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DIGITIZING SATELLITE GROUND STATION TT&C SUBSYSTEMS

Thomas J. Chen
Ford Aerospace & Communications Corporation

1260 Crossman Avenue
Sunnyvale, California 94086

ABSTRACT

There are many advantages to implementing satellite ground station TT&C functions using
digital LSI and VLSI technology: increased reliability, reduced size, weight and power and
enhanced performance. The functions of a satellite ground control station that could be
digitized in the future are identified. The evolving capabilities in digital chip technology
are reviewed to indicate how they would be applied to satisfy these TT&C functions.
Fundamental performance limitations of these technologies are also identified.

INTRODUCTION

There is a constant need to upgrade existing satellite ground stations to support new
mission requirements and also to reduce operation and maintenance costs. Digitizing the
satellite ground station tracking, telemetry and command (TT&C) functions is considered
to be one viable approach to meet these goals. Not only can digital technology reduce size,
weight and power requirements, but it also can facilitate remote control operation, enhance
subsystems configuration flexibility and provide future growth potential as the technology
evolves. Additional related benefits include increased ground station survivability and
transportability with the use of redundant, multipurpose elements which are small and
lightweight. Link survivability can also be improved with digitally controlled frequency
spectrum spreading and hopping. In order to focus the study on specific objectives, the
digital TT&C subsystems described herein are designed to meet the current Air Force
Satellite Control Facility (AFSCF) S-band requirements; however, the overall TT&C
architecture is intended to be flexible enough to meet future SHF and EHF requirements
with minimal modification.

TT&C SUBSYSTEMS FUNCTIONAL REQUIREMENTS

General functional requirements for TT&C subsystems can be subdivided into two
categories: (1) satellite uplink requirements for command signal generation, processing and 



transmission, and (2) satellite downlink requirements for telemetry signal reception,
tracking, demodulation and processing.

The S-band uplink system processes uplink command data to generate frequency shift
keyed (FSK) command tone sequences with impressed triangular amplitude modulation
(AM) for symbol synchronization. The FSK/AM command tone sequence is then
combined with the uplink binary pseudo-random number (PRN) ranging code with a set of
selectable modulation indices prior to being phase modulated on the uplink RF carrier. In
addition, the uplink system includes subcarrier generation with binary phase shift keying
(BPSK) or frequency modulation (FM) and filtering, carrier modulation index adjustment,
appropriate switching and summing controls, and the required RF frequency conversions
for testing of downlink receiver functions. Uplink transponder/receiver and command tone
decoder equipments are also required for command system echo check.

The downlink system receives and processes phase and frequency modulated S-band RF
signals. The major functional requirements consist of: (1) phase lock acquisition and
tracking of the main carrier including phase demodulation, automatic gain control (AGC),
automatic frequency control (AFC), and coherent amplitude detection (CAD) of the carrier
level for the monopulse tracking function; (2) demodulation of impressed subcarrier
modulations on the main carrier; (3) range and range rate measurements involving coherent
Doppler processing of the main carrier; and (4) phase lock acquisition and demodulation of
additional phase or frequency modulated telemetry signals.

DIGITAL TT&C SUBSYSTEMS DESCRIPTION

A general block diagram for the proposed digital TT&C subsystems is shown in Figure 1.
The same architecture is applicable to S-band, X-band and EHF frequencies.

In the uplink portion, the key processing element is the versatile command/test subcarrier
oscillators/modulators, capable of command tone generation, subcarrier frequency
generation, biphase and FM modulation and carrier modulation index adjustments for
command, subcarrier and PRN ranging code. The combined output is then converted to
analog form prior to the exciter/transmitter.

In the downlink portion, the received signal must be down converted to an IF that is low
enough to allow digital signal processing. This is performed in the RF/IF front end.
Following the analog to digital converter is the digital tuner/filter which does the complex
down-conversion to a near zero center frequency and then the low pass equivalent
matched filtering to the signal spectrum. Basically it performs the Hilbert Transform to
form a complex-valued analytic signal. To perform fine frequency tuning for demodulation,
the exact center frequency of the downlink signal must be determined first. For very low



orbiting satellites, the worst case frequency uncertainty due to the Doppler effect and
oscillator drifts may be tens to hundreds times larger than the carrier loop tracking
bandwidth. Therefore, a search/acquisition processor is employed to perform the Fast
Fourier Transform (FFT) algorithm over the frequency uncertainty range to obtain a fast
frequency acquisition.

The versatile digital carrier demodulators and the versatile digital subcarrier demodulators
will have the same architecture and common hardware. The goal is to make maintenance
easier and spare parts interchangeable. The versatile digital carrier/subcarrier
demodulators are the key elements of the downlink signal processing design.

The range/range rate processor has a similar architecture as the versatile demodulators.
However, it consists of two loops, one inside the other. The range information can be
completely specified from the outputs of these two loops. The range rate information, on
the other hand, comes from the main carrier versatile demodulator’s Doppler output.

Uplink Oscillators/Modulators

A versatile digital oscillator/modulator block diagram is shown in Figure 2. The key
element of this block diagram is a numerically controlled oscillator (NCO) which consists
of a frequency number register, a digital accumulator, and sine/cosine read only memory
(ROM). In addition, an adder can be used for phase modulation and a digital multiplier for
amplitude modulation as shown in Figure 3. The design of an NCO is straightforward and
the performance is a function of input clock frequency and stability, and frequency
command word length. Depending on frequency range and resolution requirements, an
NCO can be implemented either as a single chip device or as a set of 4 to 6 chips [1,2].

Digital Tuners/Filters

A digital tuner/filter performing the function of Hilbert Transform generation, down
conversion and filter selectivity can be implemented with finite impulse response (FIR)
filter chips. A high-speed, multipurpose FIR chip is presently being developed at Ford
Aerospace & Communications Corporation [3]. Three different types of digital filters have
been examined: FIR, infinite impulse response (IIR), and lattice filters. FIR filters will be
used because they offer the following advantages: filter stability, linear phase response,
low sensitivity to coefficient error, ease of real-time coefficient adaptivity and computer-
aided design. An example of the FIR filter chip implementation is given in Figure 4.



Search/Acquisition Processor

There are several complementary approaches to obtaining frequency acquisition with
digital signal processing. One spectrum analysis method is frequency step tuning of the
tuner/filter NCO by a flexible and adaptive search algorithm. Fine tuning can be achieved
by processing the quadrature outputs of the filter using an Automatic Frequency Control
(AFC) algorithm. For fast acquisition with large frequency uncertainty, the search/
acquisition processor employs the modern wideband spectrum analysis technique using an
FFT algorithm. Hardware and firmware for such a processor are readily available. All
three of these approaches can be combined in various ways to achieve a customized design
to meet particular acquisition requirements.

Versatile Demodulator

A key element of the digital TT&C subsystems design is the versatile digital demodulator.
Currently, the development of this reconfigurable demodulator is in the conceptual design
phase which will be followed by a detailed digital design phase.

The design approach employed is to use a set of basic digital processing chips in various
configurations applicable to different demodulation structures. For example, the versatile
digital demodulator can be configured into a modified Costas loop configuration for phase-
modulated, suppressed-carrier signals. The basic digital processing chips that implement
required functional elements are comprised of complex multipliers (quadrature mixers),
data and loop filters, NCOs (phase-lockable oscillators), sign bit detectors (limiters) and
flexible ROM-based decision circuits. Many of the lower speed baseband processing
operations can be performed in microprocessor chips. Figure 5 shows the versatile digital
demodulator as embedded in a generalized signal processor system [4]. The current
versatile digital demodulator is being designed to process maximum data rates under
10 Mbps.

Range/Range Rate Processor

The ranging processing is based on the crosscorrelation of PRN ranging codes and the use
of a Chinese Numbers algorithm [5]. The theory behind this technique is well established.
The implementation is fairly simple with the help of several specialized LSI chips. A block
diagram for the range/range rate processor is depicted in Figure 6 [6]. The phase detector,
accumulator, NCO and loop filter (performed by software) form the inner, or the short
loop. It performs the function of phase locking to the 500 KHz ranging clock. The Doppler
shift on the returned signal makes it necessary to achieve clock synchronism before
searching for code phase synchronism. The outer loop, or the long loop, then correlates the
incoming ranging code with the transmitted code. The phase shift of the 500KHz ranging



clock provides the fine range resolution. The coarse range resolution is determined by each
range code shift. In essence, the range information can be completely specified by the
outputs of these two loops.

The range rate information, on the other hand, is derived from the main carrier versatile
demodulator’s Doppler outputs. The Doppler frequency and Doppler phase shift of the
main carrier frequency are converted into range rate by software.

KEY DIGITAL TECHNOLOGY REVIEW

The success of this digital TT&C subsystems design depends heavily on certain custom IC
designs. The advantages of custom ICs as listed in Table 1 are the main motivation for the
digital approach. The best available digital technology in terms of processing speed is still
Emitter-Coupled Logic (ECL). However, as illustrated in Figure 7, the trend is towards
gallium arsenide (GaAs) and complementary-metal-oxide-semiconductor (CMOS)
technologies. Therefore, the strategy is to stay and grow with the CMOS and switch to the
GaAs at a later date. At Ford Aerospace & Communications Corporation, custom ICs will
be developed or procured by a wholly-owned subsidiary, Ford Microelectronics Inc (FMI).
FMI is developing its own VLSI/LSI custom design capability in bulk CMOS and
CMOS/SOS.

TABLE 1:  Advantages of Custom ICs

• Processing Speed
• System Flexibility
• Size
• Power
• Weight

• Cost
• Documentation
• Reliability
• Maintainability/Spares
• System Parts Count

KEY DIGITAL PROCESSING ELEMENTS

The current study has identified the basic TT&C elements or functions that can be
implemented by digital processing methods. The key digital processing elements are FIR
filter chip, FFT butterfly chip, NCO chip, digital multiplier, accumulator, microprocessor
controller, and ROM. In addition, a PRN ranging code generator and a forward error
correction (FEC) chip utilizing Viterbi encoding/decoding are also required. Another
useful chip is a digital correlator which can be implemented as a design variant of the FIR
filter chip. The design of a digital TT&C subsystems architecture is based on the
confidence that all these digital chips are either available or can be developed with the
advent of very high speed VLSI/LSI technology.



LIMITATION OF DIGIAL DESIGN

A major limitation factor of a digital system is the digital signal processing ICs’ speed
performance. The present CMOS VLSI/LSI devices operate at maximum clock rates of
about 20 MHz. The sampling rate and word length of analog-to-digital conversion also can
be a processing speed limitation factor. The current versatile demodulator is designed to
process at a maximum rate of less than 10 Mbps. It has been projected that telemetry rates
will increase from the current 1-5 Mbps range to as much as 45 Mbps in 1987-90. When
the GaAs technology reaches its mature stage, the clock rate is estimated to be in the
200-500 MHz range. Any speed performance requirements that are higher than indicated
here will eventually limit the use of digital VLSI/LSI devices.

The second limitation is in the demodulation area. A truly universal demodulator simply
does not exist because new modulation methods are constantly being developed. Also as
the demand for performance increases, the current versatile demodulator will certainly
reach its performance limits. New modulation techniques will also create new
requirements. The digital technology is constantly evolving and therefore will continue to
have a profound influence on future demodulator architectures and designs, such as the
basic hardware versus software implementation tradeoff question.

CONCLUSIONS

There are several current and future satellite ground station development programs in
which size, weight and power reduction as well as increased performance capability are
required. These goals are possible with the use of emerging VLSI/LSI technology. The
capability of current VLSI/LSI technology is adequate for implementing a near-term digital
TT&C subsystems design. The design concepts for the digital TT&C subsystems have
been identified. VLSI/LSI custom chip designs for the initial building blocks of digital
signal processing systems are either available or presently being developed.
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FIGURE I:  DIGITAL TT&C SUBSYSTEMS ELEMENTS



FIGURE 2  VERSATILE DIGITAL OSCILLATORS/MODULATORS

FIGURE 3:  NUMERICALLY CONTROLLED OSCILLATOR



FIGURE 4:  FIR FILTER CHIP IMPLEMENTATION



FIGURE 5  VERSATILE DIGITAL DEMODULATOR AS EMBEDDED IN A
GENERALIZED SIGNAL PROCESSOR SYSTEM



FIGURE 6:  RANGE & RANGE RATE PROCESSOR



FIGURE 7:  DIGITAL TECHNOLOGY TREND


