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SUMMARY

The Tracking and Data Relay Satellite System (TDRSS) relays signals to and from ground
terminal and user satellites. No signal processing is done on the satellite and as many
functions as possible have been removed from the satellite and implemented in the ground
terminal. The multiple access (MA) users serviced by the S-Band thirty element phased
array on the satellite require the capability to form up to twenty simultaneous tracking
antenna beams by phase and amplitude weighting the individual antenna elements in the
ground terminal. Frequency division multiplexing is used to transmit the 30 antenna
elements to the ground for beamforming. Phase and amplitude uncertainties build up over
time between the antenna elements and the beam processing on the ground. To optimize
and maintain required performance, a calibration technique is required to estimate the
channel weight correction table for the MA return link.

TDRSS TELECOMMUNICATIONS MA RETURN OVERVIEW

The TDRS communication subsystem operates in the bentpipe or repeater mode for all
forward and return link signals. The ground terminal processes all user satellite
communications and tracking data. It also performs all TDRS control functions not



adversely affected by transmission time delay, including mode control of satellite repeater
channels, gain controls, power levels, redundancy switching, antenna pointing,
autotracking, and acquisition search.

The telecommunications system provides three types of user satellite support services:
Multiple access (MA), S-band single access (SSA), and K-band single access (KSA) as
shown in Figure 1. The SSA services may be used to support Shuttle spacecraft using
Shuttle-unique modulation parameters. MA service provides almost full-time tracking and
telemetry coverage of up to 20 simultaneous users with telemetry rates between 1000 bps
and 50 kbps. SSA service provides simultaneous coverage of two users per TDRS with
telemetry rates between 1 kbps and 12 Mbps. As many as six simultaneous SSA users can
be handled with the two operational TDRSS plus the in-orbit spare. The TDRSS is fully
operational with two TDRSS. KSA service also provides simultaneous coverage of two
users per TDRS with telemetry rates between 1 kbps and 300 Mbps. The in-orbit spare
also supports a fourth Advanced WESTAR spacecraft.

The TDRSS will provide the capability for 20 MA return link services, with each TDRS
(including the in-orbit spare) capable of supporting all 20 MA return links. MA return link
service will be dedicated to a user and can provide support for the entire portion of the
user’s orbit which is visible to at least one of the two operational satellites. All MA users
will operate at the same frequency and polarization, and will be discriminated by unique
PN codes and antenna beam pointing. MA service is provided by a ground implemented
phase-array antenna consisting of 30 elements. All 30 elements are used to form the
receive array. Signals from the user satellites are received by the 30 receive elements of
thp TDRS MA antenna. Each element feeds a low-noise transistor preamplifier through a
coaxial line. The preamplified output of each element is downconverted and bandpass
filtered at one of six IF frequencies. There are five groups of six different IF intermediate
frequencies. Each channel is filtered at the first IF and each group of six signals is
frequency division multiplex combined. The groups are translated to five different second
intermediate frequencies by five different local oscillators. The five groups are then
combined to produce the 30-channel FDM composite signal. This signal is routed into the
return processor, and combined with other return signals and TDRS telemetry into a FDM
composite return signal.

After the composite return signal is received by the ground terminal, the FDM MA signal
is separated. The signals from each antenna element are demultiplexed by frequency
translating each signal to a common IF frequency and bandpass filtering.

The demultiplexed MA signals from the 30 elements are next distributed to 20 sets of
beamforming equipment, one for each user satellite. Since there are three TDRSs in orbit. 



there are three groups of 30 signals each. Each set of beam forming equipment can select
one of the TDRSs by selecting one of these groups.

The output of the beam-forming equipment consists of the MA user spread spectrum signal
plus whatever noise and interference the beam-forming equipment was unable to reject.
This signal is made narrowband by PN correlation, and most of the remaining interference
and noise are filtered out prior to data detection. The PN code tracking receiver modulates
input signal, noise, and interference with a synchronized version of the MA user code. The
code is removed from the user signal, and any narrowband interference is modulated and
spectrum spread. Interference from receiver or thermal noise is already broadband. The
resulting narrowband MA user signal is then demodulated by a Costas-loop phase tracking
receiver. The MA return link requires an Eb/No of 4.6 dB for rate one-half, radix seven,
convolutionally encoded data at 10-5 bit error probability. The demodulated user signal
from the PN code tracking receiver is time and level quantized by a soft-decision bit
synchronizer. Data is extracted by a Viterbi algorithm error correction decoder and output
to the proper NASCOM interface.

An MA user must use convolutional coding for all return link data. An MA user supported
by MA return link service may utilize data group DG 1, Modes 1 and 2, signal designs.
The maximum return link data rate for Mode 1 and 2 service is 50 kb/sec. Staggered
Quadriphase PN (SQPN) modulation is used for DG1 Modes 1 and 2. With this feature,
the spectral characteristics out of a saturated power amplifier will to a great degree retain
the spectral characteristics of the band-limited input signal.

The DG1 signal parameters are subdivided into two modes of operation which are
distinguished as follows for the MA return link:

(1)  Mode 1 is used when two-way range and Doppler measurements are required. The PN
code length is identical to and time-synchronized with the forward link PN code received
from TDRS. Return link acquisition for Mode 1 is possible only when the forward link
from TDRS is present and the PN code and carrier transmitted by the user is coherently
related to the forward link from TDRS. However, once the return link is established in
Mode 1, synchronization to the forward link is required for two-way range and Doppler
tracking only.

(2)  Mode 2 is used when return link acquisition is desired without the requirement for
prior forward link acquisition. This mode of operation assumes that the user spacecraft can
radiate sufficient EIRP in the direction of TDRS to support its return link data rate.

The MA return link margin is 0.0 dB after all degradations, including noise and
interference, are considered. Two types of interference have been evaluated. Interference



degradation has been calculated for a 50 dBw interferer located on a 25 dB null with
respect to the user. Also self-interference produced by the other MA users has been
calculated assuming the specified interference environment. The larger of the two
interference degradation values, which is that due to the 50 dBw interferer, has been used
to compute the MA system margin. The antenna noise used to derive the TDRS G/T is the
noise which will be seen by the formed beam when it is pointed into space at edge of
coverage. This results in the worst case G/T, for when the formed beam is pointed at earth,
the increased antenna noise temperature is more than offset by the increase in antenna
gain. The combiner gain used corresponds to a minimum of 20 and maximum of 30
elements.

THEORY OF BEAMFORMING

Pointing of each of the 20 formed user beams is accomplished by computing compex
weight values for each of the 30 element channel signals from the selected TDRS. Weight
values are based on (1) predicted line-of-sight direction from the TDRSto the user satellite
as known from ephemerides and (2) the antenna element coordinates as known from the
phased array element geometry on the TDRS. Open-loop beamforming calculations are
computed every 20 seconds for each user channel to compensate for user satellite motion
relative to the TDRS.

Given the line-of-sight direction from the TDRS to the user satellite in terms of a pointing
vector of unity magnitude

the RF phase of the received user signal at the i th antenna element is

(2)

where Xi, Yi, and Zi are the cartesian coordinates of the i th element in the same coordinate
system as the pointing vector, 8 is the wavelength of the received signal in the same units
as the antenna coordinates, and 1i is the RF phase in radians of the i th element channel
signal relative to a hypothetical antenna located at the origin of the coordinate system (See
Figure 2) [1]. The received user signal at the array of 30 elements can be denoted as a
complex column vector > whose i th entry, >i is the phase and amplitude of the received
user satellite signal at the i th antenna element. > is called the signal correlation vector.

Consider the i th antenna element channel with a bandlimited zero mean stationary thermal
noise process, Ni(t), and user signal >i. The thermal noise at the array of 30 elements can
be expressed in terms of a thermal noise convariance matrix, NT whose entry in the i th



row and j th column is E[Ni(t)Nj*(t)]. Using this notation, the theoretical complex weight
vector for open-loop beamforming o a single user satellite is

(3)

where W is the vector of complex weights and $ is an arbitrary complex constant [2]. In
practice, the thermal noise in different element channels is generated from noncoherent
noise sources and internal channel mechanisms. Adjacent channel thermal noise processes
are therefore uncorrelated and the noise convariance matrix reduces to a diagonal matrix
whose i th entry along the diagonal is the thermal noise power in the i th element channel.

The MA service also has the requirement to form a single null upon request for any of the
20 user channels. Based on a designated earth-fixed location, the theoretical complex
weights are

(4)

where

(5)

The complex vector D describes the location of the single null and is analogous to > for the
user satellite [3]. The real parameter, a, determines the degree of null depth required.

In practice, there is no capability within the MA return link to directly compute the thermal
noise convariance matrix of the 30 antenna element channels. As will be described later,
this is handled by the weight correction tables.

RETURN CHANNEL CALIBRATION REQUIREMENT

Open-loop beamforming of the MA return channel requires knowing the phase and
amplitude of the user satellite signal at the antennas on the TDRS. Equally important is
knowledge of the phase and amplitude of the user satellite signal at the input to the
beamforming equipment in the ground terminal. Since the MA return link introduces phase
shifts and amplitude changes in each of the 30 element channels between the antennas on
the spacecraft and the beamforming equipment on the ground, open-loop beamforming
requires a method for determining phase and amplitude offsets in the MA return link.

The principal cause of degradation in array performance is differential phase and amplitude
errors which accumulate in the 30 element channels of the return link over time and a
changing environment. Phase and amplitude coherence of the 30 element channels is



therefore essential to optimal open-loop performance. All reference frequencies for up and
down-conversion are coherently related and derived from a pilot tone generated by a
cesium frequency standard in the ground terminal, and transmitted to the spacecraft. In the
spacecraft, the pilot tone is extracted from the forward processor and applied to a phase-
locked demodulator in the master frequency generator. A 30-MHz frequency derived from
the phase-locked demodulator provides the reference for synthesis of all TDRS oscillator
frequencies. In addition to providing most of the local oscillators directly, the master
frequency generator provides a reference frequency to a separate MA frequency generator,
which generates the frequencies used to multiplex the 30 multiple access return channels.
Nevertheless, slowly varying phase and amplitude drifts are inherent in the 30 element
channels of the MA return link due to temperature cycling and aging on the TDRS and in
the ground station processing equipment, spacecraft and ground frequency multiplexer
phase drifts, and ionosperic phase dispersion in the K-band downlink. Consequently, a
method of calibration is required to compensate for phase and amplitude offsets which
occur between the antennas on the spacecraft and the beamforming equipment on the
ground and to maintain open-loop pointing capability of the MA return link. Maintaining
open-loop pointing of the return link is satisfied when the allocated degradations are met.

The concept of MA return calibration is depicted in Figure 3. Phase and amplitude of the
30 element - channel signals at the input to the beamforming equipment, ( are measured
during reception of a known MA return signal; phase and amplitude of the 30 element -
channel signals at the antennas, > , are known by geometry. Based on these two complex
vectors, an estimate of the system’s effect on phase and amplitude in each of the 30
element channels from the antennas on the TDRS to the beamforming equipment on the
ground can be determined. That is, mathematically, the MA return link is modeled as a
spatially independent diagonal matrix, D, that transforms > at the antennas on the TDRS to
( at the input to the beamforming on the ground according to the rule

(6)
Thus, during open-loop pointing of the MA return link, one can predict the phase and
amplitude of a user satellite signal in each of the 30 element channels at the input to the
beamforming equipment and the corresponding weights necessary to point the beam from
knowledge of the system matrix and the signal correlation vector at the TDRS.

The MA return link is required to support a single user beam; the array gain in the
direction of the user satellite has a maximum link budget degradation of 0.5 dB. In
addition, the antenna may be required to support a single user beam and a single out-of-
beam earth fixed null at a null depth of 25 dB; the signal-to-interference ratio of the array
has a link budget degradation of 0.8 dB. An analysis of the statistical properties of the
signal-to-noise ratio of the 30 element MA array antenna [4] led to an overall system 



requirement of 10 equivalent degrees rms error for both phase and amplitude drifts in each
of the 30 element channels.

The effective system rms error, Fx , represents the maximum allowable rms phase and
amplitude error per element channel in equivalent degrees that can be tolerated by the
open-loop MA system. This requirement has been broken down into differential phase and
amplitude error allocations between any two element channels for the ground station,
weight quantization, weight errors, instrumentation error, ionospheric phase dispersion and
the TDRS payload as outlined in Figure 4. The resulting allocations for element channel-
to-channel phase and amplitude errors for the ground station, weight quantization, and
weight errors require the ground station to maintain these stability requirements for a
period of at least 4 hours. Allocations for the TDRS payload must be maintained for a
period of at least 18 minutes - with a design goal of 30 minutes.

Based on the degradation expected and their allocations, calibration of the MA return link
to update an estimate of the system matrix, D, will be required every 18 to 30 minutes in
order to maintain open-loop MA system performance requirements. In addition to the
requirement for differential amplitude stability between any two element signals as
discussed above, there is an upper bound on the maximum amplitude difference between
any two element signals that the MA return system can tolerate. The difference in gain
between any two MA return element channels should not exceed 8 dB within the payload
over all operating environments. This specification is a consequence of dynamic range
limitations in the weighters of the beamforminc equipment on the ground as illustrated in
Figure 5.

IV.  CALIBRATION TECHNIQUE

Periodic calibration of the MA return link is accomplished on the ground by a closed-loop
adaptive control algorithm that adjusts weight values to maximize signal-to-noise ratio of
the combined user channel signal at the output of the beamforming equipment. Estimates
of the phase and amplitude of the 30 element-channel signals are then sent to the automatic
data processing equipment where they are compared with the line-of-sight prediction to
estimate the system matrix, D.

The MA calibrator employs a gradient algorithm that assumes control of the weighters and
searches for the optimum SNR by means of small steps, or weight changes, in the direction
of the estimated gradient (see Figure 6). Solving for and implementation of the weights
which optimize SNR allows the calibrator to then extract the desired signal’s relative
phase and amplitude in each of the 30 element channels. Calibration of the MA return link
requires the use of any one of the 20 user channels and the reception of a calibration signal
for a period of 1 minute with another minute for signal processing. The calibration signal is



identified by its unique PN spread spectrum code. The calibrator provides the estimate of
the signal’s correlation vector at the input to the beamforming equipment to within a link
budget degradation of 0.1 dB. [5,6]

The MA calibrator must provide the ground processing equipment with an estimate of the
signals correlation vector at the input to the beamforming equipment that will enable the
estimation of a spatially independent system matrix, D, i.e., a system matrix that describes
the MA return link from the antennas on the TDRS to the beamforming equipment on the
ground - independent of the user satellite ephemeris. This requires that the signal
correlation vector estimate from the calibrator be referenced to a thermal noise
environment. An estimate of the signals relative amplitude in each element channel will
therefore depend on the signal-to-thermal noise ratio in that element channel as well as the
element channel gain through the MA return link. The signal-to-thermal noise ratios in all
30 element channels will be approximately equal [7]. On the other hand, the channel gain
in one element channel relative to the channel gain in another element channel due to
hardware implementation will differ as much as 8 dB. The ground data processing
equipment assumes that amplitude differences in the signal correlation vector estimate are
due to element-channel gain differentials over the 30 element channels of the return link.
This technique allows the software to predict the diagonal thermal noise covariance matrix
of the 30 element channels as well as the phase and amplitude of the user satellite signal at
the input to the beamforming equipment.

In the case of open-loop beamforming, it follows from (3) that for an arbitrary user satellite
with a line-of-sight predicted correlation vector at the antennas on the TDRS, > , and a
system matrix, D, the optimum weights for the beamforming equipment on the ground will
be

(7)

where ( is the signal correlation vector at the input to the beamforming equipment. Using
equation (6), (7) reduces to

(8)

where $, a normalization factor, is used to minimize the effects of quantization. In the case
of open-loop beamforming with a single null, it follows from (4) and (5) that



(9)

where Wt are the theoretical weights computed as if the beamforming equipment were
located just after the antennas on the TDRS.

Regardless of the type of open-loop calculation required, phase shifts and amplitude
changes in the 30 element channels from the antennas on the TDRS to the input of the
beamforming equipment on the ground can be accounted for by the matrix

(10)

The diagonal entries in (10) are stored in a weight correction table and are implemented as
described in (8) and (9). All subsequent open-loop pointing calculations of the MA return
link utilize this weight correction table to optimize MA system performance [3].

CONCLUSION

Open-loop beam forming of up to twenty simultaneous MA return channels can be kept
nearly optimum by using the MA calibrator to estimate the best set of weights for the MA
return link from a designated TDRS. The ground terminal uses the weights estimated from
one of the twenty MA return channels to correct all twenty weight correction tables
associated with the designated satellite. Since an operating system contains three TDRS,
including the in-orbit spare, at least three calibrations are necessary to correct the 60
correction tables. Twenty correction tables, one for each MA return channel weighter unit
1 through 20, are associated with each of three TDRS,the east, west and central
spacecraft. Since the return channels from a common TDRS are processed by a relatively
slowly changing set of ground processing equipment, the changes in weight corrections for
one of the twenty channels can be used to update the other nineteen channels from the
same TDRS. This method of calibration requires that each of the three TDRS have one
selected MA return channel calibrated every 18 minutes as a design minimum. Since
calibration requires 2 minutes, the calibrator duty cycle for 18 minute calibration times is
33 percent.

The MA return calibrator is controlled by the ground terminal automatic data processing
equipment. The data processing equipment selects the TDRS on a rotation basis over the
calibration time. The calibration time is preset by manual input and establishes the time



available between calibration for the TDRS. The number of TDRS to calibrate is also
preset by manual input. The data processing equipment notes the total calibration time, or
period, and evenly divides this time by the number of spacecraft to be calibrated. If two
TDRS were designated and a calibration time of 18 minutes designated, the data processor
would schedule the spacecraft in sequence at a frequency of 18 minutes (i.e. east, west,
east, west . . . to complete one cycle through the designated TDRS.

The MA channel to be used with the TDRS for return link calibration is selected by the
data processor based upon the availability of the channel and the time since the channel
was last calibrated. Channels that are in service, scheduled for service within a short time
period or down for maintenance are kept on a high priority for rescheduling. The priority is
highest for MA return channels with the longest time between calibration. By this
technique, all the MA return link channels will be calibrated directly with each designated
TDRS over a period of time. Control is also provided for manual selection of the TDRS
and return channel for special situations. In this manner, the MA return channels are kept
nearly optimum in beam forming using a single calibrator under control of the ground data
processing equipment.
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Figure 1.  TDRSS Frequency Usage

Figure 2.  MA Array System Coordinates



Figure 3.  Concept of Calibration

Figure 4.  MA Return Phase and Amplitude Error Budget



Figure 5.  Degradation in Performance of MA Return Link

Figure 6.  MA Calibration Algorithm Functional Concept


