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Abstract— I describea two-year-old embeddedsystemsdesign
course I teach at Columbia University. In it, the students
learn low-level C programming and VHDL coding to design
and implement a project of their own choosing. The students
implement their projects using Xilinx FPGAs and tools running
on Linux workstations.

The main challengesthe students face are understanding and
complying with complexand often poorly-documentedinterfaces
and protocols,personal time management,and teamwork. While
all real-world challenges,this class is often the �rst time the
studentsencounterthem, which makesthe classquite challenging,
but very practical.

In this paper, I describe the structur e of the class, the
con�guration of our teaching laboratory, some of the more
successfulprojects, and give suggestionsto instructors wishing
to implement the classelsewhere.

I . INTRODUCTION

Embeddedsystem design is a challenging problem that
representsthefutureof digital systemdesign.Moore's law and
the relentlessdownward-spiralingcost of integratedcircuits
hasmadeit possibleto priceverypowerful computingartifacts
at consumerlevels, as the ubiquity of devices suchas DVD
players,digital cameras,andcell phonesattest.

We in academiamustfollow this trend.As recentlyas�fteen
yearsago, wire-wrappingTTL parts was a suf�cient intro-
duction to state-of-the-artsystemdesigntechniques;today's
systemsare orders of magnitudemore complex. Teaching
studentsto handlethis complexity is the centralchallenge.

In this paper, I describeanFPGA-basedembeddedsystems
courseI developedandteachat ColumbiaUniversity. Follow-
ing the suggestionof FrankVahid,whosebook [1] I usedfor
the �rst year, I createdthis courseto replacea microprocessor
systemdesigncoursethat until 2003, had studentsassemble
systemsusingZ80-basedtrainerswith breadboards1.

I wantedthe studentsto learnhardware/softwarecodesign,
speci�cally the design of microprocessorsystemsand their
peripherals.Studentstaking the coursehave experiencewith
Java and C, know basicdigital design,and have taken com-
puterorganization,which shouldhave familiarizedthemwith
assemblylanguage,but few have any experienceintegrating
theseskills.

Edwardsis supportedby anNSFCAREERaward,anawardfrom theSRC,
andby New York State's NYSTAR program.

1To emphasizetheirantiquity, thesetrainerswerelabeled“Copyright 1985.”
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Fig. 1. The two boardsusedin different incarnationsof the class.(a) The
XESSXSB–300Eboard,centeredarounda Xilinx SpartanIIE (XC2S300E).
(b) TheDigilent Spartan3 StarterKit board,centeredarounda Xilinx Spartan
III (XC3S400).

The classfocuseson the designof a fairly complex hard-
ware/software system,which the studentsimplement on an
FPGA board.This is consistentwith the role of the courseas
a “capstonelab” in the ColumbiaElectrical Engineeringand
ComputerEngineeringprograms.As I describebelow, the�rst
half of the classconsistsof cookbook-stylelab assignments
that teachthestudentsthedesigntools.Thesecondhalf of the
classis devoted to the project.

As of September2005, I have taught the class three
times: twice at Columbia,and onceat National Chaio Tung
University (NCTU) in Hsinchu, Taiwan. At Columbia, the
majorityof studentsarefourth-yearundergraduatescompleting
an Electrical Engineeringor ComputerEngineeringdegree.
TheTaiwangroupconsistedof sixteenstudents,mostof whom
wereMaster's-level, andmany of whom hadworked or were
working full-time in the electronicsindustry.

I I . HARDWARE

Justasembeddedhardware/softwaresystemscantake many
forms,therearemany possiblevehiclesfor teachingapractical
embeddedsystemsclass.At onepoint, I consideredhaving the
studentsonly build simulations,a practicalapproachusedin
computerarchitecturecourses,but I wanted the studentsto
experiencereal hardware.
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Fig. 2. The six lab assignments.

One standardapproachis to use a microprocessordevel-
opment board. Frank Vahid has taken this approachwith
his courseat University of California, Riverside [1], using
the 8051. While this is a practical option, it tends to lead
to software-centric thinking that does not consider hard-
ware/software trade-offs.

Modern �eld-programmable gate arrays (FPGAs) offer
many advantagesfor instruction, including �e xibility, fast
reprogrammability, and the capacityto implementlarge, fast
digital designs.The two leading FPGA companies—Xilinx
and Altera—offer comparabletechnology. Xilinx, however,
appearsto have the superioruniversity program,so I decided
to useXilinx FPGAsfor this course.

Many FPGA developmentboardsare available, but most
are designedfor industrial use(and budgets)and can cost as
muchasUS $5000per board—beyond our price range.

At Columbia, my TA and I selecteda board built by
XESSCorporation:theXSB–300E(Figure1a),whichsellsfor
about$900.Centeredarounda Xilinx SpartanIIE FPGA—the
XC2S300E—witha raw capacityof roughly 300k gates,the
board also has a wide variety of peripheralchips, including
video input and output; Ethernet; USB 2.0; a serial port;
SRAM, DRAM, and�ash memory;andanaudioCODEC.The
peripheralswereparticularlyattractive; usingtheseperipherals
would be a focusof the projects.

In Taiwan, we used a newer, smaller board made by
Digilent (the Spartan3 starterkit board,Figure1b). This was
satisfactory, especiallygivenits $120price,but greatlylimited
therangeof projectsasits peripheralsarelimited to an8-color
VGA port,aPS/2keyboardinterface,andanRS-232port.This
particularboardcomesin a few differentcon�gurations.The
most commonhasan XC3S200part, but this is too small to
accommodatetheMicroblazesoft processorcore,which every
project hasused.Instead,we paid a bit more and got boards
with the larger XC3S400part.

I I I . TEXTBOOKS

I have not found a satisfactory text for the class. In the
�rst year, I used Vahid and Givargis [1], partially because
Vahidhadoriginally suggestedthe ideaof theclassto meand
becausethe text embodiesthe philosophy of functionsbeing
implementablein eitherhardwareor software.But thestudents
andI found thebookdisappointing.It deliberatelyshiesaway
from talkingaboutany particularlanguagesor platforms,mak-
ing it uselessas referencemanual.The backgroundmaterial

and ideasit containsaregood,but the studentsdo not �nd it
terribly relevant to the projectconstructiontask.

Many texts aresoftware-centric.Wolf [2], for example,dis-
cussesthingssuchas the ARM instructionsetandoperating-
system-level conceptssuch as processes.Simon [3] is even
more focusedon software,althougha bit morepracticalthan
Wolf. Heath [4] is similar. Brown [5] has a more industrial
focusand includesa large avionics example.

Many booksarespeci�c to a particularprocessor. Although
practical, I �nd such an approachfocusestoo much on the
idiosyncrasiesof a particular instruction set. Books in this
vein include Morton [6], which focuses on the Motorola
68HC11seriesof microcontrollers.Lewis [7] targetsthe x86
architectureandordinaryPCs,which makesacquiringsuitable
hardware easy: most departmentshave a collection of old
PCsthatmake suitableembeddedtargets.Barr [8] choosesan
80188-basedboard,althoughfocusesmostly on C and C++.
Pont's book [9] shouldhave beentitled EmbeddedC on the
8051. Peatman[10], by contrast,makesit clearthathefocuses
on the PIC18F452processor. Incidentally, is is the only book
I know of that comeswith a (bare)PC board.

There is another family of texts that are more concept-
orientedandtargetedatgraduatestudents.Theseareevenmore
abstractthat Vahid andGivargis andwould probablyfrustrate
my students.ExamplesincludeGajskiet al. [11], Jantsch[12],
Marwedel[13], and the volumeeditedby Jerrayaet al [14].

Noergaard's sprawling volume [15] tries to discuss just
about everything, ranging from the difference between
enhancement-anddepletion-modeMOSFETsto HTTP meth-
ods. While a very interesting reference,it is too long to
considerin its entirety in a singlesemester.

IV. LAB ASSIGNMENTS

As I mentionedabove, I divide the classinto two: during
the �rst half, the studentsfollow cookbooklab assignments
meantto teachthemhow to usethe designtools. During the
secondhalf, they designandimplementprojectsof their own
devising.

Figure 2 lists the six labs I have given over the last two
yearsand the main languagethey needto use in each.The
goal of theselabswas to get the studentsfamiliar with using
the tools througha sort of tutorial style. I provided detailed
explanationsof what to do aswell ascollectionsof �les asa
startingpoint. The resultsweremixed.

In the spring of 2004, I made the mistake of trying to
balancesoftware and hardware labs, making half of them
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Fig. 3. A block diagramof a text-mode video controller. I describethe
designof this peripheralin greatdetail to introducethestudentsto thedesign
process.

software-dominated;the resthardware.While this doesre�ect
the classfocus I had in mind, it wasnot well-matchedto the
students'backgrounds,which wereheavily software-centric.I
found myself teachingexperiencedprogrammerswho were
able to completethe �rst three labs with almost no effort
at all. But digital design with VHDL stumpedthem: they
did not have any real experiencedesigningdigital circuits,
despitehaving taken a beginning digital designclass.They
were also �ummoxed by the odd syntaxof VHDL. Many of
themresortedto trying to write VHDL as if it wereC.

In the spring of 2005, I made the labs more hardware-
centric. Again, the �rst two gave the studentsexperiencein
low-level C programmingandsomeexperiencewith the tools,
but the restof the labsweremostlyaboutdesignwith VHDL.

Most students,when introducedto synthesizableVHDL,
treat is as a programminglanguage,but it is more a textual
form of codingschematicsandstatemachines.VHDL “state-
ments” such as if-then-elseand assignmentsare deceptive:
they only provide a way of decomposinga functionanddo not
behave like the imperative versionsthe studentsare familiar
with. To try to help themavoid this error, I tried to emphasize
a particulardesignmethodology.

Two conceptsdistinguishhardwarefrom software:structure
and timing. While software has structure in the form of
functionsandclasses,the structurein hardware is at a block-
diagramlevel, re�ecting its concurrentnature.Similarly, the
softwareprogrammingstyleis to ignoreperformanceconcerns
until absolutelynecessaryandonly concentrateon functional-
ity, a techniquethat doesnot work in hardware.As a result,I
teachthe studentsa three-stephardwaredesignprocess:draw
a block diagram,such as the one for the text-mode video
controllerin Figure3, draw a timing diagram(e.g.,Figure4),
and thencodeit in VHDL. To get themstarted,the third lab
in 2005 had them do this in reverse:we provided them with
a clearly written VHDL descriptionand asked them to draw
the block diagramanda timing diagramfor it.

The biggestchallengethe studentsfacedwhile doing the
projectsin 2004 was dealingwith existing protocolssuchas
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Fig. 4. A detailedtiming diagramfor the text-modevideocontroller. I teach
thestudentssuchtiming diagramsarecrucial for designingfunctioningdigital
hardware.

thebusprotocolspokenby theMicroblazesoft processor(i.e.,
the OPB protocol)or the protocolspoken by the audiocodec.
To try to addressthis, the threehardware labs in 2005 were
protocol-centric.The�rst wasfairly easy:building a controller
that would sum the contentsof a small on-chip memory.
Studentshad to understandthe (very simple) interface to
the memory, designa simple datapath with controlling state
machine,andunderstandhow to usethe VHDL simulator.

Thesecondhardwarelab involvedinterfacingwith theOPB.
I hadstudentsdesignandimplementasimplememory-mapped
peripheralthatperformedcomplex multiplication.Wesupplied
thestudentswith a combinational(one-cycle) 8 £ 8 multiplier
andasked themto constructa simpledatapathandcontroller
that usedthe multiplier four times to computethe productof
two complex numbers.

The �nal hardwarelab wasthe mostcomplicated,although
still far from what the studentswould have to do while
implementingtheir projects:an interfacefor an off-chip static
RAM part.This is a typical problem:interfacingoneprotocol
with another—in this case,the protocol of the OPB and the
protocolof thestaticRAM. To keepthingssimple,I hadthem
only maphalf of each32-bit processorword to matchthe 16-
bit width of the SRAM chip. This would allow themto store
data in the memory, but not executecode from it since the
processorneedsall 32 bits.

These labs de�nitely worked better in the secondyear,
but there remainsroom for improvement.While all groups
managedto completethe labs successfully, many seemedto
forget the lessonsthey taughtwhendoing the project.I often
found myself answeringquestionswith “we did that in lab
four,” which was disappointing.Furthermore,it remainsthe
casethat the studentsneedmore practiceat hardware design
anddebugging the messthey have created.

At Columbia, the course spansa normal fourteen-week
semester;in Taiwan, it was condensedto a single month in
which theclassmetdaily. To accommodatethetight schedule,
I omittedthe sixth lab assignmentandscaleddown the scope
of the projects.



V. THE PROJECT

In my experience,studentsprefer working on projectsof
their own devising rather than what I could supply. As an
example,when I taught the compilersclassat Columbia for
the �rst time, I hadthestudentsimplementtheTiger language
from Appel's ModernCompilersbook,andthestudentshated
it. The next year, I had the studentsdesignand implement
a languageof their own devising—a much more dif�cult
procedure,but the studentsclearly enjoyed it far more.

For theprojects,I breaktheclassup into groupsof between
two and six students.A size of three seemsoptimal—any
smallerandtheprojectbecomestoo simple,any largerandthe
groupstartsto lose its cohesionandability to communicate.

Overall, about80% of groupshave completedthe project,
meaningthey have somethingworking at the endthat closely
resembleswhat they set out to do. The remaining20% have
dif�culties with groupdynamics(e.g.,the membershateeach
other),technicaldif�culties (onegroupspenttheir time trying
to communicatewith the USB controller, to no avail), or are
just incompetent.ThegoodstudentsatColumbiaareexcellent;
the badstudentsareawful.

I ask the project groups for four deliverables: a two-
paragraphproject proposal, a project design document,a
demonstrationon “75% day,” and the �nal demonstration
and report. Such deadlinesare absolutelynecessaryto keep
the studentsmoving as otherwisethey would work on other
classes'shorterdeadlines.Even so, four deadlinesseemslike
it may not be enough;I plan to adda “50% day” next year.

I expect a resonableproject to incorporateboth software
(C) andcustomhardware(VHDL) and interfacewith at least
one of the on-board(but off-chip) peripheralson the XESS
board. Interfacing with one of the peripheralsis relatively
straightforward, but using two or more is dif�cult becauseof
the odd sharedbus structureof the XSB–300Eboard,which
connectsall of the peripheralsto a commonset of pins on
the FPGA. Thus, to communicatewith multiple peripherals,
the studentsmust build a controller that behaves differently
dependingon the peripheralbeing accessed(eachhas very
differenttiming requirements),yet doesso througha common
setof pins.Without question,this is oneof themostawkward
aspectsof the XSB–300Eboard.

Students usually start by proposing overly ambitious
projects (at least in the US—the Taiwanesestudentswere
much more realistic, but this may have beenbecausemany
wereprofessionals).My teachingassistantsandI have hadto
curtail countlessproposalsthat incorporateMPEG encoding,
a completeTCP/IP implementation,or othersystemsthat are
orders of magnitudemore dif�cult than beginning students
could realistically implementin half a term.

Below, I describethe majority of the successfulprojects
studentshave completedover the last two years.Broadly, they
fall into four classes:video, audio, networking, and “other.”
Themajority of projectsfocuson oneof theseareas,but some
of themoreambitiousandsuccessfulprojectsincorporate,say,
both video andnetworking.

A. Video Projects

I ama fanof video-centricprojects,having built someasan
undergraduate.They have certainadvantages:they arevisually
satisfying when they work; they can often be debuggedby
inspecting the displayed image; they have substantial,but
not insurmountable,real-time requirements;and VGA-style
video signals are a simple protocol whose central idea (a
rasterimage)is fundamental.To supportvideo development,
eachworkstationin our lab has two �at-panel displays:one
connectedto a Linux workstation;the otherconnectedto the
XSB–300Eboardand its video DAC.

Video games Simple video games make for excellent
projects.Studentshave implementedgamesinspiredby Pac-
man, ScorchedEarth, anda 3D mazegame.For thePac-man-
like mazegame,studentsdesignedandimplementeda custom
video generatorcapableof drawing spritesover a character
display, much like the original Namco arcadegame. The
gamelogic, implementedin C, wasprimitive, but I wasmore
concernedwith their implementationof the customhardware
and the hardware/software interface.

Scorched Earth is an artillery gamein which playerstake
turns lobbing shells at their opponents' tanks over a 2D
terrain.The studentsimplementedcustomgraphicshardware
that superimposedsprites for the tanks and shells over a
terrain generator(eachcolumn hasa height that corresponds
to the line at which the sky endsandthe groundbegins) and
a charactergeneratorfor displaying the current score, gun
inclination,andsoforth. Again, thegamelogic wassimplebut
successful.This project was the star of 2005; most students
wantedto play it.

Onegroupimplementeda 3D mazegame.I hadthemcreate
a customvideocontrollerthatcontainedtwo numbersfor each
X coordinate:one that correspondedto the line at which the
sky begins andthe wall starts;the other that holdsthe line at
which the wall endsand the �oor begins. The studentsused
a primitive raycastingtechniqueto determinethesenumbers:
from the player's position, they sentout a ray that goesuntil
it hits a wall. The distancethe ray travels indicatesthe size
of the wall at that column(moreprecisely, it is the reciprocal
of the distance).The studentsfound it challengingto do this
calculationusing �x ed-pointarithmetic(the Microblazedoes
not have a hardware �oating-point unit), but were ultimately
able to achieve nearlya 20 fps framerate.

Since we usedthe simpler Digilent Spartan3 StarterKit
Board (Figure 1b) at NCTU in Taiwan, the rangeof projects
the studentscould build was greatly restricted.I suggested
they build simplevideo gamesandmostgroupsdid.

Chess Rather than spend time on the algorithm for
playing chess,this group built a two-playerchessgamethat
could display the chessboard,let a player selecta piece to
move, show where it could be moved, and move it. They
even implementedsuchcomplicatedrulesaspawn promotion
andcastling.As with mostof the NCTU projects,this group
adaptedthevideodisplaycodeI provided(basedon Figures3
and4) to display the boardandpieces.



The four other NCTU video game projects were Tetris,
Sokoban, a scrolling maze game loosely patternedon the
Namco game Rally-X, and a two-player snake game. Each
group modi�ed the text-mode video controller code I had
provided,addingcolor andchangingthesizeof thecharacters.

VideoEffectsProcessor ModernFPGAshaveenoughpro-
cessingpower to performlimited real-timeimageprocessing.
One group put this to use by building a framebuffer with
the ability to distort its output. Rather than simply reading
the contentsof memoryin sequencefor adjacentpixels, they
addedthe ability to changethe starting point and memory
stridefor eachline. Sucha set-upwasableto transform,say, a
rectangularpictureinto a triangularone,andbeableto modify
this distortionon-the-�y. Thegrouphadoriginally intendedto
performthis distortionon real-timevideo (theXSB–300Ehas
a Philips video decoderchip), but ran out of time and only
displayedthe staticcontentsof memory.

Digital PictureFrame Thisproject,whichwasunsuccess-
ful in 2005,decodesJPEGimagesand displaysthem on the
screen.Theeasiestway is to performmostof thecomputation
in software and only use hardware for the framebuffer. The
XSB boardincludesa CompactFlashinterface(a parallelbus
protocol),soin theoryit would bepossibleto readanddisplay
�les from a digital camera,but no grouphasbeensuccessful
at beingable to readfrom a CF card.

Onegroupattemptedto port the independentJPEGlibrary
onto the Microblazein the processof performingthis project,
but ran into serioussize and complexity problems. In the
future, I will adviseany group that undertakes this project to
write their JPEGdecodingcodefrom scratchand not worry
aboutmaking it supportall JPEGvariants.There is also an
obvious opportunityfor hardware acceleration(i.e., the inner
loop of the DCT).

Anothergroup,thisonein Taiwan,alsoattemptedthedigital
pictureframeproject,this timewith greatersuccess.First, they
implementeda frame buffer that usedexternal SRAM (there
is only 32K of on-chipblock RAM on the XC3S400usedon
theDigilent board)andhadto grapplewith theusualproblem
of simultaneousaccessfrom both the video systemand the
processor. They took the simplestrouteandaddeda modebit
thatwould blank thedisplayandenableto processorto access
it. Next, they took a small JPEG library written by Pierre
Guerrier2 andmadeit compileon theMicroblaze.Finally, they
addeda mechanismfor copying datafrom theRS232port into
memory in preparationfor decompressingand displaying it.
Unfortunately, little of this worked completelyat the end of
the class.The JPEGlibrary, for example,just barely�t in the
16K of on-chipmemorythey wereusing.

Video Input Projects Thesearequitea bit morechalleng-
ing thanvideogenerationprojects.First of all, thevideoDAC
is a much simpler chip than the Philips SAA7114H video
decoder, which has a 140-pagemanual.Second,it is much
easierto generatea signal than to understandone,especially
when it comesfrom the real-world.

2Their sourcewashttp://www.es.ele.tue.nl/˜mininoc/cprog/djpeg orig/

One group implementeda stereodepthextractor using the
video decodingcapabilitiesof the XSB–300E board. They
pointed a video cameraat a mirror nearly parallel to the
centerlineof the camerato generatea split image from two
slightly differentvantagepoints.They thenlooked for the two
brightestspotson the imageand usedthe differencein their
location to computethe 3D locationof the spot.To test this,
they placedthecamerain a blackcardboardbox andshineda
laserpointer at a movable target. Although clearly not at the
cutting edgeof computervision, the group was able to get
interestingresults.

Robot with Vision Perhapsthe most unique project to
date,this incorporatedthe XSB–300Eboardas the controller
for a mobile robot built using Lego Mindstorms.In the end
able to follow a black line drawn on a white pieceof paper,
the mostuniqueaspectof this projectwas the successfuluse
of video asvision. The groupmounteda small video camera
to the Mindstormsrobot and fed the input to the XSB–300E
board.The board decodedthe video, posterizeit to one bit
perpixel, divided the imageinto ninerectangularregions,and
used the relative number of black pixels in each region to
decidewhetherto turn left, right, or to go straight.

Software running on the Microblaze analyzedthe heavily
decimatedvideo input signal and transmittedsimple com-
mandsthrougha serialport to anIR tower andtherobot itself,
whosecontrollerwasrunninga very simpleprogramthat took
simpledirectioncommands.

B. Audio Projects

Like video projects,audio projectsengage the sensesand
thereforesharesomeof the thrills of successandeasydebug-
ging of video projects.Comparedto video, however, audio is
nearlythreeordersof magnitudeslower andone-dimensional,
making it much easier to manipulateand presentingmany
moreopportunitiesfor elaboratesignalprocessing.

The audioCODEC on the XSB–300E(an AKM AK4565:
50 kHz, 20 bits/sample,stereo)hasa synchronousserialinter-
facewith a fairly simple protocol, althoughits con�guration
protocol, which goes through a separatesynchronousserial
interfacethatis, unfortunately, connectedto thelow-orderdata
bits on the XSB–300Eperipheralbus, was dif�cult for most
of the students.

MIDI Synthesizer One of the most successfulprojects
of 2004, a MIDI synthesizerleadsto a nice combinationof
hardwareandsoftware.While it would bepossibleto perform
the sound synthesisin software, its real-time requirements
are suf�ciently demandingand its computationalcomplexity
makes it simple enoughto do in hardware. This group im-
plementedboth the standardFM synthesisalgorithm and the
Karplus-Strongplucked instrumentalgorithm. Both sounded
remarkablygood.

MIDI is an asynchronousserial protocol like RS-232,but
at an unusualbit rate and generally transmittedthrough a
current-loopdesignedto be terminatedwith anoptoisolatorto
avoid noise.The group built a simple MIDI-to-RS-232 level



converterandusedthe soft UART coresuppliedby Xilinx to
receive the protocol.

The MIDI protocolconsistsmostly of note-onandnote-off
messages.While fairly simple, managingpolyphony with a
�nite numberof oscillatorsis much easierto do in software,
which the group did. Thus, the MIDI protocol was decoded
in softwareand the synthesiswasdonein hardware.

SoundEffectsSynthesizers FPGAsnow have more than
enoughprocessingpower to perform fairly complex audio-
bandsignalprocessing.At leasttwo groupshave takenadvan-
tageof this by implementingvarioussoundeffect generators.
One,for example,wasdesignedto implementvariouseffects,
such as phasingand distortion, that worked well with input
from anelectricguitar. Thealgorithmsfor such�lters arefairly
straightforward;thegroupsimplementedthemin hardwareand
placedtheir parametersundersoftwarecontrol.

Audio SpectrumAnalyzer I was a little surprisedby the
speedof the FPGA for this project: one group implemented
a real-time 1024-point FFT running at audio speeds.The
majority of the algorithm was in software; they only used
hardware to acceleratecomplex multiplication. Coupledwith
a nifty graphicequalizer-like display, this was an impressive
project.

Pitch Detection Detecting the fundamentalpitch of an
audio signal, such as a voice, is a fairly interestingprob-
lem with applicationsto singer training. Two groups have
attemptedprojectsalongtheselines,with varyingresults.One
groupdid the obvious and performedan FFT on audio input
samples,but found that the linearbin arrangementof theFFT
madefor rather imprecisemeasurementat low frequencies.
Anothergroupattemptedto implementan algorithmbasedon
autocorrelationandgot sofar asto built a prototypein Matlab,
but did not completethe projectbecauseof groupdynamics.

C. NetworkingProjects

The XSB–300Econtainsan NE2000-compatibleEthernet
chip, and a number of projects have used it for network
communication.By sheernumbers,studentsseemto prefer
audioandvideo projects,but the successfulnetwork projects
have beenquite impressive.

Internet Camera This project, which combined video
andnetworking components,spoke the mostprotocolsof any
project to date.The studentsusedthe Philips video decoder
chip to samplereal-time video, decimateits resolutionand
frame rate, packetize it, and send it as UDP packets over
Ethernet.On the receiving end—astandardApple laptop—a
simpleJavaprogramof theirown devisingreceivedthepackets
anddisplayedthem.I jokedthattheprojectamountedto avery
expensive wire, but it wasactuallyoneof themosttechnically
challenging projects that exempli�ed good engineering: it
madesomethingquite complicatedlook effortless.

Internet Audio In 2005, two groups built projects that
communicatedaudio over the Internet.One built an Internet
radio broadcasterthat took audio in through the CODEC,
packetized it, and sent it out via RTP. They connectedan
iPod and an Ethernetcable to the board and were able to

listen to the iPod through the speakers on the Linux-based
workstation running a standardmplayer program. Like the
Internet camera project, this one went to pains to speak
many standardprotocolsandultimately madesomethingvery
complicatedlook simple.

A similar project took on an even morecomplex protocol:
SIP. Designedfor Internettelephony, SIPis astandardprotocol
for establishingVoice-over-IP telephonecalls. I was amazed
when this group was able to hook up the board to the
campusEthernetnetwork andmakeafriend'sVoIPphonering.
The �nal result was a little disappointing—theaudio quality
was poor, which I attributed to some sloppy programming
somewhere—but overall the projectwasa success.

D. UniqueProjects

All theprojectsI describedaboveusedtheXSB–300Eboard
andits FPGA at the center. By design,in this classI have not
focusedon theelectricalandphysicalchallengesof embedded
systemdesign,but a numberof groupsdecidedto tacklethese
problems,too. The resulthasbeena largely successfulgroup
of uniqueprojects.

AutomotiveProjects Columbia participatesin the Soci-
ety of Automotive Engineers'Formula SAE competition,in
which studentgroupsdesign,fabricate,and race small cars
built around motorcycle engines.While largely targeted at
mechanicalandautomotive engineers,two groupsin my class
have doneprojectsrelatedto this effort.

The �rst, in 2004, built a vehicle telemetry systemthat
gathereddatafrom varioussensorson thecar(e.g.,tachometer,
oil pressure)and sent it through a wirelesslink. The group
purchasedthe wireless transmittersand receivers, but built
a small processorsystemon the car centeredarounda PIC
microcontroller. This was a particularly challengingproject
for this classbecauseit involved a numberof analogsignal
conditioningcircuits. While ultimately mostly successful,the
groupdid have theproblemof relying on thecaritself—which
wasoften unableto start—todemonstratetheir project.

The 2005groupbuilt a digital dashboardandcontrollerfor
an automaticshifter. They worked with a pair of mechanical
engineerswho designedthe mount and levers for a large
(25A) solenoid that moved the mechanicalgear shift lever
(the gearson this motorcycle engine could be selectedby
moving a lever—designedto be operatedby foot—up and
down). Thegroupalsobuilt adashboardwith LEDs displaying
engineRPMs,thecurrentgear, andasuggestionaboutwhether
to shift up or down. As is typical of beginning electrical
engineeringstudents,their fabrication skills were lacking,
resulting in a tangledmessof wires and cold solder joints,
exactly thesortof problemsusinganexclusively FPGA-based
approachavoids. Alas, this group, too, was stymied by the
enginenot startingwhen they tried to demonstrateit to me,
althoughit hadbeenworking earlier.

ScrabbleTimer When the classstarted,an inventorhap-
penedto approachme aboutbuilding a prototypeof a timer,
much like a chesstimer, for the game of Scrabble—hehad
aimsof selling thedesignto a largeboardgamemanufacturer.



Question 2004 2005
Amount Learned(out of � ve) 3.72 4.04
Appropriatenessof Workload 3.33 3.64
Overall Quality 3.74 3.89

Selectedcommentsfrom 2005:

“Toughclassbut learneda greatdeal.Recommended.”

“I' d like to seea lecture that goesinto more detail about the way
that the various �les de�nitions and programsare used to create
the hardware. We end up learning it in piecesbut a more detailed
overview would be useful since the tools are a key componentof
understandingthis class.”

“The lecturesdidn't seemto serve asmuchhelp for the assignments
andproject.”

Fig. 5. Courseevaluation results for the Columbia classes.Numbersare
averages,with 0=poorand5=excellent.

I �gured it would make a good project for the embedded
systemsclassand it did. A group worked closely with the
inventor, who had a clear idea of the behavior he wanted
(he cameto me with a multi-pagedocumentdescribinghow
it should work) but did not have the skills to implement
it. This arrangementworked perfectly—thestudentsgot the
opportunityto work for a client andin returnweregivenvery
preciserequirementsanda helpful client.

Like the automotive groups, this group built a system
centeredaround a PIC microcontroller. Its interfaces were
simple: a collection of buttons numerousenoughto require
multiplexing and4 line £ 40 characterLCD displaymodule.
While a very simple design,the quality of the software and
attentionto detail (the groupput their project in an attractive
box and spend a lot of time thinking carefully about the
arrangementof buttons)madethis projecta stand-out.

All threeof the groupsthat usedPIC microcontrollersgot
little instruction from me. I do not discussmicrocontroller
programmingin class,but the studentswereableto gleanthe
information they neededfrom tutorials and web references.
The studentswho have worked on suchindependentprojects,
not surprisingly, have beenamongthe bestin the class.

VI . EVALUATION

As with all Columbiaclasses,studentswereaskedto �ll out
a standardcourseevaluationform. Theresultsaresummarized
in Figure 5. While the results are positive overall, and the
ratings improved uniformly in the second year, the main
negative complaintswere that the courserequired a lot of
work (which is certainly true) and that my lectureswere not
that relevant to the labsandproject.Speci�cally, they wanted
much more instructionon how to usethe CAD tools, which
are very complicated.I had attemptedto addressthis issue
throughdetailedlab writeups,which describedthe operation
of the tools in detail,but somestudentsobviously preferto be
shown something.

VI I . CONCLUSIONS

The embeddedsystemsclass I have describedremainsa
work-in-progress,but hasbeenfairly successful.Theword-of-
mouthamongstudentshasbeenexcellent,to the point where
it has clearly siphonedoff studentsfrom other, competing
classes.An informal poll suggestsstudentsprefer the mix of
hardwareandsoftwareandtheability to choosetheir projects.

I have put all the class materials on the web, includ-
ing all slides,handouts,lab assignments,lab template�les,
and students'project �les and reports.All can be found at
http://www.cs.columbia.edu/˜sedwards/classes.html.

I have not been able to addressto my satisfaction the
balancebetweenpractical knowledge and fundamentalun-
derstanding.There is a plethoraof practical knowledge the
studentsneedto beableto executetheir projects,rangingfrom
VHDL coding stylesto how to get the Xilinx tools to work,
but I feel the classis overly demandingof knowledgeof such
trivia. Frustratingly, thestudentsactively complainthatI spend
too little time lecturingaboutsuchdetails.While this is very
realistic and classis meantto be a capstoneclassin which
studentsbring togethertheknowledgethey have gainedduring
their careersasundergraduates,it still frustratesme that I feel
they are learningtrivia that will be out-of-datein a year.

The more fundamentalideasI see in practical embedded
systemdesign—thebalancebetweentop-down and bottom-
up designnecessaryto build high-performancesystems,the
ability to debug, the ability to seekand �nd the information
you need,and the ability to understandand reverse-engineer
poorly-writtendocumentation—aresubtle,dif�cult to convey,
and not the sort of thing you can easily ask on a test. My
hopeis that thesemoresubtleideaswill enterin thestudents'
thinking during the processof implementingthesecomplex
projects,becauseit is unlikely they will learn them from a
lectureor a book.
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