Onboard Computer
for
Pico Satellite

Orsted « DTU
Technical University of Denmark
January 2002

Jonas Se¢lvhgj, c973442
Malte Breiting, c973568
Morten Briand Thomsen, c973709



Abstract

This paper is the result of a mid-curriculum project carried out at The Technical
University of Denmark. It is about the design and construction of an onboard computer
for a student picosatellite. The paper describes how the requirements of the computer
affect the choice of components and the overall design. Furthermore, the choice of a
debug interface and the effects of space radiation are discussed.

As the construction of the onboard computer is not yet complete, the future plans of the
project are described.
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The DTUsat

This paper is about the construction of an onboard computer for a student satellite, which is being
built at The Technical University of Denmark.

The satellite is caegorised as a picosatellite, which refers to the small size
of the satellite. Commercial satellites are, although varying in size, usually
quite big and weighing in the range of 1000 kgs. Our satellite is restricted
to 1 kg and a size of 10x10x10 cm — and is therefore referred to as a
cubesat. Because of its small size and low weight, many cubesats can be
placed in the same launch as sondary payloads. In our case, there will

probably be one or two commercial satellites as primary payloads and 16
cubesats as sndary payloads. Because of our semndary status, we have
no influence on the orbit our satellite will have, we have to do with
whichever orbit the companies of the primary payloads sled. It seems
that a polar orbit (north-south) in a height of about 600 kmislikely. Asthe
exact orientation and height of the orbit is not of the greaest importanceto  Picture of a cubeSat
us, thiswill do fine.

Because of the relatively humble aonditions mentioned above, the price of getting the satellite in
gpaceis very low compared to the prices of commercial satellite launches. This is a key factor
allowing us to dream of our own satellite in space

In addition to the restrictions on size and weight there is a range of other specifications described in
“Cubesat — Design Specificaions Document”, which can be found at Stanford University’ s internet
pages’. These spedfications primarily concern the exad measurements and shape of the satellite, so
that it can be ejeded successfully from the spacecraft without interfering with the other cubesats. It
also specifies requirements of robustness in order not to have bits and pieces tumbling about during
the launch and gjedion of the cubesat.

Time of launch is yet to be determined, but our goal isto have a omputer ready for implementation
in the satellite in the summer of 2002 Thiswill give oppartunity to have alaunch in the fall of 2002
or the spring of 2003

As building a satellite is a very big projed, the various tasks of designing the different parts have
been assigned to different groups. The satellite has been divided into the following perts that will be
constructed by one group ead:

* Mechanical Design and Construction
e Power

*  Onboard Computer (our group)

e Onboard Software

* Radio Communicaion Hardware

e Communicaion Software

o Satellite Antenna

! http://ssdl.stanford.edu/cubesat/specs-1_files/CubeSat Devel oper Specifications. pdf



» Ground Station Software

o Attitude Control and Determination
e CameraPayload

* Tether Payload

e System Engineering

The satellite has two payloads. a camera and a tether. A tether is a device that can change the orbit
of the satellite. It is done by rolling out a long live wire in the magnetic field of earth, which will
assert aforce on the satellite.

As it is imperative that the different parts function together, communication between the groups is
of outmost importance. Budgets have to be made, interfaces have to be defined and the knowledge
contained in the groups has to be shared in the best possible way in order to hope for a successful
satellite. To help communications a system-engineering group has been formed, consisting of
minimum one person from each group. This group meets once a week to discuss various issues,
progresses and setbacks.

Furthermore, a homepage has been created for sharing of information and files. It can be found at
the address: www.dtusat.dtu.dk

The different groups have different levels of involvement. Some groups design their part in a small
project rated as a 5-point course, some as a 10-point course and some as a 15-point mid-curriculum
project (Polyteknisk midtvejsprojekt). The three of us have chosen to let this project be our mid-
curriculum project. This means that we have spend three days a week working on the onboard
computer during this semester. All groups have a supervisor affiliated, who administers and
evaluates the course, but it has been a student project from the start and it is meant to be the ideas of
the studentsthat are realized in the project.

Why is a Computer Needed in a Satellite?

The satellite could be designed, so that each part was intelligent, enabling them to accomplish their
tasks and communicate without a distinct central computer. This would imply that all parts would
need to have some sort of circuitry to perform intelligent decisions, e.g. microcontrollers and
memories. This solution would be very costly in terms of developing time, powerdissipation, and
space compared to a solution with only one centralized and more powerful computer. Furthermore,
internal communication could turn out to be problematic with numerous microcontrollers. So there
are many advantages in having an onboard computer (OBC). One disadvantage with an OBC is that
the different parts rely heavily on one and another. A fatal error in the computer will mean that
nothing will function. Furthermore, one can fear that if one of the parts fail, it might jam the entire
satellite.

To prevent total failure in case of this disaster, the radio group are designing the radio to be partly
autonomous. This means that basic communication with the satellite will be possible without an
operating onboard computer.

The OBC will be the part controlling the functions of the satellite. It will have an operating system
installed that will manage the programs, which handle various tasks. For example, a program will
perform attitude control (attitude is changed by a mechanical mechanism). This program will read
the status of the attitude sensors and then regulate the attitude via actuators. Running a program like



this on a computer instead of making an attitude control system of traditional components for
regulation like operational amplifiers, greatly improves the flexibility of the system.

Criterias of Success

In the satellite project there has been made a list of objectives from which we can determine our
level of success. These are the prioritised objectives:

1. That all groups learn something

2. To finish and document all the different modules, so others, e.g. future designers of DTU
satellites, can use them

3. To put asatellite into space

4. Toreceive abeacon signal, telling that the satellite is up and that something works in space

5. To receive a smart-beacon-signal from the on-board computer that sends more information
to earth

6. To establish two way-communication with the satellite

7. To obtain three dimensional attitude control

8. To deploy two specific payloads

In our group, we have asimilar list of objectives, being:

We learn something

To obtain experience in the process of an engineering project

A functioning test computer

A flight model computer that does not exceed any budgets (power, dimensions and
durability)

5. A computer that works in space

PONPE

Without giving away the plot we can say, that the first three criteria have been met, leaving us at
least partially successful.



System Overview

As mentioned earlier the computer has to perform several different tasks. The most important are:

* Regulation of attitude

» Communication with earth

» Measurements of analogue values e.g. temperature, battery voltage, and tether current
» Payload specific tasks: Tether deployment and control of camera

Each of these has different demands concerning the OBC. The fact that the computer has to operate
in space also implies that the system has to be designed in a special way. In this section we will
describe how these demands affect the design of the OBC. We will describe which blocks the
computer must be build from, but not which chips we choose to use, as this will be covered in a
later section. The system described in this section is depicted in the following figure:

| Clock generator }—\—
>| Clock division | Watchdog | > Driver |le>| . Digital
interfacel
Real Time Clock < ¢
Driver <> Digital
5 < interface?2
HUProcessor
PROM >
ARM/MIPS .
> < 1—>{ Driver <> LI
interface n
FLASH/EEPROM <—> A
EDAC < > . Serial
UART =< Driver ETEGE
SRAM <>
PWM
H <
PWM DG 1 interface
Debug D e o o e e [
interface
Analog
Y output 1
Analog
input 1 > : Al
S| Analog | 5 AID 3 D/A Analog output 2
Analog | mux Converter § Converter > e
input 2 > ]
] Analog
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" outputn
Analog
input n
Required item Possible required item Only required while developing
Physical interface . Can be one item

The one thing that probably limits the design of the OBC the most, is the space-operating demand.
As no one will be able to reset the processor manually in the case of a software malfunction, the
system must be able to do this by itself. The way this is done is to use a watchdog timer. The timer



is increased on a regular basis (typicdly it is clocked by the master clock) and when it reades a
catan value, it resets the processor. Of course this is not what we want when the computer is
working correctly. Therefore apart of the software must reset the watchdog before it readies the
reset value. This is done when the software is working corredly, but if it gets trapped in a deadlock
the watchdog is not reset, and therefore it resets the system. The watchdog can either be build-in in
the processor or it can be aseparate unit as siown in the figure.

When studying the figure you will find three different types of memory: ROM, flash, and RAM.
These threetypes are also chosen because of the spaceoperating nature of this computer. In space
the radiation may lead to hit-flips in memory after which the software may do unpredictable things.
The watchdog will obviously reset the proces=or if this happens, and the procesor starts loading the
boot-software. It is essential that this ftware always works corredly, and therefore it must be
stored in a memory, where bit-flips do not occur. Some types of ROM (read only memory) have
this feaure.

The flash will be used to store the operating system and other software. Some of this sftware could
be stored in ROM, but as it might be necessary to change parts of it, when the OBC is in space it
will be stored in flash.

The RAM will be used as a temporary memory when the programs run, and as a place where
measured values can be stored. As both flash and RAM suffer from bit-flips it might be desired to
have some @aror detection and corredion circuitry (EDAC) between these memories and the
proces9or.

In order to communicate with eath the OBC must be mnneded to a radio. The radio sends and
receives data serially. The eaiest way to implement this isto use an UART. The UART converts
between serial and parallel data and also handles the serial timing. The UART is build-in in many
procesors, but can also be aseparate unit.

The OBC has a number of different interfaces to ather parts of the satellite — both analogue and
digital. Since some procesors may not be ale to supdy very much current it might be necessary to
insert drivers between the digital interfaces and the processor. It has yet not been decided if the
A/D- and D/A-converters will be placed on the OBC-board or if they will be placed on other
boards. In alater sedion (" Future Development™) we will describe alikely placement of these.

The A/D converters described above will among ather things do measurements of sun intensity and
magnetic fields. Depending of these values control signals must be sent to the atitude ntrol
aduators. The aduators must be supplied with pulse width modulated signals (PWM), and therefore
a PWM-controller must be included in the design either on the OBC-board ar on the attitude board.
Another solution isto generate the PWM-signals using software.

Depending on which procesr is chosen we may have to add ared time clock (RTC) to the board,
but if the procesor has enough timers, this can also be implemented in software. The purpose of the
real time clock isto make it possible to schedule tasks.

One last thing of special interest is shown on the figure: The debug interface The purpose of thisis
to make it possible to find and corred errors in the hard- and software design. It also makes it
possible to upload new software to the flash. It consists of measuring points for important signals
and some sort of interfaceto the processor and the flash.



Requirement Specification

In order to have a omplete and fully functional satellite, it is imperative that all groups comply
with a set of specifications, so that the resources in terms of spaceand power are used in the best
manner without excealing the budgets. The different groups, who individually have made
preliminary budgets for their own parts, have formed these specificaions and budgets. These
budgets have been summed up in system-engineeing perspedive, mainly by the power- and the
mechanics group, in order to have an idea of whether or not they are realistic. The final measures,
weight constraints etc. are till to be determined, but below the present guidelines are listed.

* Resources— Threetypes of memory must be present:
0 ROM — minimum 8 KB
0 Flash—minimum 128KB
0 RAM —minimum 512KB

» Architedure
0 A number of A/D — D/A converters must be present
0 The CPU must have individually controllable I/O pins
0 The CPU must have awatch-dog to handle mal-function

* Power
o Therewill be dout 1W available for all systems in the satellite, so thisis an absolute
maximum
* Size

o Therewill be room for aboard of 6x6 cm

» Radiation - The computer must be prepared for two types of impad from radiation
o Latch-up
0 Long term effeds (must withstand minimum 2 KRad)

» Cor ADA compiler must be available for the processor

» Desired fedures:
0 The software groups would grealy appreciate a processor with the following two
charaderistics:
= 32 bt architedure
= MMU (memory managing unit)
0 Use of ball-grid-array (BGA) IC’s means difficult soldering process Because of this
we would very much like to avoid BGA components
o Preferably the C or ADA compiler must be available at alow cost or freeof charge

» The components must be ale to function within the temperature range 0-40°C. However, a
wider temperature range will be preferred



Choice of Components

Satellites are normally extremely expensive and acount for yeas of development. To improve the
odds for success it is custom to choose @mponents of gred reliability for satellites. To be
absolutely sure of reliability, it is not uncommon to buy components that have adually been tested
in space This form of certainty is very expensive — for example, we found that the price of a space
tested 8 KB memory block was Dkr 13.000.

A chegper alternative isto choose akind of component that has been used in spacebefore. Another
component just like it will probably work in spacetoo. The only problem with this alternative is,
that development of satellites is a long process and when you find a component that has been
successully used in space it is most likely more than two or threeyeas old. In these days, where
new and better technologies revolutionize the chip-marked every other day, it is very tempting to
choose new and more powerful components for your design. Since our satellite is build primarily
for educaional purposes, all groups in the satellite projed have agreed to yield to this temptation.
The way we see it, a university is the perfed placefor such experiments. Furthermore, we will
perform teststo verify that the components do not coll apse with the first signs of spaceradiation.

As the sedion “System Overview” showed, the cmputer consists of various components —
procesor, RAM, oscillator etc. The ailities of the computer and fulfilment of the requirement
specification is, of course, highly dependent on the choice of components. Because of this, these
choices have been made after many considerations.

The Processor

We nedl a processor for the computer that can exeaute the onboard programs in a reasonable way.
The mmpulsory tasks of the satellite (power control, communicaion, attitude control etc.) could be
managed by a quite humble processor or microcontroller. Processors and microcontrollers from a
few yeas badk would do the job with no problems and we culd choose avery reliable one.
Nevertheless we examined both new and old processors because of the dove agumentation on
why to take a chance on newer products.

We found that newer procesors have made drastic improvements on power consumption even
though the speal of the processors has grealy increased. In other words, we can have a 32-bit
procesor, which will please the software groups very much, that uses lesspower than an older and
lesspowerful 16-bit processor. So, from the beginning the seach for a procesor has been rarrowed
down to aseach for alow-power 32-hit processor.

Which characteristics did we look for?

In order to choose the perfed (or at least the best) procesor, we have evaluated the different
procesrs in different categories and summed up the information in the table below. The different
caegories have different weights, as they are not equally important. In some cdegories, the rating
has been made from a reference value, which we have set from the average specificaion of the
component. The cdegories are:



Power consumption

As we only have amaximum of 1W available to al systems in the satellite, it is of outmost
importance that the processor has low power consumption. The different companies have
specified their numbers in different ways, for instance Atmel states the power consumption
relatively to the frequency applied to the procesr, as this is variable. Others gate it at a
fixed frequency but here the workload (which also has influence on power consumption)
varies. Furthermore, we have been told by MIPS (see "External Contads’), that these
figures very often are exaggerated in the diredion that serves them!

This means that comparison between the different competitorsis not sraightforward and has
to be made caefully.

Power consumption has been given top weight of 5.

Temperature range

The temperature will differ significantly depending on the locaion of the satellite. In the
sunry side of eath, the surfacefacing the sun will be very warm and in the shadow of eath,
everything will get very cold. By taking the different materials, weight, size and so on into
acount, the temperature range can be @lculated. The problem is that the satellite projed is
in lack of a group performing these alculations. This means that we have had to make an
educated guesson the temperature range based on similar satellite projects. The range has
been set to (°C - 40°C for normal operation. But in special cases the temperature might
exced this range in both diredions, which is why we would like to have components with
greda temperature tolerances. Luckily, it is normal for military/industrial components to be
operational from -40°C to 80°C, which we believe is sufficient.

Temperature range has the weight of 5.

Placement of pins

In ball grid array (BGA) components the pins are distributed underneah the dip. This
means that soldering cannot be done with a traditional soldering iron. Typically, BGA chips
have soldering paste gplied to the pins from the fadory. To solder the chip you have to
warm up the paste in an oven.

Chedking for short circuits and dead connedions is quite tricky and furthermore we do not
know anyone with experience with BGA components. Because of this, we would like to
have the components in padkages where the pins are locaed along the alges (for example
TSOP) so ordinary soldering can be used to attach the components to the PCB.

Placement of pins has the weight of 5.

Number of pins

Even if the pins are situated along the alges of the mmponent, soldering can be very tricky
if there ae hundreds of them on a small chip. In order to reduce the number of soldering
errors arelatively small amount of pinsis preferred.

Number of pins has the weight of 3.
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Number of 1/0 pins

All parts of the satellite need acaessto the processor via the 1/0 pins (in/out pins) of the
procesr. Though we would like to have areduced number of total pins, it is preferable to
have as many general-purpose I/O pins as possible.

Number of 1/0 pins has the weight of 3.

Scalable clock frequency

Most procesors run at a fixed speed, but some processors can be fed by a scalable clock
signal. This means that it can run whichever frequency you would prefer up wutil a
maximum frequency. This feaure would be very nice to have in the satellite, as it would
enable us to slow the mmputer down and save power in situations where grea speed in
program exeaution is not needed.

Scalable clock frequency has the weight of 4.

Availability

Far from all processors are in stock at Danish eledronic resellers (like Arrow and Farnell). If
a mmponent is not in stock, it has to be shipped from the manufadurer’s headquerters (this
is often in the Far East), which normally takes 8 to 9 weeks. In our case this is far too long,
as the mid-curriculum projed is caried out in 13 weeks. This makes availability very
important.

Availability has the weight of 5.

We have also compared the procesors on a few other subjeds like spacerating, supply voltage,

onchip
been tr
supply
having

memory and some extra fedures. By spacerating, we mean whether or not the processor has
ied in space before. The supply voltage is included, as it is preferable to run a sandard
voltage (like 3,3 Volt), which also can be used for other parts of the cmputer instead of
numerous supply voltages. Onchip memory isanicefedure ait is often very fast compared

to external memory. Also if a program runs lely in onchip memory, the external memory can go
to stand-by status, which consumes lesspower.
Comparisons are made on hasis of the datasheds of the different components.

Power Temperature|Placement [# of pins| Archi- #of |Space|Supply|Onchip |Scalable| Other | Avail- |[TOTAL

consumption range of pins tecture | 1/O pins | rating [Voltage|memory| clkfreq. |features| ability
Reference <1W -40-80 C edges 100 32 bit 3.3V
W eight 5 5 5 3 2 3 1 2 1 4 2 5
Motorola:
MCF5206e --- (400mwW) + + 0(160) + 0 - + - - + -5
MMC2001 + (80mW) + + +(144) + ++ (30) - + +++ - +++ 12
IAtmel (ARM):
IAT91M40800 |+++ (4mW/MHz) + + + (100) + ++ (32) - + - +++ + +++ 73
IAT91M40807 |+++ (4mW/MHz) + + + (100) + ++ (32) - + + +++ + 45
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Power Temperature|Placement [# of pins| Archi- #of |Space|Supply|Onchip |Scalable| Other | Avail- |[TOTAL

consumption range of pins Tecture | 1/O pins | rating |Voltage|memory| clkfreg. |features| ability
Hitachi:
SH7709A +(80mW) | - (-20-75C) + —-(208)| + ++ + +
H8/3334V -- (180mW) + + +(80) |- (16 bit)| - (16) + + ++
MIPS:
\V850, NEC ++ (50mW) + + +(100)| + + + + 11
TinyRISC, LSI
Intel:
StrongARM: -- (300mW) --- (0-70C) + +(144) + ++(32) + + + -3
Siemens:
TC1775 + --(350)| +  |+++(100) + + + 4t 4
c167CS -- (100-500mW) + + +(144) + +++ (111) + + + ++ 24
Microchip:
PIC16F877 +++ (20 MW) + + ++(40) |-— (8 bit)| —(10) | + + + + ++ 31
PIC16C77 +++ (20mW) + + ++(28) |- (8 bit)| —(10) | + + + ++ 27

Choice of Processor

As the table shows the winner is: Atmel AT91M40800. The score of the Atmel shows that it has
many nice qualities and feaures.

Where it not for ladk of availability, we would have preferred the R40807 version of the Atmel
procesor because of its presence of onchip memory. However, if it cannot be supplied it is not
worth betting on.

The table does not do justice to the MIPS procesors we were introduced to a our visit a MIPS
The reason they are not fairly represented in the table is, that MIPS processor mostly are used as
procesor cores in larger system-on-chip systems, which have too many unusable feaures and
thereby too high power consumption for our needs. However, MIPS (the cmpany) are in
possession of “clean” processor chips without al the unnecessary feaures. These procesors em
to meet the high standards of the Atmel processors. Furthermore, they include something called
“memory management unit” (MM U), which is omething the software groups are very interested in.
A MMU ensures that different programs (processes) cannot acddentally perform memory writes in
forbidden areas of memory, which leals to program errors and system crashes. Unfortunately,
MIPS only use ball grid array (BGA) padkages, which is why we did not investigate the
possibilities of these processors futher.

In spite of the a&ove, we feel that we have chosen a very cgpable and powerful procesor that fulfils
our neals. The ladk of a large onchip memory can be cunterbalanced with external memory and
the lack of an MMU simply means that the software groups cannot write their program
thoughtlesdy (which we ae sure they would not have done anyway...).
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The RAM

The computer needs RAM as working-memory in the exeaution of programs. There ae generally
two types of RAM: Dynamic and static. Dynamic RAM (DRAM) is charaderized by its need for a
clock in order to dynamicaly updete the contents of the RAM in each clock cycle. You can clock
dynamic RAMs with very high frequencies — for example 100 MHz. The expense of this capabil ity
is that dynamic RAM consumes more power, and since we plan to run at low frequencies (which
lowers the power consumption) we turned to look a satic RAM. Static RAM (SRAM) is not
refreshed in each clock cycle (hence the name) and communications are performed by a relatively
simple protocol (for further information see section on "Timing Analysis’). Power consumption of
static RAMs is quite low, which is very important asthe RAM will be adive & amost all times.

To compare the possible choices of static RAM we looked at the following caegories:

» Sze
Asthe requirement specification states a minimum of 512 KB is needed — preferably 1 MB.
1 MB would be very good, as it would allow the cmputer to store more than a single
picture from the amera.
The sizeis dated so the organizaion of the RAM is shown. As 16 chta lines are available
from the procesor the optimal width of the RAM is 16 hts. (512K times 16 bt equals 1
MB — 51X times 8 hit equals 512KB and so on)

* Supply voltage
A supply voltage of 3.3 Volt is preferred as this is the supply voltage of the other processor.

» Active current / Sand-by current / Power dissipation
Active aurrent is the aurrent drawn during reads and writes, stand-by current is the aurrent
drawn when the component is passive. Power dissipation is calculated by multiplying adive
current and the supply voltage.

*  Number of pins/ Availability / Price
These cdegories were investigated in order to be sure they did not make the use of the
component impossible.

Manufactor [No Size Voltage  |Active Current [Standby Current |Power Diss. [Pins |Availability
Samsung  [K6F8016V3A 512x16 [3.0-3.6 4mA 0.5uA 44 es
G-Link GLT6400M16 64x16 [2.2-2.7  |50mA 15mA/5mA 44

Alliance IAS6VA25616 256x16 [2.7-3.3 132mwW 44

IXYS PDM31096LL 512x8 [3.0-3.6 65mwW 32 |Preliminary
IXYS PDM21096LL 512x8 [2.4-3.0 65mwW 32 |No
Alliance 7C254096LL 512x8 [2.3-3.0 90mwW 44

Brilliance  |BS62XV4000 1.2-2.4  [15mA 0.25uA

G-Link GLT6400M08 256x8 [2.2-2.7  |45mA 15mA/5SmA 32

ISSI 1IS62VV25616L/LL 256x16 |1.65-1.95 [36mA 9uA 44  lyes

As the table shows, the Samsung RAM has very nice qualities in both size, supply voltage and
power consumption. Furthermore, the price of the mmponentsis $13 which makes it affordable. So
the Samsung RAM is our choice

Unfortunately it is only availably from international resellers, which means that delivery will take
8-9 weeks. As mentioned before 8-9 weeksistoo long in a projed like ours. Because of this, we ae
using a bit older 512K B version of the Samsung RAM in our first version of the cmmputer, asthisis
available from Danish resellers. The big advantage in using another Samsung RAM s that it has the
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exact same pin configuration as the new K6F8018J3A mentioned in the above table. During the
spring we will be ale to order the new RAM, wait 8-9 weeks and implement it in a new version of
the computer without having to change the design of the computer board. Both the new and older
RAMs have propagation delays of 70 ns (corresponding to 14MHz).

The older Samsung RAM we ae using now has the following charaderistics:

Manufactor [No Size Voltage |Active Current [Standby Current [Power Diss. |Pins [Availability [Price
Samsung |K6T4016V3B 256x16 [3.0-3.6  |60mMA 15uA 44 es ~13$%

Static RAMs are developing very fast in these days. New tednologies allow the power
consumption to drop and the size to increase. The reason why the new Samsung K6F8016V3A is
not available in Denmark is that it has only just been released internationally, but during the spring
it will probably become available domesticall y, which means that we might not have to wait the 8-9
weeks mentioned above.

The Flash

Flash memory is nealed to store the operating system and various programs in the satellite — its role
issimilar to ahard disk of an ordinary desktop compuiter.

The seledion of available flash memories is not as big as it is the cae with procesors and RAM.
Comparison of the ones available is primarily made on power consumption, size and padkaging (we
cannot use BGA components).

The flash memory Am29LVO017D from AMD meds our demands easily:

* Ithasasize of 2 MB (the minimum requirement is 128 KB!)

» Supply voltage is 3.3 V and it uses 9 mA rea current, 15 mA write airrent and 200nA in
stand-by mode

» The propagation delay of reads and writesis 120ns (8.3 MHz)

* It wasavailable from Arrow, Denmark

The flash will only be used during boot of the cmmputer, updetes of onboard software and possibly
in special cases of data storage. This means that most of the time it will only consume 200 rA x 3.3
V =660nW, which is extremely low. Furthermore, its vast size @n turn out to be useful.

Instead of a flash we @uld have chosen to use an E2PROM, which has similar qualities. With an
E?PROM it is possible to rewrite asingle byte & any address. This is a big advantage mmpared to a
flash where you have to erase an entire sedor a atime (in our case 64 KB). This would make
modifications in onboard software eaier and faster.

But it seems that development is done primarily in flash’es as flash’es consume significantly less
power than E2PROM’s and at the same time @n store greater amounts of data. Because of this we
chose aflash.
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External Contacts

As building an onboard computer for a satellite is not a sandard assignment on DTU, we have also
had inpu from outside DTU — both in terms of design ideas and funding. Here is a list of the
people/companies who are contributing to the projed:

The final printed circuit board for the computer has to be made professonally by a cmpany
with the equipment and expertise to produceit in 4-layers. Four layers will be necessary in order
not to exceal the specificaions on the size of the board, but a PCB like this is rather expensive.
We have had contad to Martin R. Jargensen, who is in the sales department of Elcon®. Elcon
makes PCB's and is gedalized in small quantitative productions, for example proto-type
PCB'’s. This fits our needs perfectly and furthermore Elcon has offered to produce our PCB free
of charge, asit is a student projed. We have visited Elcon in Horsens, Denmark, where we saw
the production fadlities and made arangements for the acual production of our board.

Jimmy Malmkvist is runring PowerCAD? (a one-man company). He is a professonal in the
areaof routing PCB’s — he has sveral years of experience Jimmy has offered us to either help
us make or do the entire routing of the final board freeof charge. Thisis a grea opportunity for
us, because it might prevent many problems in the processof producing the board (at Elcon),
since he knows exactly how they want the detail s of the PCB specified.

We have had Jimmy evaluate if it is possible to compress our present design to the size of 6x6
cmin a4-layer PCB. Even after adding components for latch-up protection and possibly error-
detection of memory accesses, Jimmy believes it is possible. The reason for this is that we will
have two extra layers and we will be &le to narrow the signal lines and vias.

As mentioned the mmputer will be designed with a processor from Atmel* because of its grea
feaures, low power consumption etc. After the procesor-choice had been made, we mntacted
Atmel to let them know of our project. Atmel found it interesting and has supplied us with an

2 www.elcon.dk
3 www.powercad.dk
4 www.atmel.com
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evaluation board for the processor and 20 pocesors free of charge. We have used the
evaluation board for comparisons with our own board, and the 20 processors are necessry in
order to have specimens for the test boards, the radiation tests and the final boards.

TERMA”

Peter Davidsen works as an enginee at Terma®. We were introduced to Peter during an
introductory course this simmer, where he gave alecture on digital design. He was a part of the
team designing the computer for the successul ”@rsted” satellite. In the beginning of the projea
Peter contributed with ideas to the design of the computer — mainly regarding mechanisms to
solve problems with radiation. These ideas have not been realized yet, bt when we move
forward in the project during the spring, this areawill be very important.

MIIPPS

TECHMNOLOGIES

MIPS processors have many interesting feaures, so in the process of choosing the processor
for the cmmputer we contacted MIPS who are situated in Ballerup, Denamrk. MIPS found the
projed of grea interest and offered to supply us with processors, testboards and support on
these procesrs in case of questions in the process of creaing the design. The possibility of
technicad support on a procesor is quite unique, as pport is not available from ordinary
resellers (like Arrow or Farnell). Unfortunately, we had to turn down MIPSin an ealy stage,
because all MIPS processors are in ball grid array (BGA) padkages. BGA components would
make it impossible (or very hard) to producetest boards ourselves, which would mean, that we
would have had to change our entire gproach to the problem (all soldering would have had to
be made professonally, which would be very expensive and time consuming).

We would like to take the opportunity to thank all of these companies for their help. Without them,
a student project like this would be hard to complete — especiall y financially. Furthermore, we have
been introduced to the companies, given insight to their businessand leaned something about what
it would be like to work as an enginee in such a cmpany. This has been a very exciting and
positive experience

® www.terma.dk
® www.mips.com
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Component Description

CPU Description

As mentioned we have dhosen an AT91IM40800from ATMEL as CPU. The AT91M40800is a 32-
bit RISC procesor built on an ARM Thumb core (ARM7TDMI)

“Designers can use bath 16 hit Thumb and 32 kit ARM instructions sts and therefore have the flexihility to emphasise
performance or code size on a sub-routine level astheir appli cationsrequire.”’

The ARM core is widely used in several procesors. Since all the procesors, which use the same
core, use the same instruction set compilers are eaier to find. The fact that the processor can
execute both 16 Lt instructions and 32 bt instructions, gives an opportunity to use the fast and less
power demanding 16bit data width whenever possble.

All the CPU functions are set-up by writing to the different internal control registers of the CPU.

Memory

The AT91IM408000nly has 8KB of internal RAM. The internal RAM is usually used for the stack
memory because it usually is faster than the external memory and has a 32-hit data width.

The CPU has a maximum of 64MB memory address pace which is more than sufficient for this
projed.

The external memory is mapped after restart of the procesor. Placing the remapping software on
address0x0 in non-volatile memory does this. The remapping software cntains the information for
the CPU about the different kinds of memory modules connected to the CPU, such as how fast the
memory is and what chip-seled it is conneded to.

The external memory can have al6-bit data width or 8-bit data width. To determine whether the
boot memory is 16-hit or 8-bit the BMS pin is held low or high 10 clock cycles before reset is
released.

I/O lines

The processor has gveral programmable [/O pins — 32in total. 6 of these pins are dedicaed as
general-purpose 1/O-pins, the rest are multiplexed with other functions sich as USART, chip-
seleds, external interrupts and timer/counter signals.

Timers/Counters

AT91M40800 has 3 timers/counters, which all have aresolution of 16 hts. All 3 timers have a
waveform mode that allows each timer to generate two PWM?® signals, both with the same
frequencies.

USART

USART means Universal Synchronous/Asynchronous Receiver Transmitter, which is a serial
communicaions device

” Quote from http:/mw.ar m.convar mtech/ Thumb
8 PWM (Pulse Width Modulation) This option is needed by the attitude group to control the solencidsin the satellite.
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There ae two build-in USARTSs in the AT91IM4080Q They can be cnfigured to work in either
synchronous or asynchronous modes and the baud rate is seleded as a division of the master-clock.

Tri State Option

The CPU has a fedure that puts all output pins in tri-state mode; holding NTRI low during the last
10 cycles before reset isreleased doesthis. This feaure can be very good for error detection. Thisis
because it completely disables the CPU from the rest of the cmponents on the board.

Watchdog

The CPU has a build-in watchdog. The watchdog is cgpable of making both an internal reset and
sending an external signal, holding the watchdog dedicated pin NWDOVF low for 8 master clock
cycles. This external signal could be used to notify external components that the processor has been
reset.

Power Features

The power dissipation of the CPU is diredly proportional to the speed of the master clock. When
using external memory and a 3.3V suppy the power consumption is 3.77 mW/MHZ®. However, as
mentioned before'®, this number should be taken lightly because the manufadures embellish the
fadsalittle with these mmpetitive numbers.

This means that it is possible to seled at clock frequency that complies with the amount of power
available on the satellite. It is possible to use avoltage supply between 1.8V-3.6V, though it is only
possible to use al6MHz or less clock frequency for 1.8V.

There ae also other power feaures. It is possible to shut down the parts of the processor that are
unused and thereby save power.

Package

The procesor is available in a 100-lead, Thin Quad Flat Pack (TQFP). This means that it is a
100Qpin thin surfacemounted component with outer dimensions of 16mm per side.

JTAGI/ICE

The JTAG/ICE fedure that the AT91IM408000 pssesses is quite significant and will be discussd
in alater sedion (“The JTAG/ICE”).

9 See “AT91M408M Eledrical Characteristics’ (http://mww.atmel .convatmel/acrobat/doc1393. pdf)
10 Seesedion on "Externa Contacts’
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Flash

The flash component we have selected is an Am29L V017D from AMD™. It is able to use a voltage
supply from 2.7V-3.6V. The Am29LV 017D has a capacity of 2Mx8 bit (=2 MB).
The Flash only has a databus width of 8-bit. The control signals for the flash are:

e CS- Chip Select

*  WE - Write Enable

e OE - Output Enable

* RESET - Hardware reset

* RY/BY - Ready/Busy output

The RY/BY is used as a hardware detection to see whether or not an embedded algorithm is in
progress or complete. RY/BY is an open-drain output and it is therefore possible to connect several
together with a pull-up resistor in parallel. This is useful when several flash components are
connected to the same CPU and the CPU only has one pin dedicated to detect whether or not the
memory module is finished or not. The agorithms for the read and write process for the flash will
be discussed in the software section of this report.

RAM

The RAM module we have selected for the testboard is not the same kind as the type that we intend
to use on the flight-board but it is similar in the design. It is the type K6T4016U3B and is
manufactured by Samsung™®. It has a capacity of 256Kx16 bit. The K6T4016U3B is controlled by 5
control signals:

e CS- Chip Select
* WE - Write Enable
e OE - Output Enable
* UB - Upper Byte
* LB - Lower Byte

The UB and LB signal are used for selecting upper or lower part of the databus. This allows the
circuit to save power when it only is required to access 1 byte.

Boot PROM

Since the first board that we are to make is a test board that will be used as a development tool for
the satellite, it is not convenient with a ROM that only can be programmed once. Therefore we have
decided to use a flash-component to simulate the boot ROM. To avoid making more drivers than
necessary we will use a flash of the same kind as the flash for the flight-board even thought it is
about 2000 times larger than the boot ROM will be on the flight-board.

"See http: //wwww.amd.com/us-en/FlashMemory/Productl nformation/0,,37_1447 1623 _1468,00.html
12 See http: //www.samsungel ectr oni cs.convsemi conductor s/ SRAM/SRAM.htm
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Power Monitor

To ensure that the CPU does not begin to interad with external devices such as flash etc. before the
supply voltage has reached a fixed threshold, we have included a power monitor in the design. It is
connected to the reset pin of the procesor, which it holds low until an acceptable supply voltage is
present. The component we have seleded for power management is a MAX811T. The MAX811T
has a threshold at 3.08V before it releases the reset signal. It also suppats and debounces a manual
reset button. This component will only be used on the flight-board if the power group does not
deliver a“power good” signal.

RS232 Transceiver

Sinceit isatest board that we ae making we want to be ale to test the two build-in USARTSs. For
this purpose we neal a transceiver device to convert the 3.3V logic from our CPU’'s USART
dedicated pins to the +12V that is used on a PC’'s srial port'®. The mmponent we have found for
this task isa MAX3223 The MAX3223is designed to convert from 3.3V logic to sandard RS232
logic and has support for 2 transmit channels and 2 receive channels, corresponding to 2 USARTS.

¥ Rs232

20



Programming the Flash

The boot memory on the test computer is a flash component. It is necessary to program this module
with the software to remap the memory connected to the CPU and software to upload new software
to ather memory components.

For thistask we have explored several solutions.

* One way to program a flash component is to buy a programming cevice like the ones for
programming PLDs™. But it would also require an interface caable of conneding our SMD
component to aburning device, which is quite expensive and difficult to find.

Another problem would be how to reprogram the flash after it was mounted. This could
however be solved by applying a plug consisting of all the mnnedions from the flash, on
our board, and then use aprobe between the programmer and computer-board.

Then the next problem would be: How not to interfere with the other components on board.
But sinceit is only the CPU that could cause problems and not the RAM or the other flash-
component, it could be solved with the tri-state™ option that is available on the CPU.

* Another way of programming the flash could be by making a programmer with the use of a
microcontroller and then make the interface to the onboard flash as described above. The
only problem is that this would be avery time consuming task because it also would require
us to write the software for the microcontroller.

« The last option that we thought of was to use the embedded JTAG'® interface This could
enable us to control the CPU and viathe CPU program the flash. When considering the PCB
design the JTAG solution would be much easier than the other solutions because it would
not require the mnrective plug with connedions to all the 36 pins on the boot flash. The
JTAG would consist of a plug with only 4 connections to the 4 dedicated pins on the CPU
(and a few capacitors and resistors) that constitute a sandard JTAG outpui.

The JTAG is clealy the best way to program the boot-flash and will also provide other debug
possibilities. Therefore have we decided to rely on this lution.

The JTAG/ICE

According to the last sedion we dose to use the JTAG/ICE feaure of the processor for
programming the flash. In this ssdion we will provide ashort description of what the JTAG/ICE is,
how it works, and what it is cgpable of.

The standard

JTAG is short for “Joint Test Action Group’. As indicaed by the name, JTAG is a standard
proposed by a number of vendors of integrated circuits. Actually the corred name of the standard is
IEEE 1149.1, asit has become an official IEEE standard.

4 Programmable Logic Devices
15 Seethe sedion “Tri Sate option”
16 Seethe sedion " JTAG”
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The purpose of the standard is to make asimple common interfacefor testing integrated circuits. It
describes how a serial interface @n be used to get data in and out of an integrated circuit, and
describes the protocol the IC must implement in order to be compliant with the standard. The
physicd interface onsists of 4 digital lines: TCK, TDI, TDO and TMS. As the interface is
synchronous a dock TCK is required. The test-hardware must supdy this clock. Data is shifted in
serialy using the TDI, and the result is returned using TDO. The TMS signal, which must be
supplied by the test-hardware,
controls an internal state machine of
the device being tested. The purpose
of this gate machine is to control,
what the gplied serial stream of
data is, and where it must go. The
state machine is depicted in the
figure to the right. Without going
into much detail, it shows that the
TMS controls the next date. It also
shows, that two different verticd
lines of boxes are aimost equal. The
purpose of the left column is to
insert data into a register called the
data-register (DR), and the right one
to insert data into an instruction
register (IR). With the correct data
inserted into these registers the user \ )
can take oontrol over the IC being §
tested.

By using the instruction-register it is among other things possible to halt the exeaution of a program
(if the IC is a processor), ask the IC to do a self-test, and ask the IC for an identification code. It is
also possible to select different so-cdled scan chains.

A scan chain is adually a serial shift-register. The scan chain is used as the data-register mentioned
ealier. The eaiest way to explain what is can be used for is to look a an example, namely the
procesor we have chosen to use.

Run-Tesidie
0

0
s
UpdatedR
D

tme=0 tme=1 trm:

Update-DR
xS

1

Scan Chain 0 —

In the figure to the left it can be seen that the processor has 3 scan
chains. Look at the “Scan chain 0’. It surrounds the processor-core.

— Each shift register cdl of this chain is multiplexed with a signal
— Procsssox controlling the cre signal (i.e. the aldressbus and the databus). If we
Sean Chain 2 Scan Chain 1 set the mux’es, so that the shift registers and not the normal control

I signals are mnreded to the wre, we ae adualy able to load
| | instructions into the cre. If we let this instruction be arequest to store
Sisrblon the value of a register in the RAM, the value is written to the databus-

interface of the cre, but as this interface is conneded to the shift
register by the mux, the datais not written in RAM, but in the shift register. By shifting these data
out we ae atualy able to seethe mntents of the registers. In this way it is possible to get data in
and out of the procesor. By changing if it is the shift register or the normal control signals that are
connrected to the core, one can also read from and write to the RAM. This is what we make use of,
when we load a program into the RAM.
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As mentioned the instruction register (IR) of the JTAG interface @an be used to seled different scan
chains. In the previous figure it can be seen that our processor has a scan chain (no. 2) which
conrects to an ICEBre&er. ICE is short for “In Circuit Emulation”. The ICEBre&ker makes it
possible to set bre&kpoints, that automatically halts the processor if for example an attempt was
made to read from a specific memory address In this way it is possible to use some debugging
software & a host computer that downloads a program into the memory of the target processor and
executes it. If a breapoint is reached the debugging software can show this to the user and show
the contents of all registers etc. Thisisavery powerful debugging facility.

Our JTAG interface

As can be seen from the @ove, only 4 signals are required in the JTAG. Therefore it is quite simple
to conned adeviceto a host computer using this interface. The simplest way is probably to use the
parallel port of a desktop computer. Commercially available devices can be bought to make this
conrection. An example of such a deviceis the Wiggler manufacured by Maaaigor Systems'’. We
decided however to build our own interface, as we found a schematic of a device on the Internet
that is pin compatible with the Wiggler. The nice thing about this is, that the software available for
the Wiggler can be used with the device we build.
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The schematic found at http://sourceforge.net/projectsjtag-arm9 is shown above. PL1 is the
parallel port connedor and PL2 is the JTAG connedor. In between those two a 74HC244 I1C has
been added. The purpose of thisisto do a voltage level conversion from the 5V of the parallel port
to the 3.3V of our procesor. The supply voltage for the IC is taken from the JTAG interface
Therefore our test-board must supply this voltage. The 16 GND connrection in the JTAG interface
(PL2) serve as shielding lines.

7 http://mww.macrai gor.com/
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Design Description

We have decided to make atestboard with extra debug possibilities and with some simple test
interfaces. The board’s primary function is to show whether or not we have understood the
datasheds properly and to locae logical errors in the design. The following components is used in
the design:

e AT91M40800 —-CPU

e 2xAm29LVO017D - Flash

+ K6T4016J3B - RAM

* MAXS8LIT — Power monitor

e 2xLP2981 —Voltage regulator

e [QXO-71 —Clock generator at 12.288 MHz
* MAX3223 —Serial transceiver

» JTAG/ICE plug

* |/O connedion plug

Since all of the components are described in the “Component Description” sedion we will
concentrate on how to conned the cmponents correctly in this sdion. The CPU is by far the most
complicaed of all the cmponents and it isthe aentral component binding all components together.

The CPU Connections

The pins on the CPU basically have 5 types of functions and some of the pins have more than one
function. The 5 types are:

* Voltage supply

» CPU control

* External memory control
e |/O—Input/Output
 JTAG/ICE

Voltage supply

On the CPU there ae 10 GND pins, 6 VDDIO pins, and 3 VDDCORE pins. The VDDIO gives
voltage supply to the I/O-lines and VDD CORE supplies the CPU-core.

In the design of the evaluation-board*®, made for this procesor by ATMEL, the VDDCORE and
VDDIO are conrected as one net. The evaluation-board has 4 layers and uses 2 layers for power
planes and 2 layers for signals.

But since our board is a 2-layer board we have to mix the power lines and the signal lines in the
same layers, which means that we cannot be sure that our supgdy will be @& gealy, asin the cae of
the evaluation board. To improve the supply voltages, we have decided to separate the two nets as
close to the voltage supply as possible. Placing a jumper between the VCC and VDDIO and one

18 Seehttp: //www.atmel .com/atmel/acrobat/doc1706.pdf page 6-8
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between VCC and VDDCORE does this. Since none of the datasheets describe how to place
demupling cgpacitors and what size they should be, we have once ajain looked in the manual for
the evaluation-board. On the evaluation-board they have used four 100nF cgpacitors, one for eat
side of the board. Becaise of this we have decided to also use 100nF-demupling cgpacitors.
However in our design we will use 9 cgpacitors, 3 close to VDDCORE and 6 close to VDDIO, just
to be safe.

Since the mmputer is to operate in space, some @nsiderations about how to handle alatch-up are
necessary. A latch-up can occur when a proton hits a CMOS component and causes short-circuit
between the layers inside the cmponent. A latch-up can destroy a component completely and it is
therefore important to protect the CMOS components. It is fairly easy to detect alatch-up because it
causes the cmmponent to draw alot of current. When this happensiit is vital to turn off the power for
a short period of time. But when power is turned off in one subsystem it is difficult to predict how
all the others subsystems read. The eaiest solution to this problem is to turn off the whole satellite
and then reboot all once ajain. Since alatch-up is to turn the ettire satellite off the latch-up
protection task has been delegated to the “Power Group’. Because of this there ae not implemented
any latch-up protection in the design of the test-computer. It is however still not known what and
how the “Power Group” will implement to ensure latch-up protection.

CPU Control

The CPU samples ome information about the boot mode, 10 master clock cycles before NRST
(reset) isreleased. The 2 pins that are sampled are BMS and NTRI. These two pins also have other
functions after the boot sequence is over. It is therefore evident that the gplied signal must be
sufficiently weak. Applying the desired logic signal through a 400kQ pull-up/pull-down resistor
does this according to the datasheet® for the processor. In our design we have an 8-bit data width
for the boot flash and therefore BMS is set to logic 1%° during boot. The NTRI provides an option
for al the outputs of the processor to be disabled and enter tri-state. To be able to use this option
during error detection of the board we have included a jumper that selects between logic 1 and logic
0.

The NRST pin is connected to a power monitor (MAX811T) that pulls NRST low until the power
supply is stable above 3.08V. The power monitor is also connected to a manual reset button so that
it delivers a denounced reset when the reset button is pressed. The most important reason to apply
this MAX811T to the design is to prevent the CPU from trying to read from the external devices,
before they have the power supply they need. Only the CPU can operate at 1.8V. The reset signal is
also connected to the two flash modules to make sure they are in a known state after reset. Another
vital input signal to the CPU is the master clock, MCKI. A crystal oscillator of the type IQXO-71 at
12.288 MHz creates the clock signal. The IQXO-71 is a simple component to implement, as it only
requires a voltage supply and 2 capacitors. The IQXO-71 aso has an enable/disable option but it is
unused in this application. The frequency of the oscillator is selected so that the baud rate on the
USART can be exact set up to the standard speeds used for serial communication, and because it
gives areasonable proportion between calculating speed and power dissipation.

19 See http://www.atmel .com/atmel/acr obat/doc1354. pdf top page 9.
2 See http://www.atmel .com/atmel/acr obat/doc1354.pdf table 3.
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External Memory Control

The CPU has 3 external memory components to control, one RAM module and two flash modules.
(One of the flash modules will be replaced by at ROM on the flight-board)

The CPU is connected to the external memories via the databus, the addressbus and some control
signals. The addressbus is only used from AO to A20. The used width of the addressbus is
determined by the size of the largest memory module, which is the flash that has a capacity of 2 MB
= 2 bytes. The RAM and the two flash modules share these address lines as well as the data lines.
But since they do not all have the same amount of memory they do not need an equally amount of
address lines.

The RAM is connected so that half-word (one byte) access is also possible. Connections are shown
in the figure below. The reason why it appears that AO on the CPU is unused is that NLB is
multiplexed with AO.

AT91M40800 K6T4016U3B
DO - D7 DO - D7
D8 -D15 D8 -D15
Al - Al18 AO - A17
NLB LB
NUB UB
NWE/NWRO WE
NOE OE
NCSO CE
NWAIT—1
CPU RAM

The connections between the RAM and the CPU

The two flash components are a bit different from the RAM since they only have an 8-bit data bus.
The flash has an output pin called RY/BY. This pin is used as hardware detection to see if the
component is active erasing or programming. This pin corresponds to the NWAIT on the CPU
which adds wait states to the read or write cycle when pulled low. However it might be possible that
the flash is so dow that it is better to use an interrupt pin instead of NWAIT so that the processor
can work while the flash works in the background. We have however decided not to connect the
pins because the detection can be done by software instead and to keep the design as simple as
possible. The connection may be used in alater version of the computer.

AT91M40800 Am291V017D
DO - D7 DO - D7
D8 -D15
AO - A20 AO - A20
NWE/NWRO WE
NOE OE
NCSO CE
NWAIT—1 %*=RY/BY
CPU Flash

The connection between the CPU and the boot-flash
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The @mnnedions for the other flash module ae the same a show in the figure of the boot-flash, the
only differenceisthat NCS0 is changed to NCS1.

I/O — Inpu t/Output

As mentioned, the processor contains 32 grogrammable 1/0 lines, but only 6 of these ae dedicaed
general-purpose 1/0 lines. The rest of the I/O lines are multiplexed with other functions.

One of the hardware supported 1/0 functions is the USART. The CPU has two built-in USARTS.
The USARTSs can run in both a synchronous mode and an asynchronous mode. Since the USART
on the satellite will be used for the mnnedion to the radio, and the radio will be designed to use
asynchronous mode, this is also the mode that we will use. The serial communication in the satellite
will be conducted at the levels OV and 3.3V. These ae not convenient voltage levels for testing the
computer through a standard PC's erial port. To convert the levels to standard RS-232 (to which
the serial port of a PC comply) we use aMAX3223 The MAX3223is a dual RS-232 transceiver
similar to the popular MAX232 apart from a few extra feaures sich as autoshutdown and
enable/disable. But more importantly the MAX3223is able to use apower supdy down to 3V and
not 5V asthe MAX232

The two RS-232 adjusted outputs from the computer are conneded to two DB9 female plugs for
easy connedion to aPC.

To be &le to use the board for evaluation of hardware-near software, where software controls 1/0
pins, we have alded a plug with connedions to all the unused 1/0 pins, GND and VCC. This makes
it possible to construct a suitable interfaceand conned it to the test computer. VCC on the plug is
delivered from a voltage regulator that is not used on the board for any other applications. The
reason to use adedicated voltage regulator is to ensure that an external device @n't interfere with
the wmputer’s voltage supply. For test purposes we have made asmall extension-board** with 8
LEDs and 4 buttons that fits this plug.

JTAGI/ICE

As discussed in the “Component Description” sedion we use aJTAG interface to program the
boot-flash and as a debug option. To ensure that we can use the board with a commercial
JTAG/ICE?? we will follow the standard interfacedescription, which can be found on www.at91-
forum.com?®, To make sure that the JTAG interface will not affed the procesor when it is
unplugged all the input pins are pulled high. The JTAG connedion design is basically the same &
on ATMEL’ s evaluation board so that the two are @mmpatible with the same interface

Timing Analysis

The spead of a component will always be limited. The maximum speed of our procesor is 40 MHz
(at 3.0 V power supply), which means that every clock cycle must at least have alength of

% =25ns.
40010°s

21 SeeAppendix B
22| CE In Circuit Emulation
% More predsay here: http: //www.at91-forum.com/vienfag.php3
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The reason for this minimum time is that all transitions inside the chip have to be @le to complete
before the next clock cycle. In our computer, we run the processor at 12.288 MHz, which gives a
cycle time of

1

12.288M10°s™
The same limitations exist in memory components. Time is needed in order to either read or write a
value. Our RAM has a propagation delay of 70 rs for both reads and writes, which means that it
takes 70 ns from the RAM reaeives a request until the task is completed. The flash is a bit slower
and has a propagation delay of 120 rs.
Communicaion between processor and memory is generally done in the following way:

=81.4ns.

* Theprocessr assertsthese signals:
0 The dip select (CS/ NCS) of the relevant memory component
0 The aldressof the data of interest
0 Output enable (OE / NOE) is deasserted in case of aread
0 Write enable (WE) is deasserted in case of awrite
*  When the memory component has CS, the aldressand either OE or WE, it performs the
desired memory access.
* When the data has been either read or written, the databus is released along with the aldress
bus and the other signals

In order to know when data is realy from a read operation or when data has been written in a write
operation, the procesor has to be set up to comply with the speed of the memory. This is done by
inserting wait states in the coommunication mentioned above. Inserting a wait state means that the
control signals are held for one extra clock cycle, so that the memory component has time to
complete.

To determine if it is necessary to insert one or more wait states we have to investigate the timing in
greder detail, which will follow.

The RAM

The diagram below shows the timing of the different signals in a real operation. In this diagram a
single wait state has been inserted. If it had not been there, the processor would have tried to read
data from the databus at the time marked with “Read cannot complete here”. This would have
resulted in an unsuccessul read operation, asthere ae no valid dataon the databus at that time.

But with the wait state inserted the signals are held one extra dock cycle, which allows the RAM to
complete the accesand place the rrect data on the databus for the procesor to read.

All timing dita is sated in the electrical charaderistics datashee for the processor®* and the
datashed for the RAM.?®

The timing values for the processor depend on the speed and supply voltage of the procesr. In the
Atmel datasheet values are specified for the processor running at 40 MHz with 3.0 V, 33 MHz with
2.7V and 16 MHz with 1.8 V. As 16 MHz is the speed closest to the speed we ae running, we have
chosen these values for our analysis.

All valuesinthe diagram are in rs.

2 hitp://www.atmel .com/atmel /acrobat/doc1 393 paf
Zhttp://samsungel edtroni cs.com/semiconductors’ SRAM/Low_Power/Low_Power & Low_Voltage/
4M_hit/K6T4018J3B/K6T4016/(U)3B.PDF
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Clock
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- :f_‘_:): --.'Readcomplete .Databusreleased

Feadcannet complete here

“Datahasto be stable here

Timing of read accessin RAM

In our first tests of the computer we inserted as many wait states as possible to make sure that the
memory had enough time. Extrawait states can never cause erors in the ommunication, asit is the
procesr’s release of chip seled (NCS) and output enable (NOE) that triggers the RAM to release
the databus. Until then RAM will hold the correct data on the databus.

Nevertheless the insertion of extra wait states dows down the communication between the
procesor and the RAM.

The timing of writes to RAM is very similar to the one of reals. The only difference is that the
procesr deasserts write enable (NRW) instead of output enable (NOE). As mentioned above the
propagation delay of the RAM in case of writesis 70 ns, just as it was with reads. This means that
insertion of asingle wait state dso is sufficient in write operations.

The Flash

Determination of the required number of wait states in flash-memory aacesses is done just like with
RAM acaesses. The timing of areal operation can be seen in the diagram below.
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Timing of read accessin flash

In the diagram two wait states have been inserted and, as data is realy at the time the processor
reads from the databus, the timing demands are met.

As the diagram shows, it is very close that a single wait state would have been enough — data is
ready at the second negative alge of the clock. But the processor demands a setup time of 15ns
before the clock edge, where data also has to be stable, which it is not. So to be on the safe side two
walit states are inserted.

PCB Layout

To ensure that the logical design of the cmputer is correct we have decided to make alarge test
board with several measuring points and test options.

Self-Production capabilities

This projed is a student projed with no commercial value and we have therefore alimited budggt.
Because of this we decided to make the first physical version of the test board ourselves. The
processof making a PCB*® goes like this:

1. Make aprint of the design on atransparent paper

2. llluminate alight sensitive PCB with the transparent paper in front

3. After theillumination the board is developed and the tradks appea

4. The board isthen placel in an acid that removes the unwanted cobber

26 pCB stands for “Printed Circuit Board”
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5. Cleanthe PCB and pu it in a pewter dissolution
6. Drill the holes

Since our production method is a little primitive compared to the professonal manufadures, there
are some limitations to the design:

* Only two layers are available

« Thevias*’ must be larger than 50mil %

* Viasmust be assembled manually

* Viascannot be placed under SMD components
» Tradksmust be & least 8mil

Though there ae disadvantages there ae dso some alvantages. Sinceit is atest board it is good to
have as many test points as possible to help with the eror detedion, and all the vias srve & test
points. It is also an advantage that there only are two layers when an error is found in the design and
needs to be arrected. Thiswill not always be possble if the eror islocaed in a mid layer.

Using Protel 98se and Protel 99se

We have used Protel 98se and Protel 99se to make the PCB design. During this process we have
found that both programs are quite unstable but it seems that the *99 edition is a little better at some
points.

One of the biggest advantages in '99 is that it is possible to define different width constraints for
groundplanes (polygonplane) and the rest of the board. This is useful, becaise otherwise the space
between the groundplane and the tradks will be @& narrow as the distance between the legs on the
most compad component, witch will increase aror possibilities significantly.

Another great improvement in 99 isthat it is possible to set a preferred and a minimum tradk width
for the autorouter. This asaures that the router uses awider tradk wherever possible.

The last improvement we like to mention is that the net name is labelled on the tradks which makes
orientation easier when a part of the board is viewed close up.

We will recommend the 99 edition for similar projeds in the future.

Board Size

Sincethe computer is apposed to fit into a pico-satellite, the board proportion hes to follow some
guidelines. The group handling the mechanicd design of the satellite sets these guidelines. However
the mechanical design is not complete yet so the final guidelines are still not avail able. We do know
that the size of the cmputer board is expeded to be &out 60mm x 60mm. But since we need to
build a test board first we have decided to build it the size that makes the routing easiest, which is
164mm x 154mm.

Component Footprint Choice

In the design we have two kinds of components: The cmponents, which only have atest purpose,
and the components that also will be needed for the flight-board. Since it is not necessary to make
the testboard very compad, we have decided that the components used only for test purposes does
not have to be SMD mounted components. This reduces the eror possibilities significantly. The

27 A viaisa mnnedion from one layer to another
28 1mil = 0.025mm
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components that will be used for the flight-board, is however mostly SMD components. This is
because they are smaller and they do not take up space on both sides of the board.

Track

The minimum size for the track width is dictated by the component with the smallest footprint. The
pins on the processor are only 8.6mil, and therefore 8.6mil is the smallest track width that is used.
For the power supply we have decided to use 25mil to ensure that the different components gets a
steady supply. For all other wires we have used 13mil width. This corresponds with the size of the
pins on the RAM.

Via
We have to manually assemble the vias, which is done in the following way:

1. Drill aholeinthe wanted via pad
2. Insert asmall piece of wire in the hole
3. Solder the wire on both sides of the PCB

With this procedure one can see why the via-pad must have a minimum size of 50mil in diameter.
The large size of the vias makes the routing much harder and forces a larger distance between the
components because it takes 5 times as much space to make a connection to the other side of the
board. Fortunately, the vias will be much smaller on the professionally made PCB for the flight-
board. During the error detection removing a via has been an easy way of isolating short circuits on
the board.

Component Placement

In this design the databus and addressbus constitute a large part of the connections. To prevent that
too many tracks has to cross each other the components are placed so that it is possible to connect
the two busses without any lines crossing. This is illustrated on the figure below where the two
flash-components, which share all lines except the chip-select signal.
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Footprint and connections between the two flash-components.
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Routing

When we started with this design we encountered some problems with the cauterizaion of the PCB
board. If the tradks were too close the acid couldn’'t get trough. Because of this we decided to make
as large distances as possible between the tracks. Since Protel’s auto router had problems with our
design and found it impossible to route, we had to route the whole board by hand. When a board is
routed manually, it makes it easier to error detect because the logic in the paths of the tradks is more
obvious and there ae fewer connedions sent on long devious tours.
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The Software

Background

The primary goal in this project has been to develop a working computer for the satellite. Even
though we have been very careful in the design processit is most unlikely that the hardware (the
PCB) does not contain errors, and even then the physica manufaduring may lea to errors, which
we neal to know about. This includes bad solderings, short-circuits, and trads that are broken as a
consequence of the way we make the PCB.

In order to verify our hardware design we therefore need some software, which can help us in the
debugging and test of the hardware.

The software this ®dion covers is only written to be used during the design and verificaion of the
hardware. The software that will run on the mmputer, when it operates in space is designed and
written by other groups of the satellite projed. As mentioned in the beginning, groups covering
bootdtrap, protocols, and overall software achitedure eist. The last group has proposed that the
computer will run an embedded operating system called eCos™. eCos is an open source operating
system and thereby it is not only freeof charge, the source codeis also avail able.

Even though the following software is written primarily for tests, parts of it may be used in the
flight software, as eCos does not contain low level drivers for al the parts the computer is build of.
These drivers can ke based on the following, asthisis very low level.

We have written 4 dfferent small programs:

* blink - The purpose of this program is to verify that we ae ale to compile and link a
program that can be downloaded and run on the computer. It is very small and can be run
from the internal memory of the processor, so that the external bus interfaceis not needed
to be working probably - It can however also be run from the external RAM, in order to
verify that thisis functional.

o flash - This program is used to program the onboard flash. As the flash is sldered to the
board, it has to be programmed using the processor. Parts of this program may be used on
the computer, when it operates in space

* Boot - Thisisasimple program written in assembler. All it does is a remap of the memory,
and then it call s another program.

* usart - This program sets up the processor, so that serial communication can be performed.

All of the programs with exception of the boot-program are written in the C language. The reason
for choosing C is, that it is quite ea&y to write programs, which interad with hardware, because it is
possible to work with addresses. Another reason is that we have accss to a compiler, which can
generate machine mde for the ARM core. The @mpiler we use is the “gnu”-compiler®®. This
compiler has the advantagesthat it is free ad it is known to produce quite well optimised code.

29 http://sources.redhat.com/eas/
%0 http://www.gnu.org/
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Compilation and Linking of Programs

Because the compiler hasto generate programs that will run on our embedded system, it must be set
upin aspecial way. This ®dion provides a small description of what is neaded to make it generate
binary files, which can be downloaded and executed on the computer. We have included this
sedion because some of the things needed are hardware specific.

We have set op the compiler (adually compiled it) to generate code for the am-elf-target. This
means that the compiler will generate 32-bit machine mde. We do not use the thumb-mode® of the
proces9or.

Compiling C programs is graightforward if you are familiar with the C-compiler gcc. The only
thing needed is to isaue the following command:

arm-elf- gcc—-c file.c

A lot of options can ke given to the compiler, but it will be out of the scope of this rapport to list
them here. The important thing is that the command will generate abinary file named file.o. The
reason for mentioning the compiler command at al is, that the code generated (.0) will not run
diredly on the processor. The problem is, that the .o-file doesn’'t contain any information about
where in memory the program must be run.

In order to provide this information we must use the linker tool. This tool assembles different .o-
files and makes them run in a specific place in memory. A “linker script” controls the tool. The one
we use is listed in appendix E. The script makes the program run from address0x02000000 This is
where we have mapped the external RAM. Thisvalue can of course be changed to something else.
With this linker script the linking can be done using the following command:

arm-elf- Id-T  Idscript -0 out.elf file.o

The output of this command is a file named out.elf. This file an be downloaded and run on the
target.

There is one thing about the aove linker script that the user needs to know. As it is very simple, it
does not contain all the symbols neaded to generate a working program. This means that the user
will have to insert the following function in the C-source, otherwise the linker will exit with an
error:

void __ gccmain() {

}

When a program written in C is compil ed, every call to afunction is done by pushing the aguments
of the function to the stadk before branching to the aldressof the function. Therefore it is needed to
set up the stadk-pointer of the procesor before the main-routine of the C-program is exeauted. We
do thiswith a program written in assembler. The program is shown in appendix F. The program sets
up the pointer to a place in memory after the program code. The linker script controls the exad
place The asembler code is assembled with the command:

31 Seesedion on CPU in ” Component description”
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arm-elf-as -c -o crt0.o crt0.S

To sum up, the following commands are needed to generate a program, which can be run on our
computer (note that the crt0.0 is added to the linker command):

arm-elf-as -c -o crt0.0 crt0.S
arm-elf- gcc—-c file.c
arm-elf- Id-T  Idscript -0 out.elf crt0.0 file.o

Both the linker script and the program setting up the stack was included with the binary gcc-
package available at www.ocdemon.com. We have only made small changes in these sources to
affect the size and placement of our RAM.

After this short introduction to the compiler tools we are ready to look at the 4 different tedt-
programs.

The blink Program

As mentioned earlier the purpose of the blink program is to test that the processor is working
properly. In appendix G we have included the source code for the program. The program sets up the
processor, so that the lower 8 I/0O-pins of the processor (PO-P7) are outputs. This is done using the
following two lines:

PIO_PER = Oxff;
PIO_OER = 0xff;

The PIO_PER register controls whether the individual pins are connected to an internal device or to
the PIO-bus. The PIO_OERcontrols whether a pin is an input or an output. Therefore, by writing the
value OxFF to the registers, the 8 lower 1/0-pins get connected to the PIO and are set as outputs.
Theregisters are defined as follows:

#define PIO_PER *(volatile unsigned int*)(OxFFFFOO000)

What is important in this line is the volatile  -keyword. This makes sure, that the compiler does
make machine code that executesthis line. If it was omitted, the compiler may chose not to generate
the required code, if it finds, that the line does not do anything. The 0xFFFF0000 is the address of
the PIO_PER register.

By setting the individual bits in PIO_SODRoOr PIO_CODRregisters the corresponding output can be
turned on or off. The fact that two different registers are used to set and reset a bit, is actually a neat
feature of the processor. Most other processors only have one register for this. If you want to set a
single hit in a register without changing the others in such a processor, three commands are needed
(read, or, write). On the Atmel processor only one command is needed to do the same, which not
only makes the code smaller but also run faster.

The remaining of the blink program sets and resets different outputs making the LEDs connected to

the corresponding pins of the processor flash. This produces a nice light-show on our extension-
board.
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Asthisis all the program does, it is very small. This make is perfed asthe first tests-program, as it
can be run from internal RAM, external RAM and flash.

The flash Program

As mentioned ealier we use the JTAG feaure of the procesr to download code into the RAM of
the processor. Even though the flash is mapped to the external bus interface in the same way as the
RAM, the JTAG is not able to write to the flash diredly. This is because the flash requires a special
algorithm for programming. Therefore, we have developed a program that can be downloaded to the
RAM where it is exeauted. This program takes care of programming the flash. This sems to be the
way commercially available JTAG flash-programmers works. An example of such a program is the
“Flash programmer” available & www.macraigor.com for the price of £50Q

In order to have the data, which is to be programmed to the flash, included in our program, we use
at small program called gen_progfile available & http://www.ahare.btinternet.co.uk/. This converts
the binary data of afile into ac-array and writes the result in prog_array.c. This file is then included
in our flash-program, and thereby we have acessto the data

The flash has an embedded programming algorithm, but becaise of
the way the flash is made, it is only able to change on€e' s into zeros. START
Therefore the addressbeing programmed must be eased (i.e. all bit |

set to one's) before the wanted value is written into the aldress To ——
do this the flash feaures an embedded erase algorithm. This Commend S6quence
algorithm erases an entire sedor, i.e. 64KB of data ae gased. In |
order to make use of the embedded algorithm the processor must do,
what is depicted in the figure to the right®2. In appendix H the source
code for our implementation can be seen.

Data Poll

from System

Embedded
Erase
algorithm
in progress

The first step is to issue the “Sedor Erase Command Sequence”
This command sequence @nsists of 6 values that must be written to -~
the sedor. Thisiswhat happens in the following lines:

*f]ash = FLASH Unl ock_first; r— C—
*flash = FLASH Unl ock_second;

*flash = FLASH Unl ock_sect or _erase;

*flash = FLASH Unl ock_first;

*flash = FLASH Unl ock_second;

*sect _adr = FLASH Sector_erase;

Next the processor must read from the sedor to determine if the data has changed to the value OxFF.
If this is the cae, then the easing has completed — otherwise the embedded algorithm is gill in
progress

As the algorithm may never end, if the value read does not change to 0xFF, we have included a
timeout; just to make sure the loop stops. This makes the algorithm look like:

while (--tinmeout > 0) {
if (*sect_adr == OxFF ) break;

32 AM29LV017D datashed page 19
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}

To make sure the entire sector has been erased, we test if all il
values in the sector have been set to OxFF. This should always be |
the case when the embedded algorithm is finished, but the P e B

radiation from space may destroy some memory cells making it |
impossible to erase them. Therefore this check has been added. Data Pl

from System

Embedded
The writing of avalue to an address in the flash can now be done. th'
The way is quite similar to the way the erasing was done. A '

command sequence must be issued, the processor must wait until
the writing has finished, and the data must be verified. The
algorithm the processor must follow is depicted to the right™.
Our implementation of this algorithm can be seen in the

appendix.

Increment Address

Programming
Completed

In order to see what happens when our flash-programmer runs on
the board, we use the LEDs on the extension board. The way they are used is quite similar to the
way they were used in the blink-program.

The boot Program

The boot program is shown in Appendix |I. We have not written this program ourselves, but only
made some small changes to some code included with the gen progfile mentioned above. The
original code does a remap of the external bus interface and then goes into an infinite loop. We
changed the remap values to the ones used by our RAM and flash, and instead of just making a
infinite loop, we jump to an address in the flash (the value of Pt Prog, 0x01010000), so that the
program in this address is run after the remap.

The USART Program

The last program is the USART program. It was written to have a way of testing if the seria
communication is working correctly. The serial port 0 on the board must be connected to a desktop
computer. The program sets up the USART of the processor, and wait until it receives something (a
character from the computer). Then it sends back the received value+1, and the received value+2.
Typing A in aserial terminal on the desktop computer returns BC, typing 5 returns 67 etc.

The USART is set up with:

/* Initialize the channel */

PIOPDR = ( PIOTXDO | PIORXDO ) ;

USO_MR = ( US_ASYNC MODE | US _CHMODE NORMAL ) ;
USO BRGR = 80; /* baud rate */

/* Start channel */
USO CR = ( US RXEN | US TXEN );

3 AM29LV017D datasheet page 17
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The first line makes aure the TX0 and RX0 of pins are wmnneded to the internal USART. Then the
mode of the USARTO is st to asynchronous, and US_CHMVODE_NORMAL makes the USART operate
without any local/remote loopbadk.

Writing 80to US0_BRGR (the baud rate generator) sets the baud rate to 9600bps. Sincethe USART
isto operate in asynchronous mode, the baud rate is caculated as®*:

SelectedClock _ 12.288Mhz
16xCD 16xCD

Baudrate= =960000 CD=80

Finally, we start the channel by enabling the RX and TX signals.

Then we start waiting to receive something. This is done by:

val ue = USO_RHR;

The program ‘hangs’ at this line until something is received. The USART could be set to generate
an interrupt when data is received, but in this simple program we do not make use of this feature.

Finally we want to show how datais snt:

/* Send byte */
USO_THR = val ue + 2;

/* Wait Tx ready */
for (; (USO_CSR & 2) == 0;);

When something is written to the USO_THR register it is instantly sent out. In order to know when all
datais snt, we look at bit 1 of the Uso_CsR-register, which is 1, when all datais snt.
The complete source code can be seen in appendix J.

34 AT91 ARM Thumb microcontrollers manual page 98.
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Test and Verification

Even though much care was taken in the processof making the schematic for the system, producing
the PCB, and soldering components, the board dd contain some small errors. Using the programs
just described we were ale to find and correct these erors a our board. In this processthe JTAG
interface was a gred help, as we could write and read values to the RAM and use the information
gained to find the soldering errors we had in our databus.

It was nice that the evaluationboard supplied by Atmel gave us the possibility to test the software
before we downloaded it to our own board. Thisway it was possible to exclude software arors.

After finding and correcting these erors we were able to make some measurements concerning how
much power the board requires. As the design of the OBC has yet not been finished (e.g. A/D and
D/A converters are missing) these values are not the final ones, but as the most power consuming
components are included on the aurrent board, the values make it possible to verify if the OBC can
be made using an acceptable amount of power.

The measurements were made without the JTAG cable and the extension board attached to the test
board. This way only the arrent drawn by the procesor, flash, RAM, oscillator, and voltage
supervisor are included.

We have made two measurements. One with a program running in RAM, and one with a program
running in FLASH. The program running was the blink program described above.

Program running in RAM Program running in flash
Current 47 mA 39mA
Power (at 3.3V) 1551 mwW 1287 mW

As can be seen the values are far below the required value (1W). We therefore believe that even
though more components are alded, the power consumption of the OBC will still not go beyond a
critical value, but it will most likely be close when all subsystems are wnneded. One problem
exists with the measured values: They may (and most likely will) change when the cmponents are
irradiated. Unfortunately, information on component degradation is not something that can be found
in a datashed, and therefore we have to do some tests concerning radiation ourselves. The next
sedion (" Radiation in space”) will cover thistopic.

The power consumption of the computer running programs in RAM will be lowered, when we
replacethe RAM with the newer version.
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Radiation in Space

Radiation in spaceis generated by particles emitted from a variety of sources both within and
beyond our solar system. The nature of the radiation differs in place ad time. Some places our
satellite might cross a so-cdled “solar wind”, which is a burst of particles (mostly protons and
eledrons) emitted from the sun, and here radiation will be substantial. At other places radiation will
be very light. The single particles also vary in the anount of

energy they possess High-energy particles are more dangerous to Magenetosheath

our circuitry than low-energy particles (often referred to as badk-
ground radiation), as they penetrate deeper into the wmponents
and cause greder damage in case of collision. Much reseach is
caried out in making maps of intensities and different kinds of
radiation in space. Such a map is shown in the figure. The figure
shows that the radiation is not only depending on the sun but also
very much on the magnetic field of eath (magnetosphere). % As
further details of this area ae quite complex and out of the scope

of this projed, wewill not discuss it further.

Radiation and magnetosphere
near earth

Radiation eff ects on a satellite like ours can be divided into three caéegories:

1. Sngle event effects
A single-event effed results from, as the term suggests, a single, energetic particle. If such a
particle hits one of our components, we might encounter threedifferent errors:

Bitflips (soft error)

This phenomenon causes the value of a specific bit to change. This will lead to
software malfunction. In order to avoid this malfunction we plan to implement error
detection and correction circuitry (EDAC) between the processor and the RAM/flash
(as mentioned in “System overview”). This will be able to corred most errors. In
case of substantial damage to the software, it might be necessary to reboat or even
upload new software from eath. The ROM has to be radiation-hard so that it does

not suffer from these hitflips.

Latch-up (hard error)

We mentioned this kind of error in “Design
description” and that permanent damage @an
be avoided hy turning off the power.

The picture shows pat of a CMOS
component being ht by a high-energy
particle. This particle an either short-circuit
the sourceor drain to ground, which is located
in the bottom of the picture. The short circuit
arises becaise the particle aedes a
conductive “tunnel”. A short-circuit will draw

% hitp://www.eas.asu.edu/~hol bert/eeet6Q'spacerad.html

FAST CHARGED ENERGETIC
PARTICLE PROTON

IONIZATION 44
COLUMN

DEPLETION REGION I

Particle calliding with a CMOS
component
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a lot of current and the component is very likely to take permanent damage if the
power is not turned off immediately.

* Burn-out (hard error)
In case of the power not being turned off at a latch-up, a burn-out can occur. A burn-
out can sometimes be seen by the human eye, as a burn-out means that the dip is
simply melted in the aeaof the latch-up. After this, the dhip is useless

2. Spacecraft charging

Spacecaft charging is a phenomenon caused by charged particles. For example: In a given
areg there might be asurplus of free eledrons, which gradually will charge the entire
satellite to a negative voltage. This voltage can be very high — up witil tens of kilovolts.
However, if a ommon ground is used in the entire satellite, this is no problem. On the other
hand, it will be very dangerous if voltages like these ae suddenly discharged to an isolated
component of the satellite. 3

Actually, the payload group designing the tether has been thinking about trying to use these
high voltages, as the tether requires a voltage of at least 100V in operation. This way we
could save both room and weight, because atransformer would not be needed. But for now
itisjust an idea

3. Total ionizing doze
The total ionizing dose (TID), mostly due to eledrons and protons, can result in device
failure. TID is measured in terms of the @sorbed dose. The TID is calculated from the
trapped protons and eledrons, seandary Bremssgrahlung photons, and solar flare protons.®’
As TID increases, material degradation increases. Long-term exposure @an cause device
threshold shifts, increased device le&kage ad power consumption, timing changes,
deaeased functionality, etc.
In order to have an ideaof how our components will read to these long-term effects, all
groups in the satellite projed have sent samples of their components to Risg for teds. At
Risa the components will be exposed to different amounts of radiation: 0.9, 1.8, 4.5 and 9.0
kRad at 25.05 Rad/s. 2 kRad is the average amount of radiation we can exped in one yeda.
When the @mponents come back from Risg, we can start to replace the existing
components on the board with the ones exposed to radiation. By doing this we will see
whether or not they still function and seethe changes in their charaderistics.

Hopefully, we will see that at least the ones exposed to only a little radiation still function
without charaderistics like power consumption having changed too much.

The only thing that can be done to limit these long-term effects, is to place shielding
material around the components. This could for example be aluminium, which is both light
and well shielding. This kind of shielding will not stop any of the high-energy radiation that
causes latch-ups and hit-flips. During the spring, we will decide whether or not to implement
shielding, depending on the results of the Risg-tests.

38 http://www.hgq.nasa.gov/office/codeg/rel pract/ 125§ sc.pdf
37 hitp://www. eas.asu.edu/~hol bert/eeet6Q'spacerad.html
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Future Development

A number of things on our current board will have to change, before it can be sent into space The
most obvious thing is the size As mentioned ealier, the size of the aurrent test-board is
164mmx154mm. The mechanics group has proposed a maximum size of 60mmx60mm excluding
gpacefor connedions to other subsystems. This means that our board must be reduced in size. In
the sedion about the PCB-layout we saw, that the aurrent large sizewas due to a number of things:
Viasize, spacebetween tracks, minimum tradk-size, and problems with the routing. Since the final
board isto be produced hy professonals, these things change. The most important change is that we
are ale to use a 4-layer board. Our plan is to use the two mid-layers for VCC and GND. This
means that these two nets are removed from the top and bottom layers. Because the two supply nets
are mnneded to all components, routing will become much simpler, as they do not crossthe busses
anymore. Furthermore, the fad that the vias and tradks can be narrowed in makes it simpler to route
the remaining signals on the top and bottom layer. We therefore believe that the board can be made
much smaller, so that it indeed meds the requirements from the mechanics group. Jmmy
Malmkvist from PowerCAD also stated, that he did not se any problems reducing the size a our
meding with him®.

As it can be seen by the previous discussion the aurrent test-board only contains the necessary
components for a computer, which is operational. In the “System Overview”-sedion we saw that in
order to have the mmputer do something meaningful, it must be wnneded to ather subsystems of
the satellite. One of the things that has been difficult in this projed was (and still is) to find out
exactly which connedions are needed by these subsystems. At present time these spedfications are
still not completed, but at the last system-engineering meeting, the following requirements were set.
The table shows how many outputs ead system has, and how many inpus it requires.

Analogue Digital

Output Input Input Output | In/output PWM Serial IRQ
ACDS™ 15 6 3
Radio 2 1 1 3 2
Power 6 7 14 1
Camera® 5 5 1
Tether 2 2
Harness 2
Temperature 1
Sum 25 3 15 28 1 3 2 2

Summing upthere ae 28 analogue signals and 51 digital signals to the OBC board. The processor
only provides 32 dgital signals, which even if none of them were used to control the ADCs and
DACs, is far too few. As the processor was chosen before we knew these numbers, we obviously
have to do something to reduce the signal count requirement. The good thing about limiting the
signal-count is that fewer connedions in-between subsystems will be necessary, which reduces the
total spaceand weight used by interconnedions.

38 Seethe External Contacts ®dion.

39 Asthe attitude group were not present at the meding, this may contain errors
“0 These val ues are guesss, as the Camera group hesnot yet started their work
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At the system-engineaing meding we discussed how we wuld best do this limiting without
interfering with work already done by the groups. It was also considered if the changes would make
the satellite more intolerant to failures and if the changes would require more power etc.

By the following figure the result of thiswork is $own:
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When looking at the requirement table it can be seen that some systems (the ACDS and the power)
have alot of analogue outputs. In order to limit this number of outputs, analogue multiplexers have
been added to ead of these boards. If an 8 channel mux is used (as 1own on the drawing) the total
connections to the computer can be & few as 6. 3 are used to conned ead mux to an A/D-converter
on the OBC board (thin green lines). The muxes share the 3 ather connedions in parallel and use
this signal to control which inpu channel is slected (fat purple line). The A/D-converter on our
board needs to have amux inserted, so that only one of the analogue signals from the muxes is
measured. On the drawing this is shown as a single block entitled “SHA ADC with 8 CH MUX”.
This is because several single chip solutions exist that both have mux and converter. Some of these
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are ontrolled via SA (a single wire bus), and therefore only one @nnedion to the procesor is
needed. Since only 3 of the analogue inpus of this ADC are used, 5 are left. This is enough to
conrect the analogue signals from the remaining subsystems. Summing up 3outputs and 1 in-
/output is neaded to control the measuring of analogue signals in the satellite.

In order to limit the number of required digital lines from the procesor, an 8-bit wide bus has been
introduced in the drawing (the fat orange line). It conneds the subsystems requiring a lot of digital
signals to the computer. On these systems an 8-bit latch/buffer is added. The purpose of those is to
make sure only one system uses the bus at atime. This buffer requires an enable signal, when it isto
control the bus. Therefore 6 dedicated dgital outputs from the processor are connected to ead of
the buffers. When something is to be read from or written to a specific subsystem, the enable line is
first driven low by the processor (assuuming adive low enable signal) and then the required value is
written to/read from the bus. When the enable signal goes high again the value on the bus is latched
in the subsystem, and the bus can be used for communication with other subsystems without
interfering with the arrent subsystem.

The introduction of a bus causes another problem. In some subsystems it is urgent to tell the
procesr if anything changes on its output line. The power-board has sich a demand. If for
example the power manager deteds alatch-up in a subsystem, it is vital to tell the procesor that the
manager has cut off the power to this sibsystem. Therefore an “IRQ generator” has been added to
the power-board. The purpose of it is to generate a signal that can be used as an interrupt for the
procesr. This interrupt must be generated, if any of the lines change state ad therefore the IRQ
generator is probably something simple as an 8-input nor-gate

It can be seen from the requirement table, that only 3 DAC-lines are required. Instead of placing 3
DACs on our board, the same solution as described under the ADC are used. A “SH DAC with 8
CH MUX” can be bought in asingle dip. This meansthat the generation of the 3 analogue voltages
can be done with only 1 in-/output line from the processor.

Counting the required number of digital in- and outputs after these changes yield, that 32 lines are
required. This is exadly what is available on the processor. With the aurrently available
requirements for the different subsystems, it is therefore possible to connect al parts of the satellite
to the OBC. This implies that the dhosen processor (and the computer in general) can fulfil the
requirements of the satellite.

Since the specification of the requirements for the subsystems is not yet final, changes in the
proposed design of the satellite interconnections may occur. This is especially true for the camera,
as the number of signals neaded to control this is yet not known. The cnsequence of this is that
more 1/O-lines may be needed from the processor, but at present time no more ae available. It
might be necessry to make further optimisations in the way we cnned the subsystems. One of
these wuld be to insert a latch controlling the 6 lines required to control the bus-buffers. This
optimisation would make 5 1/0O-lines available on the procesor.

We will conclude this dion by a short look at the physical interface with the other groups. As
mentioned 32lines from the processor to other subsystems are needed. Also a number of wires from
the power-board to the other boards are neaded. In addition some of the subsystems may have
conrections in-between.

In the beginning of this edion we stated, that the size of the PCB must be 60x60 mm excluding
gpace for connedions to other subsystems. Therefore there will be added some space for these
conrections. As the number of connedions is quite high, different kinds of connedors are
considered: A dlot like the PCI-slot known from the motherboard of a desktop computer (would
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require a connection board in the satellite), a flat cable with connectors (like the one connecting a
harddrive of a desktop computer to the motherboard), or maybe a socket that would make it
possible to stack the different PCBs on top of each other. The choice has not yet been made, as the
total number of connections will influence on which solution is best suited for our application. Also

things like robustness concerning vibrations must be considered.
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Conclusion

We have designed and produced a functioning computer for our satellite. So far, the cwmputer
complies with the requirement specification:

* It has wfficient memory resources

» The achitedure of our design satisfy the needs in the satellite (we have asufficient number
of 1/0 pins, awatch-dog, possibility of serial communicaion and so on)

*  We have apower consumption of about 150 mW, which will become lower when we
implement the newer, low power RAM

» A flightboard with a dimension of 60mmx60mm will be possible because of our opportunity
to have the PCB professionally made freeof charge

* We have C-compilers available for the procesor freeof charge

Furthermore, we have avoided the use of BGA components, which we believe has saved us a lot of
debugging time. When it comes to the wishes of the software groups, we have been able to fulfil the
request for a 32-bit procesor but not the request for aMM U (memory managing unit).

There is one big question left from the requirement specification: Can our components cope with
the dfeds of the radiation in space? Thiswill be answered duing the spring, when our components
come badk from Risg and we have the time to test them.

Thesetests are not all that has to be done in the spring:

* TheRAM hasto be exchanged

*  The ROM must be found

» A/D converters must be added

» Shielding may have to be implemented

» Error detection and correction circuitry (EDAC) wil | be implemented
* Production of the PCB

» Theinterfacebetween the subsystems has to be made

So there is gill a lot of work to be done, but for now we feel very content with what we have
achieved and learned. Our choices of components and overall design seem to be reasonable.

With our JTAG and our flash driver we found a way to program the flash. The use of the JTAG
interface of the processor has generally been very positive. It is a very reliable interface and as
JTAG is a widely used standard, we will be @le to use our knowledge and our homemade
“Wiggler” in other projeds.

One of the gredest challenges has been to work with a big projed (our computer) that is only part
of an even bigger projed (the satellite). This has taught us the importance of communication
between the different groups in a big projed, which will most certainly be useful when we get to
work as engineasin the future.

We believe that we have explored many different areas of the engineeiing world in this projed; we
have had contad with many different companies, designed a system conceptualy, found the
optimal parts for this system, build the system ourselves and tested the system via our own
software.
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This processis typical for development of any kind of device and with this project, we feel that we
have been through all the steps.

Jonas Sglvhgj, c973442

Malte Breiting, c973568

Morten Briand Thomsen, c973709
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Appendix D — PCB Layout of Extension-board
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Appendix E — Linker Script

SECTI ONS
{
= 0x02000000;
.text @ { *(.text) }
+= 0x9000;
.data : { *(.data) }
+= 0x1000;
.bss : { *(.bss) }
__bss start_ = .
+= 0x1000;
/[* sbss_start = .; */
/* sbss end = .; */
__bss_end__ =.
. += 0x1000;
PROVIDE (__stack = .);
_end = .;
.debug_info 0: { *(.debug_info) }
. debug_abbr ev 0: { *(.debug_abbrev) }
. debug_line 0: { *(.debug_line) }
. debug_frane 0: { *(.debug_frane) }
/* . debug_str 0: { *(.debug_str) } */
/* . debug_| oc 0: { *(.debug_loc) } */
/* .debug macinfo 0 : { *(.debug_nacinfo) } */
}
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Appendix F — Source of Stackpointer Setup

.externmain
.externexit

/* .text is used instead of .section .text so it works with arm aout too.

. text
.code 32
.align O

. gl obal _mai nCRTSt art up
. gl obal _start
. gl obal start

start:

_start:

_mai nCRTSt art up:

/[* Start by setting up a stack */

/* Set up the stack pointer to end of bss */
ldr r3, .LC2

mov sp, r3

sub sl, sp, #512 /* Still assunes 512 bytes bel ow sl */

mov a2, #0 /* Second arg: fill value */
mov fp, az2 /* Null franme pointer */
mov r7, a2 /* Null frame pointer for Thunb */

ldr al, .LC1 /* First arg: start of menory block */
ldr a3, .LC2 /* Second arg: end of nenory bl ock */
sub a3, a3, al /* Third arg: length of block */

nmov r0, #0 /* no argunents */
mov r1, #0 /* no argv either */

bl mai n
bl exit /* Should not return */

/* For Thumb, constants nust be after the code since only
positive offsets are supported for PC rel ative addresses. */

.align O
. LCL:

.word _ bss start
. LC2:

.word _ bss_end__

*/
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Appendix G — Source of blink

/* This is blink.c
* A simple led-flasher for the OBC test-board
* LEDs must be connected to PO-P7 */

#define PO PER *(vol atil e unsigned
#define PO OER *(vol atil e unsigned
#define PIO SODR*(vol atil e unsigned
#define PIO CODR*(vol atil e unsigned

int main() {
int i, dir =-1,1ys;
int |ast;

i nt*) (OxFFFFO000)
i nt*) (OxFFFF0010)
i nt*) (OxFFFF0030)
i nt*) (0xFFFF0034)

Pl O PER = Oxff; /*PIO controls lower 8 bits */
Pl O CER = Oxff; /* Lower 8 bits are outputs */
Pl O_SODR = Oxff; /*Turn on lower 8 bit, i.e. turn off the LEDs */

| ast = 1;
lys = 2;
while (1) {

PI O CODR = lys; /[*TurnonLED 'lys'*/

for(i=0; i< 10000; i++) {
* Flash LED 'last' while waiting */
if (i%d0==0) PIO CODR = |ast;

if ((i+9)%0==0) Pl O SODR = | ast;

}

Pl O SODR = lys; /[*Turn off LED 'lys' */

last = lys;

if (dir==1) {
lys = lys << 1;
} else {
lys = lys >> 1;
}

[* Change directon if limit reached */

if (lys == 256 || lys==1) dir =
}
}
/* main() returns to this function */
int exit() {
whil e(1);
}

dir;

/* Cheat gcc, so that it will conpile the program*/

void __gccnain(void) {

}
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Appendix H — Source of Flash Driver

/[* This is prog.c
* A flash-progranmet for the and29l v01l7D fl ash
* The first progranm ng adress is hard-coded into the main function */

#defi ne FLASH Unl ock _first OxAA
#defi ne FLASH Unl ock_second 0x55
#defi ne FLASH Unl ock _sector _erase 0x80
#defi ne FLASH_Program 0xAO0
#defi ne FLASH Sector _erase 0x30
#defi ne FLASH Sector_si ze 0x10000
#def i ne BI T_3_MASK 0x08
#defi ne FLASH ERR OK 0x00
#defi ne FLASH_ERR _TI MEQUT 0x01
#defi ne FLASH ERR VERI FY 0x02
#define TI MEOUT 50000

#defi ne Pl O BASE OxFFFF0000

#defi ne Pl O PER Pl O BASE + 0x00
#def i ne Pl O CER Pl O BASE + 0x10
#define Pl O_SODR Pl O BASE + 0x30
#define Pl O_CODR Pl O BASE + 0x34
#defi ne LED ALL OxFF

extern unsigned char prog_array[];
extern long prog_array_size();

void led_on(int what) {

*(volatile int*)(PIO_CODR) = what;
}
void led off(int what) {
*(volatile int*) (Pl O _SODR) = what;
}
void led_init() {
*(volatile int*)(PIOPER) = LED ALL;
*(volatile int*)(PIO CER) = LED ALL;

}

i nt program byte(void *adr, unsigned char byte) {
vol atil e unsigned char *flash = (volatile unsigned char *)FLASH BASE;
vol atil e unsigned char *prg_adr = (volatile unsigned char *)adr;
int timeout = TI MEQUT;
int res = FLASH ERR CK;

/[* Turn on the LEDs to indicate sonething happens */



| ed_of f (LED_ALL);
| ed_on(byte);

/* Wite Program Comrand Sequence */

*flash = FLASH Unl ock_first;
*flash = FLASH Unl ock_second;
*flash = FLASH_Program

*prg_adr = byte;
/[* Data Poll and Verify */
while (--timeout > 0) {
if (*prg_adr == byte) break;
}
if (timeout < 0) res = FLASH ERR TI MEQUT;

return res;

int erase_sector(void *sect) {

vol atil e unsigned char *flash = (volatile unsigned char *)FLASH BASE;
vol atil e unsigned char *sect_adr = (volatile unsigned char *)sect;

vol atil e unsigned char *adr;
int timeout = TI MEQUT;
int res = FLASH ERR CK;

/* Wite Erase Command Sequence */

*flash = FLASH Unl ock_first;

*flash = FLASH Unl ock_second;
*flash = FLASH Unl ock_sector _erase;
*flash = FLASH Unl ock_first;

*flash = FLASH Unl ock_second;

*sect _adr = FLASH Sector_erase;

/* Wait for erase timer to tineout */
while ( (*sect_adr & BIT_3 MASK) == 1 );

[* Data Poll fromsystem */
while (--tinmeout > 0) {
if (*sect_adr == OxFF ) break;
}
if (timeout < 0) res = FLASH ERR_TI MEQUT;

/* Verify data */

for (adr = sect_adr; adr < sect_adr + FLASH Sector_si ze;

if (*adr !'= OXFF && res == FLASH ERR OK) {
res = FLASH ERR VERI FY;
br eak;
}
}

return res;

}

int main() {
int testarray[20];
vol atile unsigned int i;

adr ++) {
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int |len;
led_init();
erase_sector ((voi d*)0x01000000) ;

/* Flash the LEDs to indicate erasing finsihed */
| ed_on(LED ALL);

for (i=0; i<500000; i++);

| ed_of f (LED_ALL);

len = prog_array_size();

/* Do the programm ng */
for (i=0; i<len; i++) {

program byte( (unsigned char*)(0x01000000+i), prog_array[i]);
}

/* Turn on every second LED to indicate programm ng has finished */
| ed_of f (LED ALL);
| ed_on( OxAA) ;

return O;

void __gccmain() {

}

exit() {
whil e(1);

}
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Appendix | — Source of Bootstrap

. equ EBI _BASE, OxFFEO0000

.global __nain

__mai n:

.long InitReset /* reset */
undef vec:

.long undefvec /* Undef */
SW vec:

.long swvec /* SW*/
pabt vec:

.long pabtvec /* P abt */
dabt vec:

.long dabtvec /* D abt */
rsvdvec:

.long rsvdvec /* reserved */
i rgvec:
[*1dr pc, [pc,# O0xF20] /* TRQ: read the AIC */
fiqgvec:

[*1dr pc, [pc,#-0xF20] /* FIQ: read the AIC */
I nitReset:

/*
* |nitialise the Menory Controller

* Copy the Inmage of the Menory Controller
*/

mov  sp, #0x1000
[dr r10, PtlnitTabl eEBI/*get the address of the chip select register inage */
movs r0, pc, LSR #20 /* pc > 0x100000 */

noveq r10, r10, LSL #12 /* Mask the 12 highest bits of the address */
moveq r10, r10, LSR #12

/* Load the address where to junp */
ldr r12, PtInitRemap/* get the real junp address ( after remap ) */

/[* Copy Chip Select Register Image to Menory Controller and command remap */
l[dma r10!, {r0-r9,r11} /* load the conplete inmage and the EBI base */

stma r1l1!, {r0-r9} /* store the conplete inage with the remap command */
nov pc, rl2 /* junp and break the pipeline */
I ni t Remap:

ldr r10, PtProg
mov  pc, r10

Pt Pr og:

.long 0x01010000
Pt | ni t Tabl eEBI
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.long InitTabl eEBI /* Table for EBI initialization */
Pt I ni t Remap:
.long 1nitRemap /* address where to junmp after RENVAP */

I ni t Tabl eEBI :
.long 0x01002EFE
.long 0x10000000
.long 0x02003121
.long 0x40000000
.long 0x50000000
.long 0x60000000
.long 0x70000000
.long 0x00000001 /* REMAP command */
.long 0x00000006 /* 7 menory regions, standard read */
.long EBI_BASE /* EBI Base address */



Appendix J — Source of USART test

[* This is usart.c

* A USART test programfor the OBC test board

* The byte format is: start + 8 data (without parity) + 1 stop

* The baud rate is counter is 80: 9600 bauds with MCKI = 12.288 Miz
*/

#include "parts/m40800/reg_m40800.h"

int main(void) {
unsigned int loop_count;
unsigned int value;

/* Initialize the channel */

PIO_PDR = ( PIOTXDO | PIORXDO ) ;

USO_MR = (US_ASYNC_MODE | US_CHMODE_NORMAL ) ;
USO BRGR = 80; /* baud rate */

[* Start channel */
USO_CR = (US_RXEN | US_TXEN );
for (loop_count = 1000; loop_count>0; loop_count--);

value ='A";

while(1) {
[* WAit Tx ready */
for (; (USO_CSR & 2) == 0;);

/* Send byte */
USO_THR =value + 1;

[* WAit Tx ready */
for (; (USO_CSR & 2) == 0;);

/* Send byte */
USO THR =value + 2;

[* WAit Tx ready */
for(; (USO_CSR & 2) ==0;);

/* Receive and check byte */
value = USO_RHR;

}

return(0);

}

void __gcemain() {

exit() {
while(1);

}



