











which is more complicated will be discussed in chapter 3. A brief survey of these missions may
be found in Kramer {1992]. Finally, a conclusion is given in chapter 4.

2. Quality of Orbit Predictions for ERS-1/-2 and Meteor-3

The ERS-1 laser tracking campaign started on July 17th, 1991, and terminated on July 28th,
1996. During the five years 20,201 laser passes from 69 stations have been acquired. The
generation of ERS-1 orbit predictions is described in Kdnig [1989]. Figure I displays the
along-track errors of ERS-1 orbit predictions including time bias function updates. The
vertical dashed lines in Figure I indicate orbit manoeuvie events. The major part of large
inaccuracies can be found after the manoeuvres due to under- or overperformance of the
manouevres. In the first 250 days the accuracy was heavily affected by frequent manoeuvres
and also by large solar and geomagnetic activity. The overall along-track error can be
assessed at about 12 ms for the whole tracking campaign or at about 5-6 ms after the initial
8 months period of high solar and geomagnetic activity.
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Figure I: ERS-1 Orbit Prediction Accuracy in Along-Track Direction (91/07/17 - 96/07/27).

The steady accuracy improvements are traced back to the following facts:

- the improvements in the modelling of Earth’s gravity field and of surface forces,
- the decline of the solar and geomagnetic activity as shown in Figure 2,
- software upgrades for precise orbit determination.

Due to the increasing accuracy, the prediction period could be expanded from 1 week at the
beginning to 3 weeks at the end of the tracking campaign.

The ERS-2 satellite was launched on April 21st, 1995. The procedure of orbit prediction
generation is the same as for ERS-1. Since the launch 7,200 passes from 42 stations have
been acquired. The quality of the orbit predictions is very similar to ERS-1 during their
common operation phase, Since the along-track error development is small in general, each
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orbit prediction can be maintained for about 3 to 4 weeks if no manoeuvre happens, It is also
sufficient to update the along-track error estimate by 1 to 2 time bias functions per week.
However, it could become necessary to increase the frequency of orbit prediction updates

again, when solar and geomagnetic activity move into their cyclic maximum expected for the
year 2001.
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Figure 2a: Solar Activity (91/07/17 - 96/07/27).
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Figure 2b: Geomagnetic a, Indices (91/07/17 -96/07/27).

The Meteor-3 laser tracking campaign in support of the PRARE validation covered the period
from January 1994 to October 1995. Due to the relative high altitude of the spacecraft, the
orbit prediction generation could be carried out in a more relaxed way than in case of ERS-1/-
2. Typically orbit predictions were released after 3 weeks and time bias functions at weekly
frequency. The along-track errors of the orbit predictions including time bias function updates
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remained in general below 10 ms.

3. GFZ-1 Orbit Predictions

GFZ-1 is a pure laser satellite orbiting since April 19th, 1995. The primary mission goal is
to improve Earth’s gravity field models. Therefore a very low altitude, even the lowest
altitude orbit ever flown by geodetic missions, was chosen for GFZ-1. Dow [1996] reports
to the United Nations on the usefulness of new targets including GFZ-1 for the development
of new gravity field models.

GFZ-1 is a very fast moving target, For a tracking station, its apparent angular velocity is
about twice as large as for ERS-1/-2. With decreasing orbital altitude and increasing solar
activity, the drag pertubations exerted on GFZ-1 will dynamically increase in the course of
the 4 years mission. This will put more stringent demands on acquisition procedures in the
future. More details about GFZ-1 orbit perturbations and prediction problems can be found
in Konig, Chen [1994] and Reigber, Konig [1994]. Kénig et al. [1996] give an extended
report on various mission aspects.

GFZ-1 data analysis is exclusively based on laser tracking data. Since the launch more than
2,733 laser passes have been acquired. Figure 3 displays the number of tracking passes per
week. Obviously ‘the tracking record is highly correlated with Northern daylight or nighttime
tracking phases, because

- most GFZ-1 tracking stations are located on the Northern hemisphere,

- GFZ-1 visibility changes with an approximately monthly period from daytime to nighttime;
Daytime acquisition phases for the Northern hemisphere concur with nighttime phases for
the Southern hemisphere and vice versa,

- particular, during sparse tracking periods usually concurrent with Northern daylight phases,
orbit prediction accuracy degrades preventing quick acquisition in blind tracking mode.

The GFZ-1 orbit predictions are generally derived from laser tracking data. Only in case of
lack of tracking data, the orbit predictions are based on AFIT (Air Force Institute of
Technology, Massachusetts) twoline-elements. GFZ-1 orbit predictions consist of tuned IR Vs,
SAO-elements, time bias functions, and drag functions. The drag function [Chen, Kénig,
19951 in addition to the tuned IRVs was designed and introduced to the SLR community in
time before the GFZ-1 tracking campaign commenced. By using the drag function, the daily
deviation in along-track direction of the integrated orbit based on the tuned IRVs can be
reduced from about 22 ms to approximately 7 ms in these days of low solar activity. In the
upcoming high solar activity phase, the application of the drag function will become
indispensable.

It was found that using 1-2 days worths of laser tracking data for orbit predictions yields

better orbit prediction qualities than 3-4 days worths of data do. This may be deduced from
a corruption of atmospheric density scaling by older data. Nevertheless, the along-track orbit
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Figure 3: Acquired GFZ-1 SLR Passes per Week.

prediction errors rise very fast (see Table 1). Therefore orbit predictions are generated twice
per week in order to keep the orbit prediction accuracy at a sufficient level.

Id 2d 3d 4d

Time Bias [ms] 20 £ 20 73+ 70 152 £ 119 207 £ 144
Development

Table 1: Along-Track Error Development of GFZ-1 Orbit Predictions (95/04/21 - 96/10/14)

GFZ-1 orbit predictions have been updated by time bias functions once per day, if necessary
and possible twice per day. The time bias functions are determined not only from recent
tracking data, but also from orbit comparisons using recent 1-2 day tracking data and updated
solar and geomagnetic activity parameters. This method is useful because

- very short passes at low elevations yield instable time bias estimates,
- the GFZ-1 orbit responds very quickly to changes in solar and geomagnetic activity.

The assessment from both methods gives more confidence in the time bias function which is
finally delivered to the SLR community. However, in periods when only sparse tracking data
are available, both methods may yield very different, even opposite trends for the time bias
development. In such a case, a definitive decision does not come easy.

Figure 4 displays the along-track errors of GFZ-1 orbit predictions including time bias

function updates since launch., Extremly large errors occured mostly during operation
downtimes. In general the along-track errors size at the level of 20-25 ms during the first two
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days and at 45 ms after 3 to 4 days as depicted in Table 2.

1d 2d 3d 4d

along-track + 20 + 25 + 44 + 46
errors [ms]

Table 2: Accuracy of GFZ-1 Orbit Predictions Including Time Bias Function Updates
(95/04/21 - 96/10/14).

In general the accuracy seems to be appropriate for daylight ranging. It should be stressed
here that the drag function must be applied by the stations, because its extreme values reach
up to 50 ms.

Along-track Errors { msj
200

I

A \
100 — I

ol U\ﬂfu»ﬂ, pira ] Nily 1y
W Al N e ATV

Q 60 120 180 240 300 360 420 480 Day

0

Figure 4: Accuracy of GFZ-1 Orbit Predictions from Laser Tracking (7 day moving mean,
95/04/20 - 96/10/17).

Figure 4 shows two large gaps in May 1995 and in July 1996. In May 1995, the satellite
went into its first daylight visibility phase on the Northern hemisphere. Due to missing
tracking support from the Southemn hemisphere at that time and due to the rather new and
demanding acquisition requirements, the tracking record went to zero. The orbit predictions
had to be derived from AFIT twoline-clements. Tracking commenced again in June as the
satellitc moved back to nighttime visibility on the Northern hemisphere.

In the beginning of July 1996 very poor weather governed whole Europe. Due to unknown
reasons GFZ-1 was not acquired in other parts of the world. So the orbit predictions had to
be generated from AFIT twoline-elements again. The accuracy of GFZ-1 orbit predictions
based on twoline-elements is much poorer than from laser tracking data deduction. The
along-track errors range from 100 - 200 ms to 1 s. Also the radial and cross-track errors may

reach hundreds of meters. Daylight tracking in view of this poor quality becomes immense
difficult.

A0rvA



The quality of GFZ-1 orbit predictions is highly dependent on the quick transfer of Q/L data
from the tracking stations to the data analysis center. Some European SLR stations route the
GFZ-1 Q/L. data immediately after acquisition directly to GFZ/D-PAF. At CDDIS a special
facility was set up to allow hourly access of GFZ-1 Q/L data from some NASA stations . So
all in all a considerable amount of GFZ-1 Q/L data can be analyzed within a few hours after
acquisition.

One of the dominant factors for the limited quality of GFZ-1 orbit predictions originates from
the uncertainties of the atmospheric models. Therefore the influences of solar and
geomagnetic activity predictions on GFZ-1 orbit predictions in July and August 1995 were
investigated. During the investigation period, the geomagnetic and solar activities are part of
the low phase of the solar cycle. The accuracies of the activity predictions are good enough
for orbit predictions for satellites at higher altitudes like ERS-1/-2. For GFZ-1, serious
problems in orbit prediction accuracy result. GFZ-1 orbit predictions are extremly sensitive
to fluctuations of the geomagnetic a, indices and to the prediction errors of the a,values and
of the solar flux. Any peaks in the a, series as well as small errors can give rise to large time
bias deviations. A practical way to keep the time bias within certain limits is to keep the orbit
prediction period short and to update the predictions as frequent as possible.

Figure 5 displays the GFZ-1 tracking record separately in three regional groups: Europe,
North America, and Southern hemisphere plus Pacific. The geographic distribution of GEZ-1
passes is quite varying. More than half of all passes were tracked by a few European
stations, at a level of about 3 passes per day. About 1 pass per day was acquired from North
America or from the Southern hemisphere plus Pacific. Tracking from Asia came quite
sporadically. The concentration of tracking passes from Europe turned out beneficial for such
a difficult mission like GFZ-1. During sparse tracking phases (may be due to daylight ranging
or due to bad weather conditions) a continental cluster of stations trying to range nearly
simultaneously at the same target helps to increase the possibility that one of the stations can
acquire the satellite. Thus at least the acquisition loop can be maintained. In general the
European stations contribute to a better timely coverage of the observation of GFZ-1’s orbital
motion. However, from the viewpoint of precise orbit determination and Earth’s gravity field
modelling, it is highly desirable that the tracking records from other parts of the world would
increase to 2-3 passes per day. All stations capable of GFZ-1 tracking are kindly asked to
consider the possibility of putting highest priority on GFZ-1 tracking whenever feasible.

4, Conclusions

ERS-2 high quality orbit predictions are nowadays generated automatically. In contrast, GFZ-
1 orbit predicition generation still needs large personal engagement. However, GFZ-1 orbit
prediction accuracy is increasing thanks to the installation of fast data transfer procedures,
due to frequent orbit analyses and due to improvements in analysis techniques, The accuracy
in along-track direction rentains sufficient for daylight ranging as long as a minimum of about
2 passes per day are acquired. To meet the daylight ranging accuracy requirements the drag

function must be applied by the stations. The most important factor for keeping the orbit
prediction accuracy at a high level, is the fast and continuous flow of tracking data, especially
during the Northern daylight tracking phases. From the viewpoint of precise orbit and gravity
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Figure 5: Distribution of GFZ-1 Laser Passes in three regional Groups.
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field restitution, a more geographically balanced and a more timely continuous distribution
of the tracking data would be desirable.
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Abstrace:

The Matera Laser Ranging Observatory (MLRO) system is being developed by
AlliedSignal Technical Services Corporation for the Agenzia Spaziale Italiana. (ASI).
The contract began ar the beginning of 1994 and is entering the integration phase of its
development. A brief system description and a report of progress will be discussed.

Introduction

This paper is divided into three parts. The first section will discuss the MLRO system
characteristics and some of its features. The second section will discuss the current status
of the major subsystems and the overall stage of the system development. The third
section will describe some of the measures which have been taken to improve both the
quality of the delivered product and the overall engineering process. ATSC and the ASI
have worked closely together to ensure there is a clear understanding of the system
requirements, its design, and to make the development process as open as possible to
create a partnership relationship with the goal of producing the finest systemn possible.

System Characteristics and Features

The MLRO is a no-compromise, multi-mission system designed to perform satellite / lunar
laser ranging while supporting advance (experimental) development as well as
astronomical applications. It jis designed to facilitate highly-automated calibrations,
diagnostics and verification testing to ensure that the system will continue to operate at a
high performance level. The MLRO is expected to not only meet, but exceed its
specifications. A diagram showing the MLRO subsystems is illustrated in Figure 1.
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Figure 1: Primary MLRO Subsystems and Assemblies

The MLRO employs a multi-photoelectron approach to SLR. It is a large-aperture system
with an MCP-PMT detection approach using a 100 milli-Joule per pulse transmit energy at
a 10 Hz repetition rate. It has been designed to accommodate a two-color ranging upgrade
and can be easily adapted to accommodate a multi-kHz repetition rate if desired.

Telescope

The MLRO telescope is a 1.5 meter astronomical-quality telescope (manufactured to
ATSC-specification by Contraves USA). The primary mirror exhibits a A/66 wavefront
error and the secondary exhibits a A/88 wavefront error. The system uses a full-aperture,
common transmit/receive approach and will have an internal calibration target attached to
the end of the telescope for real-time system delay measurements. The telescope encoder
system resolution is 0.03 arcsecond and the repeatability was measured at the sub-
arcsecond level. A picture of the telescope is illustrated in Figure 2.



Figure 2: MLRO Telescope installed in the STALAS building at GGAO

Laser

The MILRO laser is a hybrid using a Lightwave CW mode-locked laser to produce a 100
MHz pulse train from which a pulse may be selected. This pulse is switched into a
Continuum regenerative amplifier, then switched-out at a precisely-determined time. The
output pulse travels through two power amplifiers. The resultant pulse is < 50 ps duration
with 100 mJ energy. A picture illustrating the laser is presented in Figure 3.
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Figure 3: MLRO Laser
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