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Abstract

Satellite developmentis becomingfasterand less expensve with the introduction of the
CubeSatconcept,wherelow budgetpico satellitesare developedwithin a year using off-
the-shelfcomponentsTherigid requirementsassociateavith CubeSahave sofar excluded
thesatellitesfrom demandingnissions However, if CubeSatgarry morecomplex missions
they will alsobe of commerciainterestdueto thelow costandquick development.
CommandandDataHandlingof a CubeSatvith a cameramissionwhich involvesstorage,
compressionandtransmissiorof largeamountsof data,hasbeeninvestigatedThisresearch
is part of the CubeSatprojectat Aalborg University andis the basisfor the development
of a designandan actualimplementatiorof Commandand DataHandlingfor the CubeSat
currentlyunderdevelopment.n generalit is concludedthat CubeSatsanbe designedor
cameramissions,and therebymaking them more interestingfor commercialapplications,
providedthatthe customeiis satisfiedwith approximatelyonepictureperday.
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1. INTRODUCTION

The CubeSatconceptwas inauguratedby Professor
Robert Twiggs of StanfordUniversity primarily for
educationapurposesto allow studentgo experience
the entireprocesof building andflying satelliteq[7].
A CubeSais by definitionapico satelliteof 10x10x10
cmwith amaximumweightof 1 kg. Launchvehicles
arebeingconstructedvhich will carrybetweenl and
6 CubeSatsand put theminto a Low Earth Orbit at
about600km[4]. Currently several CubeSaprojects
are ongoing at universities around the world with
variousmissiong8].

Accordingto Prof. Twiggs a CubeSatwith a camera
missionis yet to be developeddue to requirements
of handlinglargeamountsf data[1]. Combinedwith
therigid requirement®f a CubeSata cameramission
producingpictureshas seemedbeyond the capacity
Drivenby the desireto pushthelimit of the CubeSats

aswell as breakinggroundfor commercialapplica-
tions, several researchgroupsat Aalborg University
(AAU CubeSat)have beenworking to explore the
possibilitiesof acameranission.

Whenbuilding a CubeSatt is importantto remember
to Keeplt SimpleStupid(KISS). This is achiezedin
the hardware by choosingoff-the-shelfcomponents,
andin the software by choosingsolutionsthat might
notbeassophisticatedspossibleput ratherassimple
aspossibleln generathe spacendustrydoesnot use
standarccomponentsWhenlaunchinga satellitewith
e.g.NASA, all critical partsof the satellite mustbe
tripple redundant,otherwiseit will not be launched
[1]. This addsgreatly to the budgetand compleity
of building the satellite. The CubeSatonceptbreaks
away from the consenrative industry by using stan-
dard componentswhich canbe boughtin any well-
equippecelectronicshardwarestore.



Aalborg Universitystarteda CubeSaprojectin Septem-
ber 2001 with the ambitionof launchingthe satellite
in November2002.Severalgroupshave beenformed,
eachbeingresponsibldéor asubsystenof thesatellite.
This article is the outcomeof one of the research
groupsfocusingon the CommandandDataHandling
(CDH) in a multi-threadedernvironment,and the ob-
jectis to discusgherequirementgor fulfilling acam-
eramission.

1.1 Setting

Takingapictureof theEarthfrom asatelliteaddsstrict
constraintsto eachcomponentusedin the satellite.
Thecamerashouldhave ahighresolutionhave alow-
power consumptionand be as light as possible.To
obtain a good quality picture, the satellite hasto be
stabilizedbeforetakingthepicture,andthe positionof
the satelliteshouldbe known to getpredictive results.
Picturedatamustbe storedon the onboardcomputer
which requireslarge amountsof memory Oneof the
mostfragile componentonboarda satelliteis mem-
ory which is sensitve to radiation. Furthermore all
the datashouldbe transmittedto the groundthrough
a communicatiorchannelwhich alsorequirespower.
Dueto the smallsizeof the CubeSatpoweris alim-
ited resource thus requirementgo the transmission
ratearedependenbn the amountof power available,
andtheamountof datato transmitto theground.

1.2 Contentof article

As participantsof the CubeSatproject at Aalborg

Universitywe developedthe CDH for the satelliteand
investigatedthe requirementdor a cameramission.
The following sectiondescribeghe methodsusedin

the researchand development.In the Validation and
Resultssectionthe testsof the systemandthe results
of thetestsaredescribedThearticleconcludewith a
discussion.

2. METHODS

Theinvestigatiorof requirementsf acameramission
wasdoneby developinga prototypeof the CDH. The
software was then systematicallytestedin order to

provide a detailedconclusion.This sectionbriefly de-
scribeghehardwareplatformusedonthe AAU Cube-
Sat,the operatingsystemused,calculationsconcern-
ing pictureresolutionversedransmissiorime andthe
structureof the softwarefor the CDH.

2.1 Off-TheShelfProducts

The CDH systemis developedusing the following
developmentandoperatingsystemsoftware.

¢ Keil PK166ProfessionaDevelopersKit V3.12
¢ Keil RTX166 Real-timeOperatingsystemv4.01

The Keil developmentkit includesa C compiler, a
delugger an emulator a simulatorboard,and a pro-
grammingenvironmentfor Windows. Sincethe hard-
warefor the satellitewasnot readybeforethe project
hadfinished theonly way the softwarecouldbetested
was to use a Keil's simulator board and emulator
The tools were very useful becauset is possibleto
programthe applicationin C anddehug it, eitheron
the simulatorboardor usingthe emulator

There were two choicesfor the OperatingSystem:
the Keil OS and the Micrigm pC/OS-Il. Both were
sponsoredby therespectre companiesTheoperating
systemscomplied with the basic demandsfor the
systemmeaningthey have thefollowing facilities:

Multi-threading
Semaphores
Messagepassing
Time management

The multitasking of both OSsis preemptve, which
is an adwantagesince one low priority thread can
not block all the otherthreadsHowever the Keil OS
was chosenover the Micri um OS for the following
reasons:

o More flexible threadhandling- It is possibleto
starta new threadfrom ary threadin the Keil
OS,while all threadshave to be startedfrom the
mainthreadin the Micrium OS.

¢ Better mailbox functionality - In both OSs, it
is possibleto wait for dataat a mailbox, but in
the Micripm OS, it is a busy wait. This means
thatlower priority threadswill notgetprocessor
time whenahigherpriority threadis waiting ata
mailbox.

e Error handling- In the Keil OS a default error
handlerwill be createdfor eachthread,which
will be calledin the event of an error in this
thread.lt is then possibleto replacethis default
error handlerwith a customizedversionwhich
canperformcorrectve action.

2.2 Overviav of CDH

Thephysicaldomainis modeledby the CDH asillus-
tratedin figure 1.

Thedifferentsubsystemare:

¢ CommandandDataHandling(CDH) - Controls
the onboardcomputerby receving, processing
anddistributing datato andfrom the othersub-
systems.

e Pawer Control Unit (PCU) - Interface to the
power hardwareto monitor power consumption,
chaging of batteriesremainingpower, current
andpowerlevelsandotherhouselkeeping.

o Batteries(Batt)
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Fig. 1. Functionaldiagramof the subsystemsén the
problemdomain

e SolarPanels(SP)

o Attitude Control System(ACS) - Controlsthe
orientationof the satellite using attitude actua-
tors.

e Actuators

e Sensors

¢ CommunicationsubsystenCOM) - Communi-
cationto groundstation.

o Recever/Transmittef(Rx/Tx)

¢ PaylLoad(CAM) - Camera.

The subsystemsre connectedto a sharedI2C bus
throughwhich communicatioris establishedThe ex-
ternal units (Batt, SR Actuatorsand Sensorspareall
controlledby the individual subsystems,e. the PCU
controlsthe batteriesandthe solarpanels.

The CDH is further divided into a supervisor(SPV),
alog module(LOG) anda flight plan module(FLP).
Eachof themoduleshave its own field of responsibil-

ity.

2.3 Softwae Structue

Basedon thefindingsin the problemdomain,a com-

plete structureof the software systemwasidentified.

Sincethe AAU CubeSaprojectwasspreacbutamong
several groups,resultingin a lot of different people
writing softwarefor the CDH, ahighly modulardesign
wasthegoal.Whenalot of peoplearedevelopingsoft-

warefor thesameproject,it veryimportantto havethe

interfacesdefinedclearly, sothe differentpartsof the

softwarewill beableto communicatén a predefined
way.

As previously describedthe Keil RTX166 OS was
used,which supportsmulti-threading,becauset en-
ablesthe option of having eachindependenpart of
the systemrepresentedby one or morethreadsthus
fulfilling the modularity requirementThe communi-
cation betweenthe differentthreadswas done using
messag@assingmplementediia messagegueues.

Figure2 shows the structureof the CDH, whereeach
of the boxes depict an independentmodule in the
system.

CAM PCU

LOG COM

FLP ACS

SPV

Fig. 2. Threadstructurefor CDH

Fromthis figureit is alsoevidentthatthe SPV mod-
ule plays a centralrole in the datadistribution. For
simplicity, it was chosenthat all the routing of data
in the systemwasto be handledby the SPV One of
the benefitsof this decisionis thatthecommunication
paths are simplified. The developer of a particular
moduleonly needgo agreewith the developersof the
SPVaboutwhatkind of messagesanbesentbetween
them.It alsomeanghatthe SPVis ableto monitorall
thecommunicationn thesystemandthusis it ableto
pick outvital dataandsendit to the LOG module.

Furthermore,in order to simplify the coordination
processhetweenthe different groupsof developers,
a standardizedormat for the messagebeing passed
betweerthe differentmoduless used.

The CDH useghe messagéormatshowvn below:

struct Message_ Agent{
unsigned char sender ;
unsigned char command_field;
void = data_block ;
unsigned long data block_size;

b

Whensendinga messagethe senderidentifiesitself,
by settingthesender field, indicateswhatthe mes-
sagemeansn theconmand_fi el d, andoptionally
indicateswherethe recever canfind dataassociated
with themessagéy pointingthedat a_bl ock tothe
memorylocationof interest.

2.4 Functionality

Themainfunctionalityof the CDH is basednaflight
planwhich is a time scheduletthat specifiesthe exe-
cutionof tasksin the satellite.Tasksareinsertednto a
flight planonthegroundandthe planis transmittedo
the satellite. The COM modulerecevesall datafrom
the groundand forwardsit to the SPV (asindicated



in Figure 2. The SPV sendsthe flight plan to the
FLP modulefrom which the tasksare scheduledor
execution.

Fourdifferenttaskscanbeinsertednto theflight plan:

e GetStatusvhich collectsstatusfrom all the sub-
systems

e TakePicture which informs the CAM to take a
picture

o SwithACSModewhichtellsthe ACSsubsystem
to changéanto anothemode

e Resetwhichresetshe OBC

Each task can be either periodic or non periodic.
Figure 3 is an exampleof a flight plan, andit showvs
how eachtaskin the planis linked to the next task.
Figuresa, b and ¢ shav the flight plan sampledat
threedifferenttimesto illustratethatperiodictasksare
reinsertednto theflight planafterexecution.

a) Flight Plan - Time: 12:56:30

Task: GetStatus Task: SetACSMode Task: TakePicture
ToE: 12:58:00 —* ToE: 13:00:15 —* ToE: 13:02:10 =
Periode: 30 Periode: 0 Periode: 0

b) Flight Plan - Time: 13:00:10

Task: SetACSMode Task: GetStatus Task: TakePicture
ToE: 13:00:15 —* ToE: 13.00:30 —* ToE: 13:02:10 =
Periode: 0 Periode: 30 Periode: 0

c) Flight Plan - Time: 13:02:05

Task: TakePicture Task: GetStatus
ToE: 13.02:10 —* ToE: 13:02:30 =
Periode: 0 Periode: 30

Fig. 3. lllustration of a flight plan sampledat three
differenttimes. TOE is an abreviation for Time-
OfExecution

2.5 Picture

The satellite carriesa Kodak 1.3 megapixels camera
asapayload.The camerastorespicturedatain a 10bit

format which can be interpolatedinto a 24bit color

schemeon the ground. In AAU CubeSatthe OBC

usesl6bit memorywhich meanshat 10bit pixelsare
storedin 16bit words. The cameracan take pictures
in differentresolutionswvhich obviouslyinfluenceghe

sizeof the picturedata.Table1 shows sizesof picture

dataversusresolutionof picture.

Pictureresolution | Size- 10bit | Size- 16bit
800x 600 0.57MB 0.92MB
1024x 768 0.94MB 1.50MB

1280x 1024 1.56MB 2.50MB

Table 1. Picture resolutionand the 10bit
and 16bit sizes

In AAU CubeSathe1280x 1024pictureresolutionis
usedeventhoughit requiresmorememory Thereason
for this is our interestin obtaining a high quality
picture with the additionalrequirementof obtaining
it within a day. The transmissiortime for a 2.50MB
pictureis thereforenvestigatedandfoundin table2.

Baud Rate | Transmissiontime
2400 2 hrs25min 38 sec
9600 36 min 25sec
19200 18min12sec

Table 2. Transmission time relative to
baud rate

Noting that the transmissiortime mustbe compared
to the fact that the satellite will only be in range

for communicationfor a maximum of 12 minutes

eachorbit, and with an orbit time of approximately
98 minutes,a compressioralgorithmwould decrease
transmissiortime. In orderto decreasdransmission
time andto save power, a compressioralgorithmwas

used.

2.6 Compession

The advantageof compressinghe pictureis that the
sizeis reducedcausingthe transmissiortime of the
picture to be reduced.The disadwantageis that bit
flips in the compressediatawill causeconsiderable
damagedo all thedata.

JPEG

A logical choice of a compressioralgorithm is the
JPEGalgortihm,which is a lossy compressioralgo-
rithm specificallyfor pictures[9]. It is known to re-
ducethe sizeof the pictureby up to 10% of the origi-
nal datawithout ary visible imagedegradation[5].

One major drawbackin usingthe JPEGalgorithmis

that it yields the bestresultswhen the picture s in

RGB format before encoding.The picture madeby
the camerais storedin a Bayer color filter arrayand
to corvert the pictureto a formatwhich canbe used
in the JPEGalgorithmaninterpolationof the picture
datamustbe performed[6].

This corversionrequiresmemoryto store both the
inputpictureandtheoutputof theinterpolationGoing
from 16bit to 24bit enlagesthe outputpictureby 1.5
timestheoriginal picture.At a1280x 1024resolution,
the output picture itself will require 3.8 MB. With

only 4 MB RAM on board,this mustbe considered
impossible.

It couldbe consideredo do theinterpolationin small
parts of the picture and overwrite the original data
with compressediatato saze memory;however, this
addsto the compleity of the task. Furthermorethe
interpolation and the JPEG algorithm itself which
usesboth discretecosinetransform,quantizationand
Huffmanencodings aheavy taskfor the CPU.

The JPEG algorithm is obviously not ideal for a
CubeSat,and therefore another compressionalgo-
rithm whichwill work underthelimitationshave been
found.

Huffman’salgorithm
Thecompressiomlgorithmchosens theHuffmanen-
codingalgorithmwhich is a minimal variable-length



encodingbasedon the frequeny of eachcharactein
thedata[3]. Theideais, thatthe charactersvhich are
usedoftenin thedatawill getashorterencodingthan
thecharactersvhich arerarelyused.This algorithmis
known to compressiatato between20% and 90% of
the original size, dependingon the characteristicof
thefile beingcompressed.

The basicelementsof the algorithm are summarized
in threesteps:

(1) Countthe frequenciesof eachcharacterin the
data

(2) Findthebinarytreeandtherebytheencoding

(3) Corwvertthepictureusingtheencoding

In our CubeSakachcharacteihasa 10 bit value, but
usesl6 bit. This meanghattherecanbe a maximum
of 210 differentcharactersThe frequeng of each10
bit characteiis thereforeusedto build a binary tree
usingHuffman’salgorithm.

From this binary tree it is be possibleto find the

encodingfor eachcharacter Thosecharactersoften

usedwill getashorterencodingthanthosecharacters
seldomly used. Thus the picture can be corverted
usingthe new encoding.

Resouceconsumption

Basicallythedatain eachpixel of the pictureonly has
to be accessedwo times— whenthe frequenciesare
foundandwhenthe corversionis done.

The calculationof the binarytreedoesnot take much
memoryas it only works on the frequenciesof the
10bit charactersin our case,therewill only be a
possibility of a maximumof 210 differentcharacters
from which the treeshouldbe made.This meanghat
themaximalamountof allocatednemoryMy,... in the
tree-huilding phasewill be:

Miree = 2 - 2'° — 1 = 2047nodes 1)

Dependingon the implementationeach node uses
about26 bytesof memory Accordingto equation(1)
the tree-structurewill thereforeuse a maximum of
52kB of memory

2.7 Memorymanaement

Memoryis a scarceresourceon the satellite.Figure4
shawvs haw the memoryis dividedin the OBC, andin
this sectionnumberdn parenthesiseferto thefigure.

Picture data

Thereis atotal amountof 4MB available,and2,5MB

is senedfor theraw imagedata(1). Adheringto the

KISSprinciple,it wasdecidedhatthe2,5MB usedfor

the raw image should be excludedfor other storage
purposesThis leaves 1,5MB of free spacefor other
storage purposes,such as uploading new software

2 New SW - Message Passing

iMB 150kB
4 Free Memory

(Log Buffer) 675kB
omB — 3 Free Memory

(Log Messages/Temp)

3MB —

Raw Picture Data 2500kB

4MB —

Fig. 4. Usermemorymapof the OBC

and temporary storageused when compressingthe
image,but primarily it is usedfor houseleepinglog
information(3).

Messae passingand new softwae
Passingmessagesaroundin the systemis a dynamic
processwhere each messagds allocatedfrom the
availablememoryspacelt is thereforevital thatmem-
ory is resened for communicationas well. Further
moreif somethingshouldgo wrong, therehasto be
enoughspaceto uploadnew software. The require-
mentsfor the size of the software is approximately
150kB, which thereforemeansthat at anytime there
mustbe atleast150kB of memoryfree(2).

Houseleepingdata

Whenthe logging function is flushed,which is done
just beforetransmittingdatato the ground,it allocates
acontinuousmemoryblock with the samesizeasthat
of the log (4), and transfersthe completelog data
to this buffer (KISS principle in action).In essence
this meanghatwhenthereis lessthan600kB of free
memory it is no longer possibleto store ary new
houseleepingdata.Optimally theoldestiog messages
shouldbe purgedwhenereranew log arrives.

Thereis obviously a limit to the amountof log data
that can be storedin the memory without losing

data.Eachhouseleepingog takesaround100byteof

memory andwith aninterval of 30 second$etween
eachhouseleepinglog entry; it is possibleto orbit:

875kB « 1 = 3375min, or around56 hours,without
having to eitherpurgeor stoprecordinglog messages.
In normaloperationthereis a maximumof 10 hours
betweertransmissionsyhich meanghatthereis suf-
ficient memoryto hold log messagegven with this

very simplememorymanagemerg].

Finally thereis anareaof thememoryusedfor therun-
ning stack,switchingthreadsand compilervariables.
This memoryis not in figure 4 asit is considereda



minor partof the memory comparedo therelatively
largeamountof freememoryavailable.

Fragmentation
Memory fragmentationwill be handledin the most
brutalway (KISS) with aresetof the CDH.

3. VALID ATION AND RESULTS

A prototypeof the designedsystemhasbeenimple-
mentedwith the crucialfunctionalitiesof executionof
flight plan, dataandeventloggingandcompessiorof
picturedata ThesystemhasbeentestedusingtheKeil
developmentsoftware ernvironment, since the actual
hardwarewasnot build, only designedduringthetest
phase.

Thehardwaremodulesfrom figure 1 areall simulated
in their respectie software modules,i.e. the COM
modulesimulatesnput from ground.

3.1 \erification of specifications

To verify the single modulesand the entire system
the black box testmethodwasused.The systemwas
givena flight plan andthe behaior of the CDH was
monitoredwith the Keil tools. The output from the
systemhouseleepingdataandpicture data,wasalso
examinedandevaluated.

Eachof the moduleswere alsotestedwith the black
box methodto seeif a given input producedthe
expectedoutput.

3.2 Results

The implementedparts of the systemwere tested
accordingto the verification of specificationsfrom
section3.1andthefollowing resultswereachiesed.

Picture andcompession

The handlingof 2.5MB picture datawas one of the
major issueswhen the CubeSatcameramissionwas
introduced.The allocationof 65% of the entiremem-
ory for picture data,the desireto compresspicture
data,andthe large amountof datathat neededo be
transmittedo thegroundweresomeof themainprob-
lems that neededto be solved. The compressiorof
thepicturewasfoundto be power saving comparedo
transmittingthe uncompressegicture. The Huffman
encodingwaschoserbecausef the simplicity of the
algorithmandthe factthat it promisedno dataloss.
The compressionate clearly dependson the picture
but testshave shavn anapproximateompressiomate
of 50%.

The compressiotime wasapproximately\85 minutes,
which is acceptablewith an orbit time of approxi-
mately98 minutes.

CDH implementation
Theimplementecpartsof CDH have beentestedwith
thefollowing results:

¢ Receiveandexecutea flight plan
The FLP is capableof receving a flight plan
from the COM moduleandexecutingit. Periodic
tasksare sortedandinsertedinto the flight plan
againatthespecifiedtime.

e Supervisor
The supervisolis capableof distributing datain
the satellite and executingtasksfrom the flight
plan.

o Getstatus
It is possibleto retrieve statusdata from the
differentpartsof the satellite.

¢ Log housekepingandmessges
The collectedstatusand messagesre saved in
the LOG modulefor furthertransmissiorto the
ground. When communicationwith ground is
establishedhe LOG module supportsmethods
for returningthelog to the SPVwhich sendst to
thegroundthroughthe COM module.

e Simplepowercontrol
A simple power control hasbeenimplemented.
Before a task is executed,the power level is
checled. The level is comparedto a defined
minimum level andif the actualpower level is
too low thetaskis not executed.

4. DISCUSSION

In this article the possibility of building a CubeSat
with a cameramission has been investigated.The
main problemsassociatedavith having a cameramis-
sion on a CubeSats the storageandtransmissiorof
data.With the chosencompressioralgorithmandthe
transmissiomateit is possibleto obtainoneimageper
day.

4.1 Compession

The compressioralgorithmis time consumingasex-
pectedTestshave shovn thatcompressinghepicture
takesabout35 minutes With anorbit time of 98 min-
utes,and at besta transmissiortime of 12 minutes,
this is not a problem.Actually, it is possibleto uti-
lize the time whenthe satelliteis not within commu-
nication rangefor compressinghe picture. Another
issuewith the cameramissionis the storingof actual
picturein memoryonboardthe satellite. The raw pic-
tureusesapproximately2.5MB andwhencompressed
with the Huffman algorithm it usesapproximately
1.5MB, therebyeliminatingthe possibility of storing
morethanonepictureatatime.



4.2 Keeplt SimpleStupid

The KISS principle implies that the most effective
methodsare not always used, but throughoutthis
project simplicity and modularity have been priori-

tized. This is mostly expressedn the CAM andLOG

module. In the CAM module compressiornis done
using Huffman encoding.This is not the most effi-

cient algorithm, however, it was simple to apply to

our systemconsideringhedataformatgivenfrom the
camera.JPEGwould have beenresourceconsuming
becausdt would have beennecessaryo corvert the
picturebeforecompression.

When flushingthe LOG modulea continuousspace
in memoryis allocatedto containall the data.When
allocatingthismemory twicetheamountof LOG data
is required.Theadwantageof this approactis thatthe

modularityof the structurehasbeenmaintainedThus
whentransmittingthe LOG datato thegroundstation,
the COM moduleis not requiredto know anything

aboutthedatabeingtransmitted.

4.3 Conclusion

The objectof this article wasto investigatethe useof

aCubeSator acameramission.We have revealedthe

possibilitiesof suchamissionthrougha descriptiorof

a prototypedevelopedfor the AAU CubeSafproject.
The main goal for the prototypewas to designand
implementthe Commandand Data Handling system
for the CubeSatThis wasaccomplishedby designing
a modular structurefor the system,allowing each
subsystento bedesignedindimplementedeparately
The following componentshave beenimplemented
andtested:

Supervisor
Flight plan
Log
Camera

while the remaining componentsCOM, ACS and,
PCU have only beenimplementedfor testing pur-
poses.

Even thoughthere are limitations associatedvith a
cameramissiononaCubeSatit is apparenthatCube-
Satscanalsobedesignedor commerciabpplications,
provided that the customeris satisfiedwith approxi-
matelyonepictureperday.
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