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ABSTRACT

The telemetry and command system on INTELSAT satellites has gone through an
evolution from the early series of satellites where simplicity and satellite reliability was
emphasized to the latest series of satellites where communications systems reliability is
emphasized. The early telemetry and command systems were integrated with the
communications subsystem on the satellite and had some redundancy. Later systems are
autonomous with complete redundancy and cross-strapping between the systems to a large
extent.

INTRODUCTION

INTELSAT is an international organization that operates communications satellites in
synchronous orbit, providing communications capacity on a commercial basis for
international traffic between member as well as non-member countries. In addition,
INTELSAT leases communications capacity to several member nations for domestic
services. In the early years simple satellites were used, providing communications service
at minimum cost. As INTELSAT’s communications network has grown larger and the
satellites have become more complex, more emphasis has been given to the operational
reliability of the system. To provide such reliability and to be able to handle more complex
satellites, on-board and ground telemetry and command systems have also become more
complex. It has been possible with the larger system to provide service at lower cost per
communications circuit.

INTELSAT SATELLITES

INTELSAT I or “Early Bird” was launched in 1965 as the first commercial
communications satellite in the world. Soon after launch, it was put into operation for TV
and telephony traffic between United States and Europe. With the growing traffic



requirements, larger satellites had to be launched and located to provide service for the
whole world. In Table I, some satellite parameters are provided to illustrate the growth in
size and complexity of the different satellite series from Early Bird to INTELSAT V.

All INTELSAT satellites are operated in synchronous orbit. The satellites are now
normally kept to within ±0.1E in both east/west and north/south of their assigned stations.
The payload is normally required to operate at full capacity through eclipses. The satellites
may be relocated to serve at a different station, or may be colocated with other satellites
during transfer of traffic. For satellites with international traffic there must be capacity
available on a contingency satellite in case of a failure on the satellite. The performance of
satellite components and subsystems must be monitored in order to continually assess the
capability of the satellites, which is required for planning of satellite utilization, for
maximizing services and to prevent traffic outages.

INTELSAT I through INTELSAT IV-A were all spinners while INTELSAT V is three-
axis stabilized. INTELSAT III, IV and IV-A have despun communications antennas.

TELEMETRY AND COMMAND CAPACITY

To meet the operational requirements of the increasingly complex satellites, the capacity of
the Telemetry and Command Subsystem has been steadily increased as illustrated in
Table II. Thus, the total number of telemetered data points has been increased from 10 on
INTELSAT I and II to more than 500 on INTELSAT V. Similarly, the command capability
has been increased from 15 on INTELSAT I and II to about 700 on INTELSAT V. To
simplify command operations, vectored commands are being used on INTELSAT V,
combining up to ten different command functions into a single command.

In addition to sampled data, provided as either PAM or PCM telemetry, a few channels are
provided for real time pulses. Such data may be required for synchronization of jet engine
commands with the spin period and spin phase.

On spinning satellites with despun antennas, the despin function is normally performed by
on-board control. As a backup, a ground controlled despin capability is provided, by which
the despun antenna is kept pointing towards the earth through control pulses transmitted
synchronously with the satellite spin period. With this capability, regular commanding can
be accomplished simultaneous with or interlaced with the ground despin operation, that
could be going on over a long period of time.



COMMAND SYSTEMS

In synchronous orbit operation, which provides continuous visibility from several earth
stations, it is very seldom that a sequence of commands must be sent within a short period
of time. INTELSAT has therefore followed the Command-Verify-Execute strategy, in
which the command is loaded into the satellite decoder and verified through telemetry
before execution.

The command modulation is common to all INTELSAT satellite series except for
INTELSAT III. The command signal consisting of a sequence of tones is frequency
modulated onto the 6 GHz carrier with a 400 kHz peak deviation. In INTELSAT III, four
audio tones were simultaneously amplitude modulated onto the 6 GHz command carrier.
The tone frequency is below 50 kHz, giving a high modulation index and thus providing a
high signal-to-noise ratio when operated above threshold.

On INTELSAT I and II, a simple 2-tone command system was used. A 3-second enable
pulse was followed by a burst of pulses with 50 percent duty cycle. The number of pulses
in this burst indicated what command was sent. No addressing scheme was used. This
would be followed by an execute of desired length. When the execute function was
completed, a “clear” pulse, identical to the enable pulse, would be sent. One tone was
used for the enable, count and clear pulses, while the second tone was used for execute.
See Figure 1.

INTELSAT III had a complicated 7-tone system scheme. The commanding was
accomplished through an Enable-Command-Execute-Reset sequence. See Figure 2. The
Enable signal consisted of a single tone that started at least 10 seconds prior to the
command and was present during the command period. The Command, Execute and Reset
each consisted of three simultaneous tones. Two types of Executes were used. Type A had
an automatic reset after the execute, while Type B required a Reset command to be sent.
Three Check commands without operational functions were available to verify decoder
operation, as a storage mode for the decoder logic during non-operation and in the unused
decoder during command operations. The tones for Commands, Execute, Reset and
Checks were selected as a combination of three out of seven tones. These seven tones
were in turn selected out of 36 possible tones and as such constituted satellite address
definition. The enable tone, different on the two decoders on a satellite but the same on all
satellites, was used in addition to the 7-tone selection, and provided decoder address
definition. Ground control despin was accomplished by amplitude modulation of the
enable tone.

INTELSAT IV and IV-A have a PCM/FSK command system. Different tones are used for
“0”, “l” and Execute. A different group of tones are associated with each of the two



command receivers. A separate tone is used to accomplish ground despin operation,
making the system a 7-tone system. A command transmission is a sequence of Clear,
Decoder Address and Command, each consisting of a combination “ones” and “zeroes”.
Multiple executes or executes of any length may be used. At the completion of the
command operation, the decoder is reset by a separate Clear transmission. Any length of
time is allowed between Command and Execute transmissions and between Execute and
Clear transmissions.

INTELSAT V also has a PCM/FSK command system. Different tone frequencies are used
for “1”, “0” and Execute, but only the “O” tone is different for the two command
receivers, making it a 4-tone system. A system with a command vector is used, making it
possible to combine up to ten command functions into one simultaneous command
operation. It also makes it possible to transmit data to the satellite. Autonomous execution
of jet command after initiation through the command system is accomplished through an
on-board Store and Execute system. This system is beforehand loaded with data from
ground. The execution is synchronized either to a pulse from a spinning sun or earth
sensor, used during transfer orbit, or to a ground initiated execute pulse. A command
transmission is a sequence of Acquisition, Introduction, Decoder Address, Command
Word and Command Vector, each consisting of a combination of “ones” and “zeroes”.
Multiple executes or executes of any length may be used. At the completion of the
command operation, the decoder is reset by a separate Clear transmission. There is no
restriction in time between Command and Execute transmissions or between Execute and
Clear transmissions.

TELEMETRY SYSTEMS

Common to all INTELSAT satellites is the use of a 4 GHz microwave beacon for tracking
by communications ground antennas and for telemetry modulation. Also common is using
phase modulation with a modulation index around 1.0 radian. In addition, the INTELSAT I
and II satellites had the telemetry data modulated onto a VHF beacon, that also was used
for tracking in transfer orbit.

Simple Pulse-Amplitude-Modulation was used on the earlier satellites. Pulse-Code-
Modulated data has been used since INTELSAT IV and has provided data with higher
accuracy and better reliability, even though a more complicated telemetry encoder is
required on board. In addition to the sampled data, certain real-time data, such as pulses
from sun and earth sensors and execute returns are provided on all satellites using
frequency or amplitude modulation of a telemetry subcarrier.

INTELSAT I and II had identical PAM/FM systems, with 12 channels per frame and a
frame time of 3s. The real-time pulse data was provided for sun and execute pulses by



frequency shifting of the same PAM/FM subcarrier during the short time period of the
pulse width. The different pulses had a priority gating system, and the subcarrier frequency
was shifted to different frequencies depending on which pulse occurred.

INTELSAT III had a 63 channel PAM/FM sampled data system with a frame time of one
minute. The command data was supercommutated four times, and was thus reported every
15s. The telemetry system had three simultaneous subcarriers, each both frequency and
amplitude modulated. The PAM train and pulses from two earth sensors were frequency
modulated while pulses from the sun sensor, antenna reference pulses and execute pulses
were amplitude modulated on the subcarriers. On one of the encoders on each satellite, a
dwell capability was provided by the ability to stop the commutator.

INTELSAT IV and IV-A has a PCM/PSK sampled data system or alternatively, from the
same encoder, a FM subcarrier, that can be modulated with priority gated pulses from sun
sensors, earth sensors, antenna control and execute logic or with a nutation accelerometer
signal. The beacon carrier can be modulated with only one subcarrier at a time, but
simultaneous PCM and FM data can be received since there are two beacons on each
satellite. The PCM data has a bit rate of 1 kbit/s and is Phase-Shift-Keyed on a 32 kHz
subcarrier. The PCM data consists of 64 words per frame with 8 bits per word and a frame
length of 0.512s. There is no supercommutation used. Subcommutation is used for attitude
data, where the time relationship between various pulses from sun sensors, earth sensors,
antenna reference and PCM frame reference is measured and reported in a sequence. Since
the satellite is a dual spinner, the format is arranged such that alternating words come from
the spun and despun portions of the satellite. Analog data is digitized into an 8 bit word.
Digital data is reported as measured, up to 8 bits or 16 bits for attitude data. Certain words
are used for status information, which is handled on a bit-by-bit basis.

INTELSAT V also has a PCM/PSK sampled data system, similar to INTELSAT IV in
format but not in content. The same subcarrier frequency, bit rate, frame rate, frame size,
and word size are used. The difference comes in the extensive use of subcommutation,
accommodation of special data and operation in different modes for the INTELSAT V
system. Four words are used for 32 channel submultiplexed data, three words for
16-channel submultiplexed data and two words for 8-channel submultiplexed data. Serial
data from two subsystems is accommodated. Analog data is digitized into 8-bit words.
Certain digital data is more than 8-bits but less than 16-bits, which causes data to straddle
word boundaries. The telemetry format can be commanded into different modes, causing
assignments of certain words to alternate and the layout of digital data to change. Some
digital data is presented as two’s complement, presenting problems in non-computerized
readout. Status data is handled on a bit-by-bit basis. A dwell mode is provided by which
the PCM commutator can be stopped at most mainframe or subframe 8-bit words, and
provided simultaneously with regular PCM data, but modulated onto the other beacon



carrier. FM data is provided and handled in a fashion similar to the INTELSAT IV system.
Single subcarrier modulation is used on the first 9 spacecrafts; follow-on satellites will
have simultaneous modulation of FM and PCM subcarriers onto the same beacon carrier.

SYSTEM LAYOUT

On the earlier satellites the RF portion of the telemetry and command system was
integrated with the communications system. On later satellites the T&C system has
become more independent, with use of communications TWTAs for transfer orbit
telemetry being the only common use of components.

On INTELSAT I communications and command signals were received through an omni-
directional antenna and down-converted in redundant receivers to an intermediate
frequency in the band 60 to 70 MHz. See Figure 3. The command signals were passed to
two decoders without cross-strapping. The telemetry data was collected and formatted in
two redundant encoders. The encoder output was used for modulation of two pairs of
redundant telemetry beacons, one pair at about 136 MHz (VHF), the other pair at 50 to 80
MHz. The output from the VHF transmitters were combined and then fed to four whip
antennas located symmetrically at the perimeter of the cylinder-shaped satellite. The 50 to
80 MHz beacon signal was combined with the communications signal, upconverted to
about 4 GHz, amplified in one of two TWTAs and transmitted through an omni-directional
antenna.

The INTELSAT II telemetry and command system layout was very similar to Early Bird.
See Figure 4. INTELSAT II had two receive antennas, one for each receiver. The
communications signals were down-converted to 4 GHz and summed with the modulated
microwave beacon. These signals were then amplified in a combination of up to four
TWTAs operating in parallel before transmission through an omni-directional antenna. The
VHF telemetry signals, also similar to INTELSAT II, were transmitted through eight whip
antennas.

On INTELSAT III, the 6 GHz command signals were received through an omni-
directional command antenna and combined with the communications signals in a diplexer.
See Figure 5. After down-conversion to a freqency of about 4 GHz, the command signals
were separated from the communication signals. The command tones were then extracted
in an amplitude detector and fed to a decoder. On INTELSAT III the telemetry subcarriers
were modulated onto microwave beacons only. These were combined with the
communications signals and then fed to either an omni-directional telemetry antenna or to
a despun global coverage communications antenna. Except for telemetry antennas, both
command and telemetry were fully redundant, but without cross-strapping.



On INTELSAT IV and IV-A, the telemetry and command system is autonomous with the
exception of the telemetry downlink in transfer orbit, where two communications TWTAs
are used to provide sufficient radiated power. Complete redundancy with cross-strapping
is provided. The command signals are received through a dual mode command omni-
directional antenna, and fed to the command receivers. The output of each command
receiver is fed to four decoders. There are separate decoders and encoders for the spun
and despun sections of the satellite. Telemetry and command signals are transferred
between the spun and despun sections by rotary transformers. The telemetry beacons are
generated in solid state transmitters, and transmitted through a pair of horn antennas with
global coverage. Omni-directional coverage of telemetry for transfer orbit operation is
provided by a dual feed omni-directional antenna. When this antenna is used, the telemetry
transmitter output is amplified in communications TWTAs.

On INTELSAT V, the telemetry and command antennas must provide coverage for the
spin stabilized phase, for the body stabilized operation, and, in addition, for transfer
between these modes of operations. Continuous command coverage over a ±150 degree
range is achieved by two ring-slot antennas. The telemetry coverage, not continuous, is
provided by an arrangement of a dual omni-directional antenna and two horn antennas in a
direction orthogonal to the coverage plane of the omni antenna. Complete redundancy with
cross-strapping is provided. The encoders are operated one at a time, with one unit being
able to simultaneously provide outputs to both beacon transmitters, either normal PCM
data, PCM dwell data, real-time pulses FM data or accelerometer FM data.

In addition, the telemetry and command system on INTELSAT V can be used for ranging.
For such an operation, the ranging tones are modulated onto the command carrier, and the
command receiver output is switched to the modulation input of corresponding telemetry
transmitter.

GROUND NETWORK

In the launch of a commercial satellite, INTELSAT assumes responsibility when the
satellite separates from the launch vehicle. At that time the satellite is in a synchronous
transfer orbit with a period of about 10.5 hours. In order to place the satellite in geo-
synchronous orbit at a desired longitude, a network of ground stations is required.
INTELSAT has over the years developed its own network of Tracking, Telemetry and
Command (TT&C) stations used for tracking, ranging, telemetry monitoring and
commanding of its satellites both during the launch phase and during synchronous orbit
operations. In addition, for INTELSAT I and II satellites, the polarization angle of the
linearly polarized beacon was measured and used for determination of satellite attitude.



A central Satellite Control Center (SCC) facility located in Washington, D.C. is used for
monitor and control of all INTELSAT’s satellites. Form the launch phase of the
INTELSAT V series of satellites, a separate Launch Control Center (LCC) has been
required, due to the complexity of this mission.

Early Bird was controlled from a single station in Andover, Maine. For INTELSAT II,
another station, Paumalu, Hawaii, had been made available. Since these two satellite series
had almost identical telemetry and command system, both stations could control both types
of satellites. For INTELSAT III, Fucino, Italy, and later on, Carnarvon, Australia, were
added to the network. A set of specialized telemetry and command equipment was added
to each of these four stations. Coverage of the complete synchronous orbit was obtained
with these four stations.

In order to be able to control more satellites in orbit, more TT&C stations were added to
the network. Stations in Tangua, Brazil and Zamengoe, Cameroon were added in 1977,
and stations in Pleumeur-Bodou, France and Yamaguchi, Japan were added in 1980.

All TT&C stations are colocated with a communications station in the INTELSAT
network. The communications antenna at a TT&C station can also be used for tracking,
ranging, telemetry reception and commanding of that satellite while the antenna is being
operated within the communications network. Thus a number of antennas, in addition to
the special TT&C antennas, are available for synchronous orbit operation. The number and
location of antennas are presented in Table III. In addition to full performance TT&C
antennas, old TT&C antennas with less performance are available at Andover, Paumalu
and Fucino.

The TT&C stations are connected to the Satellite Control Center by voice and data lines.
Satellite telemetry data as well as tracking and ranging data is sent from the stations to the
SCC. All commanding is initiated from SCC through the voice line.

FUTURE TRENDS

The requirements on the telemetry and command system will increase both with the
complexity of the satellite and with the number of operational satellites. Optimization and
determination of satellite lifetime is the long range goal in satellite operation with
minimization or elimination of traffic outages being the short term goal. Thus more data
will be required to continuously assess the health of vital components, and to respond
quickly when a malfunction occurs.



TABLE I
COMPARISON OF SATELLITE PARAMETERS

TABLE II
TELEMETRY AND COMMAND CAPACITY



TABLE III
EXPANSION OF INTELSAT’S TT&C NETWORK

FIGURE 1.  INTELSAT I AND II COMMAND FORMAT



FIGURE 2. INTELSAT III COMMAND FORMAT

FIGURE 3.  EARLY BIRD TELEMETRY AND COMMAND SYSTEM



FIGURE 4.  INTELSAT II TELEMETRY AND COMMAND SYSTEM

FIGURE 5.  INTELSAT III TELEMETRY AND COMMAND SYSTEM



FIGURE 6.  INTELSAT IV TELEMETRY AND COMMAND SYSTEM

FIGURE 7.  INTELSAT V TELEMETRY AND COMMAND SYSTEM


