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THE AMSAT PHASE IIIB SPACECRAFT

Joe Kasser and Jan King
The Radio Amateur Satellite Corporation (AMSAT)

Box 27
Washington, DC 20044

ABSTRACT

The AMSAT Phase IIIB spacecraft is the second in the third generation of
communications satellites in the (Radio) Amateur Satellite Service. It is designed to
provide worldwide communications to the global radio amateur community, for hours at a
time each day, using a single spacecraft.

The spacecraft is designed to require a minimal amount of ground control and incorporates
a single RCA 1802 based microcomputer that performs all the altitude control, command,
decoding, and telemetry processing functions. This flight computer operates in a
multitasking environment and incorporates a number of unique hardware and software
features, including the absence of ROM (it is totally RAM based) and the incorporation of
a high-level software language developed in Germany, known as IPS, which belongs to the
FORTH family of languages.

INTRODUCTION

When the AMSAT Phase III satellite is activated in orbit, the Amateur Satellite Service
will leave the experimental stage and enter the operational era. The Phase I satellites
(OSCARS 1-5) proved that radio amateurs could build working spacecraft; the Phase II
satellites then showed that these satellites were long lived and that radio amateurs could
control the spacecraft from the ground, as well as communicate through them1.

AMSAT Phase II satellites are in low circular, polar orbits having been orbited as
secondary payloads to LANDSAT and meteorological satellite launches. This orbit
provides limited communications capability to most amateurs in time periods up to 20
minutes, six times a day, allowing many suitably-equipped amateur radio stations,
separated by up to 5000 miles, to communicate simultaneously using VHF/UHF
frequencies. The requirements for “rapid” tracking, the doppler effect on the
communications frequencies, and the low duty cycle of availability combine to show that
this orbit is not optimal for spacecraft in the Amateur Satellite Service.



THE PHASE III ORBIT

Having decided that the Phase II orbit, while providing some communications capacity, is
not ideal, other choices were studied. In order to compare the remaining choices, it was
first necessary to establish the requirements, or specifications, to be met by the Phase III
orbit, which can be described as follows:

• All users, worldwide, want to get the maximum amount of communications
(operating) time via the satellite each day.

• All users want to be able to work anybody they can (distant (DX) or local), taking
advantage of the propagation characteristics of the medium (no-skip zones).

• It must serve an amateur population where at least 90 percent of that population are
located in the Northern Hemisphere.

• It must serve the amateur population which is distributed fairly evenly over all
geographic longitudes.

• These specifications must be met by one satellite.

The commercial international telecommunications satellites in the INTELSAT network are
in geostationary orbits. Amateurs using a satellite in such an orbit can point their antennas
at one location in the sky and forget tracking and doppler effects from then on. The range
circle becomes one-third of the world; thus, any user could communicate with any other
user located in his third of the world.

Consider the range circles for geostationary satellites located at orbital positions that
correspond roughly to those of the INTELSAT positions. The Pacific Ocean position
allows Japan, most of Australia, and the United States (except for the east coast) to
communicate. The Indian Ocean position allows Europe, most of Africa, Japan, and
Australia to communicate; and the Atlantic Ocean position allows the eastern and central
United States, South America, Europe, Africa, and the Middle East to communicate. If the
Amateur Satellite Service had three satellites with intersatellite links, these locations would
be ideal (the professional satellites are in these locations for the same reason). Having only
one satellite, whichever location was selected, would only serve one-third of the
geographic area of the globe. There is no single position in that orbit that would provide a
service to more than one-third of the globe. Even if permission was obtained to place the
satellite in an almost geostationary orbit--such that it would slowly drift around the globe--
everyone would be able to use it; but again, it would only serve one-third of the globe and 



two-thirds of the time it would not be available to a particular user, thus violating
constraint number 1.

The orbit finally decided upon is the Molnya type orbit, so called because the Soviet Union
placed Molnya satellites in that orbit. The orbit is an inclined orbit at about 63 degrees,
with an apogee of about 36,000 km high above the Northern Hemisphere and a perigee of
approximately 1500 km. This orbit allows all of the radio amateurs in the Northern
Hemisphere, and most of the Southern Hemisphere, to use the satellite (communicate)
during at least one orbit per day and when it is not close to perigee. The orbit period is
intentionally biased to avoid subsynchronism and provide nodal drift.

Figure 1 shows a computer simulation of the globe as seen by the satellite at apogee at
different longitudes. It should be noted that any point on the surface of the globe in each
figure can communicate with any other, because as long as the satellite can “see” any point
on the Earth, that point has communications capability. Thus, for example, Figure 1A
shows that South African stations could communicate with the west coast of the United
States, as well as much of South America, Africa, Europe, and the Middle East. Figure 1B
shows that New Zealand and much of Australia could communicate with the United States,
as well as Asia and the Middle East.

On the basis of these computer-generated drawings, it can be seen that any amateur station
in the Northern Hemisphere, or in much of the Southern Hemisphere, has mutual visibility
with almost any other such station sometime (although they may have to choose a
particular orbit for a selected communication). The Molnya orbit thus seems to fulfill the
requirements of the Amateur Satellite Service. In fact, it can be shown that, given the
above requirements, this orbit is an optimal choice.

THE FIRST PHASE III SPACECRAFT

The first Phase III spacecraft was aboard the ARIANE L02 launch vehicle that
malfunctioned shortly after leaving the ground on May 23, 19802. A decision was made in
June of 1980, by the world amateur satellite community, that the spacecraft would be
replaced. Work is now well underway to fabricate two additional satellites and, at the
same time, to include additional technological advances.

THE PHASE IIIB SPACECRAFT

An amazing amount of new and creative technology was developed for the Phase III
program3 due to the unique problems posed by amateur stations using a spacecraft. To
ascertain extent, many of the practices and techniques used in the Phase III program are
orthogonal to the commercial approach in the sense that they solve a different set of



problems, or problems that do not exist in industry, as will become apparent from the rest
of this paper.

A block diagram of the Phase IIIA spacecraft is shown in Figure 2. It is almost identical to
the Phase IIIB spacecraft. The major differences are that Phase IIIB contains two
communications transponders and a MBB liquid propulsion unit (as opposed to the
Thiokol solid-state unit incorporated in Phase IIIA and also planned for Phase IIIC).

The Integrated Housekeeping Unit (IHU)

The heart of the Phase III spacecraft is the Integrated Housekeeping Unit (IHU). It is a
microcomputer built around the RCA COSMAC (1802) microprocessor. It contains 16K
bytes of eight-bit memory, 13 I/O ports (six output and seven input), and a 64 channel
multiplexer and eight bit analog-to-digital converter. The autoload feature of the 1802 is
used to load IPS into the microcomputer; there is, thus, no ROM present in the IHU.
Should a situation arise in which the program gets corrupted, IPS may be reloaded via the
Command Link.

The IHU performs all the housekeeping functions necessary to keep the spacecraft
operational, as well as providing telemetry data to the AMSAT telemetry, tracking, and
control network. The microcomputer operates in a multitasking environment, performing
up to eight simultaneous tasks. Each task is programmed in a high-level language called
IPS4. The IHU hardware uses dynamic memory based on a design developed by Dr. Karl
Meinzer5. Dynamic memories exhibit a radiation dependent, soft-failure mechanism in
which charge deposited by high-energy protons, electrons and atomic nuclei can change
the state of a single memory cell from a zero to a one without causing permanent damage
to the cell. In some memory designs, a second failure mechanism can occur when a
particle penetrates the substrate so that two adjacent PN areas become a parasitic (PNPN)
SCR and the triggering effect causes the junction to break down. This latching mode is a
catastrophic failure mode and is a function of the device size and geometry.

The MOSTEK 4116 device has a physical geometry that makes the unit almost immune to
latchup errors. Thus, by using only MOSTEK devices, and a suitable hardware/software
design, these two effects of radiation on the computer memory can be minimized. The
memory is 12 bits wide laid out in eight bits/byte and a four bit error correcting vector that
is computed in hardware and stored with the data in a given address. The resultant 12 bit
data word is orthogonal to a Hamming correction matrix. An error in the 12-bit word
results in a non-zero matrix product. The matrix is arranged so that its product with the
12-bit vector yields the binary representation of the error location. The error bit is then
inverted to yield the correct value for the eight bit byte of data at the memory location
being addressed.



The software reads and rewrites eight bytes of memory every 20 ms. This “restoring” task
prevents errors accumulating and the entire memory is cleaned up every 41 seconds so that
the average time to correct an error is 20.5 seconds. The “restoring” routine requires only
76 instructions to be executed every 20 ms--a total overhead of 3.7 percent of the
processor time.

Normal cumulative dosage radiation is reduced by extensive shielding using in excess of
10 mm (equivalent thickness of aluminum) around the memory devices.

IPS

IPS is a high-level language that allows modular structured programming. It uses Reverse
Polish Notation (RPN) making parameter passing between modules extremely simple. It
belongs to the FORTH family of languages containing a built-in emulator for an ideal
structured top-down design computer. The high level emulation technique is extremely
economical in terms of memory usage, the entire system resides in about six KiloBytes of
memory, and programs execute only two or three times slower than the equivalent optimal
assembly language code. In most instances this is of no consequence, but when time
critical code has to be used, IPS allows assembly language statements to be included in its
vocabulary.

IPS is one of the few computer languages that does not require a knowledge of English. Its
basic vocabulary was originally written in German by Dr. Karl Meinzer, although English
versions are now available. It should be stated, for the record, that the version of IPS
aboard the Phase IIIA spacecraft used the German vocabulary (e.g., to drop a value off the
stack the command stations would have had to transmit the word WEG).

IPS uses a kind of dictionary; this dictionary contains the name of an activity and a
description of the steps constituting that activity. IPS, itself, is largely such a dictionary,
defining the translation process. Each process that the computer can execute may be
described by an entry in the dictionary. Creating the entries in the dictionary tells the
computer how to handle the process. The computer interprets the dictionary; hence the
name, “Interpreter for Process Structures”. Two types of dictionaries exist in IPS: The
‘linked list’ technique, as used in FORTH, is utilized in the IHU. The 8080 version in the
ground station computers uses a ‘hash table’ technique, which allows the interpreter to
execute faster by reducing the look-up time needed to search the dictionary for a specific
word. It does have the disadvantage that only 512 words can be defined at any particular
time, but it is not difficult for the programmer to tell IPS to forget intermediate words used
to build up larger modules.



The unique aspect of IPS is its use of a “chain” to perform multitasking. The IPS user
chain has eight slots in which a word definition (program) can be placed. IPS continuously
scans the chain and executes words placed in the slots in sequence. The scan cycle is
based on a 20 ms synchronous hardware interrupt. Definitions may delete themselves, or
others, from the chain or place new definitions into the chain. With these operations, the
rule holds that a definition in the chain is always executed in full to the end, even if its
execution time is longer than 20 ms. Its removal from the chain means that in the next pass
through, the chain will find its slot filled by a NOP. This chain concept is a simple method
of implementing multitasking software in the IHU.

THE COMMUNICATIONS SUBSYSTEM

As far as the majority of radio amateurs are concerned, the prime payload is the two
transponders. The transponders aboard the spacecraft operate in the frequency bands
assigned to the Amateur Satellite Service. The prime transponder, or Mode B, has an
uplink between 435.300 and 435.150 MHz and a downlink between 145.820 and 145.970
MHz. The L-Band transponder has an uplink between 1269.950 and 1269.150 MHz and a
corresponding downlink at 435.150 to 436.950 MHz. The L-Band transponder is the first
use of the 23 cm band by an amateur satellite. Both transponders are linear and are built
using advanced high-efficiency power amplifier techniques6,7,8. The Mode B path loss
calculations show that the link for a Phase III satellite at apogee is about 20 dB worse than
a Phase II satellite Mode B link. Seven dB was achieved by increasing the power output of
the transponder downlink transmitter. The amplifier design finally chosen is a first in space
applications and is based on an approach that allows high efficiency amplifiers to be built
that was presented by W.H. Doherty in 19369. The Doherty technique adapted and
modified by Dr. Karl Meinzer provides an amplifier having the characteristics to meet the
performance demands for the Phase III spacecraft on board use. Thus, a technology
intended for improving the efficiency of ‘multikilowatt’ AM broadcast transmitters finds
its use today in providing a new solution to communications via satellite. The antennas
provide circular polarized signals having less than 3 dB of spin modulation out to as far as
45 degrees off the spin axis. The antenna provides the additional 13 dBi of gain required
by the link equations.

THE PROPULSION SYSTEM

The propulsion system aboard the spacecraft is designed to boost the satellite into its final
orbit by changing the inclination and raising the perigee from that of the initial orbit
supplied by the Ariane launch vehicle to that of the desired orbit. The AMSAT Phase IIIA
spacecraft carried a Thiokol TE-M-345-12 solid propellant unit. A similar unit has been
obtained for the Phase IIIC satellite, while a liquid propulsion motor with a thrust capacity
of 400 newtons has been obtained from MBB of West Germany for use aboard the Phase



IIIB spacecraft. This motor is similar to that used successfully by the Symphonie
Communications Satellite Program.

The technology necessary to simply fire a kick motor is trivial. The technology needed to
convince the professional world that “hams” can fire a kick motor safely is not necessarily
trivial. This task on a Phase III satellite is to be accomplished by the Motor Ignition Unit
(MIU). Simply put, when power is applied to the MIU it monitors the engineering beacon
telemetry output line. The MIU is hard-wired to recognize two PN (pseudo random) bit
sequences (one very long and one shorter). Both sequences are sufficiently long and
“random” that their probability of occurring in the normal telemetry sequence is
“vanishingly small”. Upon recognition of one of the sequences the appropriate ARM or
FIRE relay would be closed for a short period of time. If both PN sequences are uplinked
within a specified time window causing both relays to close, then the motor would be
ignited. The ARM relay is physically located very close to the kick motor ignitors and acts
as a final safety intercept. A SAFE/ARM plug is also in line with the firing signal to
provide an additional intercept. Beyond all of this, all power is locked away from the entire
system by the spacecraft separation switches.

It should be noted that under normal conditions the two PN sequences do not exist
anywhere onboard the satellite either in hardware or software. It is, therefore, impossible
to fire the motor by accident or otherwise with things in this condition. Just before the
motor is to be fired a command station uplinks the PN sequences into memory at the
appropriate locations. At this point the spacecraft IHU takes over. At the specified time the
computer would have checked all of the relevant telemetry points. If all data was within
tolerance, the spacecraft attitude would have been verified to assure that the kick motor
was vectored in exactly the right direction. If at this point the PN sequences have been
uplinked and echoed by the engineering beacon, and thus had been received by the MIU,
within milliseconds the spacecraft will be on its way to the new orbit.

THE TELEMETRY SYSTEM

The telemetry system data is transmitted from the spacecraft via two beacons. The general
beacon uses Morse Code or 170 Hz shift FSK BAUDOT RTTY at 60 words per minute.
The RTTY data should be printable on machines using 45.5 BAUDS or 50 BAUDS; the
stop bit is extended to two bits instead of the more usual 1 1/2 bits. The availability of an
on-board microcomputer allows the beacon to be used for more than simple telemetry
purposes. It is now possible to carry orbital data and bulletins of general interest on the
beacon as well as the telemetry. The telemetry consists of ten channels with descriptions in
English and the values in engineering units. The IHU performs the conversions.



Telemetry is transmitted via the engineering beacon at a rate of 400 bits/second using
phase shift keyed (PSK) modulation. The telemetry and command systems were inspired
by the techniques used for the Mariner Mars missions by JPL and the California Institute
of Technology. Studies of the link capability showed that the optimal data rate was around
500 bits per second. Since the spacecraft on-board computer already contained a 20 ms
clock for housekeeping and RTTY purposes, the 400 b/s data rate was chosen so as to
simplify the on-board hardware. The use of uncoded PSK allows those signals to fit in a
2 kHz bandwidth so that conventional SSB receivers may be used in ground stations. A
unique audio frequency PSK demodulator has been developed for this purpose.

The telemetry contains information about temperatures, currents and voltages aboard the
spacecraft. Also available is an error count of soft errors occurring and corrected in the
IHU dynamic memory. The technique used to sense currents is unusual and deserves
mention here. Instead of the conventional measurement of a voltage drop across a series
resistor, the Phase III spacecraft employs a sort of fluxgate magnetometer technology. The
duty cycle of a magnetic core oscillator driven to saturation can be controlled by a DC bias
winding through the core. The current to be sensed is thus passed through such a core and
has an effect on the duty cycle of the output waveform such that the second harmonic
content is a function of the unknown current. A known current supplied by an IHU
controlled current source is passed through the core phased in a manner so as to oppose
the unknown current. The IHU adjusts the known current until it just balances the
unknown one, at which point the duty cycle of the oscillator is 50 percent (second
harmonic is zero). A synchronous detector is used to sense the oscillator duty cycle. This
circuit developed by Dr. Meinzer uses a single LM124 integrated circuit (multiple op-
amps) and uses the detector only as a null indicator. The resultant value returned for the
current being sensed is thus accurately obtained with no ground loop problems being
introduced by the sensor circuitry.

The engineering beacon data is transmitted MSB first. This is opposite to the established
serial data convention. Thus any microcomputer or TV terminal containing a USRT and a
400 bits/second clock can be used to display (and process) data remembering it is bit
reversed. AMSAT has also developed a telemetry-ranging card (TRUMP) for S-100 bus
computers for use by the tracking and command stations as part of the AMSAT-GOLEM-
80 project10,11.

The actual data is transmitted synchronously in blocks of 512 bytes (4096 bits) each byte
containing eight bits. Synchronous data formats generally contain complete data blocks
even if the message is smaller than a complete block. Under these conditions ‘fill’
characters are used to make up the block. The fill character used in the engineering beacon
is 01010000 or 50 hex.



Four bytes are used to indicate the start of a block (syncvector). These bytes are used to
synchronize the receiver to the data to alert it to the fact that a new block is beginning.
This syncvector block is then followed by 512 bytes of data. This technique allows the
syncvector to be decoded by hardware or software or a combination of the two. All three
techniques have been used by AMSAT ground stations. The syncvector contains the
sequence 39, 19, ED, 30. Following the transmission of a block of data, a series of 50’s
are transmitted for 2.5 seconds before the next syncvector and block of data.

As a rule, the contents of a data block will be clear text consisting of ASCII characters.
These raw characters will thus be readable without any additional processing. When
ranging or commanding is being performed, ranging signals or command acknowledgments
will take the place of the regular telemetry.

The data includes 64 channels of telemetry. The raw data format as seen on a video
display of 64 characters by 16 lines is as follows. The header, identification, time and
status information will be transmitted first, followed by four lines of 16 data words. These
words comprise the telemetry and are transmitted sequentially starting at word zero and
proceeding at a rate of 16 words a line until word 3F (64).

THE MECHANICAL AND THERMAL SYSTEMS

The structure is built entirely out of sheet metal (by now, an AMSAT trademark). Various
structures and components went through no less than five different vibration tests, as well
as a number of other compatibility related checks. All were successful. None of the
mechanical load carrying members of the satellite, except the aft launch vehicle attach ring,
were machined parts which greatly reduced costs. One particularly innovative idea was the
use of homemade fiberglass stringers which provided a much needed lightweight solution
to stiffen the spacecraft interior walls, while at the same time acting as thermal isolators for
the electronics modules12. The geometry of the structure is such that for the given solar
array area (side panels) the structure volume and weight are minimized while also
providing superior moment of inertia properties. Blockage of one solar panel by another is
very minimal .

Thermally the final design turns out not to be quite so straightforward. It is necessary to
thermally balance each electronic module separately and the coatings on the outside of
arms vary. In particular, the arm containing the transmitter has an external surface that acts
to maximize the emission of radiation while absorbing very little. Yet, on the other two
arms, the surface perpendicular to the sun has large areas covered by thermal blankets.
The thermal mathematical model finally used for Phase IIIA contained 121 different
temperature “nodes” (data points throughout the structure) with 399 different conduction
paths between them. Each computer run which simulated a particular orbit configuration



required 3300 loop iterations and resulted in the computation of 400,000 node
temperatures. The mathematical problem is equivalent to solving a set of 121 simultaneous
linear equations each having between three and four terms for each position around the
orbit and for each selected sun angle. The resultant design allows the satellite to operate
safely with sun angles between ±60 degrees, during a three-hour eclipse and even for a
limited time with the sun directly on the top or the bottom of the satellite.

THE POWER SYSTEM

The power system objectives of the Phase III design are particularly ambitious. At the
beginning of life, solar cells are to provide an average power of 40 Watts. After four years
they are still to produce 25 Watts in order to maintain a 100 percent operating schedule.
This requirement is particularly demanding because: (A) Dedicated solar panels have to be
developed for Phase III.(B) The panels, given our size constraints, have to be of a superior
technology to that of standard N on P silicon solar cells (roughly 10 percent) .(C) The
predicted degradation of cell performance caused by radiation damage requires that the
silica cover slides be thicker than the more conventional and less expensive cover slides
used on a majority of spacecraft.

Two approaches were used to obtain solar panels for the Phase III program. AMSAT-DL,
in West Germany, was able to arrange a large financial contribution and obtained their
panels from AEG-Telefunken. These panels used 2 cm x 4 cm high-efficiency violet cells
and 0.5 mm/.020 inch fused silica cover slides. The cells were made during the production
run for the INTELSAT 5 program (welded interconnects between cells were also used). In
the United States a different approach was used. In view of the very high cost of producing
flight panels it was not possible to obtain panels made to standard aerospace
specifications. By reviewing several typical NASA specifications, it was possible to
segregate testing and documentation that was mandatory from that which was desirable,
but not (in our judgment) essential. A new specification was prepared removing these non-
essential items and it was circulated to a number of solar array vendors. Solarex, a firm in
Rockville, Maryland; the world’s largest producer of terrestrial cells, as well as a line of
space cells, was awarded AMSAT’s first major contract. Solarex representatives worked
with us to establish a reasonable testing program, as well as a set of requirements for
quality assurance which made sure that the panels would function satisfactorily in space.
AMSAT took on the task of running all qualification tests on a qualification panel. These
tests were run at the Applied Physics Laboratory of Johns Hopkins University. Six more
flight panels then were built to the same specifications and delivered by Solarex. By using
this approach, which minimized paperwork and some testing, it was possible to reduce the
cost of the arrays from the typical 1979 rate of $400/ Watt to less than $200/Watt. These
panels used 2 cm x 2 cm cells and also were of the high-efficiency violet cell type with
0.5 mm cover slides. Both sets of panels (Solarex and AEG-Telefunken) produced the



same output power when illuminated by the sun (27.5 Watt each), although their physical
and thermal characteristics were somewhat different. The final efficiency of each of the
panels was better than 12.5 percent. The objective of producing 40 Watt of power was met
with some margin. With good sun angles, the beginning of life power of Phase IIIA would
have been in excess of 50 Watt. This is also true of the Phase IIIB spacecraft.

Based on the results of the AMSAT-OSCAR’s 6 and 7 and even early indications of some
problems with batteries aboard AMSAT-OSCAR 8, a decision was made to fly two sets of
batteries aboard a Phase III spacecraft. After more than a year of paperwork, AMSAT was
able to obtain spare NiCad cells from NASA’s ITOS weather satellite program as excess
government property. This was a particular bonus for Phase III since these six amp-hour
capacity NiCad cells when obtained were still within NASA date code (very current
manufacturer date) and are two generations in technology ahead of those flown on
AMSAT-OSCAR 7. Ten of these cells were used as the primary battery on Phase IIIA.
The auxiliary, or backup battery, is composed of ten four-amp-hour cells produced by
SAFT Corporation of France. They are a contribution by the European Space Agency
(ESA). The power system is designed in such a way that while the primary battery is
switched on line, the auxiliary battery is stored discharged. Only after degradation of the
primary battery would the auxiliary battery be trickle charged and then switched to the
main bus removing the old main battery. By this date in the lifetime of the spacecraft
(hopefully about four years after launch), the solar array power will have dropped
significantly and during eclipse operations the reduced power transponder mode will be
used. Under these conditions a four-amp-hour capacity auxiliary battery will be adequate.
By using these smaller cells for the auxiliary battery, additional weight can be saved.

In order to prevent the battery from overcharging at all times, a current regulating device
must be inserted between the solar arrays and the battery. The battery charge regulator
(BCR) in most spacecraft is a shunt regulator which implies that excess power not needed
by the battery or the loads is shunted to ground via large load resistors. This means lots of
big power components and shunt paths to ground, all of which can result in failures. In
some cases these could be catastrophic. It would seem logical then that if the power is not
needed, why produce it in the first place? In other words, solve the problem at the source--
the solar arrays. Since the design of AMSAT-OSCAR 7 a unique solution has been used to
solve the BCR problem. The I-V curve of a solar cell (or several in series/parallel) has an
interesting property. It acts as a constant-current generator over a wide voltage range;
however, as the voltage is increased (load decreased) beyond a point known as the knee,
the array current will decrease. By taking full advantage of this property the operating
point of the array can be selected to coincide with the battery charge state. The technique
used by all of the OSCAR spacecraft since 1974 has been to determine the state of charge
of the battery by sensing the battery voltage and then adjusting the input voltage from the
arrays by the circuit equivalent of a voltage-adjustable Zener diode. The counter intuitive



feature of the BCR is then that the array current is decreased by sensing an increase in
battery voltage and then increasing the array voltage. There are two problems with this
approach. Both the battery cell voltage and the array operating point are temperature
dependent. With the BCR’s on the AMSAT-OSCAR 7 and 8 spacecraft the temperature
compensation was done to a first order at the input and output by making the assumption
that the temperature coefficient of the arrays and battery could be equated to that of a
temperature sensitive transistor junction. Also assumed was that the particular transistor
used (which was located inside the BCR) was isothermal with the array and the battery
cells. While the first assumption proved to be valid, flight data shows that the latter
judgment was not. In addition, there are important second-order effects on these operating
points caused by the slow effects of radiation damage to the solar cells, along with
chemical changes within the NiCad cells. All of this makes a BCR where these coefficients
are set-and-forget far from ideal (yet still workable). Phase III solves all of this by the
relatively simple process of placing the input and output BCR voltages under control of the
IHU. The computer then may act as the controller and the software can make use of all
relevant information available, such as actual array and battery temperatures, as well as
data related to long and short term time dependent phenomena. As more is learned about
the satellite from the ground, new coefficients, or even new control programs, can be
uplinked into the spacecraft computer.

Designed and constructed by the Amateur Radio Club at the Technical University of
Budapest, Hungary (HG5BME), the Phase IIIB BCR module is fully redundant and serves
a number of functions beyond that of a battery charge regulator, including: (1) A well
overdesigned +10 Volt regulator for all spacecraft logic power. (2) Switch over relays for
BCR selection (1 or 2), battery selection (main vs auxiliary) and auxiliary battery charging.
These are controlled by the spacecraft computer (IHU). (3) All solar array protection
diodes. (4) Digital-to-analog converters for control of the BCR input and output voltages
by the spacecraft computer. (5) A wide variety of telemetry outputs which measure all
relevant voltages and currents.

The BCR also acts as a voltage downconverter taking power from the solar panels at 28
Volts and supplying power to the battery and loads at 14 Volts with an overall efficiency
of 90 percent.

ORBIT AND ATTITUDE CONTROL

The Phase III spacecraft is spin stabilized. Its attitude is designed to point its antennas
directly at the earth when at apogee13. As the spacecraft approaches perigee, the earth
‘moves’ into the side lobe of the antenna. The antenna gain is balanced such that the path
loss and the apparent antenna gain at any point in the orbit is a constant. At perigee, the 



IHU switches in the omni antennas. Thus, total path loss in the space segment thus
simulates a constant value anywhere in the orbit.

The satellite spin vector can be influenced by a magnetic torquing system. Earth and sun
sensors provide the necessary reference information. Nutation dampers are located in each
arm of the satellite. The attitude control package in the IHU written in IPS performs the
following calculations to maintain the spacecraft in the correct attitude. (A) Determines the
orbit radius vector and the spacecraft position within the orbit using the internal orbit clock
in the IHU. (B) Produces all necessary time references. (C) Calculates the position of the
sun vector. (D) Calculates the local earth magnetic field vector at the spacecraft. (E) Using
data supplied by the sun and earth sensors, it calculates the spin vector of the spacecraft.
(F) By comparing the actual spin vector with the desired one, it determines the optimal
direction for the spacecraft attitude control magnetic vector which torques the satellite so
as to minimize the spin error.

Three coordinate systems are used to implement these calculations. The determination of
the sun and earth magnetic field and the location of the orbital plane are most easily
defined in an earth-equatorial system. In order to avoid the complications resulting from
the earth rotation, zero longitude in the system is defined fixed in space pointing towards
the position of the sun on the 21 March (point of Aries). This point is thus also defined in
the ecliptic, because the sun crosses the ecliptic on this day in a northerly direction. This
coordinate system is referenced as the AEQ-system (again: longitude is to the east). The
second coordinate system used is defined by the orbital plane as the equator with the earth
at the center. The position of the perigee defines zero longitude in this system. This system
is the most appropriate one when dealing with the spacecraft orbit and the spin-vector
(SVR) system. It is referred to as the ORBIT system. Finally, in a few instances, we need
a system defined by the spacecraft spin-axis. In this system the spin-axis defines north, the
equator is the plane normal to the spin axis. Zero longitude is defined as the point where
the spacecraft equatorial plane intersects the ORBIT-equator (ascending node). Although
taking the sun-projection on the spin-equator as zero longitude would be more practical
from a sensor point of view, it would result in more complicated computations. The
defined spin system is referred to as the Spin Vector System (SVR).

THE AMSAT TELEMETRY, TRACKING, AND CONTROL NETWORK

The AMSAT telemetry, tracking, and control (TT&C) network monitors the day-to-day
operation of the spacecraft. Since the management of the on-board systems is taken care of
by the IHU, the ground stations have little or no commanding to perform for regular
satellite housekeeping. The ground stations located in the United States, Canada,
Germany, New Zealand and one or two other countries, function primarily in the launch
support mode, relaying telemetry back to AMSAT headquarters in Washington, DC. Once
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the spacecraft is in its final orbit, ground station support is reduced to telemetry
monitoring, limit checking and the occasional commanding to insert information of interest
to users into the IHU for transmission by the spacecraft on the telemetry beacons. The
command stations can also utilize the IHU as a store and forward message node by loading
such messages into the IHU. The ground stations communicate via a satellite channel
inside the communications passband or via the conventional hf amateur radio bands when
conditions allow.

AMSAT’s use of the IHU to perform on-board control of the spacecraft, thus relegating
the ground station to a backup role, is a role reversal when compared to, for example, the
INTELSAT network. AMSAT’s decision to let the IHU do the work was governed by our
confidence in the hardware and software, almost as much as by the knowledge that radio
amateurs cannot afford to man ground stations for 24 hours a day on an annual basis.

SUMMARY

Apart from being the most expensive and complex spacecraft in the Amateur Satellite
Service, the AMSAT Phase III spacecraft development program has generated significant
advances in aerospace technology. A quick summary of the technologies developed for the
Phase IIIA satellite are as follows.

THERMAL SYSTEM

Separate thermal design for each arm and the kick motor cylinder

• 121 Node Thermal Mathematic Model of Phase III used to assure proper performance

• Spacecraft capable of operating over the sun angles of ±60 degrees

* Spacecraft capable of operating through three hour eclipse period, all components
within thermal specification

C Exterior thermal coatings selected to minimize contamination problems (particularly
from kick motor chemical products resulting from burn)
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COMMUNICATIONS SYSTEM

Transponder with command receiver and two beacons, antenna switching relays, antenna
system transponder

* High-efficiency linear power amplifier ( 50 Watt PEP) employing envelope elimination
restoration and Doherty amplifier technology 50 percent efficiency independent of drive
level

C Peak and average agc loops optimized for SSB communications

* 150 KHz bandpass quartz filter used with shape factor of 1.16 (insertion loss less than
0.5 dB)

C Engineering beacon employed PSK modulation ±90 phase shift used, optimum
signaling technique because all transmitted energy contained in modulation sidebands,
no carrier energy

C Use of Costas loop demodulator for recovery of engineering beacon carrier on the
ground

* Simple audio frequency PSK demodulator developed for low cost ground station use,
compatible with SSB receivers

C Several command receiver technology advances

STRUCTURE

All sheet metal structure qualified to full Ariane loads

C Capable of withstanding 50g peak loads

C Allows installation of kick motor with virtually no alignment procedure

C Use of fiberglass stringers increases strength, reduces weight and allows thermal
isolation of electronic modules

* For given solar array area geometry of structure is minimum internal volume (weight)
with virtually no array blockage
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POWER SYSTEM

Solar arrays, batteries, BCR

Telefunken Arrays

C Violet cell technology, 12.5 percent efficiency, 2 cm x 4 cm size

C 0.5 mm cover slides used

C Welded lead inconnects

Solarex Arrays

C Violet cell technology, 12.5 percent efficiency, 2 cm x 2 cm size

* Minimum specification/qualification approach used which reduced cost to
approximately $200/Watt

Batteries

C Improved NiCad technology to previous OSCAR satellites

* Redundant “cold storage” spare concept used

BCR

* Charge control via manipulation of array operating point, no shunt components used.

C Array voltage and battery voltage adjustment under full IHU (computer) control
allowing exact temperature correction.

* Current sensing accomplished by fluxgate magnetometer technology, no losses
encountered in current telemetry measurements.



* Indicates the first known use in an aerospace application.

PROPULSION SYSTEM

Motor ignition unit, arm relay, kick motor and other safety equipment.

* Unique decoding technique employed using PN sequence technology to assure
personnel safety.

* Alternating current used to fire ignitors.

* Kick motor safety status monitored solely by IHU and ground computer (absolutely
unique). No conventional interface with the range safety officer console.

ATTITUDE CONTROL SYSTEM

Sensor Electronics Unit (SEU)) redundant sun sensors and earth sensor.

C Simple, but effective dual-beam earth sensor using visible light diodes.

C Software algorithm with earth sensor finds true center of crescent earth.

C Sun sensors resolve spin rate and solar aspect angle.

* Torquer coil used as sole means of attitude control in high earth orbit.

C Mathematic model of earth’s magnetic field and all orbit characteristics maintained in
software on board spacecraft.

INTEGRATED HOUSEKEEPING UNIT (IHU)

Flight CPU, 16K Byte dynamic memory, command detector, 64 channel analog
multiplexer.

C 1802 processor chip utilized special Sandia CMOS radiation hardening process.

* First known use of a single microprocessor used in a universal multitasking mode in a
spacecraft. Processor is capable of working on eight simultaneous tasks.

* First known use of a high-level language on-board a spacecraft; IPS a “threaded code”
language was developed especially for Phase III.
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* Hadamar error correction technology (12-bit code, eight data bits) employed to guard
against “soft” memory failures caused by high-energy particle radiation, MOSTEK 16K
(MK4116) memories used: soft error rate monitored by telemetry.

C Selective radiation shielding employed on all IC’s in the spacecraft, Tantalum chips
bonded to top and bottom of each chip, local shielding saves considerable weight.

ANTENNA SYSTEM

C Circular polarization derived from 120 degree phasing of three elements.

* +10 dB of gain at 145 MHz with constraints of Phase III structure (they said it could
not be done, but that did not stop us).

C Dual frequency 70 cm/2M omni antenna
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THE AMSAT PHASE IIIB SPACECRAFT



Figure 1. The globe as seen from the satellite. (Computer simulations courtesy
of Bill Johnson N5KR).



Figure 2.  Phase III S/C Functional Block Diagram


