used together with ambiguous
carrier phase, can yield baseline accuracies approaching those currently achievable
only with resolved carrier phase.

Receivers themselves are only one component of the elaborate data collection,
calibration, modeling, and analysis systems needed for today's cm baseline
measurement accuracies. Data must first be gathered with a well-planned network of
receivers extending over a sizeable geographic area, and a portion of the collected
data must be used to improve the ephemerides of the GPS satellites. Several different
approaches to system design and data analysis have proved successful. In one ap-
proach, three or more receivers placed at well known reference ("fiducial") sites are
held fixed during a grand simultaneous solution for all other receiver locations and
GPS ephemerides. In addition, parameters for stochastic effects such as zenith tropo-
spheric delay, solar radiation pressure, and other unmodeled GPS satellite accelera-
tions are also adjusted. In a variation on this approach, fiducial data are processed
first to produce accurate GPS ephemerides which are then held fixed during a second
solution for the baselines of geodetic interest. Experiments have shown the latter
(somewhat simpler) approach to be virtually as accurate as the full simultaneous so-
lution, so long as the geodetic baselines are within or close to the fiducial set. In both
of these approaches, the fiducial network defines the reference frame in which the GPS
ephemerides and baselines are determined. An alternative approach, in its most ex-
treme form, frees up all receiver coordinates except (necessarily) the longitude of one
reference receiver, allowing the considerable strength of the GPS data and a fixed
value for the GM of Earth to determine all orbits and receiver positions in a self-con-
sistent, properly scaled reference frame. This eliminates dependence upon predeter-
mined fiducials, at the cost of introducing potential differences with the reference
frames established by VLBI and SLR techniques. Myriad variations and hybrids of
these techniques, in which different numbers of fiducial parameters are freed and con-
straints of varying levels of severity are applied, are also being investigated. Identify-
ing a quasi-optimal strategy for establishing a globally consistent geodetic reference
for all investigators at all times will be an important pursuit in the next decade.
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2.3.2. Systems Presently in Operation
2.32.1 Hardware

Most high-precision surveys performed to date have used TI 4100 receivers.
However, this receiver is expected to be phased out in the next 1-2 years due to its
size, weight and power requirements; the ability to track only four satellites; antenna
phase center variations and multipathing at the 10 mm level on carrier phase and
about 1 meter level on pseudorange, and the high frequency of cycle-slips in the phase
data. Other receivers (MACROMETER II, MINI-MAC 2816, prototype Rogue,
SERIES-X, Trimble 4000 SL, and WM-102) have been used in a more limited way for
high-precison surveys but have not been subjected to the extensive field testing and
analysis of the TI 4100. ‘

Several light-weight field receivers are now available or will be by Fall, 1989. Three of
these (MINI-MAC 2816, Trimble 4000STD, and Ashtec XII) currently do not have P-
code pseudorange and use codeless tracking of the L2 GPS signal, features which
make resolution of phase ambiguities more difficult. Tracking site receivers such as
the WM-102 and the Rogue SNR-8 receivers have both P-code and codeless capabil-
ity. The Rogue has exceptionally low pseudo-range noise, an important feature for
kinematic applications and rapid recovery from data outages. It also has robust
tracking loops which enable continuous carrier phase measurements during high dy-
namic applications and strong ionospheric disturbances.

2.3.22. Data Analysis Software

Five software systems have been used by U.S. investigators to analyze GPS
observations for high-precision applications:

Bernese 3.0 developed at the University of Berne and used at Colorado,
Lamont, and USGS

GAMIT developed at MIT and used at Scripps

GPS22 developed at NGS and used at Caltech

GIPSY developed at JPL and used at Scripps, Univ. So. Carolina,
and Univ. Puerto Rico, Caltech, Delft, U. Colo.

MSODP developed and used at the Univ. of Texas

All of these software systems incorporate the three essential elements necessary to
obtain baseline estimates with an accuracy of better than a part in 10-7:

1. accurate models of the satellites' motions and the relative positions of the
satellites and receiver antennas;

2. algorithms for estimating baseline coordinates and satellite positions from
phase observations that are free of clock errors;

3. capability to detect and repair cycle slips in the phase observations (though
some systems are more highly automated in this than others).

A fourth feature which is implemented in varying degrees of sophistication in most of
the packages is the ability to resolve the integer-cycle ambiguities in phase observa-
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tions. With the present constellation for western North America, ambiguity resolution
generally improves the accuracy of the east component of the baseline by a factor of
two [Blewitt, 1989; Dong and Bock, 1989]. The GIPSY, Bernese, and GAMIT soft-
ware have the ability to estimate stochastic atmospheric delay parameters, a feature
that generally improves baseline accuracies, depending on the amount of water vapor
present during the observations [Lichten and Border, 1987; Tralli et al, 1988].

At present, a time-consuming part of data processing is the detection and repair of cy-
cle slips. The effort has been driven by the large number of slips present in phase
data recorded by the TI 4100, and by the fact that it has proven difficult to devise sim-
ple algorithms which work for all receivers under all ionospheric conditions. Several
software systems now incorporate automatic data editing capable of achieving better
than 99% cycle slip correction. The TurboEdit program in the GIPSY package
[Blewitr, 1989], however, requires both carrier phase and pseudorange data.

Although results of similar accuracy (2-5 parts in 10-8) have been obtained for the
western U.S. with several different software packages, there has not yet been a de-
tailed intercomparison of baseline estimates using common data. A limited compari-
son of the Bernese and GAMIT software was performed at the University of Colorado
in 1988 (C. Rocken, personal communication), and this work is being continued at the
USGS and MIT. K. Hurst at Lamont is performing a comparison of the Bernese and
GIPSY software, eventually to be extended to include GAMIT.

2.3.2.3. Data Information Systems

GPS observations are collected daily by stations of the Cooperative International GPS
Network (CIGNET) and are archived and distributed by NGS. High-precision field
observations are collected by JPL, NGS, USGS, and a number of university groups
under the auspices of the University Navstar Consortium (UNAVCO). During the
past year, with a very limited pool of receivers, the number of observations collected
has exceeded by at least an order of magnitude that collected by SLR and VLBI. The
number is likely to double in 1989 and again in 1990 as more receivers become
available for scientific studies.

There is at present no standard procedure for archiving high-precision GPS data, nor
any government facility for maintaining the archives. This situation is a natural result
of the development of GPS hardware by a number of private firms, and support for re-
search and development by several different government agencies.

For its own internal needs, the NASA Geodynamics Program presently has a GPS
data archiving system at JPL. Using this system, analysts can retrieve files containing
raw observations (in the standard FICA international exchange format) from high-
precision GPS experiments conducted under the Geodynamics Program. Files are
quickly referenced by date and station name, and can be saved to, retrieved from, or
deleted from the archiving database. Other information is also archived, such as nomi-
nal station locations, data edited by the JPL's GIPSY software, meteorological and
WVR data, nominal orbit files, and geodetic solutions.

Such an archiving/database system could be improved and expanded to include all
high-precision GPS data taken which may be useful to NASA and the geodetic com-
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munity at large. A major input to such a system would be data recorded by an inter-
national, global tracking network. GPS data from future NASA flight missions should
also be archived with the geodetic data, since it has been shown [Melbourne et al.,
1988] that the two types of data sets can be combined synergistically to improve both
tracking control and geodetic solutions. There are many issues, such as formats,
quality control, and data distribution privileges which need to be resolved. Since it is in
NASA's interest to have access to high precision GPS data, the initiative should be
taken as soon as possible to move towards establishing a GPS archiving facility under
guidelines established by a committee representing the interested parties.

2.3.3. Current Limitations in Performance

Many of the present limitations to GPS accuracy are shared by VLBI and/or SLR and
are being addressed with the same techniques by many of the same analysts. The
corrupting effects of unmodeled variations of tropospheric water vapor on vertical
measurements are essentially the same for mobile VLBI and GPS. Non-gravitational
perturbations on the GPS satellites are more severe than for LAGEOS but are not a
limiting source of error for short-arc baseline analyses. Millimeter-level precision is
impaired with all three techniques in mobile campaigns by the difficulty of relating the
measuring point of the instruments to a monument on the ground. A common solution
is improved calibration against external standards and the use of permanently
mounted instruments.

Performance is also limited by the sparseness of GPS satellites currently in orbit, and
the lack of a permanent global tracking network. The announced DoD schedule for
launch of the Block II satellites promises to remove the first constraint by 1993. There
are 4 launches planned in 1989, and 5 each year from 1990 through 1993. The number
and quality of CIGNET stations has increased each year since 1986. NASA is devel-
oping an international co-operative GPS tracking network to support TOPEX. The
possibility of augmenting the CIGNET and TOPEX networks with additional world-
wide sites to form a more extended global tracking system is now under study by a
special working group of the CSTG Subcommission on GPS.

The accuracy of current receiver systems, while adequate to yield cm regional baseline
results, is below that required for mm accuracies or for autonomous functions such as
phase re-connection or self-diagnosis. Aside from media delay calibration errors, the
current instrumental factors that limit accuracy for the best receivers, in both the
carrier phase and pseudorange measurements, are multipath and antenna "phase
center” variation. For current receivers, multipath is near the centimeter level for
carrier phase and usually at least several decimeters and often higher in pseudorange.
Phase center variations with azimuth and elevation can amount to several cms, but
these variations tend to be nearly identical for two antenna/backplane systems of
identical design and installation. Also, most of this effect can be calibrated. It will be
important to test the effects of multipath and phase center variations on carrier phase
measurements at the 1 mm level, to be assured of the reproducibility of the antennas
from a given manufacturer, and to determine the effective phase centers of all the
relevant antennas from empirical measurements. Some controlled experiments have
been carried out [e.g., Meertens and Rocken, 1989; Gurtner et al., 1989], but this work
is far from complete. Multipath and thermal data noise, typically at the meter level on
pseudorange measurements in past experiments, has been reduced by an order of
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magnitude in recent field tests of the Rogue receiver and antenna/backplanes (Young
et al, 1988; Rocken and Meertens, 1989].

2.3.4. Support Measurements

The GPS data can provide strong determination of tropospheric delays. However, the
availability of sub-cm troposphere delay calibrations from WYVR's, or other means,
would strengthen baseline estimation and improve system temporal resolution.
Accurate (mm) ground surveys tying the GPS reference points to local benchmarks
are also required.

Another potentially useful set of support measurements could be obtained from the
proposed ACRE experimental satellite [Beard, 1989]. The ACRE satellite, carrying a
GPS transmitter as well as a laser retroreflector in a 12 hour orbit, could provide an
independent verification of GPS ranging accuracies at sites with colocated GPS and
SLR receivers.

2.3.5 Future Prospects

Receiver Costs. The progress of both design and manufacturing technology in the field
of very large scale circuit integration (VLSI) continues to be rapid. This has allowed
the development of GPS receivers that use digital baseband signal processing tech-
niques, removing the phase and delay variation errors that are present in analog cir-
cuits. It has also led to major reductions in cost, weight and power. Next generation
receivers will use VLSI advances to digitize the incoming GPS signals directly at L
Band frequencies, as well as to further reduce size and cost (Thomas et al. 1988). A
factor of 3-5 reduction in equipment costs appears likely within the next five years,
suggesting eventual unit costs for dual band P-code receivers of 10 thousand dollars or
less. More powerful onboard microprocessors, together with special purpose hard-
ware, will give new receivers greater capability for autonomous operation. These
"smart receivers” will allow some data analysis to be performed in real-time. Ad-
vanced receiver processing combined with more expert post-processing algorithms
will reduce the cost of GPS baseline determination by as much as an order of magni-
tude. Moreover, if cycle ambiguities can be quickly removed with combined pseudor-
ange and carrier phase data, the resulting 