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ABSTRACT

The Ground Segment of the TDRS System is a highly complex family of automated
communications equipment that is capable of providing awide variety of ground
communications signal processing capabilities to satisfy the specia needs of each of the
many user satellites. These needs are accommodated simultaneoudly for as many as 28
user satellites.

This paper complements the previous papers in describing the Ground Segment functions
and the implementation of the hardware that provides these functions. It describes the
seven antennas needed to establish the communications paths to the four TDR satellites
that make up the TDRSS. The forward services, return services, tracking services and self-
test verification services are described. The descriptions cover the extreme versatility for
providing frequencies, bandwidths, modulation/demodul ation needs, data formats and data
rates that are required by the specific users. Performance characteristics are presented for
the key elements of the ground segment.

| ntroduction

Asin any system, a unique vocabulary is used to define the various aspects. For TDRSS,
thisis most readily done with reference to the TDRS, as presented in Figure 1. Signals
from TDRS to the user satellite are denoted as Forward signals; those from the user
satellite to TDRS are Return signals. The two large antennas on the spacecraft operate
both at S-band and K-band, with beamwidths of 2 degrees and 0.28 degree, respectively;
these antennas can be pointed accurately by computer control, or operate in afull
autotrack mode.

Because of the narrow beamwidths, each antenna can operate only with a single user
satellite. Thus the respective communication services are denoted as SSAF (S-Band Single
Access Forward), SSAR (S-Band Single Access Return), KSAF (K-Band Single Access
Forward), or KSAR (K-Band Single Access Return). On the center structure of the
satellite, an array of helix antennas are located. By combining the patterns of each of the
30 antennas in the array, up to 20 user satellites may be supported simultaneously. This



feature is denoted as MA (Multiple Access). The remaining antennas are used for
Up/Down link between TDRS and White Sands, telemetry control, and Advanced Westar.

The Ground Terminal

Aswould be expected, the facility at White Sands is significantly larger than other tracking
facilities. The photograph in Figure 2 readily shows seven antenna systems and a large
building complex. In addition to a large computer facility and the NASA complement of
equipment, the building contains 128 racks of e ectronics equipment housing the various
transmitters, receivers, and associated hardware.

The entire facility operates only as a“Bent Pipe,” that is, no datais developed or
processed on site. Communications signal processing is done at other locations, such as
NASA headquarters. Other antennas are located adjacent to the facility used to relay the
data through commercial communications satellites to the end user.

The three large antennas are the communication link with the three operational TDRS. The
Advanced Westar Telemetry and Control antenna, which would control the fourth satellite,
has not yet been erected. The Advanced Westar commercial communication terminals will

be located el sewhere in the United States.

A relatively small antenna, adjacent to the large ones, is an emergency telemetry and
command antenna to be used in event of failure of the large antennas or associated
equipment. The antennais used to keep the TDRS functioning until the normal equipment
Is placed back in service.

The three antennas that are located on the roof will be discussed |ater.

System Configuration

A simplified block diagram, Figure 3, provides afocal point to begin discussion of the
various hardware assemblies. As previously indicated, these are arranged in service
groups, with the name for the service that is indicated in the discussion of the satellite.
Ancillary equipment will also be discussed in the following paragraphs.

CTFS (Common Time and Frequency Standard)

Aswill be shown later, the system is designed for high accuracy range tracking of the user

satellites. The limitation of the system is phase noise on the carriers. Minimum phase noise
was achieved by the use of cesium frequency standards and subsequent filter techniquesin

the development of the 5 MHz reference signal used throughout the facility. From this



reference, all timing signals are derived; the reference signal is used for al phase-locked
local oscillatorsin the receiver and transmitter systems to maintain phase coherence.

Standard time synchronization is provided by Loran C. Measured phase noise performance
Is-114 dBc at 2.2 Hz.

60-Foot Diameter K-Band Antennas

Again with reference to the ssimplified block diagram in Figure 3, note that the three large
antennas are labeled North, Central, and South, denoting their physical location at the
facility. Each of these operates with a separate TDRS.

Design considerations for these antennas include high pointing accuracy, high gain, and
low noise. The high pointing accuracy was needed in determination of the exact location of
the TDRS. An autotrack pointing error of lessthan 0.01° was achieved. The 3 dB
beamwidth of these antennas (at 15 GHz) is 0.08° with again of 67 dBi. A receive
sengitivity of 40 dB/° K was achieved in the 13.4 to 14.4 GHz range with uncooled
parametric amplifiers.

A reflector surface tolerance accuracy of less than 0.015 inch rms was achieved. This
required a new concept in mechanical design and was accomplished using an automotive
stretch forming process. After the panel skins are formed, they are epoxyed to arib
structure. Three sizes of panels were used to form the dish surface.

An elevation-over-azimuth design was selected, with the azimuth rotation consisting of a
wheel and track arrangement. A spindle bearing tie-down structure prel oads the antenna;
I.e., adds about 100,000 pounds force to the antenna weight to ensure proper mating of the
wheel and track assembly. It should be noted that the required accuracies were achieved
without the need for radomes, even though White Sands ground terminal islocated in a
high-wind location. The large box-frame construction of the antenna assembly provides a
large area on the azimuth platform for an electronics enclosure. The servo amplifiers and
waveguide pressurization system are included in the enclosure.

The feed and subreflector are contained in a unipod structure to minimize antenna
blockage. In addition to transmit capability, the feed contains a monopulse tracking
network. Furthermore, orthogonal linear polarization isincluded, as well as the ability to
rotate polarization under computer control.

The need for polazization rotation is due to the relative angular change between the ground
and the TDRS, as the orbit of the TDRS varies. The need for orthogonal polarization is



due to the large amount of frequency spectrum required. Two signals of the same
frequency can be used through the technique of polarization isolation.

|FL (Inter Facility Link

Returning to the block diagram (Figure 3), the IFL connects the antennas to the building
This required more than 6000 feet of waveguide located in trenches. Because of the long
lengths, circular waveguide is used for low loss. Other than parametric amplifiers located
in the antennas, al active RF equipment is located in the main building. Waveguide
distribution in the building, including circular to rectangular transitions, is located under
the computer room floor.

Asin al other aspects of the system, optimum performance was achieved by attention to
al details. As an example of system performance requirements, from the antennainput to
the NASA interface (including all electronics), phase variation from linear must not exceed
+3.8 degrees. Also, the amplitude variation across the passband must not exceed

+0.38 dB, worst case.

EMERGENCY T&C (Telemetry and Control)

The emergency T& C service utilizes an 18-foot diameter antenna operating nominally at
2 GHz. Redundant 2 kW transmitters are co-located with the antennas. All other
electronics are located in the main building. The high power enables use of an omni-
antenna on TDRS, enabling communications regardless of spacecraft attitude.

This equipment, as well as all other equipment to be discussed, is computer controlled.
Controls or indicators are used only for maintenance purposes. During normal operation,
doors cover the racks to ensure proper air flow distribution and to provide electromagnetic
shielding. The system features afault alarm system to assist in location of afault and
Immediate service restoration through redundant equipment. Spares replacement is at the
card or chassis level to minimize equipment outage.

Returning to the T& C equipment, when the TDRS fails to receive telemetry and control at
K-Band, it automatically switches over to S-Band, where the emergency T& C takes over.
The system includes such automatic features as sweep of the carrier to enable acquisition.
The downlink receives telemetry from the TDRS indicating it has acquired the satellite.



Axial Ratio and Verification

The axia ratio antenna, located on the roof of the building, is used in conjunction with the
verification equipment to verify that proper polarization of the large antennas on TDRSS
has been selected.

The verification equipment provides the capability to determine operational status of the
system through the use of spectrum analysis.

Simulation

The K-Sim and S-Sim antennas are also mounted on the building roof. These antennas, in
conjunction with the simulation equipment, are used to emulate a user spacecraft. Through
computer control, virtually any spacecraft can be smulated. The primary purpose of this
equipment isto verify operation of the TDRSS if problems are encountered when working
with a user spacecraft. In this mode, the antennas on the TDRS are pointed at White
Sands, and communications are established as if the smulators were an actual user
spacecraft.

The smulator has the capability to vary its transmit power, receive G/T, and awide range
of communication signal formats. The TTG (Test Traffic Generator) may be used in
conjunction with the simulator, or test traffic may originate from NASA viathe Nascom
Wall interface through the NSTI (NASA Simulator Traffic Interface). Conversely, the
output of the Simulator receiver may be applied to NASA to test the forward link from
NASA-generated traffic through the ground terminal, through the TDRS and return to
NASA interface.

As a secondary capability, the Simulator can be programmed to emulate a new satellite
design. This configuration would then be tested with the TDRSS to determine
compatibility.

The smulator is actually composed of five different smulators, including MA, SSA, KSA,
plus both S- and K-band space shuttle smulators.

When the space shuttle becomes operational, it will be supported by the system on a
priority basis. To ensure accuracy of the space shuttle smulators, the simulators contain
equipment identical to that in the actual space shuttle, asfar asit is practical.



Forward Service

The forward servicesinclude TTC, MA, SSA, and KSA. That is, the ground terminal
includes the forward link to communicate with each of the types of satellites to command
the spacecraft for its mission requirements.

The TT&C forward link is the Tracking, Telemetry, and Control link to the TDRS, and is
used for normal station keeping and configuration control. (Except for emergency TT&C,
al forward links are through the 60-foot antennas at K-band.) Control of TDRS includes
the position control of the two large single-access antennas. These antennas can be
operated in an open-loop pointing mode or in a closed-loop autotrack mode. A unique
feature of the system is the long loop, with the autotrack error detector located on the
ground. As previoudly indicated, these antennas have a 0.28 degree beamwidth at K-band,
hence the requirement for autotrack. Open-loop pointing is normally used only during
acquisition mode.

The major differencesin the MA, SSA, and KSA forward services is bandwidth. Each of
the 15 service transmitters include modulators, upconverters and a 200-watt TWT, with
closely controlled performance parameters. The mgjor items are as follows: AM/AM,
AM/PM, modulator I/Q gain imbalance, I/O orthogonality, data asymmetry, transition
time, datatransition induced PM, PN chip jitter, spurious PM, 1/Q PN chip skew, PN
asymmetry, and PN chip rate. Others include phase noise, spurious signals, intermod
performance, etc. Since the technical specification for the ground terminal isitself a
document more than 4-inches thick, it would be impossible to present a detailed list of
those technical parametersin this paper. Let it suffice to say that the hard specifications
resulted in true state of the art performance in all areas.

From the preceding information, it can be seen that the primary transmission is digital
communications, but alinear channel is provided to allow NASA to perform special
experiments. The normal transmissions are NRZ added asynchronously to PN code for
spread spectrum. The PN code selection and modulation format is under computer control.

Each carrier is modified by a Doppler corrector to effectively remove the Doppler
component or the carrier received at the user spacecraft. Thisis controlled by the ADPE
(Automatic Data Processing System) based on estimated range rate between the user
spacecraft and TDRS, or on actual range-rate tracking data.

The 15 service transmitters enable simultaneous transmission of 15 user spacecraft. By
using timesharing techniques, avery large number of spacecraft can be controlled. The 15
services are divided among the three 60-foot antennas as follows. one MA, two SSA, and
two SA on each antenna which, in turn, works through each of the three TDRS.



Return Services

Signals originating at the user spacecraft are relayed through TDRS to the ground terminal.
Again, the types of usersare MA, SSA, and KSA. Although SSA and KSA have linear
channels, the system is primarily designed for digital data. The exceptionisa TV channel
from the space shuttle. The system can handle data rates from 100 b/s to 300 Mb/s. The
primary emphasisin the design of the system is the achievement of high bit-error rate
performance even though the user spacecraft have very low power transmitters. Every
aspect was carefully analyzed, and actual performance has been achieved that closely
approximates theoretical predictions.

The MA return service handles data rates from 0.1 to 50 kb/s. The SSA handles 100 b/s to
12 Mb/s, and the KSA handles 1 kb/sto 150 Mb/s (150 Mb/s | + 150 Mb/s Q = 300
Mbp/s). The user spacecraft may have the following data formats. NRZ-L, NRZ-M,
NRZ-S, Bio-L, Bio-M or Bio-S without convolutiona coding or NRZ-L, M, S, with
convolutional coding. In al cases, the data is Modulo-2 added asynchronously to the PN
code. Hence, the result is a spread spectrum transmission. The spacecraft can
simultaneously transmit separate data on the | and Q channels of QPSK modulated carriers
or use PSK on the | channel only.

Because of the large number of spacecraft expected to use TDRSS and the unique mission
requirements of each spacecraft, a message will be received from NASA which will
instruct the ADPE (Automatic Data Processing Equipment) to configure the system for the
user. (A ssmple listing of the setup message would require two pages, so let it sufficeto
say that there are a very large number of control parameters that are needed to point the
antennas on the TDRS and configure the ground equipment for the type of service, data
rate, etc.) No operator intervention is required to complete the mission under normal
circumstances. Because of the redundant capability of the ground terminal, certain types of
failures will initiate automatic switchover. Service performance is measured, in terms of
bit-error rate, and is automatically reported to NASA. If signal quality is not as expected, a
fault location process is initiated; this might include using a ssimulator to determine if the
fault isin the TDRSS or in the user spacecraft.

The computer software development is a monumental feat in itself. It would he avery large
task if it only had to take user spacecraft position vectors and determine where to point the
antennas on TDRS to track the user spacecraft. The versatility of the system only
complicates the software and increases the size of the control computers.

The following paragraphs provide further insight into the Return Services.



MA (Multiple Access) Return Service

There are 30 independent antennas on the TDRS. On the ground, through a switching
matrix, 20 independent demodulation channels may be connected to any of the 30
antennas, on any of the three TDRS. By varying the phase and amplitude of each of the
received signals, then combining those signals prior to the demodulation process, a
phased-array receiving system is developed. This system provides the desired
electronically steered antenna, but at the same time, enables the majority of the equipment
to be located on the ground, which saves weight in the spacecraft and allows
maintainability of the equipment.

The configuration enables 20 users to be supported simultaneously. The effective
combined beamwidth for each channel is 3.5 degrees with a corresponding effective
antenna gain of more than 30 dB. This portion of the system will be covered in detail in
another paper presented at the ICC convention, and the reader is referred to that document
for additional details.

Technically, the magjor design considerations centered on accuracy of the amplitude control
and phase shift networks, as well astheir stability. The implementation required time delay
matching through all channels to an accuracy of +10 nanoseconds. Throughout the entire
ground terminal, all RF cables have carefully controlled time delay characteristics. Since
the system operates open loop and is controlled by the computer, the system includes a
calibrator that enables verification and recalibration automatically on a periodic basis.

SSAR (S-Bard Single Access Return)

The S-Band Single Access Return recelving system utilizes the large antennas on the
TDRS. The two large antennas on each TDRS are normally used independently, but the
capability of the system includes pointing of both antennas at a single user spacecraft and
combining the signals for enhanced bit-error-rate performance.

Asin the case for other received signals, the signals are first Doppler corrected, then
despread using PN coding techniques, and finally applied to appropriate QPSK/BPSK
demodulators. Bit synchronizer and associated combiner/switching networks route the data
to the NASA Interface. A wide variety of signal formats may be handled in conjunction
with computer configuration.

The types of datato be handled include both BPSK and QPSK. The I/Q Data relationships
include synchronous, staggered, or independent, and al NRZ and BiO-M, S data formats
are converted to NRZ-L.



In addition to the stringent specifications imposed, a switchable equalizer isincluded in
each channel to correct for distortionsin the TDRS.

KSAR (K-Band Single Access Return)

All of the comments made about SSAR also apply to KSAR, except signal combining. The
major differences, as previoudly indicated, are the data rates, with the wider bandwidth at
K-band being capable of supporting higher data rates. In addition, the K-band return
includes TV video channels from the shuttle spacecraft.

At the beginning of the program, it was thought that the most difficult task would be
handling 300 Mb/s data. A careful implementation process removed this problem. In fact,
the major problem has been very low data rates ( 500 b/s). The combination of low EIRP
from the user spacecraft and high Doppler dynamics are so incompatible that it is very
difficult to achieve such a design.

RARR (Range and Range Rates)

This equipment operates in conjunction with the forward and return services, measuring
the elapsed time from transmission of the forward PN code epoch to reception of the same
epoch in the receive channel. Propagation delay through equipment and cablesin the
ground station is subtracted from the transit time, by the computer, to determine actual
range delay. This capability is provided for all spacecraft which time synchronize their
return transmissions to the PN code they receive.

For user spacecraft with transmit/receive carrier coherent frequency turnaround of the
proper ratio, two-way Doppler measurements will be made in the ground equipment.
Finally, one-way Doppler measurements can be made from any user spacecraft.

The resulting data is automatically reported to NASA. The overal specification on the
TDRSS is +36 nanoseconds error, with a resolution of 1 nanosecond.
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Figure2. TDRSS Ground Terminal
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Figure 3. Block Diagram of TDRSS Ground Terminal



