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Abstract —SatTrack (V4.0) is a stand-alone
satellite orbit prediction and real-time track-
ing program for UNIX platforms with X Win-
dow System color graphics displays. Written
in C language, the program displays the loca-
tion of Earth satellites and provides information
for ground station control. A batch mode al-
lows predictions of satellite passes over spec-
ified ground stations. SatTrack features the
SGP4 and SDP4 orbit propagation algorithms.
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1. INTRODUCTION

With about 7000 catalogued man-made objects
orbiting around the Earth the demand for pre-
cision tracking is constantly growing [1]. Ap-
proximately 400 of those trackable objects are
operational satellites. Tracking all of these ob-
jects serves a number of purposes: 1. Surveil-
lance to keep the catalog of objects complete
and up to date; 2. Communications between
operational spacecraft and ground stations; 3.
Imaging of objects from the ground at visible
and infrared wavelengths. Tasks involved in
tracking artifical Earth satellites, both opera-
tional and space debris, include predictions of
satellite motions as well as real-time tracking
applications for either monitoring satellite con-
stellations, or to keep electronic or optical sen-
sors precisely pointed at objects passing over a
particular ground station.

Software needed to perform these tasks is usu-
ally rather complex. SatTrack (V4.0) is a newly
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developed stand-alone program that performs
both orbit prediction and simultaneous real-time
tracking of a large number of artificial Earth
satellites. The program is described below. It
has been written in the C programming lan-
guage and runs on a wide variety of UNIX plat-
forms. Color graphics displays are based on X
Window System (Version 11) library functions.

Keplerian Element Sets

Any tracking and orbit prediction program for
Earth orbiting satellites relies on the detailed
knowledge of the orbit geometry in order to
precisely determine the state vector, i.e. the
position and velocity in Earth Centered Iner-
tial (ECI) Cartesian coordinates, of a specified
object at a given instant of time. The accu-
racy of predicted satellite positions depends on
many factors: the precision of initial conditions
derived from observations, the accuracy of the
adopted force model, the accuracy of the theory
used in the calculations, and the time interval
between the epoch of the initial state vector and
the time of prediction [2].

The information on the orbit geometry is typi-
cally provided by the United States Space Com-
mand (USSPACECOM), formerly the North
American Aerospace Defense Command (NO-
RAD), and the National Aeronautics and Space
Administration (NASA) in form of Two Line
Keplerian Element (TLE) sets [3]. A TLE set
for a given satellite basically contains the name
and NORAD catalog number of the satellite; the
inclination of the orbital plane, right ascension
of the ascending node, and argument of perigee
describing the orientation of the Kepler ellipse
in space; the mean anomaly describing the loca-
tion of the satellite on the ellipse at a specified
time, known as the epoch; the mean motion and
eccentricity, describing the size and shape of
the orbit; several drag coefficients and first and
second time derivatives of the mean motion, as

well as the number of the reference orbit.

Orbit Propagation Models

TLE sets are generated based on certain mod-
els that take into account perturbations of satel-
lite orbits caused by solar and lunar third-body
effects, non-sphericity of the Earth’s gravita-
tional potential and atmospheric drag. There-
fore, these very same models must also be used
to predict the state vectors from these TLE sets
for a given instant of time. Two different mod-
els, the Simplified General Perturbations Ver-
sion 4 (SGP4) [3,4] and the Simplified Deep-
space Perturbations Version 4 (SDP4) [3,5] or-
bit propagation algorithms, are being used for
low-earth orbit satellites and for deep-space ob-
jects, i.e. those with an orbital period longer
than 225 minutes, respectively. SatTrack uses
these analytical models to calculate so-called
osculating or instantaneous Kepler orbits as a
function of time [6]. From these osculating
orbits the actual state vector is obtained and
then transformed into the Earth Centered Earth
Fixed (ECEF) frame using standard astronom-
ical coordinate transformations [7,8]. The re-
sulting vector is subsequently transformed into
observer centered coordinates using the current
international geodetic reference system and the
GRS 80 ellipsoid model of the Earth [9].

SatTrack Resource Files

SatTrack directly reads the TLE sets as its main
input data. Several UNIX C shell scripts are
provided to automatically retrieve current TLE
data sets from various computers at the Air
Force Institute of Technology (AFIT), NASA’s
Marshall Space Flight Center (MSFC) and Jet
Propulsion Laboratory (JPL), using the Internet
File Transfer Protocol (FTP). The SatTrack soft-
ware package also contains several filter pro-
grams allowing users to concatenate TLE sets
and create subsets for chosen groups of satel-
lites.



Other resource files contain information on var-
ious SatTrack default start-up parameters and
specific information for individual satellites, like
alias names, launch dates, attitudes in orbit plane
coordinates, uplink and downlink frequencies,
transmission modes, and the data base with the
ground station locations.

Depending upon the specific needs of particular
applications, SatTrack (V4.0) can be configured
in four different ways:

A. Basic orbit propagation and pass
prediction in tabular form

B. Real-time tracking with text and
numerical live displays

C. World map and sky view displays
with X11 color graphics

D. Graphical user interface (GUI)
for interactive program control
in the real-time tracking mode

Configuration A is the basic configuration, and
D the most sophisticated one, comprising all
features of the lower configuration levels A—C.
These features will be described in more detail
in the next four sections.

2. ORBIT PREDICTION MODE

In the orbit prediction mode SatTrack calculates
the circumstances of satellite passes for a spec-
ified ground station. The data will be either
displayed on the video terminal or written into
a file that can later be obtained as a hardcopy.
The program generates tables in a short and in
a long format. The orbit prediction can be run
either interactively or in a batch mode. In the
latter case all necessary parameters are specified
on the command line.

Short Prediction Format

The prediction of passes in the short form list-

ing gives the circumstances, i.e. the timing, ge-
ometry and visibility conditions, for every pass
during a specified time interval. The prediction
table contains one line per pass, indicating the
time at Acquisition of Signal (AOS), Maximum
Elevation (MEL)' and Loss of Signal (LOS), the
duration of the pass, the azimuth at AOS, MEL
and LOS, the maximum elevation of the pass,
a 5-digit visibility code, and the object’s orbit
number at the moment of AOS. Also, if a launch
date is specified, an additional column shows
the Mission Elapsed Time (MET) at AOS. A
number of filter functions allows the user to list
only passes with a certain minimum elevation
and spacecraft lighting conditions.

Long Prediction Format

The prediction in the long format consists of
a number of columns. The first column is the
time in specified fixed increments from line to
line. Other columns are the azimuth and eleva-
tion angles, range, latitude and longitude of the
sub-satellite point, the satellite’s orbital height,
apparent right ascension and declination, the
angle between the Sun, the satellite and the ob-
server, the Doppler shift and free-space path
loss, satellite lighting conditions and more. De-
pending upon the needs of a particular appli-
cation, these columns can be configured by the
operator in a number of different ways.

3. REAL-TIME TRACKING

SatTrack (V4.0) provides two different numeri-
cal live displays, for single or multiple satellites.
Cursor controls used in both live displays are
compatible with the VT100 standard, allowing
the program to be run basically from any termi-
nal.

SatTrack can track a single satellite and/or dis-
play multiple satellites for a primary ground
station. An autotrack mode allows switching
between any number of specified satellites as
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they rise and set. A fast-forward mode allows
stepping through the satellite motions at spec-
ified rates. Tracking of the Sun and the Moon
are also provided for pointing tests and receiver
calibration purposes.

The SatTrack source code allows direct con-
trol of antennas, optical telescopes, sensors,
and radio communications equipment with
proper Doppler corrections for telemetry, data
or message forwarding applications. Additional
user specific modules can be implemented with
ease. The tracking calculations can be per-
formed ahead of time, if required, to allow ded-
icated sensor control computers to react timely.
Generally, SatTrack can send the tracking con-
trol information, i.e. character strings contain-
ing the current time, azimuth and elevation an-
gles, Doppler-corrected uplink and downlink
frequencies and other critical parameters, to any
interface (serial or parallel ports, files, sockets,
pipes) as often as once per second.

The location of the ground station can be either
fixed or mobile. The latter case can be useful
for land and maritime mobile, or even airborne
applications. In this case current latitude, longi-
tude and altitude, or the Maidenhead grid loca-
tor [10] can be read from a Global Positioning
System (GPS) receiver.

Multiple Satellite Display

The multiple satellite live display shows one line
per satellite with its rise and set times, visibility
conditions during the upcoming pass, current
azimuth and elevation angles, range and loca-
tion of the sub-satellite point. Satellites are
shown in the order of the time of AOS if they
are below the horizon, or in reverse order of
the time of LOS if they are above the horizon.
This display also has a mode in which it shows
the inter-satellite range between a selected ob-
ject and any other object in the list of currently
tracked objects. Also, for any selected object

the inter-satellite visibility is displayed between
that object and the Tracking and Data Relay
Satellite (TDRS) System (TDRSS) [11].

The number of satellites in the multiple satellite
display is limited only by the speed and mem-
ory size of the computer SatTrack runs on. If
more satellites are tracked than there are num-
ber of lines on the display, the user can page up
or down to monitor all satellites being tracked.
Other commands allow objects to be added or
deleted from the autotrack list. Any object can
be marked as the selected one. The user can
then switch back and forth between the multi-
ple satellite and the single satellite display for
the selected satellite. Examples of the screen
layout for both numerical real-time displays are
shown below, as they are also part of the graph-
ical user interface.

Single Satellite Display

The single satellite display shows more detailed
current orbital information for the selected satel-
lite and the primary ground station. These data
comprise current azimuth and elevation angles,
range and range rate, latitude and longitude of
the sub-satellite point, orbital height and veloc-
ity, the instantaneous state vector, several event
timers, the circumstances of the next pass, dis-
tance and direction of the sub-satellite point
with respect to the nearest ground station, in-
formation for radio frequency communication
like Doppler corrected uplink and downlink fre-
quencies, and the uplink and downlink free-
space path loss. Also shown are the angular
position of the Sun and the Moon, as seen from
the primary ground station.

4. GRAPHICS WINDOWS

When SatTrack is run from an X Window con-
sole the real-time graphics displays can be
started up. SatTrack (V4.0) generates two dif-
ferent color graphics displays: a world map



tracking chart and a radar-type view of the local
sky.

World Map Tracking Chart

The SatTrack distribution contains eight differ-
ent world maps, all 360 by 180 deg in cylindri-
cal projection. There are two different styles,
the fill style and the line style, with four sizes
each. The user can choose any of those de-
pending upon available computing bandwidth,
size of the graphics screen and personal taste.
In addition, the user has a choice of six dif-
ferent color schemes. Amongst these color
schemes are the blue and green style, known
from the NASA Distributed Earth Model and
Orbiter System (DEMOS) real-time display, the
dark and light blue style, known from-the big
screen in NASA’s mission control center, a red-
only style for darkroom environments, and a
black-and-white style for high-contrast hard-
copies of the graphics windows.

Examples of the world map tracking chart are
shown in Figs. 1 & 2. SatTrack will show
the location of any number of specified satel-
lites superimposed on the world map. Special
icons are provided for the Space Shuttle, the
Russian Space Station Mir and the International
Space Station (ISS). The satellite icons or mark-
ers indicate if a particular satellite is in daylight
or darkness. The satellite’s name or its object
number is displayed next to the icon or marker.
The text in the header and footer lines refers
to the selected satellite and the primary ground
station.

The circle of visibility of a satellite, also referred
to as its footprint, is featured for any spacecraft
marked in the multiple satellite display. Cor-
respondingly, the acquisition circle is displayed
for the primary and any number of secondary
ground stations. Also shown are the ground
track of the selected satellite for the next three
orbits and the inter-satellite visibility between

this satellite and the TDRS satellites. The ob-
long feature over the Indian Ocean (cf. Figs. 1
& 2), known as the Zone of Exclusion (ZOE),
shows where no communication through either
TDRS satellite (in this case TDRS 3 and TDRS
4)1s possible. Other display features include the
Sun and the terminator with the dark side of the
Earth shaded in, the ground station nearest to
the sub-satellite point, and the MET. Grid lines
are spaced by 30 deg in latitude and longitude.

Sky View Display

A second graphics display shows a radar-type
view of the local sky with the predicted track of
the selected satellite. This display contains all
of the satellites currently being tracked that are
above the horizon at the location of the primary
ground station. Two examples of the sky view
display are presented in Figs. 3 & 4. Elevation
circles are spaced by 10 deg. The outermost
circle is the horizon, and the center cross corre-
sponds to the zenith. North is up, and East to
the left, as indicated in the display. The object
markers indicate the direction of travel and the
lighting conditions with different colors for the
daytime and nighttime part of the orbit.

The content of both graphics windows can be
written to a file in the X Window Dump (XWD)
format.

5. GRAPHICAL USER INTERFACE

The new GUI allows controlling all SatTrack
program functions in a user friendly form. The
central part of the window shows the numeri-
cal tracking data in either the multiple satellite
mode (Fig. 5) or the single satellite mode (Fig.
6). Mouse activated buttons in the two rows
below the central window are used to control
display features in the graphics displays and the
real-time tracking functions. Four of these but-
tons are programmed to reload or update data
from a number of resource files. The column

181



|
8
8
:
|

*1X9} U} UI POsSnOsIp sernjea) o) Surmoys ‘uonosfoid [eorrpur[£o ur yreyo Furyoer) dews piopy T 33

-

BPRUE] ‘4N ‘S,U4Or *35 4O 35 WU G'693 (HEBHD $oRML pUn0J9

£

182



“SaNI[[eIes Jo Joquinu 1ogre] & ynm 1eyo umjoen; dew pproa sy jo ojdurexa 1oyiouy g 3ansiy

T S s
SNIRIMNRY ‘SINOT 3404 30 INT WY §'149 JOZTHY: $yoRaL punody
. : S : : —

o

o

15d SESTHIPO G o 16Ul 5 82T el , 86 1 135040
. ot bl o sl A ,

183



184

of buttons to the right of the central window is
used to manipulate the multiple satellite list. A
message window below the title frame notifies
the user of certain events or warnings.

In the multiple satellite mode, shown in Fig. 5,
the individual lines are color coded to indicate
if a particular satellite is currently marked for
auto-tracking, and if the satellite is above the
local horizon. The multiple satellite display is
organized as discussed earlier in Section 3. An
example for the real-time display in the single
satellite mode is shown in Fig. 6.

The SatTrack (V4.0) graphical user interface
has been developed around a special new set
of on-screen building blocks, such as push but-
tons with callback functions and dialog boxes.
These widgets do not depend upon commonly
used Open Software Foundation (OSF) Motif
libraries [12]. This approach makes SatTrack
completely independent of other commercial
software packages, except those libraries that
are part of the UNIX operating system and the
X Window System.

6. ACCURACY OF ORBIT PROPAGATION

A number of tests have been made to verify the
functionality of the software and to determine
the accuracy of the orbit propagation algorithms
under a variety of conditions.

Model Implementation Test

Using the built-in state vector test feature, the re-
sults of the calculations of the SatTrack (V4.0)
SGP4 and SDPA4 state vectors were compared
with the numerical examples tabulated in [3].
After a propagation time of one day the agree-
ment in the X, Y and Z ECI coordinates was
found to be 3.0 m (1 ¢) for the SGP4 model and
2.7 m (1 o) for the SDP4 model. The veloci-
ties agree in all three axes after one day within
0.004 mv/s (1 o) for the SGP4 model, and within

0.0006 m/s (1 o) for the SDP4 model. This test
demonstrates that the SatTrack implementation
of these models reproduces the quoted examples
with the expected numerical precision.

Comparison with Other Software

The precision of SatTrack’s real-time tracking
display was also checked against real-time track-
ing charts generated with DEMOS. It was shown
that SatTrack (V4.0) and DEMOS are in excel-
lent agreement.

The Low Precision Model

For applications that require lower precision,
a simpler propagation model is provided, here
called the TLE Mean Model. This model does
not take into account any perturbations of the
satellite’s orbits and uses simplified drag terms
for the mean motion. The bearings of a num-
ber of GPS satellites as calculated by SatTrack
(V4.0) using this model were compared with
those displayed on a GPS receiver, and they all
agreed well within less than one deg in azimuth
and elevation angles. The results of the TLE
Mean Model were also compared with those
from the SGP4 and SDP4 models. With two-
day old TLE sets, the agreement between satel-
lite positions calculated from the TLE Mean
Model and the SGP4 model is 10 km (1 ¢), and
20 km (1 o) between the TLE Mean Model and
the SDP4 model.

Intrinsic Accuracy of the TLE Sets

The TLE data sets are updated by USSPACE-
COM or by the Flight Dynamics Division (FDD)
at NASA’s Goddard Space Flight Center (GSFC)
when predicted and observed position of a given
satellite differ by more than a preset tolerance
limit. For publicly available TLE data sets this
limit is of the order of 5 km for a particular
satellite, mainly in the direction of travel along
the orbit. This means that for objects in low-
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Figure 3. Example of the sky view display with all GPS satellites currently above the horizon at
Berkeley. Elevation circles are spaced by 10 deg. The outermost circle is the horizon, and the
center cross corresponds to the zenith. The object markers indicate direction of travel and lighting
conditions. The track across the sky is shown for a selected satellite, here GPS BII-04 (SVN 19,
PRN 19), and indicates whether that satellite is in sunlight or in the Earth’s shadow.
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Figure 4. Another example of the sky view display shows a large number of satellites above the
local horizon at the Diego Garcia tracking station in the Indian Ocean. The track across the sky is
shown for the selected object 10675.
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earth orbit the deviation between observed and
predicted azimuth and elevation angles as seen
from the location of the observer can be as large
as 1.4 deg, or 0.7 s in time.

Several typical examples for the update time in-
terval of the TLE sets are given for five different
satellites: 3.4 days for IUE; 1.7 days for TDRS
4; 3.2 days for HST; 0.7 days for NOAA 12; as
short as 2 hours for missions with frequent or-
bit correction maneuvers (STS-74 Atlantis/Mir
docking mission). These update time intervals
have been obtained by analyzing daily issued
TLE sets for these objects over a period of 40
days. Users who are interested in high precision
need to obtain updated TLE sets as frequently
as possible.

7. TRACKING EXPERIMENTS

The real-time tracking capabilities of SatTrack
have been demonstrated by observing satellites
with the two 65-inch trailer-mounted telescopes
of the Infrared Spatial Interferometer (ISI) [13].
This telescope system has its own control com-
puters (Motorola MVME-1478S) running the Vx-
Works real-time operating system (Wind River
Systems, Inc.). SatTrack runs on a UNIX host
computer (Sun SPARCstation IPC) and is inter-
faced to the Motorola VMEbus computers via
Remote Procedure Calls (RPC). The tracking
information is sent over the Ethernet once ev-
ery second and ten seconds ahead of time. The
real-time control computers then interpolate the
tracking data 100 times per second in order to
perform smooth tracking of the target object.

The drawbacks of this telescope system with
respect to observations of artificial Earth satel-
lites arise from the fact that it has been designed
for observations of objects that move across the
sky at the sidereal rate. The tracking rate of
the telescopes is limited to about 1 deg/s. The
particular Pfund-type geometry of the telescope

optics allows access to only half of the visible
sky. Also, the Field of View (FOV) is optimized
for high-resolution observations of stars and is
limited to 53 seconds of arc. The presently used
visible light guider cameras have a sensitivity
limit of 12-14 mag, which basically precludes
observations of geostationary objects.

Experimental Results

Despite these less than ideal experimental con-
ditions it was tried to acquire low-earth or-
bit satellites with one of the ISI telescopes.
About a dozen preliminary tracking tests have
been performed during terminator passes with
the Compton Gamma Ray Observatory (GRO),
the Hubble Space Telescope (HST), and Space
Shuttle Atlantis docked to the Mir Space Sta-
tion on mission STS-74. In all cases the image
of the tracked object was initially found in the
focal plane of the telescope within 5 minutes of
arc of the optical axis. In two cases the image
of HST showed up in the FOV of the autoguider
camera. It has to be mentioned that the acquisi-
tion tests were performed during the rising part
of each pass when the object’s velocity vector
had a strong radial component (70% or larger)
towards the ground station which reduced the
effects of in-track position errors. The two-line
Keplerian element sets used for these tests were
not more than a few days old.

8. SYSTEM REQUIREMENTS

SatTrack (V4.0) can be installed on UNIX sys-
tems either as a single-user program or in a
multi-user configuration with optional private
resource files for each user.

Since all of SatTrack’s graphics applications are
based on X11 and X11 Toolkit functions only
[12], the C language source code was easily
ported to a wide variety of UNIX and Linux
platforms: Sun SPARCstation IPC, 4, 5 or 10
with SunOS 4.1.x or Solaris 2.x; HP Apollo
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9000 Series 700 with HPUX; IBM RS-6000
with AIX; DEC Alpha with AXP/OSF; SGI In-
digo 2 with IRIX 5.3; 1386 and x386 with Linux,
NetBSD, FreeBSD and BSDI; X11R4, X11R5
and X11R6 with various window managers.

The SatTrack (V4.0) installation requires ap-
proximately 10 MB of disk space. In the sin-
gle satellite mode, an 1386 or 68030-type CPU
with a math co-processor is adequate. For run-
ning the program in the multiple satellite mode
with 20 satellites and with the color graphics
displays, a machine of 1486 or even SPARCsta-
tion quality is recommended. When SatTrack
is run in the multiple satellite mode with 1500
low-earth orbit and deep-space objects, a Sun
SPARCstation 4 can update the real-time nu-
merical display once every 15 seconds. Sat-
Track (V4.0) requires about 6 MB of memory
at run time when tracking 1500 objects with all
graphics windows open.

9. APPLICATIONS

Applications of this software package range
from visualizing orbits or monitoring positions
of individual artificial Earth satellites, or any
groups of satellites like the GPS, to prediction
of GPS Dilution of Precision (DOP) ‘holes’,
Space Shuttle mission planning and mission
control objectives. Since SatTrack displays
inter-satellite ranges both in real-time and in a
fast-forward mode, this program can be used
to perform on-line collision avoidance analysis
between manned spacecraft and other objects.
Warning levels for a minimum separation can
be configured by the operator.

The software package also allows automated
ground station control, for example for down-
loading of weather images, telemetry and re-
mote sensing data, or for message forwarding.
A wide number of applications becomes feasi-
ble with the real-time hooks built into modern

UNIX systems like Solaris 2.3 (Sun Microsys-
tems, Inc.), or in conjunction with VxWorks
(Wind River Systems, Inc.).

10. CONCLUSIONS

The SatTrack (V4.0) software package has been
shown to provide accurate orbit propagation of
artificial Earth satellites. The source code has
been written in modular form so that it can be
easily modified, adapted and expanded to the
needs of individual projects. More options like
world maps in different projections, including
zooming and 3D graphics, and plots (hardcopies
in PostScript format) of satellite traces either
on the world map or on the local sky, and pre-
dictions of inter-satellite visibilities and inter-
satellite ranges as a function of time are in the
planning stage and will be featured in a future
version of SatTrack.

Users of earlier versions of SatTrack (V3.1) in-
clude JPL, GSFC, MSFC, the European Space
Agency (ESA), the German Space Agency
(DLR), the National Aerospace Laboratory
(NLR) of The Netherlands, the Los Alamos
National Laboratory (LANL), the Amundsen-
Scott South Pole Station, and a large number of
universities and other institutions.
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