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THE S-BAND TELEMETRY, TRACKING, AND
COMMAND EXPERIMENT

R. H. PICKARD, P. E. SCHMID, and P. J. HEFFERNAN
Goddard Space Flight Center, NASA.

Abstract    The ATS-F S-band Telemetry, Tracking and Command Experiment is
designed to develop and demonstrate critical aspects of the technology necessary to an
operational tracking and data relay satellite (TDRS) system within the framework of
NASA’s existing applications flight programs. The experiment involves the
implementation and operation of a two-way radio link between a synchronous satellite
(ATS-F) and a near-earth orbiting satellite (Nimbus E). The link will be used for
precision range and range-rate tracking of Nimbus E from ATS-F, relay of Nimbus E
telemetry to the ground via ATS-F, and command of Nimbus E from the ground through
ATS-F. The basic purpose of the experiment is to gain experience in the implementation
and operation of real time telemetry, tracking, and command links using a synchronous
satellite relay. A specific major program goal is to establish the extent to which it is
possible to determine the orbit of a near earth orbiting spacecraft using tracking data
obtained from a synchronous satellite. It is anticipated that the experiment will be of
great value in defining the theoretic and practical problems associated with the design,
implementation, and operation of a future TDRS system.

Introduction    Existing space research and applications satellites require the support of
an extensive network of ground tracking and telemetry gathering stations augmented by
ships and aircraft. There are currently over one hundred such ground stations operated by
the United States alone. Many of these stations, however, have specialized capabilities
which constrain their use to particular tracking and telemetry data transmission schemes.
Thus the tracking and telemetry coverage afforded on earth orbiting spacecraft is
obtained by means of a series of relatively short observations and despite the large
number of ground stations many tracking and telemetry data relay gaps exist. This has
led to the requirement for orbit computations based on sequential tracking by multiple
ground stations, the “dumping” of on-board recorded data at opportune times, and, in the
manned spacecraft case, the augmenting of fixed-site ground stations with RF-equipped
ships and aircraft.

While the possibility of using synchronous tracking data relay satellites (TDRS) to
supplement and perhaps replace existing ground based facilities was pointed out as early
as 1963 by Dr. F. O. Vonbun of the Goddard Space Flight Center, the early state of



* Satellite Tracking and Data Acquisition Network, with S-band equipped sites at Rosman, North
Carolina; Quito, Ecuador; Tananarive, Malagasy Republic; and Fairbanks, Alaska.

** Goddard Range and Range-Rate S-Band Tracking system; see [10].

communication satellite technology at that time necessarily precluded any immediate
implementation. Subsequently, both NASA and the Air Force have conducted extensive
studies in the area of TDRS [1-6] . These studies have shown that a properly
instrumented network of synchronous relay satellites can provide complete tracking and
data acquisition coverage for a wide range of missions including manned and automated
space research and applications spacecraft. Potentially, such a system could reduce the
present number of ground stations and at the same time provide significantly increased
capabilities in the areas of tracking and communications.

Up to this point in time, these parametric studies have had little impact on the design of
next-generation low-orbiting satellite missions which would be the eventual users of a
TDRS. Such a system would necessarily impose specific constraints on mission
spacecraft, and it is entirely reasonable that managers of future space programs should be
reluctant to base the design of their spacecraft on the as yet undefined and unproven
support capability of a TDRS.

The high-gain S-band antenna of the ATS-F spacecraft provides a timely opportunity to
develop, exercise, and demonstrate numerous elements of the technology essential to an
operational TDRS within the framework, constraints, and schedules of presently planned
NASA applications mission launches. As presently configured, the experiment will have
the capability for providing limited incidental support to the Nimbus E mission
spacecraft. However, the planned system design is sufficiently flexible that additional
mission spacecraft could be readily accommodated, when provided with the necessary
S-band RF equipments. Hence, the ATS-F tracking, telemetry, and command experiment
will provide a comprehensive information base for future operational TDRS system
design.

Experiment Testbed    The basic elements of the experiment are shown in Figure 1.
They are: an ATS ground station (Rosman, Mojave, or Cooby Creek); the ATS-F
spacecraft in geosynchronous orbit; and the Nimbus E mission spacecraft which
communicates with the ground via the ATS-F spacecraft; and a STADAN* ground
station for direct low altitude satellite tracking. GRARR** tracking of the Nimbus E by a
STADAN ground station will provide a reference for evaluating the GRARR tracking
performance using the data relay link.



*** Exact frequencies depend on allocations to be made available for the ATS-F&G program and
are not known at this point in time.

Nominal link frequencies are:

• X-band for the ground/ATS-F/ground link: ~1 8.0 GHz up and ~ 7. 3 G Hz
down.*** 

• S-band for the ATS-F/Nimbus E/ATS-F link: 1.800 Ghz ATS-F to Nimbus E and
2.253 GHz Nimbus E to ATS-F.

• S-band for the STADAN/Nimbus E/STADAN link: 1.7992 Ghz STADAN to
Nimbus E and 2.253 GHz Nimbus E to STADAN.

Communications between the Nimbus E mission spacecraft and the ATS-F relay are
based on the use of the scanned 30' parabolic reflector on the ATS-F and a mechanically
steered (programmed or commanded) antenna on the mission spacecraft. The data
transmission capacity of the Nimbus E-to-ATS-F link is determined by the transmitter
power and antenna gain available on the Nimbus spacecraft.

Communications between the ATS-F spacecraft and its ground station will use a
moderately directive spacecraft antenna and a high gain antenna on the ground. The data
transmission capability of this link will normally exceed that of the Nimbus E-to-ATS-F
link so that the overall data capacity of the combined links will be determined by the
Nimbus E spacecraft’s EIRP (effective isotropic radiated power).

The experiment will require the repeater on-board the ATS-F to have the 8.0 GHz earth
to relay link cross strapped to the 1.8 Ghz relay-to-mission link, and the 2.253 GHz
mission-to-relay link cross strapped to the 7.3 GHz relay-to-earth link. The measurement
for range rate tracking will require a phase locked local oscillator on the ATS-F. System
bandwidths will be a nominal 500 kHz (3db) in the earth-relay-mission link, and will be
nominally 8 MHz (3db) in the return mission-relay-earth link. It is anticipated that all
these requirements can be met within the framework of the integrated communications
subsystem concept presently under consideration for ATS-F.

Tracking Experiment    The system testbed shown in Figure 1 will allow Nimbus E to
be tracked in range and range-rate (a) from ATS-F, W from the STADAN site, and (c)
from ATS-F and STADAN simultaneously. This implementation has been designed to
yield comprehensive data for establishing the feasibility of precision trajectory analysis
and orbit determination of near-earth spacecraft from a synchronous tracking station. The
results of this investigation will have major impact on both the scientific and
applications areas of NASA’s space program.



Scientific    First, it will be determined to what extent and with what metric tracking
errors a near-earth spacecraft (Nimbus E) can be tracked from another spacecraft
(ATS-F) in the system configuration typical of those proposed for future operation MRS
systems [6].

Second, a precision orbit will be determined using data from the orbiting tracking station
for both the near-earth spacecraft (Nimbus E) as well as the orbiting station itself (ATS-
F). In addition, precision orbits of both spacecraft will be determined using our
conventional ground tracking modes. This will then permit a comparison with and,
hopefully, verification of theoretical orbit error estimates.

Third, tests will be conducted to determine to what extent gravitational and systems
errors can be separated by this orbiting tracking station technique. A better
understanding of this problem may well lead to a better orbit determination capability for
near-earth spacecraft in general.

Applications    First, the results of this experiment will lay the foundation of the tracking
and orbit determination capability for a future tracking and data relay satellite system and
thus will influence the design and/or even determine the desirability to build such a
system. Once it has been shown that trajectory determination from an orbiting station is
feasible and advantageous, a final TDRS system design can be established with full
confidence as to its operational capabilities (and limitations) for support of near-earth
spacecraft.

Second, this experiment will show what trade off can be achieved between tracking and
orbit determination using a ground network and an orbiting network. This, in turn, will
give an indication under what conditions ground stations can be eliminated. At this time,
only theoretical studies, [6, 7, 8 and 9] not supported by experimental evidence, have
been performed to determine the trajectory errors to be expected for a near-earth satellite
when tracked by a synchronous “orbiting station”. These published studies reflect a
rather conservative view since their original purpose was to serve as a guideline for the
design of a future orbiting tracking system [6].

In contrast, this proposed experiment will show what actually pan be done using the
most sophisticated approaches we have available for precision orbit determination. We
will learn how best to handle metric information for orbit determination. We should be
able at that time to determine orbits significantly improved in precision compared to
what we can provide today for the following reasons: (a) current orbital development
programs will have been completed, providing a much better capability for precise orbit
determination using more sophisticated gravity terms, drag terms, solar pressure, earth
tide effects and lunar and solar gravitational perturbations; and (b) there will exist for the
first time the option to “select” tracking data along the orbit in an optimum fashion,



**** )R, FR, ) F 0R are respectively bias and random uncertainties in range and range-rate (R+ 0R;
)S is a positional uncertainty in absolute space. It should be pointed out that the orbit
determination procedure is essentially a transformation of range and range-rate data uncertainties
into uncertainties in position and trajectory. Thus, while precision tracking systems can obtain
R& 0R data with small uncertainties indicated, uncertainties in knowledge of vehicle position and
trajectory tend to be relatively great.

permitting better orbit and tracking data geometry which in itself reduces trajectory
errors.

At present, we have to accept tracking data from whatever station happens to have the
spacecraft in view during a pass. Experience over the last ten years unfortunately shows
that this is not often that portion of the orbit which is optimally suited for trajectory
determination (error minimization). In addition, we will be able to further improve our
knowledge of the earth’s gravitational potential, and the other unknown forces acting on
a spacecraft mentioned previously. With an orbiting tracking station such as ATS-F, we
have the opportunity to observe a near-earth spacecraft over large portions of its orbit
and thus may be able to detect earth harmonics through variations in the measured range
rate.

Anticipated Tracking Performance    The difficulty in extrapolating existing
techniques for satellite trajectory analysis and orbit determination to include the case of
range and range-rate data obtained through a synchronous satellite is such that
experimental verification of predicted results is considered essential ‘ Nevertheless,
some idea of the performance to be expected may be obtained from a consideration of
the excellent correlation between theory and practice in the case of earthbased satellite
tracking.

In the following, a tabulation of the trajectory errors of the present ATS-I and III
spacecraft is shown. Orbit errors based upon (A), error theory as well as (B), errors from
orbit overlap techniques using our Definitive Orbit Determination System are presented:

(A) ATS - Position Errors
Error Theory

Using tracking system errors of  ) R = FR = 15m, and ) 0R = F 0R =  0.5cm/s and tracking
the ATS spacecraft for 24 hours (5 min. of 1 per sec. (R+ 0R) - tracking every 1/2 hour)
one obtains total r.m.s. position errors of:****

Case (1) ) S = 300m
Case (2) ) S = 1200m



 The value under (1) is based upon hypothetical tracking by Toowoomba and Mojave.
That under (2) is based upon hypothetical tracking by Carnarvon and Toowoomba. The
reason for the large difference in the error is the good tracking geometry of (1) (EW and
NS separation), and the poor geometry of (2).

(B) ATS - Position Errors
Definitive Orbit Determination

Using real data, orbital overlap techniques, and our Definitive Orbit Determination
System, the following r.m.s. position errors have been obtained in the past:

)S = 1500 meters

for a case in which Rosman and Mojave were used as tracking stations. This corresponds
geometrically to the Carnarvon-Toowoomba case mentioned under (A) above. As can be
seen, the theoretical and practical errors are in good agreement.

(C) Expected Nimbus Trajectory Errors Using ATS as an Orbiting Station -
Theory Only

Using expected tracking systems errors of )R = F R = 8m and  )R =  F 0R = 0.5 cm/s and
tracking the Nimbus spacecraft for 24 hours (5 min. every 2' hour as mentioned before
for ATS) via the ATS spacecraft, existing theory [7, 8, & 9] predicts the following total
position errors for Nimbus E when tracked by ATS-F alone:

Case (1) ) S = 250m
(Using a total ATS error of 350 meters.)

Case (2) )R S = 100m

(Assuming one solves specifically for the “fixed” ATS position and
the major error of the ATS is 250m perpendicular to the orbit plane.)

Either of these predicted performances represents a Nimbus orbital uncertainty at least an
order of magnitude better than generally obtained with earth-based tracking techniques.
Of particular importance is the fact that these predicted positional uncertainties would be
obtained with a minimum of data preprocessing and editing prior to actual orbit
computation. To obtain comparable positional accuracies with the most sophisticated
earth-based tracking techniques requires relatively large amounts of raw tracking data
representative of optimum system geometries and view times. This generally requires
weeks or months of actual satellite observations from multiple tracking stations.



The predicted improved performance in trajectory analysis and orbit computation in the
synchronous tracking case can be attributed to a number of factors including:

• Improved system geometry, i.e., continuous viewing allowing selection of
optimum data points leading to rapid convergence of the orbital solution;

• Minimization of tracking data preprocessing to correct for tropospheric and
ionospheric effects;

• Substantial reduction in uncertainties associated with individual ground station
calibration and data time-tagging.

Verification of the predicted performance of near-earth orbiting spacecraft orbit
determination using tracking data obtained through the ATS-F synchronous satellite is
considered to be the major scientific and applications goal of the overall experiment.

Nimbus E Subsystems    The experiment package to be included in the Nimbus E
spacecraft payload consists of an augmented two-channel GRARR S-band transponder, a
top mounted articulated antenna, and a programmable antenna control system. These are
described briefly below.

GRARR Transponder    Tracking of Nimbus E will be performed using the GRARR
S-band system using multiple side tones for range and carrier doppler shift for range-
rate. The Nimbus E communications and tracking package will be a modified version of
the basic GRARR transponder described in [10]. The transponder is designed to permit
simultaneous range and range-rate measurements from the relay link and from a
STADAN Station. This arrangement permits independent tracking of Nimbus E both
from the ground and from synchronous altitude. This is a particularly attractive feature of
the proposed experiment. The transponder receive frequency will be 1800 MHz using the
data relay link and 1799.2 using the STADAN link. There is a single output frequency,
2253 MHz, with the input signals appearing as angle modulated sidebands at ±3.2 MHz
for the 1799.2 MHz input and at ±2.4 MHz for the 1800 MHz input.

Figure 2 is a block diagram of the transponder. The design is essentially as discussed in
[10] except for inclusion of: low-noise RF preamplifier; an output powef’amplifier;
several gating circuits; a command receiver discriminator; and a predetermined data
source, designated digital evaluation module (DEM).

The RF preamplifier and output power amplifier are necessary to permit precision two-
way range and range-rate tracking in the link with ATS-F. The discriminator will serve
to detect up-link command signals for operating the experiment package in its several
modes during the course of scheduled experiment on-time. The DEM will generate
pseudo-random binary data at selectable rates for purposes of evaluating the
communications performance of the Nimbus/ATS RF link.



Top-mounted Antenna Subsystem    The top-mounted articulated antenna will provide
a nominal 16 db of directivity in links to ATS-F and will simultaneously serve as an
effective omni antenna in links to STADAN. The latter is possible because the range
differential to STADAN is so great that viable two-way tracking links will be possible
even when operating in the extreme nulls of the directive antenna back-lobes. The
proposed antenna implementation is a quad helix array of the type shown in Figure 3. It
will be mounted atop the Nimbus controls package on a bi-axial gimbal of the type
shown in Figure 4. This gimbal assembly will permit the antenna beam to be moved in
stepped fashion anywhere in a circular cone of approximately 120E about the spacecraft
local vertical, permitting links to ATS-F under all conditions of spacecraft mutual
visibility.

Antenna Control System    The control electronics for the bi-axial gimbals will drive
the gimbals in stepped or articulated fashion during an experiment pass. The prime mode
of operation of the control system will be through a programmer up-dated and activated
through the conventional Nimbus stored command system. A secondary mode of
operation is through the real time command link through ATS-F. The antenna 3 db
beamwidth of roughly 26E requires the order of 16 distinct stepped antenna positions in
each of the orthogonal axes to keep antenna pointing losses below a design goal of 1 db.

ATS-F Repeater    The ATS-F satellite functions as a two-way communications repeater
between the ATS ground station and the Nimbus E. The ATS-F performs this service by
using a two-way transponder, an earth viewing X-band antenna and an S-band Parabolic
Antenna tracking the Nimbus E.

The proposed experiment imposes a number of very specific requirements on the ATS-F
communications transponder. For simplicity, these are tabulated below:

• Receive at 8.0 GHz (nominal), with conversion to 1.800 GHz (nominal) using a
local oscillator which is phase-locked to the carrier component of 8.0 GHz signal
at the spacecraft;

• Transmitted S-band EIRP $ 47 dbw (on-boresight);
• Receive at 2.253 GHz (nominal), and up-convert to 7.3 GHz (nominal) using

mixer frequencies derived from the same local oscillator used in the previous
conversion from X-band to S-band;

• ATS-F S-band receiver sensitivity G/T $ 10 db/EK(on-boresight).

A proposed approach to ATS-F communications subsystem design is to use a single local
oscillator in the spacecraft and convert all signals to an IF of approximately 150 MHz.
Selectable IF band-pass filters would be provided to control the noise bandwidths of the 



signals. A phased locked local oscillator is required to preserve the accuracy of the
range-rate tracking using carrier doppler shift. A candidate design is shown in Figure 5.

The earth viewing antenna will be an X-band horn antenna having an approximate
directivity of 25 degrees for both receive and transmit. The Nimbus E viewing antenna
will be the thirty foot electromechanically steered S-band antenna on ATS-F. One
proposed configuration is a feed structure consisting of a row of cavity backed spirals.
Any single feed can be selected by command to move the S-band antenna beam up to
±7 1/2 degrees off bore-sight in one plane. Mechanical rotation of the feed structure
produces scanning in any plane.

The ATS-F S-band antenna will track the Nimbus E by antenna commands sent from the
ATS-F ground station. The ATS-F antenna position to obtain a line of sight view of
Nimbus E will be provided for at the ATS ground station from Nimbus E orbital
predicts.

ATS Ground Station    The ATS ground station equipments for the ATS-F/Nimbus E
Data Relay Experiment will be located at one fixed ATS ground station, an adjacent
collimation tower and at a mobile ATS ground station. The equipment located at the
fixed ATS ground station will provide for Nimbus E tracking and data acquisition. In
addition, the fixed ATS ground station will contain instrumentation for measuring the
performance of the data relay link. The collimation tower is the test target for evaluating
and calibrating the fixed ATS ground station tracking equipments. The mobile ATS
ground station will be used to simulate Nimbus E on the ground and will function as a
test target for the orbiting ATS-F prior to ATS F operation with the Nimbus E. The three
basic elements are shown in some detail in Figure 6.

A distinctive feature of the proposed ground station implementation is the use of existing
ATS-R range and range-rate measurement equipment to generate the experiment tracking
signals. The ATS-R system [11] is a high precision tracking scheme designed to work
with wideband communications repeaters such as those flown in the ATS-I and III
spacecraft. In its normal mode of operation it measures range with sidetones as in
GRARR but measures range-rate on a 5 MHz subcarrier rather than on the carrier. The
receiving equipment alone need be modified to permit the existing ATS-R system to
measure coherent carrier doppler in the experiment with Nimbus E.

Power Budgets, Multipath, and RFI    Illustrative power budgets for the several critical
RF links involved in the experiment are shown in Table 1. Link capability is computed in
terms of a Pr/KT ratio, i.e., the ratio of total available signal power to white thermal
noise power density measured at the input to the receiver of the link in question. As the
RF links between the ground and ATS-F are significantly stronger than those between 



ATS-F and Nimbus E, signal/noise degradation effects due to tandem link transmissions
are not included.

It has been shown [12] that the Pr/KT ratios of the ATS-F/ Nimbus E and Nimbus
E/ATS-F links will support precision two-way range and range-rate tracking using
GRARR sidetone techniques with the remodulating transponder implementation shown
in Figure 2. Alternatively, it may be readily seen that the Nimbus E/ATS-F link will
support one-way digital data transmissions at rates of the order of a hundred
kilobits/second with bit error probabilities of 10-5 using coherent phase shift keying.

Preliminary studies [13] have indicated ‘that multipath effects on tracking and
communications in the ATS-F/Nimbus E S-band links except under pathological
condition which exists when the Nimbus is entering into or emerging from earth-
occultation. At such times, severe interference is to be expected, rendering the links
unviable for purposes of communications and tracking.

A survey [14] of earth-based emitters operating at the system S-band frequencies of 1800
and 2253 MHz has indicated that RFI will not be a serious or systematic problem. While
it is anticipated that earth-based RFI will disrupt the 1800 MHz ATS-F/Nimbus E link
for as much as 5% of the total available mutual viewing time (assuming an ATS-F on-
5tation location over the western coast of South America), this is not considered to be a
problem from the point of view of long-term experiment operations. The 2253 MHz
Nimbus E/ATS-F link, on the other hand, is expected to be RFI-free virtually 100% of
the time. Thus, based on available data on earth-based S-band sources, RFI is not
considered to be a significant factor in either experiment design or operations.



Table 1
Illustrative System Power Budget
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Figure 1.  ATS-F Data Relay Experiment



Figure 2. Nimbus-E Communications Subsystem,
ATS-F/Nimbus-E Data Relay Experiment

Figure 3.  Bifilar Quad Helix Antenna



Figure 4.  Biaxial Drive Assembly

Figure 5.  ATS-F Repeater, ATS-F/Nimbus-E Data Relay Experiment



Figure 6.  Block Diagram, ATS Ground Station,
ATS-F/Nimbus-E Data Relay Experiment




