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Sammanfattning
Abstract
This report briefly describes the special requirements for a computer board for use in space. In 
particular, component selection and ways of mitigating the soft and hard errors are discussed. 
Furthermore, one implementation for a low-cost, relatively high performance computer that will 
work in the harsh space environment is presented. The report is primarily intended for those 
familiar with digital design, who need an introduction to construction of space or other high-reli-
ability hardware.

As the quality (resolution) of imagers, spectrometers and other data sources in scientific satellite 
payloads is increasing, there is also an increasing demand for more processing power in order to 
compress or in other way process the data before transmitting it on the limited bandwidth micro-
wave downlink to Earth. Scientific instruments are usually mission specific and have rather low 
budget, so there is a need for a powerful computer board that can be used for a number of mis-
sions in order to keep the engineering costs down.

Nyckelord
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Embedded computer, Space, Linux, Radiation, Single event upsets, Error correction, Hamming 
codes, Microprocessor, Memory, StrongARM, FPGA
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1 Introduction

1.1 Abstract

This report briefly describes the special requirements for a computer board for use in 
space. In particular, component selection and ways of mitigating the soft and hard er-
rors are discussed. Furthermore, one implementation for a low-cost, relatively high 
performance computer that will work in the harsh space environment is presented.

The report is primarily intended for those familiar with digital design, who need an 
introduction to construction of space or other high-reliability hardware.

Figure 1.1 shows a photo of the computer board, built as part of this thesis to get a 
better understanding for memory and memory error correction architechtures.

1.2 Background

As the quality (resolution) of imagers, spectrometers and other data sources in scien-
tific satellite payloads is increasing, there is also an increasing demand for more 
processing power in order to compress or in other way process the data before trans-
mitting it on the limited bandwidth microwave downlink to Earth. Scientific instru-
ments are usually mission specific and have rather low budget, so there is a need for 

FIGURE 1.1: Photo of the prototype computer board. The reverse side only 
contains passive components and footprints for alternative SRAM chips.
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a powerful computer board that can be used for a number of missions in order to keep 
the engineering costs down.

Figure 1.2 shows some of the main blocks in a scientific satellite. Traditionally data 
is collected by the instrument, passed on (with no processing) to the main computer, 
where the data is temporarily stored in a mass memory. Whenever possible, data is 
down loaded to the ground control centre through the microwave link. However, to 
cope with the increasing demands on processing power, the instrument controller 
needs to become more powerful, which is where a more powerful general embedded 
controller could help.

1.3 Readers guide

This is a short description of the different chapters. The first chapter is intended to 
give an introduction to why this kind of computer is desired. The second chapter de-
scribes the special requirements for space applications in general and radiation issues 
in particular.

In chapter three selection of components and ways of mitigating radiation problems 
are discussed. The fourth chapter presents the design and what choices that has been 
made for this particular application.

Following the implementation description is a summary discussing suitability and 
limitations of the implementation.

The appendices include information on the linear block codes used in the implemen-
tation, usage of the board debug interface and the memory space mapping.

The work is concluded with a list of references and abbreviations used in this report.

Data−collecting

instrument

Main processor

and memory

Power
system

Microwave

data link

Instrument

controller

control

Attitude

FIGURE 1.2: Scientific satellite block diagram, where the data bandwidth is 
indicated by the arrow thickness
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2 Requirements

2.1 Radiation effects

Below is a brief description of sources of and problems caused by radiation. See [1] 
Handbook of radiation effects, [2] Total ionizing dose effects and [3] Single Event 
Effect Criticality Analysis, for more thorough information and analyses.

2.1.1 Radiation sources

The main radiation sources in space are:

• Trapped radiation

• Cosmic rays

• Solar flares

Trapped radiation is mainly electrons and protons trapped in the Earth’s magnetic 
field. The energy levels of these particles are up to some MeV for electrons and some 
hundred MeV for protons. The particles are trapped where the Earth’s magnetic field 
lines are closed; basically all around the Earth, except close to the poles.

Cosmic rays can be divided into two kinds:

• Galactic cosmic rays: Protons, alpha particles and heavy ions (energies up to 
1GeV)

• Terrestrial cosmic rays: The primary cosmic radiation is transformed in interac-
tion with the Earth’s atmosphere into secondary radiation.

Solar flares accelerate particles to high energy levels, proton energies up to 100MeV 
and heavy ion energies up to 100GeV can be registered. The solar flares also produce 
intense bursts of UV and X-rays. Besides these particles and rays the geomagnetic 
field is disturbed, possibly resulting in a dramatically increased overall radiation in 
low earth orbits.

2.1.2 Satellite orbits

The kind and amount of radiation a satellite will be exposed to depends heavily on 
what orbit it will have. So, it is important to know the orbit before starting develop-
ment, otherwise the hardware may not survive in its real environment or may be over 
engineered, leading to excessive costs. Here is an overview of standard orbits:

• Low earth orbits (LEOs): Satellites in LEOs passes through the trapped elec-
trons and protons in the Van Allen belts several times every day. The geomag-
netic field protects the satellites from cosmic rays and solar flare particles, 
however this shielding depends on satellite inclination and altitude. As the alti-
tude increases the shielding gradually becomes less effective, exposing the sat-
ellite to more and more particles. As the inclination increases the satellite 
spends more and more time outside the regions of geomagnetic shielding, and 
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when the inclination approaches 90 degrees and the satellite crosses the polar 
regions it is completely unprotected.

• Highly elliptical orbits (HEOs): HEOs are similar to LEOs, except that satellites 
are exposed to cosmic rays and solar flare particles regardless of their inclina-
tion, due to their high apogee altitudes.

• Geostationary orbits (GEOs): At geostationary altitudes trapped particles is not 
a problem, since their energies are too low to cause single-event errors in semi-
conductors. On the other hand satellites are fully exposed to cosmic rays and 
solar flare particles.

• Planetary/interplanetary mission: The radiation received by a spacecraft 
depends on a number of factors: Number of times the spacecraft passes through 
the Earth’s trapped particle belts, how close to the sun it passes, the mission tim-
ing compared to solar maximum timing and possibly radiation at the target 
planet.

Figure 2.1 shows LEO, HEO and GEO orbits and the Earth’s magnetic field lines.

2.1.3 Radiation effects in semiconductors

The effects of radiation can roughly be divided into two groups:

• Atomic displacement: As a particle at high velocity hits an atom in the (semi-
conductor) lattice, the atom will likely leave its position at high velocity if it 
receives more energy than the displacement energy. The displaced atom will 
leave a vacancy in the lattice and either recombine with another vacancy or set-
tle in an interstitial position in the lattice. This mainly leads to permanent degra-
dation in semiconductor performance in terms of shorter minority carrier 
lifetime and diffusion length.

• Ionization: The radiation can both temporarily lower the resistance in insulating 
oxide and more or less permanently trap charges in oxide, affecting charge sen-
sitive areas in devices e.g. MOS transistor gates. Furthermore, in p-n junctions 
photo currents are induced by gamma rays and may result in single event upset, 
latch-up or burnout in integrated circuits.

FIGURE 2.1: Satellite orbits
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2.1.4 Total ionizing dose (TID)

Since some radiation effects are slowly accumulating (e.g. charge trapping) the sem-
iconductor device will perform well enough to allow the system to work, until a cer-
tain amount of radiation has been absorbed. In the case of charge trapping in the gate 
oxide of MOS transistors, the transistor threshold voltage changes, resulting in higher 
leakage currents and overall higher power consumption. TID is something that has 
to be destructively tested for each device model and manufacturer. Testing chips for 
TID is an expensive and time-consuming process. Fortunately NASA and a few 
space-related companies occasionally tests new chips and their test reports are pub-
lic.

2.1.5 Single event latch up (SEL)

Parasitic pnp and npn transistors in a CMOS chip form thyristors (pnpn junctions) in 
the substrate, as shown in Figure 2.2. Normally these thyristors are switched off, but 
they may get triggered and start conducting (latch up) by ionizing radiation. Best case 
this leads to much higher power consumption, worst case the device is destroyed. 
Some modern chip technologies can be considered latch up immune, since latch up 
cannot occur:

• In the silicon-on-insulator (SOI) chip technology the substrate is made up of an 
insulator, instead of doped silicon, effectively eliminating the parasitic thyris-
tors.

• In modern microprocessors the supply voltage is usually too low to keep the 
parasitic thyristors conducting, effectively eliminating the latch up.

2.1.6 Single event upset (SEU)

SEU is a soft error in a bistable device (e.g. memory cell). This phenomenon is trig-
gered by ionization in a sensitive p-n junction in the device, causing a current pulse. 
If the charge injected by this current pulse becomes large enough, the device will 
change its logic state. Figure 2.3 shows the nodes in an SRAM cell, where charge in-
jection can lead to SEU. This is a non-destructive phenomenon, and the device can 
be reset to its previous state (e.g. the original value can be written back to a memory 
cell).

p+p+p+ n+n+ n+

n−wellp−substrate

FIGURE 2.2: CMOS structure, with parasitic thyristor sketched

se
le

ct

se
le

ct

D D

FIGURE 2.3: SRAM cell, which may change state by ionization
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The charge needed to switch the logic state, the critical charge, is dependent on the 
physical dimensions of the transistors involved in the bistable device. As the memory 
chips get more and more dense, the individual transistors becomes smaller and small-
er and consequently the critical charge gets smaller, resulting in higher single event 
upset risk.

In combinatorial logic SEUs take the form of single event transients (SET), where 
the output for a short period of time shows the wrong value, but later returns to the 
normal state.

2.1.7 SEUs in memories

There are many different types of memory available today. Each type behaves in its 
specific way when exposed to radiation. Below, a number of memory types and their 
single event upset behaviour are listed. In general, the more complex controller there 
is in the memory, the more complex errors can occur.

2.1.7.1 SRAM
Summary on SRAM primary radiation effects:

• SEUs causing single bits to change value.

• SETs in the address decoding, causing the wrong word to be read/written.

2.1.7.2 DRAM
Summary on DRAM primary radiation effects:

• SEUs causing single bits to change value.

• SETs in the address decoding, causing the wrong word to be read/written.

• SEUs causing a whole data row to change value.

• SEUs causing a whole data column to change value.

2.1.7.3 SDRAM
Summary on SDRAM primary radiation effects:

• SEUs causing single bits to change value.

• SETs/SEUs in the memory controller, causing the wrong word(s) to be read/
written.

• SEUs causing a whole data row to change value.

• SEUs causing a whole data column to change value.

2.1.7.4 PROM
Summary on PROM primary radiation effects:

• SETs in the address decoding, causing the wrong word to be read.

2.1.7.5 Flash EPROM
Flash EPROM memories (or shorter: flash memories) has evolved rapidly the last 
few years and they are widely used in consumer products. In order to increase the bit 
density some memory devices stores multiple bits in each memory cell (multi-level 
flash memories). This means that an upset in a single memory cell can cause a multi-
bit error.
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According to Nguyen [4] Intel 28F640 64Mbit multi-level flash memory is more sen-
sitive to radiation than Samsungs KM29U128 128Mbit flash memory. In the report 
Nguyen also notes that the circuit in the memory that is most likely to be affected by 
radiation is the charge pump supplying the memory with erase/programming voltage. 
This means that a flash memory used for storing program code is less likely to be bro-
ken than a flash memory used for temporary data storage. Furthermore, the flash 
memory lifetime can be significantly improved if the device is mainly held unpow-
ered.

Summary on flash EPROM primary radiation effects:

• SEUs causing single bits to change value.

• SETs in the control logic, causing the wrong word to be read/written.

• SEUs in the control logic, causing multiple faulty words to be read/written.

• TID problems, where the internal charge pump used when writing and erasing 
the memory is destroyed.

2.1.7.6 EEPROM
EEPROMs behave quite similar to flash EPROMs in radiation environment. See sec-
tion 2.1.7.5 “Flash EPROM” on page 6.

2.1.7.7 FRAM
Ferroelectric memories are non-volatile, fast and likely to be radiation immune (the 
memory cells are, but not the control logic). These are very valuable properties for 
space applications. However, read operations are destructive, i.e. during a read oper-
ation the information read must be written back to the memory. This is automatically 
handled by the memory chip itself, but implies that a read operation may alter the 
information in the memory if the chip is exposed to radiation.

2.2 Redundancy

Since there is no possibility to repair equipment in space, besides instruments on 
board space stations and through extremely expensive manned shuttle operations, 
equipment must be built to survive single device failures. The required redundancy 
can be of different levels, for example:

• Triple-mode redundancy hardware. Three functionally equivalent units work in 
parallel, voting every output signal. In case one unit fails, the other two will still 
provide a fully functional system.

• Spare unit. Two (or more) identical units are available. In case one breaks, the 
other unit can be powered up and perform the task, after initialisation.

• No redundancy. If the single unit breaks, nothing can be done about it.

The last is of course the simplest and cheapest to realize, but inherently unreliable, 
as e.g. one broken gate in one of the circuits can cause the full unit to break.

Having a spare unit is often a good choice, as that doesn’t add much design complex-
ity and the two units can be tested independent of each other.

Triple-mode redundancy is usually only suitable in really critical parts, e.g. the power 
system. The required hardware more than triples, as voting circuits have to be added. 
Testing is also more complex, as it is necessary to make sure that all parts works.
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In all cases, every interface to other units must be designed not to propagate failures. 
e.g. a broken unit must not be able to short-circuit or connect high voltages to com-
munication buses.

2.3 Power consumption

In satellites power consumption is a major issue. Power is expensive; the more power 
the satellite components consume the larger solar panels and batteries are required, 
resulting in a heavier satellite that is more expensive to launch. In addition, radiating 
the excess heat generated is a big problem in satellites.

2.4 Mechanical stress

Vibrations and shock at satellite launch can cause severe damage if precautions not 
are taken. Large (heavy) components can cause high forces on their pins. Especially 
for large QFP packaged devices with delicate pins. It may be necessary to glue these 
package to the PCB. Next, the PCB must be well attached to its box, in order to make 
the area between the mounting holes as small as possible, minimizing the force on 
and motion of each section.

Stress due to thermal mismatch between a BGA-packaged component and PCB can 
be induced when the component is soldered. This stress may later lead to cracks in 
the component package or in the solder joints.

Temperature variations in the satellite is another factor that can induce mechanical 
stress in components and PCB.

2.5 Physical dimensions and weight

When optimizing the physical dimensions of the PCB, it is important to remember 
the close relationship between PCB area and weight. The PCB’s contribution to the 
satellite’s total weight is negligible, however the PCB is put in a box that in turn is 
secured to some fixture. The box, although fabricated of aluminium, does have a low, 
but still significant weight.

Electronic devices are rather small, but there is a choice between small and smaller 
chip packages. Today there is much talk about chip scale packages. Chip scale pack-
ages minimizes the PCB area required by each chip, since the package is just a little 
bit larger than the chip. This can be compared with the old DIL packages, where the 
package is ten times the chip size or more.

BGA packages may be a good alternative to fine-pitch surface mounted packages 
(such as QFP or SSOP) for devices with lots of pins. But in the case of BGA:s, the 
mechanical stress in the package to PCB connection might become a problem. On the 
other hand, some TSOP or TSSOP packaged devices (high density memory devices 
in particular) suffers from problems where the glue holding the chip inside the pack-
age unsticks.

Highly integrated circuits is of course a good choice in PCB area optimization. The 
more functions that are implemented in one single device, the fewer devices are 
needed. FPGA and other high density programmable logic can not only replace lots 
of low density logic devices, but does also simplify the PCB routing, which in turn 
may allow further component density improvements.
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3 Component selection considerations

3.1 CPU

The primary criteria for selection of processor have been power consumption and ex-
ecution speed. No 8-bit or 16-bit architectures were investigated, since they were not 
considered powerful enough. On the other hand, state-of-the-art processors for desk-
top computers/servers consume too much power. The group of processors where the 
above criteria can be met, is processors designed for use in embedded or portable ap-
plications.

Investigated processor architectures:

• PowerPC, which was developed by IBM and Motorola.

• MIPS, which was developed by MIPS Technologies Inc. The company licenses 
the processor core to a great number of semiconductor manufacturers.

• ARM, which was developed by the Acorn Computer Group, that later became 
Advanced RISC Machines Ltd. The company licenses the processor core to a 
great number of semiconductor manufacturers.

• StrongARM, which was developed by ARM Ltd. and Digital Semiconductor. 
Today Intel is the only StrongARM licensee. (The successors to this family are 
now called Xscale)

• Sparc, which was developed by SUN Microsystems Inc. Today the SPARC 
International Inc. consortium directs the evolution and standardization of the 
SPARC microprocessor architecture. The SPARC core is licensed to a handful 
of semiconductor manufacturers.

Table 3.1: Power/performance per processor family

CPU 
family

Specific chip
Power 

consumption 
(typical)

Execution 
speed

Chip 
technology

Additional 
built-in 
features

PowerPC
(32 bit)

Motorola 
MPC860T

11mW/MHz 88 Dhrys-
tone MIPS
(66MHz)

0.42µm 
CMOS

Cache, MMU, 
timers, ether-
net, serial I/O

MIPS
(64 bit)

NEC 
µPD30122F1

1.5mW/MHz 216 Dhrys-
tone MIPS
(180MHz)

0.18µm 
CMOS

Cache, MMU, 
timers, PCI 
bus, serial I/O

ARM
(32 bit)

Samsung 
KS17C4000

5mW/MHz (4-33MHz) CMOS Cache, timers, 
ADC, serial I/
O

Strong-
ARM
(32 bit)

Intel SA-1100 1.7mW/MHz 150/220 
Dhrystone 
MIPS
(133/
190MHz)

0.35µm 
CMOS

Cache, MMU, 
timers, serial I/
O
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All of the processors in Table 3.1 on page 9 are commercial products for use in em-
bedded systems and none of them is designed for space use. This is by no means the 
result of an exhaustive search, however it is a good indication on performance of 
chips designed for the embedded market per processor family.

The significantly lower power consumption of the MIPS and StrongARM processors 
listed makes them good choices. However, the NEC MIPS processor was not in mass 
production at the time of investigation, and its ancestors have higher power consump-
tion.

The Fujitsu SPARC processor lacks internal timers needed by operating systems, 
which implies that external timers have to be added (implemented in an FPGA).

The Samsung ARM processor has a so called Thumb instruction set, which reduces 
the need for program memory. Generally, RISC processors are not very code effi-
cient, but the Thumb mode improves the efficiency by having an even more reduced 
instruction set which is available as 16-bit instructions, instead of the normal 32-bit 
instructions.

Not investigated, but certainly interesting for space use: The LEON-1 fault tolerant 
SPARC processor core (synthesizable VHDL model) developed by ESA, see Gaisler 
[5].

Note that this investigation was done year 1999/2000. Today the available processors 
are basically the same. Old models are outdated, new models are available, with more 
features and/or lower power consumption.

Today also the major FPGA vendors all have an ARM- or MIPS processor core in-
tegrated with some of their bigger FPGAs, allowing for very compact computer de-
sign.

3.1.1 CPU support - compilers

Another important feature is the availability of software, C-compilers in particular. 
GCC, see [6] GNU Compiler Collection, is a set of open source compilers. GCC sup-
ports all the processors listed in Table 3.1 on page 9. There are of course also com-
mercial compilers available.

3.1.2 CPU support - operating system

• Linux is available as a general-purpose operating system for all processors 
listed in Table 3.1 on page 9. Work must be done to in some sense customize it 

SPARC
(32 bit)

Fujitsu 
MB86833

8mW/MHz (66MHz) 0.35µm 
CMOS

Cache

Table 3.1: Power/performance per processor family

CPU 
family

Specific chip
Power 

consumption 
(typical)

Execution 
speed

Chip 
technology

Additional 
built-in 
features
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to the new computer board, but much work is saved by using available free soft-
ware. See [7] for (experimental) Linux hardware port projects.

• NetBSD is available as a general-purpose operating system for all processors 
listed in Table 3.1 on page 9. The major goals for the NetBSD project is to make 
the base OS “extremely portable”, to avoid licensing problems and to make it 
conform to open system standards as much is possible. See [8] for description 
and source code for NetBSD.

• eCos is available as an embedded operating system for the ARM, StrongARM 
and MIPS processors. It is specifically developed to ease porting to new proces-
sors and new computer boards. See [9] for description and source code for 
eCos.

3.2 Memory

3.2.1 Non-volatile program memory

Program code must be stored in some kind of non-volatile memory that is very un-
likely to have SEU problems. Two schemes for program code storage can be consid-
ered:

• All program code is stored in the same non-volatile memory

• A special boot-loader program is stored in a more SEU-secure memory. This 
program then loads user program code from another (possibly less SEU-secure) 
memory, from another satellite unit or from ground control by microwave link.

The first alternative has the advantage that only one memory chip is needed. The sec-
ond has the advantage that the boot code can be stored in one (small) highly reliable 
memory such as a PROM, and the rest of the code in cheaper (large) memory such 
as flash memory.

3.2.2 Volatile data/program memory

The computer needs to store variables, call return addresses etc. in a fast random ac-
cess memory that is radiation tolerant.

Dynamic RAMs are in general fast, cheap, compact and power consuming.

Static RAMs exists in both (slow) low-power and high-speed (power consuming) 
versions.

3.2.3 Long-term data memory

Long-term data memory can be used for storing program settings, measurements etc. 
This memory can be the same as the program memory. However, long-term data is 
written more often and may not require as good error correction as program memory. 
Because of this, it may be better to separate these two storage functions.

3.2.4 FPGA

There are at least three kinds of FPGAs available on the market:

• SRAM based

• Flash EPROM/EEPROM based

• Antifuse based
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SRAM based is probably the most common type used in commercial products, since 
it at the time of writing is available with much more gate equivalents than the other 
two types. However it is not suitable for space usage, since a single event error can 
not only flip a register bit, but can also alter the configuration of the device making 
the behaviour unpredictable.

Flash EPROM/EEPROM based devices are currently only available from Actel/
Gatefield. They are likely to have the same problem as SRAM-based devices: their 
logic function may change when exposed to radiation.

Antifuse based devices only has about 10% of the gate equivalents available in state-
of-the-art SRAM-based devices, but are live at power-on and the function is not al-
tered by radiation.

3.3 Memory error correction

In order to mitigate the problems with SEU in the memories some kind of error cor-
rection must be used. The main approaches are:

• Majority voting, also referred to as triple-mode redundancy (TMR)

• Linear error correcting block codes

• Cyclic codes, such as Reed-Solomon

See Lin [10] for more information on coding algorithms.

3.3.1 Majority voting

Majority voting handles more simultaneous errors than error correcting codes, and is 
also faster (there is almost no speed penalty compared to a system with no error cor-
rection). However they require tripled memory chips, which means that the power 
consumption and PCB area requirements are tripled. In this mode a full memory chip 
can break and the system will still work, though with no bit error correction. 
Figure 3.1 shows the read and write data paths for majority voting.

Memory

Memory

Memory

CPU

2/3

voter

FIGURE 3.1: Majority voting data path
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3.3.2 Linear block codes

Linear error correcting block codes require roughly 25% extra memory for holding 
parity bits (using 32-bit CPU data bus), and an encoder/decoder circuit to be able to 
correct single bit errors. However, this is much less than the 200% extra memory 
needed by the majority voting redundancy method. Figure 3.2 shows the read and 
write data paths for linear block code error correction.

3.3.3 Cyclic codes

Cyclic codes roughly work in the same way as linear codes, but on larger blocks and 
thus reach even higher efficiency (less parity bits), at the cost of slower random ac-
cess. These codes probably are very useful if the processor always reads and writes 
data in blocks of several words, due to cache line fill/flush operations.

Linear/cyclic codes have the disadvantage that only full blocks can be written. In 
case of partial writes (e.g. single-byte writes), the full block must be read from mem-
ory, modified and written back to memory.

3.3.4 Choosing error correction type

It is very important that the error correction scheme is chosen with respect to the kind 
of errors that are likely to be seen in the memory chips selected. For example, linear 
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error correcting codes are not suitable for DRAMs, as multi-bit upsets can occur in 
DRAMs.

Cyclic codes are probably the best choice for non-volatile memory, as bit errors ac-
cumulate in non-volatile memory over time (non-volatile memories are rarely rewrit-
ten, unlike volatile memories, which are continuously read and written).

3.4 Scrubber

In order not to let the single-event triggered bit errors in the memories accumulate a 
scrubber must be used. The scrubber reads all (RAM) memory positions, and if a bit 
error is detected the corrected data is written back to the memory.

The scrubber can either be implemented in hardware or software and can either run 
all the time, at fixed intervals, or simply whenever the processor/memory bus is idle.
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4 Implementation
Figure 4.1 shows a photo of the computer board, with the following function blocks 
marked:

1. Power supply
2. Flash memories with buffers
3. Static RAM
4. FPGA
5. Processor

The rest of the board contains crystal oscillators, reset circuit, miscellaneous inter-
face driver circuits and connectors.

Figure 4.2 shows a block diagram of the computer board. The selection and function 
of the building blocks are discussed later in this chapter.

FIGURE 4.1: Picture of the computer board, with annotated function blocks
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4.1 Design goals

The most important design goals for the project are:

• Low power consumption

• High performance

• Radiation tolerance

• Low cost

• Potential for compact design

These design goals are to some degree contradicting each other, so an acceptable 
compromise must be found. But, thanks to the development of embedded control 
computers and palmtop computers, there are today a number of low power, high per-
formance microprocessors with integrated peripherals available at low cost. The only 
potential problem is the radiation tolerance of the commercial components.

The last goal in the list, potential for compact design, means that the components se-
lected not necessarily need to be the smallest possible, but there should exist equiv-
alent devices with small package.

4.2 CPU

Intel StrongARM SA-1100 was chosen since it fulfils the demands on power con-
sumption and execution speed. Since the processor core operates at 1.5V, it is likely 
to be latch-up immune. It also includes all timers required by an operating system, 
plus a number of function blocks which will not be used, e.g. graphic LCD controller.

There are a number of operating systems ported to this processor architecture, so 
adapting any of them to a custom computer board will be rather straightforward.

The cache memory is fairly large, so it may be rather susceptible to SEU. To help 
mitigating this, it can be of interest to modify the operating system to switch on the 
cache memory only for non-critical user programs. Switching off the cache memory 
for all programs would lower performance too much.

As a side note it can be mentioned that Surrey Satellite Technology Ltd. [11] did use 
the StrongARM SA-1100 on board their SNAP-1 nanosatellite, launched in June 
2000.

4.3 RAM and error correction

In order to keep the power consumption as low as possible, low-power SRAMs were 
selected as volatile memory. In order not to waste power on the error correction and 
to keep the number of components low, linear block codes ([39, 32] Hamming codes) 
were selected as error correction method. See section Appendix A “Linear error cor-
recting block codes” on page 23. for mathematical background. This somewhat low-
ers the performance of the computer, compared to TMR, but was found to be a 
reasonable drawback.

More specifically, KM68V4000B (=K6T4008V1B) 4 Mbit SRAMs from Samsung 
were selected for use. Sahu [12] indicates that these memories are unlikely to expe-
rience multi-bit upsets. In all 10 memory chips, making up 4 megabytes of error-cor-
rected memory, are located on the PCB.
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The board was designed so that the 10 KM68V4000B chips can be replaced with 5 
KM68FV8100 (8 Mbit SRAM) chips, which would give a more compact design.

The on-board FPGA controls parity bit generation and error correction. This makes 
it possible to change error correction method later, if necessary. The current imple-
mentation also allows memory access without error correction, which is useful for 
testing the error correction circuitry by intentionally creating bit errors in the memo-
ry.

The error correction, as implemented in the FPGA, only allows full 32-bit read and 
write operations. This means that generic code, using 8-bit or 16-bit memory opera-
tions, will not work on the computer when error correction is used. The reason for 
this is that in order to calculate the necessary parity bits, 8-bit or 16-bit write opera-
tions requires memory read-modify-write, while 32-bit writes operations are memory 
write-only. In order to implement this and still keep performance high for 32-bit 
writes, the write operations have to have adjustable timing. One faster timing for 32-
bit write operations and slower timing for 8-bit or 16-bit write operations. But this 
specific processor, StrongARM SA-1100, has no means of dynamically controlling 
memory bus cycle timing. The memory timing is instead fully controlled by registers 
set up in the processor.

4.4 Non-volatile memory and error correction

Flash memories are available from a number of semiconductor manufacturers, e.g. 
Samsung, Intel, AMD, Atmel and Toshiba, both as NOR-type (random access) and 
NAND-type (sequential access). The NOR-type has the advantage that the processor 
can execute code directly out of the memory, while the NAND-type offers higher 
memory density.

Samsung KM29U128T 128Mbit flash memory was chosen for use in the target com-
puter, since NASA radiation tests, see Nguyen [4], show good radiation data. This 
chip was also the largest memory available from Samsung at design time.

To obtain redundancy, the computer has been designed to incorporate two independ-
ent flash memory chips. At boot time, before the processor starts, the FPGA copies 
the first block from one flash memory straight into SRAM, bypassing the error cor-
rection. This leads to the boot program being protected by the same error correction 
as used in the SRAM chips. For details, see section 4.8 “Intended boot sequence” on 
page 18.

The flash memories are intended to be used for boot program code, ordinary program 
code and long-term data storage. This can for example be implemented by reserving 
a few blocks in the beginning of the memories for boot code and using the rest for a 
file system.

In order to mitigate radiation problems, they can be powered off. Nguyen [4] indi-
cates that these memories do sustain higher total dose when they are not powered.

4.5 Power supply

The power supply has not been designed for use in radiation environment. A number 
of simple DC/DC-converters have been implemented on the computer board in order 
to supply all computer devices with 1.5V, 2.5V, 3.3V and 5V from one single exter-
nal power supply.
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This part will have to be redesigned completely for a final implementation, but is suf-
ficient for a prototype.

4.6 Debug port

In order to simplify early stages of testing, a synchronous serial port in the FPGA can 
be used for uploading data to RAM and flash memories, while the processor is held 
reset. See “SPI debugging/programming interface” on page 27 for details.

The debug interface is intended to be connected to a host computer’s parallel port, so 
new code easily can be downloaded after compilation on the host computer.

4.7 Serial ports

The selected StrongARM processor includes a number of synchronous and asynchro-
nous serial ports. Through these the board can communicate with its environment.

RS232 serial ports, can after all be found most useful when it comes to debugging 
software, or showing program status.

4.8 Intended boot sequence

When the whole computer board is reset, on power-up or by pressing the reset button, 
the FPGA starts copying the first block of data (16896 bytes) from flash memory 0 
into SRAM, bypassing error correction. The FPGA has to do this job, as the flash 
memory only allows random access on page level (512/528 bytes), smaller amounts 
of data must be read sequentially. After this copying is done, the processor is started 
(reset is deasserted). Simultaneously a watchdog timer is started in the FPGA, which 
the boot code is supposed to clear when it has checked its own integrity. If the watch-
dog timer is not cleared, the FPGA will reset the processor and try to boot from flash 
memory 1 instead.

In case the processor resets itself by software, the FPGA will always first try booting 
from the flash memory, from which it didn’t boot last time.

The short processor boot code is after loading responsible for copying any applica-
tion or operating system code from the flash memories and starting executing this.

Due to the copying flash data straight into SRAM, the boot code is protected by the 
same shortened Hamming code as the SRAM at run time. This is probably not effi-
cient enough for a final product, as bit errors very well might accumulate in the flash 
memories, but is reasonable for a prototype.

4.9 Linux operating system port

Thanks to the work of Russel King et. al. for supporting the StrongArm SA-1100 
processor, not very much work had to be done in order to get a Linux kernel running 
on the computer board. On the developers page of the Arm Linux project’s home 
page [13] and the Arm Linux kernel mailing list enough information was found to 
build a working gcc C-compiler and adjust the few kernel parameters (memory set-
up) requiring tuning for this specific board. It does nevertheless take a good while for 
a beginner in Linux kernel programming to find the few places in the code that need 
these adjustments.
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Since the computer board is not equipped with very much peripherals, a rather com-
pact kernel of 300kbyte (compressed) became the result of compilation. This kernel 
only has limited communication capabilities, allowing running a console on a serial 
port. A kernel for a target application typically should include more protocols and 
drivers for more communications hardware.

A kernel alone doesn’t make up a useful system environment. A very good initial col-
lection of user/system programs is the Busybox project [14]. This is an easily config-
urable collection of standard Unix programs, e.g. sh, ls, kill and more. Each program 
is optimised for minimum memory size requirements, which makes them ideal for an 
embedded system.

Both Busybox and any other user/system program requires a C-library to be linked 
against. The standard Gnu C-library, glibc, is too bloat to fit normal embedded sys-
tems (a simple hello-world program ends up being 300-400kbyte big when statically 
linked). However, there exist a couple of alternatives, such as Newlib and uClibc 
[15]. uClibc, the only C-library tested here besides glibc, turned out to produce a hel-
lo-world binary file of about 10kbyte when statically linked.

The Busybox collection and a few other programs were assembled into a ram disk 
image and written to flash memory. The bootloader loads this image from flash mem-
ory into RAM at the same time as the Linux kernel is loaded. When Linux boots, it 
detects the ram disk and mounts it as the root file system and calls the program /sbin/
init. This program was written to only call the Busybox binary, giving sh as argu-
ment, thus starting an interactive shell on the serial console.

Note that the Linux kernel and all user/system programs are running without memory 
error correction, for reasons explained in “RAM and error correction” on page 16.

4.10 Test results

A program running on the host computer, probing the computer board through the 
debug interface, has been used for validating the error correction circuitry. The test 
program has written erroneous data into RAM and then read the data back through 
the error correction circuitry, which has been able to correct all single bit errors and 
indicating dual bit errors.

For testing processor performance a standard Dhrystone v2.1 program was compiled 
for and run on the computer board. This rendered the processor 0.25M Dhrystones 
per second. This can be compared with the same test yielding 3.6M Dhrystones per 
second on a stationary AMD Athlon XP 2000+ machine. While the test is running, 
the computer board merely requires 1.6W from the single +12V supply.
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5 Summary and further work
This thesis focused on building a single board computer suitable for a non mission-
critical satellite application, with enough processing power to do signal processing 
and data compression on images or spectral data.

The computer is suitable for use as instrument controller for spectrometers, imagers 
and other data collecting scientific instruments. It should be used as a pair of two 
identical boards, as the design is not single point failure safe. The two boards could 
either be used as nominal board and cold spare, or as two normally cooperating com-
puters.

The computer board was designed for an Intel StrongARM processor with 4Mbyte 
SRAM, 256Mbyte flash memory and an FPGA from Actel, which handles memory 
error correction and booting from flash.

For future designs, the processor has to be replaced, as the one selected is no longer 
in production. There are similar processors available from Intel under the product 
name XScale, and also interesting alternatives in terms of FPGAs with integrated 
ARM or MIPS processors. Yet another processor particularly suitable for space ap-
plications is the Leon, fault tolerant SPARC processor developed by ESA, which is 
available as an IP-block for use in FPGAs.

To improve performance, the use of fast SDRAMs should seriously be considered. 
They require more power than SRAMs, but they have much higher memory density, 
so fewer chips are needed. Using SDRAMs, will however require other error correc-
tion than the [39, 32] Hamming code that was implemented for the SRAMs.

The flash memories could also make good use of other error correction than Ham-
ming codes, so long-time accumulation of bit errors will not be a problem. It would 
also be a good idea to increase the number of flash memories from two to three. This 
would allow fully secure software updates, even if one flash memory became broken.

To the computer additional interfaces must be added. Suitable buses for communica-
tion with the satellites main computer can for example be CAN or ethernet. For com-
munication with an instrument a suitable interface may be a synchronous serial 
interface.
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Appendix A Linear error correcting block codes
A block of k binary digits is denoted message, m. There are 2k distinct messages.

A block of n binary digits (n > k) is denoted code word, c. 

A code word transported across a (lossy) transmission line is denoted received word, 
v. 

At the transmitter side, a message is transformed into a code word by multiplication 
with the generator matrix G, ,

where the vectors gi are linearly independent.

At the receiver side, the parity check matrix H is used for testing the validity of the 

received word. H consists of n-k linearly independent vectors orthogonal to all gen-
erator matrix vectors gi. 

This implies that every code word is orthogonal to all parity check matrix vectors.

The syndrome s is calculated from the received word v and the parity check matrix.

If s = 0 the received word v is a correct code word.

Now consider the case where there is a single error in position i in the received word.

m m1 … mk c c1 … cn v v1 … vn===

G
g1

…
gk

g11 … g1n

… … …
gk1 … gkn

= =

c m G⋅=

H
h1

…
hn k–

h11 … h1n

… … …
h n k–( )1 … h n k–( )n

= =

gi hj• 0 i j,∀=

c hi• 0 i∀=

s v HT⋅=

v c e e⊕ e1 … en ej
1 j i=

0 j i≠



= = =
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The syndrome becomes equal to parity check matrix H column i (= ki) transposed.

Since the syndrome can take 2n-k different values, it is possible to identify 2n-k - 1 
errors (remember that syndrome 0 identifies a correct code word).

A.1 Minimum distance

The minimum distance is a very important parameter of linear error correcting codes, 
as it determines the error detecting and error correcting capabilities of these codes.

The Hamming weight (or just weight) of a code word c, denoted w(c), is defined as 
the number of non zero binary digits in c. For example w([0 1 0 0 0 1 0 1]) = 3.

The Hamming distance (or simply distance) between two code words a and b, denot-
ed d(a, b), is defined as the number of binary digits that differs between the two code 
words. For example d([0 1 0 0 0 1 0 1], [1 0 0 0 0 1 0 1]) = 2, since the two first digits 
differs between these code words. It follows from the definition of the Hamming dis-
tance that the distance between two code words equals the weight of the modulo-2 
sum of the two code words

The minimum distance of a linear block code C, denoted dmin, is defined

which can be rewritten to

where wmin is the minimum weight of the linear block code C. This shows that the 
minimum distance of a linear block code C is equal to the minimum weight of C.

It can be proven that for a linear block code C with parity check matrix H the follow-
ing statements are true:

• If no r or less columns in H adds to zero, the C has a minimum weight of at least 
r+1.

• The minimum weight equals the smallest number of columns in H that adds to 
zero.

A.2 Error detecting/correcting capability of a linear block code

At least dmin digits differ between any two code vectors  ( ), where C 
is a linear block code with minimum distance dmin. This implies that dmin-1 digit er-

s v HT⋅ c HT e HT⋅⊕⋅ 0 ki
T⊕ ki

T ki

h1i

…
h n k–( )i

= = = = =

d a b,( ) w a b⊕( )=

dmin min d a b,( ) a b C a b≠,∈,{ }=

dmin min w a b⊕( ) a b C a b≠,∈,{ } min w c( ) c C c 0≠,∈{ } wmin= = =

a b C∈, a b≠
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rors can be added to a code word and this erroneous word will still not be recognized 
as another code word. 

In other words the code C is capable of detecting dmin-1 errors.

If  the linear block code can be used to correct errors. Assume that there are 
t digit errors in the received word v, that is w(e) = t. If t follows the relation: 

then the received word v will still be closer (by the means of Hamming distance) to 
the original code word c than to any other code word a:

This implies that the original code word c can be uncovered from the erroneous re-
ceived word v. In other words: up to  errors can be corrected by the lin-
ear block code C.

A.3 Hamming codes

Hamming codes are a class of systematic linear error correcting codes.

For every integer m > 2 there exists a Hamming code that has the following param-
eters:

• Code length: n = 2m - 1

• Number of message symbols:k = 2m - m - 1

• Number of parity-check symbols:n - k = m

• Minimum distance: dmin = 3

The parity check matrix consists of all non zero binary words of length m, sorted to 

make the m left most columns form an  identity matrix (Im). The right most 2m 
- m - 1 columns (Q) do not need to be in any specific order. The generator matrix G 
corresponding to this parity check matrix can be written

where QT is the transpose of Q and  is an identity matrix.

Since every column in H is unique and non zero, no two columns add to zero. This 
means that the minimum distance is at least 3. In fact, the minimum distance is ex-
actly 3.

v c e⊕( ) C w e( ) dmin c C∈<∉=

dmin 3≥

v c e t⊕ w e( )
dmin 1–

2
------------------- c C∈≤= =

d v c,( ) d v a,( ) a c a c,≠ C∈∀<

dmin 1–( ) 2⁄

H Im Q=

m m×

G QT I
2m m– 1–( )

=

I
2m m– 1–( )
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A.4 Shortened Hamming codes

Any l columns can be deleted from “Q” part of the parity check matrix H of a Ham-
ming code. This yields a shortened Hamming code with the following properties:

• Code length: n = 2m - l - 1

• Number of message symbols:k = 2m - m - l - 1

• Number of parity-check symbols:n - k = m

• Minimum distance:

A shortened Hamming code with minimum distance 4 can be obtained by carefully 
deleting enough columns in H.

If all columns of even weight in H are deleted, the result is such a shortened Ham-
ming code. The modified parity check matrix H´ is:

where matrix Q´ consists of 2m-1 - m columns with odd weight. Since all columns of 
H have odd weight, no three columns add to zero, giving a minimum distance of at 
least 4, this code is capable of correcting single bit errors and simultaneously detect-
ing double bit errors.

dmin 3≥

H' Im Q'=
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Appendix B SPI debugging/programming interface
The FPGA includes an SPI slave port to support computer board debugging and 
flash/SRAM programming. The SPI logic can control the memory address, data and 
control lines. This way it is possible to read and write static memory, flash memory 
and access the CAN bus interface. However, the CPU’s internal peripherals, such as 
UARTs and timers, are not accessible this way.

B.1 Using the SPI debug interface

The debug interface consists of the four signals listed in Table B.1, “SPI port sig-
nals,” on page 27. It is compliant with Motorola Serial Peripheral Interface (SPI), ex-
cept that SDO is not set to high-impedance when the device is not selected. The 
interface is operated by sending commands and then sending/receiving data, see 
Table B.2, “SPI command summary,” on page 27. A command is initiated by a chip 
select (CS) signal falling edge. Then eight command code bits are shifted into serial 
data in (SDI), MSB first, on the rising edge of serial clock (SCK). The data sent/re-
ceived after the command code is command dependent. After the data transfer is end-
ed CS is brought high to its inactive state. 

B.2 Write address register command (SPICMD_ADDRESS)

This command writes 26 address bits into an internal address latch. The address is 
shifted in, MSB first, on SDI on the rising edge of SCK. On the rising edge of CS the 

Table B.1: SPI port signals

Name Function

CS Chip select input, active low

SCK Serial clock input, low when idle

SDI or 
MOSI

Data input to slave. Data is latched on SCK rising edge. Most significant bit 
is received first.

SDO or 
MISO

Data output from slave. Data is altered on SCK falling edge. Most signifi-
cant bit is transmitted first. (Never high impedance, but in other respects 
Motorola SPI compliant)

Table B.2: SPI command summary

Command 
code (hex)

Name Function

0x01 SPICMD_ADDRESS Write address register (26 bits)

0x02 SPICMD_DATA Read & write data registers (32 bits)

0x03 SPICMD_CONTROL Write control register (12 bits)

0x04 SPICMD_LOAD Load SRAM data (any number of bits)

0x05 SPICMD_VERSION Read FPGA version number (16 bits)
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address is latched. If more than 26 address bits are shifted into SDI, only the last 26 
bits are used.

When the FPGA is in debug mode, see section B.7 “Entering and leaving debug 
mode” on page 29, this latched address is used instead of the CPU address bus con-
tents.

B.3 Read & write data registers (SPICMD_DATA)

This command writes 32 bits into an internal data latch, and simultaneously reads 32 
bits from the data bus. The data is shifted in, MSB first, on SDI on the rising edge of 
SCK and out on SDO on the falling edge of SCK. On the rising edge of CS the re-
ceived data is latched. If more than 32 data bits are shifted into SDI, only the last 32 
bits are used. If more than 32 data bits are shifted out from SDO, ‘0’ bits will follow 
the least significant data bit. If the FPGA is in debug mode, see section B.7 “Entering 
and leaving debug mode” on page 29, the latched data is used instead on the CPU 
data bus contents.

B.4 Write control register (SPICMD_CONTROL)

This command writes 12 control bits into an internal control word latch. The control 
word is shifted in, MSB first, on the rising edge of SCK. On the rising edge of CS the 
control word is latched. If more than 12 bits are shifted in from SDI, only the last 12 
bits are used. See Table B.3, “SPI debug interface control word,” on page 28 for de-
tails on the individual bits.

Table B.3: SPI debug interface control word

Bit Name Function

0 SPICTL_CS0 Error corrected static memory select, active low

1 SPICTL_CS1 “Raw” static memory select, active low

2 SPICTL_CS2 FPGA internal registers select, active low

3 SPICTL_CS3 Currently not used, active low (if used)

4 SPICTL_CAS0 Byte select 0 for raw static memory access, active low. 
Selects data bits 0-7 for reading/writing.

5 SPICTL_CAS1 Byte select 1 for raw static memory access, active low.
Selects data bits 8-15 for reading/writing.

6 SPICTL_CAS2 Byte select 2 for raw static memory access, active low.
Selects data bits 16-23 for reading/writing.

7 SPICTL_CAS3 Byte select 3 for raw static memory access, active low.
Selects data bits 24-31 for reading/writing.

8 SPICTL_OE Output enable, active low. Enables reading from static 
memory and FPGA internal registers.

9 SPICTL_WE Write enable, active low. Enables writing to static memory 
and FPGA internal registers.
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B.5 Load SRAM data (SPICMD_LOAD)

This command is a very efficient way of down loading executable code into SRAM 
for testing. It is much faster than using a combination of SPICMD_ADDRESS, 
SPICMD_DATA and SPICMD_CONTROL. However it is not possible to use it for 
down loading data into flash memory.

The following steps are performed, if debug mode is entered, see section B.7 “Enter-
ing and leaving debug mode” on page 29:

1. The CPU reset signal is activated.
2. An internal address counter is loaded with the value set by the last 

SPICMD_ADDRESS command
3. 8 data bits are shifted in from SDI, MSB first, on the rising edge of SCK
4. These 8 data bits are stored in an internal data buffer
5. The contents of the internal data buffer is written directly to SRAM bits 0-7, 

address specified by the internal address counter
6. Steps 3 to 5 are repeated 4 times for SRAM bits 8-15, 16-23, 24-31 and 32-39
7. The internal address counter is increment by four, to select next word address
8. Steps 3 to 7 are repeated until the command is terminated by a rising edge on 

CS
Once this command has been executed during debug mode, the flash memory boot 
loader, will not be invoked when debug mode is exited.

B.6 Read FPGA version number

This command outputs 16 version number bits on SDO, MSB first, on the falling 
edge of SCK. If more than 16 bits are shifted out, ‘0’ bits will follow the least signif-
icant bit. Current FPGA version number is 0x0000 hexadecimal.

B.7 Entering and leaving debug mode

In order to enter debug mode the following command sequence should be executed:

1. Send SPICMD_CONTROL (0x03) with data 0x3FF. This ensures that there 
will be no glitches on the chip select signals when debug mode is entered.

2. Send SPICMD_CONTROL (0x03) with data 0xFFF. This enables debug 
mode.

In order to leave debug mode simply send the SPICMD_CONTROL (0x03) with 
data 0x3FF. If the Load SRAM data command (SPICMD_LOAD) has been executed 
while in debug mode, the CPU will immediately be started, executing whatever code 

10 SPICTL_DEBUG0 Debug mode enable 0, active high. If both 
SPICTL_DEBUG0 and CPICTL_DEBUG1 are high, 
FPGA debug mode is enabled.

11 SPICTL_DEBUG1 Debug mode enable 1, active high.

Table B.3: SPI debug interface control word

Bit Name Function
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there is in SRAM. Otherwise, the CPU will be reset while the normal flash boot load-
ing sequence, is performed.

B.8 Reading and writing data from SRAM and FPGA internal registers

To read data from (in this example) address 0x00001234 in SRAM without error cor-
rection do the following:

1. Send a Write address register command (SPICMD_ADDRESS) with data 
0x00001234

2. Send a Write control register command (SPICMD_CONTROL) with data 
0xE0D, to access memory bank 1 for reading and select 32 bit access

3. Send a Read & write data registers command (SPICMD_DATA) to receive the 
32 data bits

4. Send a Write control register command (SPICMD_CONTROL) with data 
0xFFF, to disable all chip selects

To write 0x12345678 to (in this example) address 0x00005678 in error corrected 
SRAM do the following:

1. Send a Write address register command (SPICMD_ADDRESS) with data 
0x00005678

2. Send a Write data register command (SPICMD_DATA) with data 
0x12345678

3. Send a Write control register command (SPICMD_CONTROL) with data 
0xDFE, to access memory bank 0 (always 32 bit access in this bank) for writ-
ing

4. Send a Write control register command (SPICMD_CONTROL) with data 
0xFFF, to disable all chip selects
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Appendix C Memory map

Table C.1: SA-1100 memory map

Address (hex) Area Note

0xFFFF FFFF
0xE800 0000

Reserved (384 Mbyte)

0xE7FF FFFF
0xE000 0000

Zeros bank (128 Mbyte) Cache flush replacement 
data. Reads return zero

0xDFFF FFFF
0xD800 0000

DRAM bank 3 (128 Mbyte) Dynamic memory, not 
used

0xD7FF FFFF
0xD000 0000

DRAM bank 2 (128 Mbyte) computer board

0xCFFF FFFF
0xC800 0000

DRAM bank 1 (128 Mbyte)

0xC7FF FFFF
0xC000 0000

DRAM bank 0 (128 Mbyte)

0xBFFF FFFF
0xB000 0000

LCD and DMA registers (256 Mbyte) SA-1100 internal regis-
ters

0xAFFF FFFF
0xA000 0000

Memory and expansion registers (256 Mbyte)

0x9FFF FFFF
0x9000 0000

System control module registers (256 Mbyte)

0x8FFF FFFF
0x8000 0000

Peripheral module registers (256 Mbyte)

0x7FFF FFFF
0x4000 0000

Reserved (1 Gbyte)

0x3FFF FFFF
0x3000 0000

PCMCIA socket 0 space (256 Mbyte) PCMCIA interface, not 
used

0x2FFF FFFF
0x2000 0000

PCMCIA socket 1 space (256 Mbyte)

0x1FFF FFFF
0x1800 0000

Static bank select 3 (128 Mbyte) Reserved for future use

0x17FF FFFF
0x1000 0000

Static bank select 2 (128 Mbyte) Flash memory, CAN con-
troller

0x0FFF FFFF
0x0800 0000

Static bank select 1 (128 Mbyte) Static memory without
error correction. Shares 
physical memory with 
error corrected memory
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0x07FF FFFF
0x0000 0000

Static bank select 0 (128 Mbyte) Static memory with error 
correction. Shares physi-
cal memory with non 
error corrected memory.

Table C.2: Static memory with error correction (memory map)

Address (hex) Area Note

0x07FF FFFF
0x0240 0000

Reserved (92 Mbyte)

0x023F FFFF
0x0200 0000

Error status & parity bits for error corrected 
static memory (1 M x 18 bits)

32-bit access only

0x01FF FFFF
0x0040 0000

Reserved (28 Mbyte)

0x003F FFFF
0x0000 0000

Error corrected static memory (4 Mbyte) 32-bit access only.

Table C.3: Static memory without error correction (memory map)

Address (hex) Area Note

0x0FFF FFFF
0x0A40 0000

Reserved (92 Mbyte)

0x0A3F FFFF
0x0A00 0000

Static memory without error correction (1 M x 
8 bits)

8-bit access

0x09FF FFFF
0x0840 0000

Reserved (28 Mbyte)

0x083F FFFF
0x0800 0000

Static memory without error correction (4 
Mbyte)

8-, 16- or 32-bit access

Table C.4: Flash memory and CAN controller memory map

Address (hex) Area Note

0x17FF FFFF
0x1002 0000

Reserved

Table C.1: SA-1100 memory map

Address (hex) Area Note
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0x1001 FFFF
0x1001 0000

CAN controller registers 32-bit access only

0x1000 FFFF
0x1000 0104

Reserved

0x1000 0100 FPGA version number 32-bit access only

0x1000 00FF
0x1000 0028

Reserved

0x1000 0024 Read cycle timing register 32-bit access only

0x1000 0020 Boot watchdog inhibit (write 0x55, then 
0xAA)

32-bit access only

0x1000 001F
0x1000 0008

Reserved

0x1000 0004 Flash memory control register 32-bit access only

0x1000 0000 Flash memory I/O register 32-bit access only

Table C.5: Peripheral module memory map

Address (hex) Area Note

0xB010 FFFF
0xB010 0000

LCD controller Not used

0x9006 FFFF
0x9006 0000

Peripheral pin controller

0x8007 FFFF
0x8007 0000

Serial port 4b (SSP - SPI)

0x8006 FFFF
0x8006 0000

Serial port 4a (MPC - codec interface)

0x8005 FFFF
0x8005 0000

Serial port 3 (UART)

0x8004 FFFF
0x8004 0000

Serial port 2 (HSSP - high speed IrDA) External IrDA trans-
ceiver must be used

0x8003 FFFF
0x8003 0000

Serial port 2 (UART - low speed IrDA) External IrDA trans-
ceiver must be used

0x8002 FFFF
0x8002 0000

Serial port 1a (SDLC)

Table C.4: Flash memory and CAN controller memory map

Address (hex) Area Note
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0x8001 FFFF
0x8001 0000

Serial port 1b (UART1)

0x8000 FFFF
0x8000 0000

Serial port 0 (USB) Not used on

Table C.5: Peripheral module memory map

Address (hex) Area Note
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List of abbreviations
ASIC Application Specific Integrated Circuit.

CMOS Complementary Metal Oxide Semiconductor. The most common-
ly used semiconductor manufacturing process type used today.

CPU Central Processing Unit. The component in a computer system 
that executes program code.

DRAM Dynamic random access memory. Each memory cell is made up 
of a single transistor. Data is stored as charge in the transistor. In 
order not to lose its contents this kind of memory needs to be re-
freshed thousands of times every second. 

EEPROM Electrically erasable read only memory. This kind of memory can 
be programmed more than once and the memory location to be 
programmed is automatically erased.

EPROM Erasable programmable read only memory. This kind of memory 
can be programmed more than once, but needs to be erased by ex-
posing it to UV-light (or any other high energetic radiation) before 
programming.

ESA European space agency.

Flash EPROM This kind of memory can be programmed more than once, but 
needs to be erased electrically before programming. The memory 
is usually divided into several large blocks, where each of them 
can be erased individually.

FPGA Field Programmable Gate Array. High density programmable 
logic device.

FRAM Ferroelectric Random Access Memory.

GEO GEostationary Orbit. Orbit used for communication satellites etc. 
See section 2.1.2 “Satellite orbits” on page 3.

HEO Highly Elliptical Orbit. See section 2.1.2 “Satellite orbits” on 
page 3.

IP-block Intellectual Property block. Synthesized or source VHDL/Verilog 
code block, which is available for use in FPGAs or ASICs.

LEO Low Earth Orbit. See section 2.1.2 “Satellite orbits” on page 3.

LSB Least Significant Bit. Denotes the bit with the lowest weight in a 
binary word.

MSB Most Significant Bit. Denotes the bit with the highest weight in a 
binary word.

NASA National Aeronautics and Space Administration. US space agen-
cy.

PCB Printed circuit board.

PROM Programmable read only memory. This normally refers to a mem-
ory that can be written once, but read many times.
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RAM Random access memory. A misleading term, which actually im-
plies that the memory can both be read and written quickly.

ROM Read only memory. The memory contents can’t be changed.

SDRAM Synchronous dynamic random access memory. Similar to 
DRAM, but with more complex control circuitry to allow higher 
data throughput.

SOI Silicon On Insulator. Method for removing substrate parasitics in 
semiconductor processes, where the doped substrate is replaced 
by an insulator.

SRAM Static random access memory. Each memory cell is made up of 
several transistors forming a latch.

SEL Single Event Latch-up. A potentially destructive phenomenon in 
semiconductors, induced by radiation or transients on I/O lines. 
See section 2.1.5 “Single event latch up (SEL)” on page 5.

SET Single Event Transient. A transient error in a device caused by 
ionizing particles/rays. See section 2.1.6 “Single event upset 
(SEU)” on page 5.

SEU Single Event Upset. A non-permanent error in a device caused by 
ionizing particles/rays. See section 2.1.6 “Single event upset 
(SEU)” on page 5.

SPI Serial Peripheral Interface. A fast and simple synchronous serial 
interface developed by Motorola.

TID Total Ionization Dose. The accumulated amount of ionizing radi-
ation received. See section 2.1.4 “Total ionizing dose (TID)” on 
page 5.

TMR Triple mode redundancy. Error correction by majority voting 
three signals/values. Can be applied on different levels of a de-
sign, see section 2.2 “Redundancy” on page 7 and see section 
3.3.1 “Majority voting” on page 12.

VHDL Very high speed integrated circuit Hardware Description Lan-
guage. Language used for IC simulation and design.
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