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Chapter 1

Intr oduction

Certainanimalssuchasbatsanddolphinsgeneratesonarsignals(chirpsor clicks)for thepurposeof echolo-
cationandobjectdetectionand classification. “Biomimetic sonar” refersto electrically-generated sonar
signalsdesignedto matchthe propertiesof the biologically-generated sonarsignals. A biomimeticsonar
signalprocessingsystemattemptsto electronicallymimic neuralprocessing.This maybe for thepurpose
of biologicalmodeling,or for performinga tasksuchasobjectrecognition.

Figure1.1: Bottlenosedolphin.

TheBiomimeticSonarFront-endSignalProcessorSystem(generallyreferredto in this manualasthe
“BioSonarProcessor”)wasdesignedasaboard-level systemto investigatearchitecturesfor a(future)single-
chip integratedbiosonarsignalprocessor. At the sametime, however, the systemis a functionalanalog
signalprocessingsystem,capableof performingbasictasksassociatedwith biologicalcochlearprocessing,
includinggaincontrol,filtering throughparallelbandpassfunctions,signalrectification,amplitudeenvelope
extraction,andzerocrossingdetection.Thesystemwasdesignedusingthelatestcommercialprogrammable
analogand digital technologyto make the systemarchitectureflexible. The boardrelies on In-System
Programmable(“ISP”) circuits suchthat the systemarchitecturemay be reconfiguredon the fly from an
externalcontroller(suchasa computerwith a digital I/O interface). However, the ISP circuits usenon-
volatilememoryto storeconfigurationinformation,sothebiosonarfront-endboardretainsits configuration
whenpoweredoff, andmaybeprogrammedto operateindependentlyof any externalcontroller.
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Chapter 2

SystemOverview

Figure2.1 shows thesystemsetupascurrentlyexpectedby the driver program. In this configuration,the
boardprocessesdigital signalsdownloadedfrom thehostcomputer. Main componentsof thesystemareas
listedbelow:

A Hostcomputer, Intel or equivalent,runningLinux.

B Digital I/O card,PCI-DIO48,CIO-DIO48,or equivalent.

C BidirectionalFIFObuffer board

D BioSonarfrontendprocessor

E DC Powersupplycapableof delivering1.2A at5V.

Becausethe host computeris using a non-real-timeoperatingsystem(Linux), and also becausethe
82C55-baseddigital I/O cardcannotkeepup with the datarateof the biosonarprocessor, a bidirectional
FIFOmustbeplacedbetweenthecomputerandthebiosonarboard.Whenreal-timeanaloginputis available
to the board,andthe boardoutputdirectly drivesa real-timeback-endprocessor, the bidirectionalFIFO
buffer is notneeded.Thatsituationalsoallows theboardto beconfiguredto run withoutany connectionto
thecomputer;thedigital interfaceis thenusedfor new configurationdownloadsonly.

PCI-DIO48
or equivalent

bidirectional
FIFO buffer

biosonar signal
processing board

PC running Linux

50-pin ribbon cable
and connectors

5V power supply
@ 1.2A

E

B

C

D

A

Figure2.1: BiosonarSignalProcessor:System-level diagram.

Figure2.2is adepictionof theBioSonarfrontendprocessorboard.Theboardcontainsafilterbankof 34
channelsimplementedby LatticeispPAC programmableanalogarrays(oneispPAC-10andoneispPAC-20
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for
�

eachfilter), one ispPAC-20 chip actingasa preamplifierwith digital or analoginput selectable,four
Maxim MAX1202 12-bit analog-to-digitalconverter chips,a Lattice ispLSI-6192FFfield-programmable
gatearray(FPGA) chip actingasan I/O interface,anda 20MHz clock to drive the system.The ispPAC
chipscontaincontinuous-timebiquadfilter sectionsprogrammablein a rangeof 10kHz to approximately
150kHz,dependingontheprogrammed� valueandinputgainselection.This is contraryto theindications
of the Lattice documentation,which declaresthe upperlimit to be 100kHz. The continuous-timenature
of thechipsalsomeansthatthepreamplifieris not subjectto theNyquist frequency of thedigital input,as
wouldadigital or discrete-timefilter.
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Figure2.2: BiosonarSignalProcessor:Frontendcircuit board.

The signal-level block diagramof the frontendboard,indicating its major components,is shown in
Figure2.3.
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Figure2.3: BiosonarSignalProcessor:Block diagramof thefrontendfilterbank.





Chapter 3

Hardware

3.1 Jumperedpower supply and input configuration

Figure3.2showsjumpersettingsonthebiosonarboardwhicharetheonlyconfigurationoptionsontheboard
thatcannotbesetremotely. In additionto the jumpers,thefigureshows two of the threeinput connectors
(the 50-pin digital I/O headersocket is to the right of the figure andis not shown). All pins arepitched
at 0.1in spacing.The connectorlabeled“Power” and“Ground” is the main power input. The connector
labeled“analog in” is the sonarsignal input (microphone)whenanaloginput is selected.Power supply
optionsareselectedby jumper ��� , while signalinput optionsareselectedby jumpers��� , ��� , and ��� , and
alsoby theprogrammedsettingof thepreamplifier. Jumperconfigurationsaredescribedbelow.

Powermodesareshown in Table3.1anddescribedbelow:

J1 LM7805 Mode
top uninstalled A
top installed A
bottom installed B

Table3.1: Jumperconfigurationfor input modes.‘top’ indicatesthat the two pinsclosestto thetop of the
boardareconnectedtogether, andthe bottompin is unconnected.‘bottom’ indicatesthat the bottomtwo
pinsareconnectedtogetherandthetoppin is unconnected.

A Connectthe top two pins of ��� for unregulatedinput. For this setting,power mustbe suppliedby
a regulatedpower supply(‘unregulated’meansthat the biosonarboardis not doing the regulation).
‘Power’ mustbe5V and‘Ground’ mustbe0V. Thesupplymustbeableto deliver a sustainedDC
currentof at least1.2A at 5V. Becausemostof the chipscontaincontinuous-timeanalogcircuits,
power consumptionis fairly constant.

B Connectthe bottomtwo pins of ��� for regulatedinput. For this setting,an LM7805 5V regulator
mustbeinstalledin theindicatedpositionontheboard.‘Power’ mustclearthedropoutvoltageof the
regulator, whichusuallymeansabout8V.

Inputmodesareshown in Table3.1anddescribedbelow. Figure3.1shows thebiascircuit betweenthe
inputpinsandthepreamplifier.

A Differentialsignalgoesdirectlyfrom inputpinsto the‘In1’ inputof thepreamplifer, bufferedthrough
5kΩ resistors.Differentialinputmustbebiasedaround2.5V.
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Figure3.1: Analoginputcircuit andconfigurationjumpers.

J2A J2B J3A J3B J4 Mode
A

X X B
X X C

X X D
X E

X X F
X X X X G
X X X H
X X X X J

Table3.2: Jumperconfigurationfor inputmodes.An ‘X’ indicatesthatajumperbridgesthetwo pins(closed
connection).No markingindicatesanopenconnection.

B Differentialsignalgoesdirectlyfrom inputpinsto the‘In1’ inputof thepreamplifierwith nobuffering
of any kind. Differentialinputmustbebiasedaround2.5V.

C Differentialsignalgoesfrom input pins to the ‘In1’ input of the preamplifier. Signalis rebiasedto
operateator closeto thepreamplifer’s referencevoltageof 2.5V.

D Single-endedsignalgoesdirectly from input ‘ ! ’ pin to the‘In2 ! ’ input of thepreamplifier, with no
buffering. Thesingle-endedinput is assumedto bebiasedto alwaysremainaboveground(preferably
around2.5V).

E Single-endedsignalgoesfrom input ‘ ! ’ pin to the ‘In2 ! ’ input of the preamplifier, bufferedby a
5kΩ resistor. Biasrequirementsarethesameasmode‘D’ above.

F Single-endedsignalgoesfrom input ‘ ! ’ pin to the‘In2 ! ’ inputof thepreamplifier. Signalis rebiased
to operateator closedto thepreamplifier’s referencevoltageof 2.5V.

G Like mode‘D’ above,but input ‘ " ’ pin is heldat thereferencevoltage.

H Like mode’E’ above,but input ‘ " ’ pin is heldat thereferencevoltage.

J Like mode’F’ above,but input ‘ " ’ pin is heldat thereferencevoltage.
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Figure3.2: BiosonarSignalProcessor:Frontendboardconfigurationjumpers.





Chapter 4

Firmwar e

Muchof theBioSonarsystem’s novelty lies in its ability to reconfigureits architecturethroughnonvolatile,
re-writableconfigurationmemoryin the filter andinterfacechips. For the analogchips,filter frequency,
filter resonance( � ), andfilter type (lowpass,bandpass,highpass)areall programmable,andinputsmay
beselectedfrom a numberof differentsources.In addition,the ispPAC20 featurestwo comparatorswith
selectableinputs,andan8-bit DAC. TheispLSI6192-FFis afull-featuredFPGAwith general-purposelogic
resources.Thesignalroutingon theBioSonarprintedcircuit boardis designedto allow several large-scale
filterbankarchitectures,aswell asletting theFPGAhandleall routingbetweentheboardandany external
computeror back-endprocessor.

4.1 The ISP JTAG protocol

Four I/O pinson the50-pinconnectorarededicatedto the ISPJTAG chain. JTAG is a protocoldesigned
to allow boundaryscansof programmablechips. LatticeSemiconductormakesdualuseof theJTAG pro-
tocol to do both the boundaryscanandalsohandledevice configurationon the ispLSI-serieschips. The
ispPAC analogchipshavenoequivalentboundaryscancapability, but they usetheJTAG protocolfor device
configuration.

TheBioSonarsystemis intendedto hidethedetailsof theJTAG protocolfrom theend-user;thesepro-
tocolsareembeddedin thesoftwarebut theend-useris intendedto usehigher-level callsto erase,program,
andverify the devices. However, somedetailsof the JTAG architectureelucidatethe useof the software
subroutines.JTAG is a serialprotocol,requiringfor eachchip two databit lines(TDI andTDO), plusone
modebit (TMS) andoneclock signal(TCK). A well-definedstatemachine,calledtheTAP controllerand
shown in Figure4.1,allows5-bit commands,someof whicharedefinedby theprotocol,suchas“BYPASS”
to form aone-bitlink betweenTDI andTDO whichbypassesthechip. Latticedefinesothercommandssuch
as“ERASE,” “PROGRAM,” and“VERIFY.” All chipson the boardform onelong serialJTAG chainby
linking TDO of onechip to TDI of thenext chip in thechain,andsupplyingTMS andTCK to all chipsin
parallel.Thechain,in order, is shown in redin Figure4.2.

While it is convenientto think of theJTAG chainasasingle,very longconfigurationword,in reality the
ispLSIchipmustbeprogrammeddifferently, by supplying180separatebit streams,addressedby adifferent
bit. Sotheactualprogrammingfor theboardis donein two stages,onefor theispLSI,andonefor all of the
ispPAC chips.Duringeachstage,thesetof chipsnotbeingaccessedareplacedinto BYPASSmode.

In addition to being programmedin a differentmanner, the ispLSI chip is a general-purposeFPGA
which requirescomplicatedplacementandrouting to program. Becausethe placementandrouting algo-
rithms,andthepurposeof eachconfigurationbit is Latticeproprietaryinformation,theispLSIchipmustbe
designedin Latticesoftware,outsideof theBioSonarsystem,producinga “JDEC” file containingthecon-
figurationbit streamfor theispLSI.Thepurposeof eachconfigurationbit in theispPAC chipsis known, so
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Figure4.1: The JTAG TestAccessPort (“TAP”) statemachine. Bit valuesshown representthe stateof
signalTMS at thetimeof a risingedgeof signalTCK.

all configurationcanbedeterminedonthefly by theBioSonarsystemsoftware(seethesectiononsoftware).

4.2 The ispLSI-6192FFI/O Interface

TheispLSI-6192FFdevice is a 207-pinsurface-mountdevice, runningat 5V, containingnonvolatile EEP-
ROM configurationmemory, andimplementinga JTAG interfacecompatiblewith theispPAC devices.On
thebiosonarboard,the ispLSI chip hasbeenmountedon top of a surface-mount-to-PGAconverterboard,
andpluggedinto a17 % 17PGAsocket.

Unfortunately, LatticeSemiconductorhasdiscontinuedthe ispLSI-6192FFdevice (theentire6000se-
rieshasbeendiscontinued),andevenmoreunfortunately, they have madethepoordecisionto discontinue
softwaresupportfor thedevice,aswell. AlthoughtheLatticeSemiconductorsoftwareis freelydistributed,
recentversionsof theprogramwill not compileschematicsfor the6192device. Theonly optionis to con-
tinueto useanolderversionof theLattice“ispDesignExpert”software(version8.0).A copy of thissoftware
versionis includedwith thesoftwarepackagefor theBioSonarfrontendboard.A softwarelicenseis freely
availablefrom LatticeSemiconductor(http://www.latticesemi.com),but mustbeobtainedbefore
thesoftwarecanbeused.

In theprovidedsoftware,theschematiclayoutcorrespondingto thelatestBioSonarboardrevision can
befoundin directoryLattice & Biosonar & . The“project” is thefile biosonar.syn andis configured
to launchtheispDesignExpertProjectManagerprogramuponselection.

Theschematicfor theBioSonarinterface(assuminga FIFOboard)is drawn in Figure4.4. Altering the
interfacerequiresunderstandingtheinterface,soabrief descriptionfollows.

Two maincircuitsin theschematic,FIFO4andT4R4CPV, arehardwiredcircuitson theispLSI6192FF.
The T4R4CPVis one of several possibleconfigurationsof the on-boardregister bank. This particular
configurationtreatsthe registerbankasfour 16-bit up-down countersandfour 16-bit registers.Eachreg-
ister/counterhasits own clock signal,andeachcounterprovidesa “terminal count” output(B ' TC). Three
“select”pins(BS0–BS2)selectwhichregisterreceivesinput from busDI andappliesits valueto outputbus
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Figure4.2: TheJTAG serialchainlinks everychipon theboardinto onelongserialbit stream.

DO. TheT4R4CPVdefinesa presetbit sequencefor eachcounterwhich is loadedon “enable”(B ' PLEN)
for that counter( ')(+*,�.-/�0-/10-32,4 ). The presetvaluecanbe setby editing the T4R4CPVschematicand
changingtheappropriateinputs. Figure4.5shows how thepresetvaluesarespecifiedin the ispDesignEx-
pert software: Eachbit is determinedby theconnectionof thepresetvalueblock’s input to eitherVdd or
GND, to denotea presetvalueof 1 or 0. No otherschematicconnectionsto theinputsarevalid. Similarly,
the CAOCTRL block indicatesthe polarity of the carry-outbit of the counter, andthe POLCTRL block
indicatesthepolarityof theEN enablebit of theT4R4CPVmodule.

In theBioSonarsystemapplication,the four registersof theT4R4CPVarenot used,andthecounters
areusedto dividedown theinput20MHz clock into severaldifferentfrequenciesrequiredby theBioSonar
system. Note in particularthat the BioSonarboard’s input and outputoperateindependently;therefore,
input- andoutput-handlingcircuits areclocked at separaterates. The circuit usestwo of the 5 dedicated
clockinputsontheispLSI6192FFfor thesetwo rates.Theslowerclockinputis generatedby theispLSI6192
circuit. However, becausetheispLSIclocknetworksarefixed,it is necessaryto put thedivided-down clock
(signalCLK OUT) on an ispLSI6192outputpin, androutetheoutputbackto the secondclock input via
theprintedcircuit board.Eachcounters“terminal count” outputis fed directly backto the“enable” input,



Figure4.3: ispDesignExpertprojectmanagerwindow.
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Figure 4.4: Schematicdrawing of the interfacecircuit. This schematiccorrespondsto the JEDECfile
“expt.jed”.
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Figure4.5: Schematicof the T4R4CPVregister/countermodule,showing registerpresetvalueprogram-
ming.
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a continuousoutput. The “select” pins aregroundedto enablethe continuousmonitoringof the
valueof the first counteron the DO outputbus. Mux logic generatesvariousinternalandexternalevent
signalsbasedon thevalueof theprimarycounter’s instantaneousvalue.

Thepresetvaluesfor thefour counters,asindicatedin Figure4.5,are:

counter bit value hex value decimalvalue time frequency
1 0000000001001110 0x004e 78 3.9µs 256kHz
3 0000011111010000 0x07d0 2000 100µs 10kHz
5 0000000000000101 0x0005 5 0.25µs 4MHz
7 0000000100000000 0x0100 256 64µs 15.625kHz

Table4.1: Default timer valuesprogrammedinto the interface. Time andfrequency valuesaremeasured
assumingan input masterclock rateof 20MHz for counters1, 3, and5, andassumingthat the outputof
counter5 becomestheinput to counter7 (connectionmustbemadeoff-chip).

TheFIFO moduleis effectively replacedby theexternalbidirectionalFIFO board.Thearrangementof
theBioSonarboardrequiresthattheFIFO beput in the“FIFO4” configuration,in which it actsasaninput
buffer betweentheI/O connectorandthepreamplifier’s DAC inputs,andhasa sizeof 9-bit words % 8192
locations. Becausethe FIFO outputsarehard-wiredto specificpins on the ispLSI6192,the FIFO cannot
beremovedfrom thesystem.For usewith theexternalFIFO board,however, it mustbebypassed.This is
accomplishedwith a timedsequenceof signalsto theFIFO’s “read” (ARDL) and“write” (BWRL) inputs,
ensuringthattheFIFO4moduledoesexactly onewrite andonereadoperationin sequencefor every input
retrievedfrom theexternalFIFOboard.Theexternalboardis queriedby theFIFORDsignal.

In additionto clock frequency division andinput retrieval, the ispLSI6192interfaceis responsiblefor
collectingoutputsfrom theBioSonarfrontend.Therearetwo separateoutputsavailablefromeachfilterbank
channel.Oneis a single-bitdigital output,andoneis an analogvalue. The natureof the outputdepends
on theconfigurationof theanalogfilterbankchips(seebelow). Eachof the34 digital outputsis connected
directly to ispLSI6192inputs. Thepresentschematicdoesnot make useof thedigital outputs,so they are
shown asnot connected.The analogoutputsfeedto four Maxim MAX1202 ADC chips,eachwith eight
multiplexed inputs(so thereare32 analogoutputsavailablefor 34 channels;theanalogoutputof the two
highest-frequency channelscannotbeaccessed,althoughthedigital outputis available).TheispLSI6192is
responsiblefor generatingthesignalsthatdriver theMaxim chips.ADCIN is theserialbit streamcontaining
configurationinformationfor the ADC chip. SCLK clocksthe ADC. The ADC configurationis an 8-bit
word,describedin theMaxim MAX1202 datasheet,andsummarizedin Table4.2:

Bit Name Description
7 START First bit definesbeginningof controlbyte.
6 SEL2 Selectwhichchannelis read.Numerically,
5 SEL1 Channel(0–7)= Sel1(MSB), Sel0,Sel2(LSB)
4 SEL0
3 UNI/ 8:9 1 = unipolar(always)
2 SGL/;=<?> 1 = singleended(always)
1 PD1 Power-down modeandclockselect
0 PD0 PD1= 1, PD0= 1 Externalclockmode(always)

Table4.2: Bit valuesof theMaxim MAX1202 configurationword.

All ADC configurationbits are ‘1’ except for the channelselection.The Mux logic provided by the
“MUX4” and“MUX2” gatesinsertstheproperchannelnumbersuchthateachchannelis accessedin se-



quence.@
ADCSSTRBindicatesa completedADC output,andis usedin this schematicto drive theoutput. FI-

FOWRis deriveddirectlyfromtheADCSSTRBsignal.TheADC outputis 12bitslongandreadoutserially.
Eachof thefour ADC chipsprovidesaseparateoutputbit stream.TheADC clock(SCLK) hasamaximum
rateof 2MHz andthetimefor anADC conversionis 16clocks(theminimumpossibletimefor aconversion
is 15clocks,but theconvenienceof generatingsignalsbasedona cycle of 16outweighstheadvantageof a
slightly fasterconversion).Sotheminimumpossibletime to captureall 32analogoutputsis��BADC=E %F�HGBIKJLINMPOHQR%TSBI/UWVYXZX[OHM\Q](^G_� µs

which is an outputrateof 15.625kHz. No attemptshouldbe madeto setthe outputrate(counter)to
a cycle frequency greaterthanthis number. It representsthe maximumrateat which analogdatacanbe
extractedfrom theBioSonarboard.This is thedefault rateprogrammedinto theoutputcounterasshown in
Table4.1.

Eachcycle of outputsamplingproduces�H�a`cbPdeQf%g�Y�BI/UWVYXZX[OHM\Qh(i�YS_��`Wb\deQ output. However, in this
circuit instantiation,outputis generatedat thefastestrateusingthesimplestpossiblemethod,in which no
attemptis madeto organizetheoutputinto meaningfulwords. Instead,the8 lowestbits of the9-bit output
FIFOareloaded4 bitsata timewith the4 ADC outputs.TheFIFO is writtenevery two clockcyclesof the
ADC clock. On thefirst ADC clock, theADC outputis latchedinto theupperfour bits of theFIFO word.
On the secondADC clock, theADC outputis directedto the lower four bits of theFIFO word, andall 8
bits arewritten into the FIFO. After all 12 bits areloadedinto the FIFO, the ADC receivesconfiguration
informationfor thenext input channel,andthecycle repeatsuntil all 8 channelshave beenread,converted,
andtransferredto theoutputFIFO.In thecurrentinstantiation,it is thereponsibilityof theback-endsystem
to translatethisbit blockbackinto meaningfulvalues,and,if necessary, sortthechannelsinto theirsequence
in thefilterbank.

BecausetheFIFO has9 bits, the9th bit is usedto generatea synchronizationbit which indicatesto the
back-endsystemthata block of datais beginning. This synchronizationbit is sentcoincidentwith thefirst
bytewritten to theFIFO.

On the schematicdrawing, eachinput or outputpadcontainsthenumbercorrespondingto the ispLSI
pin to whichit is attached.Pinnumbersandsignalnamesarefixedaccordingto theBioSonarprintedcircuit
board.However, internalsignalsandall routingaredeterminedby theLattice ispDesignExpertplacement
androutingalgorithms.

Thegoalof compilingthecircuit in ispDesignExpertis to generatea“JDEC” file containingtheconfigu-
rationbitsfor theispLSI6192FF. Thisfile, whichhastheextension‘.jed’, is transferredfrom theWindows
machineusedto run theispDesignExpertsoftwareto theLinux machinerunningtheBioSonarboardappli-
cation(seebelow). Theapplicationprogramacceptsthefile exactlyaswrittenby ispDesignExpert.

Tables4.3 through4.6give a completelist of pinson theispLSI6192FF, their signalnamesasrelevant
to the BioSonarboard,and a descriptionof eachsignal. The first pin numberis for the ispLSI6192FF
quadflat packpackage,for usein assigningsignalsto pins in the ispDesignExpertprogram. The second
pin numberis thecorrespondingpin grid array(PGA)pin number, for thepurposeof probingsignalson the
BioSonarfrontendcircuit board.DIO pin numbersarefor theCIO-DIO96or PCI-DIO9650-pinconnectors,
with namescorrespondingto the BioSonarsystemsoftware (CIO-DIO96 driver software andfilterbank
applicationprogram).

All of thesignalnamesin thetablecorrespondtosignalnamesontheschematic,exceptfor signalswhich
arehardwiredto theispLSI6192FFfor thepurposeof JTAG programmingandarethereforenotavailableas
inputsandoutputs.TheseincludeTDI, TDO, TCK, TMS, BSCAN,and!RST. PinslabeledY1 andY2 are
dedicatedclocknetwork inputs,andpinslabeledFIFO ' arededicatedFIFOoutputs.BecausetheFIFOpins
arehardwiredto thepreamplifierDAC inputson theBioSonarcircuit board,theFIFOis requiredto operate



pin PGA ispLSIname signalname description
8 C1 I/O 85 MOUT[15] DIO (pin 25)
16 F2 I/O 91 MOUT[14] DIO (pin 26)
1 D3 I/O 79 MOUT[13] DIO (pin 27)
18 F1 I/O 93 MOUT[12] DIO (pin 28)
7 E4 I/O 84 MOUT[11] DIO (pin 29)
9 F3 I/O 86 MOUT[10] DIO (pin 30)
12 F4 I/O 88 MOUT[9] DIO (pin 31)
14 G3 I/O 89 MOUT[8] DIO (pin 32)
17 G4 I/O 92 MOUT[7] DIO (pin 33)
19 H3 I/O 94 MOUT[6] DIO (pin 34)
20 G2 I/O 95 MOUT[5] DIO (pin 35)
32 K2 I/O 0 MOUT[4] DIO (pin 36)
36 L4 I/O 3 MOUT[3] DIO (pin 37)
34 L3 I/O 2 MOUT[2] DIO (pin 38)
33 L1 I/O 1 MOUT[1] DIO (pin 39)
38 M2 I/O 5 MOUT[0] DIO (pin 40)
200 C5 I/O 72 FDI7 DIO (pin 9)
6 C2 I/O 83 FDI6 DIO (pin 10)

199 A4 I/O 71 FDI5 DIO (pin 11)
189 A7 I/O 64 FDI4 DIO (pin 12)
203 A3 I/O 74 FDI3 DIO (pin 13)
206 A2 I/O 77 FDI2 DIO (pin 14)
204 B3 I/O 75 FDI1 DIO (pin 15)
5 B1 I/O 82 FDI0 DIO (pin 16)
88 P11 I/O 40 ALE DIO (pin 41)
37 M1 I/O 4 ALF DIO (pin 42)
83 P10 I/O 35 FE DIO (pin 43)
41 M4 I/O 7 FF DIO (pin 44)
196 A5 I/O 69 FIFORD DIO (pin 5)
194 B6 I/O 68 FIFOWR DIO (pin 6)
136 H16 TDO TDO (JTAG out) DIO (pin 4)
29 K3 TMS TMS DIO (pin 18)
28 J2 TCLK TCK DIO (pin 46)
99 S15 !RST !TRST DIO (pin 23)
26 J4 BSCAN BSCAN DIO (pin 24)
72 R7 TOE TOE DIO (pin 48)
198 B5 I/O 70 STROBE DIO (pin 8)
205 C4 I/O 76 SELECT1 DIO (pin 19)
10 D2 I/O 87 SELECT0 DIO (pin 20)
207 D4 I/O 78 FWR DIO (pin 21)
4 E3 I/O 81 RST DIO (pin 22)
40 N1 I/O 6 Calibrate DIO (pin 45)

Table4.3: Signalsconnectingthe ispLSI6192FFinterfacechip to the digital I/O (DIO) 50-pinconnector,
andtheircorrespondingpin numbers.



pin PGA ispLSIname signalname description
193 A6 I/O 67 FDI8 DIO (B) (pin 48)
186 A8 I/O 61 count1Out DIO (B) (pin 46)
183 A9 I/O 59 CLK OUT DIO (B) (pin 44)
179 B10 I/O 56 SCLK DIO (B) (pin 42)

Table4.4: Signalsconnectingthe ispLSI6192FFinterfacechip to the auxiliary I/O (DIO) area,and the
correspondingpin numbers.Thesepins areexpectedto be usedto probediagnosticsignals;no physical
headeris connectedto theboardin thisarea.

pin PGA ispLSIname signalname description
27 J1 TDI TDI JTAG input from lastfilter
64 P6 I/O 26 ADCDOUT[0] ADC #1(pin15)
68 R6 I/O 30 ADCDOUT[1] ADC #2(pin15)
90 R12 I/O 42 ADCDOUT[2] ADC #3(pin15)
175 C10 I/O 53 ADCDOUT[3] ADC #4(pin15)
188 B8 I/O 63 ADCCSBAR !CSto all ADCs(pin 18)
184 B9 I/O 60 ADCSSTRB SSTRBfrom all ADCs(pin 16)
187 D8 I/O 62 SCLK SCLK to all ADCs(pin 19)
182 D9 I/O 58 ADCIN DIN to all ADCs(pin 17)
24 J3 Y1 CLK IN clockchipoutput
78 P9 Y2 CLK2 IN connectedto CLK OUT
190 C7 I/O 65 CALflt all ispPAC10and20Calibrate
192 D7 I/O 66 MSELflt filter ispPAC20muxselect
65 R5 I/O 27 ENSPIflt filter ispPAC10and20ENSPI
55 S1 I/O 19 ENSPIpmp preampENSPI(pin 4)
58 R3 I/O 21 MSELpmp preampMSEL (pin 5)
60 S3 I/O 22 PCpmp preampPC(pin 21)
62 R4 I/O 24 NCSpmp preamp!CS (pin 22)
63 S4 I/O 25 DMODEpmp preampDMODE (pin 24)
124 L16 FIFO 9 FDO0 preampDAC datain lsb (pin 32)
125 L17 FIFO 10 FDO1 preampDAC datain (pin 33)
127 K16 FIFO 11 FDO2 preampDAC datain (pin 34)
129 K17 FIFO 12 FDO3 preampDAC datain (pin 35)
130 J14 FIFO 13 FDO4 preampDAC datain (pin 36)
131 J17 FIFO 14 FDO5 preampDAC datain (pin 37)
132 J16 FIFO 15 FDO6 preampDAC datain (pin 38)
133 H15 FIFO 16 FDO7 preampDAC datain msb(pin 39)
134 H17 FIFO 17 (unconnected)
44 N3 I/O 10 (unconnected)
49 P3 I/O 14 (unconnected)
201 B4 I/O 73 (unconnected)
15 E1 I/O 90 (unconnected)

Table4.5: Signalsconnectingthe ispLSI6192FFinterfacechip to therestof theBioSonarfrontendboard,
andtheircorrespondingpin numbers.



pin PGA ispLSIname signalname description
61 Q6 I/O 23 MIN[1] filter channel1 digital output
56 Q5 I/O 20 MIN[2] filter channel2 digital output
53 Q4 I/O 17 MIN[3] filter channel3 digital output
51 P4 I/O 15 MIN[4] filter channel4 digital output
52 R2 I/O 16 MIN[5] filter channel5 digital output
48 Q2 I/O 13 MIN[6] filter channel6 digital output
47 Q1 I/O 12 MIN[7] filter channel7 digital output
54 Q3 I/O 18 MIN[8] filter channel8 digital output
43 P1 I/O 9 MIN[9] filter channel9 digital output
45 P2 I/O 11 MIN[10] filter channel10digital output
84 R10 I/O 36 MIN[11] filter channel11digital output
82 S10 I/O 34 MIN[12] filter channel12digital output
80 R9 I/O 33 MIN[13] filter channel13digital output
79 S9 I/O 32 MIN[14] filter channel14digital output
86 Q11 I/O 38 MIN[15] filter channel15digital output
69 P7 I/O 31 MIN[16] filter channel16digital output
66 Q7 I/O 28 MIN[17] filter channel17digital output
67 S5 I/O 29 MIN[18] filter channel18digital output
96 Q13 I/O 46 MIN[19] filter channel19digital output
97 R14 I/O 47 MIN[20] filter channel20digital output
95 S14 I/O 45 MIN[21] filter channel21digital output
94 R13 I/O 44 MIN[22] filter channel22digital output
92 S13 I/O 43 MIN[23] filter channel23digital output
89 S12 I/O 41 MIN[24] filter channel24digital output
87 R11 I/O 39 MIN[25] filter channel25digital output
85 S11 I/O 37 MIN[26] filter channel26digital output
181 A10 I/O 57 MIN[27] filter channel27digital output
177 A11 I/O 55 MIN[28] filter channel28digital output
176 B11 I/O 54 MIN[29] filter channel29digital output
172 B12 I/O 51 MIN[30] filter channel30digital output
171 A13 I/O 50 MIN[31] filter channel31digital output
170 C11 I/O 49 MIN[32] filter channel32digital output
169 B13 I/O 48 MIN[33] filter channel33digital output
173 D11 I/O 52 MIN[34] filter channel34digital output

Table4.6: Signalsconnectingthe ispLSI6192FFinterfacechip to the filterbankchannelsingle-bitdigital
outputs,andtheir correspondingpin numbers.



in
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themodein which thesepinsareusedasFIFO outputs,not inputs.Thepin marked“(unused)”wasnot
requiredby theschematic,althoughit is availablefor generalpurposeoutput.Pinsmarked“(unconnected)”
aretheremaininggeneral-purposeI/O ontheispLSI6192FF. Thesepinsareunconnecteddueto boardlayout
errorsandcutsmadefor rewiring, andshouldnotbeused.



4.3
k

The DIO Interface

From the standpointof any back-endhardware, the DIO interfaceis simply a collectionof pins, mostof
which canbeprogrammedeitherasinput or outputon theispLSI-6192FFfor any purposewhatsoever, but
with a few pins reserved for useby the JTAG programming.Figure4.6 shows the 50-pinconnector. For
usewith arbitraryback-endhardware,Figure4.6 (a) highlightswhich pins (correspondingto Figure4.3)
areavailablefor general-purposeI/O throughtheispLSI-6192interface,andwhichpinsarereservedfor the
JTAG interfaceandfor power, andwhichpinshave noconnections.
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Figure4.6: TheDIO 50-pininterface(genericpin names).

On thecomputerendof thesystem,thesoftwaredriver programaccessestheBioSonarboardthrough
the50-pinconnectorat theinput of thedualFIFO board.WhenthedualFIFO boardis connectedbetween
thecomputerandtheBioSonarboard,many interfacepinsbecomereservedfor useby thetwo FIFO chips
(datalines andthe FIFO read/writecontrols). Someof the remaininginterfacelines simply passthrough
the FIFO boardunchanged.However, other lines arerearrangedasthey passthroughthe FIFO boardto
accomodatethe vagariesof the 82C55portson the CIO-DIO48 interfaceto the computer. Figure4.6 (b)
shows whatsignalsandispLSI-6192FFgeneral-purposeI/O pinscanbeaddressedfrom softwarewith the
FIFOboardin place.Thenumberingof thepinsin thisfigurematchthepin numbersontheBioSonarboard,
showing how thepinsarerearrangedby thewire-wrappedjumperson theFIFO board.Thesoftwaredoes
not addressthe interfaceby pin number, however, but by referenceto the two 82C55interfacechipsand
their ports(A, B, andC, 8 bits each). Figure4.6 (c) mapsthe 82C55portsof the CIO-DIO48 interface



to the 50-pin connector. This mappingis reproducedfrom the MeasurementComputing,Inc. (formerly
ComputerBoards,Inc.) PCI-DIO96Digital Input/OutputUser’s Manual (Rev. 2, Nov. 2000). The82C55
portsaregroupedin bytesandeachbytemustbeconfiguredin softwareto be(exclusively) aninputportor
anoutputport,exceptfor port C which is split into high andlow nybblesCH andCL, respectively, eachof
which maybeselectedindependentlyfor input or output. PortC canbeaddressedbit-wiseusinginternal
82C55commands,makingthis theproperport to usefor outputcontrolsignals,which mustbeprohibited
from glitching. PortsA andB aremoreappropriatefor databuses,whichcanbeaddressedasa singlebyte
or word, andinput signals,whereglitching is not a problem.Theseconsiderationsleadto thegroupingof
theJDECsignalsat positionscorrespondingto port C of the82C55devices,similarly for FIFO read/write
lines,andthegroupingof FIFO databusesto fit in a singleport A or B. To theright of eachconnectorin
thedrawing is marked theport andanindicationasto whetherthatport mustbeconfiguredasaninput or
anoutputport, or maybeeither. Here,“input” and“output” arerelative to thecomputer:“input” signals
areproducedby theBioSonarfrontendor FIFO boardandcapturedby thecomputer;“output” signalsare
producedby the computerandcapturedby theFIFO boardor BioSonarfrontendboard. The insertionof
theFIFO boardconstrainsall of theports,andthereforeconstrainsthedirectionof pin signalson all of the
accessibleI/O pinson theispLSI6192interfaceFPGA.

Figure4.7showsthesameview asFigure4.6,exceptwith all thegeneral-purposeI/O labeledaccording
to theirdesignationin theschematic(Figure4.4)for usewith thecurrentinstantiationof theJDECprogram
for the ispLSI-6192(file expt.jed), the bidirectionalFIFO board,and the applicationprogramfilter -
bank. Figure4.7 (b) thereforeis theview of theBioSonarsystemasseenby thefilterbank software.The
mappingof signalnamesin Figure4.7 (b) to 82C55portsin Figure4.7 (c) exactly matchesthedefinitions
in thefilterbank sourcecode(file defines.h). Thedirection(“input” or “output”) requiredoneachport
matchesthemodessetby thefilterbank program.

It is very importantto understandthe differencebetweenthe pin orderingandlabelingasseenby the
software,andasseenby thehardware. Admittedly, therearrangementat theFIFO boardmakesthis espe-
cially confusing,but thisis aresultof switchingbetweeninterfaceboardswith differentpin correspondences
for the82C55chips,which precipitateda wholesalerearrangementof signals.Therearrangementis done
asmuchaspossiblein the firmwareof the ispLSI-6192,but dueto the necessityof having a numberof
hardwiredsignals,therestof therearrangementis doneon thedualFIFOboarditself.
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Figure4.7: The DIO 50-pin interface(signalnamesspecificto the currentinstantiationof the interface
firmwareandsoftware).



4.4
k

The ispPAC-10 filterbank

Thefilterbankdiffers from theinterfacechip in thattheconfigurationbits areknown, andall configuration
canbedetermined“on thefly” by theapplicationprogram.In spiteof theeaseof programmingthevarious
high-level configurations,it is helpful to understandhow thefrontendprintedcircuit boardis wiredandhow
thisaffectswhatcanandcannotbeprogrammedinto theispPAC chips’configurationmemory.

Internalconfigurationdiagramsin Figures4.8,4.10,4.12,and4.14follow theconventionof theLattice
PAC-DesignersoftwareandtheispPAC chipdatasheets.Differentialsignalsareagainshown assinglewires
exceptwherebrokenout at the input/outputpins. Programmableconnectionsareshown in red. Wiring on
theprintedcircuit board,externalto theispPAC chips,is indicatedin green.

Figure4.8shows thestandardimplementationof a biquadraticfilter in theLatticeispPAC architecture,
usingtwo “PAC blocks.” Thearrangementproducesboththe2nd-orderbandpassor the2nd-orderlowpass
functions,oneateachoutput,asshown. Theexactfunctionproducedis

�B� ( � �L���H�������� ��� �Y1.� kΩ � ��� �:� �Y1.� kΩ �
with resonance ��( � � �� � �L���H�����
for thebandpass,andunity-gainamplitude �

DC (�" �L���� ���
for the2nd-orderlowpass.SeetheLatticeSemiconductorapplicationnoteonbiquadfilters for details.Both�a� and � arefunctionsnotonly of thecapacitorvalues,but alsoof theinstrumentationamplifiers’(integer)
gains. Knowing the availablecapacitorvalueson the Lattice chips,an algorithmwhich searchesfor the
closest�a� and � valuesto a given target functionover

�L��� (�*,�.-/��4 and
����� (�*,�.-/��4 will alwaysfind a

solutionwithin 1%for bothparameters.
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Figure4.8: ispPAC-10schematicof agenericbiquadfilter.



Thelayoutof theBioSonarprintedcircuit boardessentiallyrestrictstheuseof theispPAC-10devicesto
threemainfilterbankconfigurations(othersarepossible,but unlikely to beof muchuse):

1. Parallel

2. Cochlear

3. Parallel/Cascade

Eachof theseconfigurationsis describedin detailin thesectionsbelow.

4.4.1 Parallel Filterbank Configuration

Theprimaryfilterbankconfiguration,andtheonly oneextensively testedandknown to work asadvertised,
is theparallelbandpassfilterbank. In this configuration,eachfilter channelreceivesthesameinput (from
thepreamplifieroutput).Eachchannelis formedfrom two 2nd-orderbiquadbandpassfilters, in series,each
with thesamecenterfrequency andsameresonance( � ). The seriescombinationof thefilters effectively
createsa singlefilter with a 4th-orderresponse,andan effective � which is theproductof the individual
filter � values.

Theuseof thesamevalue �a� and � for eachof thetwo filters in seriesis not a necessity, but wasdone
for simplicity. An alternative methodusingthe sameconfigurationmight split the frequenciesof the two
filters,creatinga responsewhich is widerbut flatter(moreuniformthroughthepassband).

4.4.2 CochlearFilterbank Configuration

The purposeof the cochlearfilterbankconfigurationis to mimic the signalprocessingof the mammalian
cochlea.A simpleone-dimensionalsimplifiedmodelof basilarmembranemechanics(describedin detail
in Carver Mead’s Analog VLSIandNeural Systemsconsistsof a linearcascadeof 2nd-orderlowpassfilter
sections,startingat thehigh frequency end,with thesignalmoving throughsuccessive filtering operations
to thelow frequency end.The2nd-orderlowpassfunctionrequiresa � which rangesfrom �¡ ,¢ £¥¤�¦L§©¨_¦,¨
(maximally flat response)upward. The cumulative effect of cascadingthe filters is to multiply together
thefrequency responseof eachfilter betweenthesignalinput andthe tappedoutput. Any gain larger than
0dB causesa “pseudoresonance”which is larger thanthe � of any onefilter. The sizeof thepseudores-
onancedependson the spacingof the cutoff frequency of eachfilter. For the pseudoresonanceto remain
roughlyconstantover thelengthof thefilterbank,thecutoff frequenciesof thefiltersshouldbeplacedon a
logarithmic,not linear, spacing.

In this configuration,thereare68 filter sectionsin thecascade,with anoutputtapat every otherfilter
output.

4.4.3 Parallel/CascadeFilterbank Configuration

Theone-dimensionalsignalmodelof basilarmembranemechanicsis known to havestabilityproblems,and
also lacksa high passfilter function to knock off the lower endof the frequency response(in the above
configuration,this can be donein the ispPAC-20 which follows eachfilter output,but this also restricts
the functionswhich canbe implementedin the ispPAC-20). Oneway to getaroundthe stability problem
is to implementthecascadeusing1st-orderlowpassfilters (which areinherentlystable,even cascadedin
arbitrarynumbers),andboosttheoutputateachtapusingabandpassfilter, whichalsoknocksout theunity-
gainresponseon thelow sideof thecutoff frequency. This modelretainstheadvantagefrom thecochlear
modelthatthehigh-endcutoff getsmultipliedby 6dB/decadeat eachstage,creatinga very sharpresponse
only a few tapsinto the filter. The frequency spacingdoesnot needto be on a logarithmicscale. The



important
ª

thing is theplacementof thebandpasscenterfrequency with respectto thecascade.Becausethe
frequency responseof thecascadeis themultiplicationof theresponseof eachfilter goingfrom thetapback
to theinput,the3dB cutoff frequency of thetotal responseis shiftedsignificantlydownwardwith respectto
the3dB cutoff of thelastfilter in thecascadebeforethetap.

Thisconfigurationcannotbeusedasacochlearmodelbecause,to makeall threeconfigurationspossible,
it wasnecessaryto requireasingle“PAC-block” for thelowpassfilter, from whichonly a1st-orderresponse
canbeelicited.Theresponseis actuallyafirst-ordercascade,tappedateachsegment,with eachtapfollowed
by a 2nd-orderbandpassfunction andthenfollowed by onemore1st-orderlowpassfunction. While the
simplecurrentimplementationsetsthecutoff of this final filter ashighaspossibleto have a minimaleffect
on the signal,it canbe usedin conjunctionwith the bandpassfilter to createa bandpassresponsewith a
slightly steepercutoff on thehighendof thecenterfrequency.

4.4.4 Filterbank Details

Figure4.15shows thehardwiredconnectionsinto theispPAC-10andispPAC-20which form oneof the34
filterbankchannelson theboard.All 34 channelsareconnectedin thesameway. Pinslabeled“1I”, “2I”,
“3I”, and“4I” aredifferentialanaloginputs,andpinslabeled“1O”, “2O”, “3O”, and“4O” aredifferential
analogoutputs. Wires aredrawn assinglelines in keepingwith the Lattice PAC-Designersoftware’s no-
tation,but notethat eachanalogsignalis differentialandcarriedon two lines. The input labeled“Input”
comesfrom thepreamplifieroutputandis appliedto all filters in parallel. All otherinputscomefrom the
previousfilter andoutputsgo to thenext filter in aserialchain.Thesequenceof filters in theserialchainis
definedby theseconnections.Thenumberingof filters is givenin Figure4.16.

Thenumberingof thefilters is unimportantin theparallelconfiguration,but thatit is critical for thecas-
cadedconfigurations.In addition,cascadedconfigurationsmusthavethehighandlow endsof thefrequency
rangein theindicatedpositions.

4.5 The ispPAC-20 analogsignalprocessors

Thefilter outputsof eachchannel(tap)passto aLatticeispPAC-20chipfor simplepost-processing.Thecon-
figurability of the ispPAC-20chip enablesnumeroususefulpost-processingfunctions,includingfull-wave
rectification,half-wave rectification,envelopecapture,nearest-neighborvaluesubtraction,zerocrossingde-
tection,thresholding,andoffsetcorrection.Thechanneloutputcanbecapturedasananalogvoltagevalue
convertedto a12-bitwordby theMaximMAX1202ADC chips,or it canbecapturedasasinglebit (namely,
a comparatoroutput,aswould betheresultof a thresholdingor nearest-neighborcomparison),with all 34
channelsreadin parallel.

Figures4.10,4.12,and4.14all show theconfigurationmapfor theispPAC-20chip, in keepingwith the
notationof thePacDesignersoftwareandtheispPAC-20datasheet.Themappingshown correspondsto the
presentinstantiation,which is a full-wave rectificationandenvelopecaptureproducingananalogresult.

Full-wave rectificationrequirestheuseof oneof thecomparatorsandtheinput multiplexer on theIA4
inputamplifier. Whentheselectbit of thismultiplexer is logic high,themultiplexer swapsthe(differential)
inputsinto IA4, effectively negatingthe signal. The ispPAC-20 hasa modecalled“PC direct,” in which
this multiplexer is controlledby theoutputof comparatorCP1. By routing thefilter outputto thepositive
input of CP1,andconnectingthe negative input of CP1to the referencevoltage,CP1computesthe sign
of the filter output(notethat this signbit canbeuseddirectly for zero-crossinginformation). If thefilter
outputis selectedastheinput to amplifierIA4, andtheCP1outputcontrolsthesignof this input, thenIA4
seesa full-wave rectifiedversionof the filter output. The “PAC Block” of which IA4 is a part canthen
be usedasa 1st-orderlowpassfilter, or both “PAC Blocks” canbe usedasa 2nd-orderlowpassfilter, to
smooththerectifiedsignal,producinganestimateof thesignal’s amplitudeenvelope.Theoutputof thefirst



“PAC Block” (OUT1) is thesignalsuppliedto theADC input on theBioSonarboard. If thesecond“PAC
Block” is configuredfor a1st-ordersmoothingfilter, thenthefirst “PAC Block” maybeusedasanenvelope
comparatorby routing the input of amplifier IA1 to IN1, which is the smoothingfilter output(OUT2) of
the ispPAC-20 in thepreviousfilterbankchannel.Thenthefirst “PAC Block” computesthesubtractionof
theneighboringchannel’s amplitudeenvelopefrom its own channel’s amplitudeenvelope.Thesetupshown
in thefiguresgoesonestepfurtherby configuringthe multiplexer input to IA1 suchthat the valueof the
ispPAC-20 pin “MSEL” (signal“MSELflt” in the interfacecircuit schematic)controlswhetherthe output
seenby theADC is theamplitudeenvelopeof thechannelor thedifferencebetweentheamplitudeenvelopes
of neighboringchannels.Theinterfaceschematicof Figure4.4shows thatthiscontrolsignalis passedfrom
softwarethroughthe“SELECT1” signal.
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Chapter 5

Software

Themainprinciplebehindtheterm“ISP” (in-systemprogrammable)is thatchipswith trueISPcapability
canbe reprogrammedwithout requiringremoval from the applicationsystem.A typical applicationis to
updatefirmwarewith bug fixesor protocol changesand extensions. The BioSonarboardtakes the ISP
principle one stepfurther, to the extent that the systemconsistsalmostentirely of programmablechips
and can be reconfiguredto matchthe parametersof eachexperiment. When analyzingsonardata, the
BioSonarboardcan be reconfiguredto look at different frequency rangesand spacings,thresholdedor
sampledoutput,amplitudeenvelopesor zerocrossings,and different input and downsamplingrates,all
throughISPdownloads.Thedetailsof theISPinterfacearemostlyhiddenfrom theend-user;at thehighest
level, the end-usercanmerelyspecifythe rangeof frequenciesto observe, for instance.At a lower level,
the end-usercanmicro-managethe signal-flow by choosingwhich inputsget routedto which amplifiers
insidethe ispPAC chips. However, thesoftwaresetupencouragestheuseof a hierarchyof subroutinesto
ensurethattheprogrammablefeaturesof thesystemwhichareshown to theend-userareonashighalevel as
possible,andmeaningfulin thecontext of theapplication.Lettingtheenduserchoosethelow frequency and
high frequency boundsof thefilterbankis a usefulfunction; requiringtheenduserto determinecapacitor
valuesandfigureoutwhichchannelis thefirst andlastin thefilterbankis not.

Theapplicationprogramsuppliedwith thesystemhardwareis calledfilterbank andservestwo major
purposes.Thefirst is to actastheprogrammerfor theBioSonarsystem.filterbank canerase,reprogram,
andverify everyprogrammablechipon theboard.Thesecondfunctionis to operatetheboardin its digital-
input mode,whereinput to the boardis generatedfrom a datafile, andoutputfrom theboardis captured
andinterpretedby thecomputer. Becausethecomputer(runningLinux) is not a real-timesystem,it must
communicatewith theBioSonarboardthroughabidirectionalFIFObuffer; otherwiseit cannotkeepupwith
theinputandoutputdataratesof theboard.

5.1 Using the filterbank program to changethe firmwar e

Theusagestatementfor filterbank readsasfollows:

filterbank [jedecfile.jed] [generaloptions][programoptions— runtimeoptions]

[jedecfile.jed] is thenameof a JEDECbitstreamfile to beloadedto theispLSIchip; it defaultsto
“combo4.jed” andis ignoredif theispLSI is not programmedor verifiedaccordingto theoptions
set(seebelow).

[generaloptions]canbeany of thefollowing:
-diagnostic print all thebit streams
-verbose print all diagnosticinformation
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[programoptions]canbeany of thefollowing for programming:
-noLSI don’t do for theispLSIchip
-noPAC don’t do for theispPAC chips
-noDAC don’t do for theispPAC20onboardDACs
-LSIonly only do for theispLSIchip
-PAConly only do for theispPAC chips
-DAConly only do for theispPAC20onboardDACs
-verifyonly don’t program,only verify
-setvalues querynew valuesfor ispLSIcountersandFIFO

[runtime options]canbeany of thefollowing for dataprocessing:
-run put thesystemin runmode
-quiet don’t print to stderrduringrun
-offset Ò startprocessingat Ò bytesinto theinputfile
-attenuate Ò attenuateinputby factorof £_Ó
-length Ò downloadonly Ò bytesof theinputfile
-output filename usefilenamefor theoutputfile, ratherthanthedefault “data/channels.dat”

Theoptionsparsersearchesthecommandline for astarting‘-’ followedby key stringstakenfrom three
sets:1) no andonly; 2) verify, PAC, DAC, andLSI, and3) theremainingsingle-word options(run,
setvalue, quiet, verbose, andoutput. Only the presenceof thesestringsin the option word is
required,andall othercharactersareignored.Thus,-noLSI, -no LSI, and-LSI=no areall equivalent
options.Combinationno + verify is not allowed. Certainoptionswill combine,so-noLSI -noPAC
is equivalentto -DAConly, and-DAConly -PAConly doesnothing,asthesetwo optionsaremutually
exclusive.

As theusagestatementshows,programmingis split into threeparts.Oneof theseis for programmingthe
ispLSI6192FFinterfaceFPGAchip. Thispartis separatebecauseof thecomplexity of theLSI programming
method.Thesecondpartis for programmingall of theispPAC10andispPAC20chipsin parallel.Thethird
part is for programmingthe DAC valuesin all of the ispPAC20 chips. Becausethe currentsystemdoes
not make useof thefilter DACs,thethird functionis not required.However, the ispPAC20chipscouldbe
setup suchthat the negative input to comparatorCP1wasattachedto the internalDAC outputinsteadof
the referencevoltage,andthenthe DACs could be usedto trim offset errorsin the channeloutputs. The
DACscanalsobeusedto setthresholdvaluesfor amplitudethresholding.Currently, theparametersof the
filterbankarehard-codedinto thesource,sochangesto the filterbanksetuprequirechangesto the source
codeandrecompilation.

5.1.1 ExampleUses

Thefollowing areseveralexampleusesof the“filterbank” programfor firmwareprogramming.

filterbank -PAConly
Programthefilterbankandpreamplifierasdefinedin thesourcecode.

filterbank -PAConly -verifyonly
Verify thatthefilterbankconfigurationmatchestheconfigurationdefinedin thesourcecode.

filterbank -LSIonly data/expt.jed
Programthe ispLSI6192FFinterfacechip with the bitstreamdatafound in the file “data/expt.jed”
(producedby ispDesignExpert).



filterbank -LSIonly -verifyonly data/expt.jed
Verify thatthecurrentinterfaceconfigurationmatchesthedatain thefile “data/expt.jed”.

filterbank -LSIonly -sevalues data/expt.jed

Using JEDEC file "data/expt.jed"
JEDEC file [data/new.jed]:
Set counter/FIFO values:
Input rate [100000.0 Hz]:
Output rate [10000.0 Hz]:
FIFO ALE level [12.3%]:
FIFO ALF level [87.5%]:
Wrote file "data/new.jed" with new values.

This is theonly commandthatdoesnotcommunicatewith theBioSonarboard.Its purposeis to alter
severalbit subsquencesof theispLSI6192FFJEDECfile whichhaveafixedpositionandpurpose.The
built-in registerandFIFOmodulesof theispLSI6192FFarchitecture,unlike therestof theFPGA,are
not built from genericmodules,andtheir configurationbits occupy a fixedpositionin theJTAG data
stream.Fixed-positionconfigurationbit sequencesincludethepresetcountervaluesfor theT4R4CPV
register/counter(seeFigure4.5)andpositionsof theALE (“almostempty”) andALF (“almostfull”)
flagson thebuilt-in FIFO.Becausethecountervaluesrepresenttheinputandoutputdataratesof the
BioSonarsystem,it is moreconvenientto programthemassuch,andhave the computercalculate
whatcountervaluesareneeded.This call to “filterbank” displaysthe interactive input shown above,
promptingfor the valuesof the input datarate,outputdatarate,and FIFO flag positions. It then
generatesanoutputfile “data/new.jed” with thealteredconfigurationdata,andexits.

5.2 Using the filterbank program to processdata

The currentinstantiationof the filterbank run-timecodeis designedfor digital input andanalogoutput
convertedto 12-bit digital words.Theinput comesfrom threedifferentBioSonardatasets.Oneof theseis
the“LFM” dataset,with a samplerateof 256kHz, andtheothertwo arethe“Expt” and“BOSS” datasets,
both with a samplerate of 100kHz. “LFM” containsdatafrom pinging six buried objects,underwater,
with sonarpingsproducedat 5-degreeintervals on a circle aroundthe object,for a total of 72 recordings
of sonarbackscatterfor eachof the objects. “Expt” containsfive objectswith multiple (but nonuniform)
recordingstaken for each. The recordingshave beensplit arbitrarily into threesetsfor training, test,and
cross-validation. “BOSS” containstwo objectswith multiple (but nonuniform)recordingstaken for each.
Therecordingshave beensplit arbitrarily into threesetsfor training,test,andcross-validation.

5.2.1 Matlab Scripts Part 1

The“convert*.m” scriptswerewrittentoconvertthedatasetsasreceivedfromOrinconCo,Hawaii, from
binaryMatlabformatinto a simpleraw file (samplesonly, no header)for quick downloadsto theBioSonar
board.Althougheventsin eachdatasetcanbegroupedtogetherandprocessedin seriesin realtimefor speed
andeffictiency, thepresentsetof shellscriptsassumesoneinputfile perevent,whichis slowerbut simplerto
implement.Theoriginalfilesarerev pad LFM2.mat for theLFM dataset,Expt4 5ClassData.mat
for theExptdataset,andOCEANS2001 2Cl data.mat for theBOSSdataset.Thelasttwo of thethree
arein astructuredformatdesignedfor theBioSonarprogram,definingsix fieldsasfollows:



datasetname.trn
Trainingdatamatrix,no.events Ô samplesperevent

datasetname.test
Testdatamatrix,no.events Ô samplesperevent

datasetname.cv
Cross-Validationdatamatrix,no.events Ô samplesperevent

datasetname.t trn
Vector(length= no.events)of classtypesfor eacheventin thetrainingset

datasetname.t test
Vector(length= no.events)of classtypesfor eacheventin thetestset

datasetname.t cv
Vector(length= no.events)of classtypesfor eacheventin thecross-validationset

Outputof the“convert*.m” scriptsis a completesetof files namedtypem n.raw, wheretypecan
be oneof train, test, or cross, wherem is the classnumber, andn is the event numberwithin the
class. Theseraw files are placedin subdirectoriesnamedlfm data, expt data, andboss data,
correspondingto thethreedatasets.Someof theconvert scriptshave beenmisplacedor overwritten,but
any of themcanberegeneratedfrom theintactexamplescriptfor theBOSSdata,which is convert4.m.

5.2.2 Runtime Scripts

Althoughthesimplestway to operatethefilterbankis to issuethecommand
filterbank -run

thebestwayto handlelargedatasetsis throughscripts.Severalshell(csh)scriptsareprovidedfor handling
the“LFM”, “Expt”, and“BOSS” datasets.Theavailablescriptsaresummarizedin Table5.1

Below is anexamplescriptfor the“Expt” dataset,showing theloopoverall raw filesin theexpt data
subdirectory.

set i = 1
while ($i <= 5)

set j = 1
while (-f expt_data/train_${i}_${j}.raw)

filterbank -run -quiet -attenuate 8 \
-output expt_data/train_output_${i}_${j}.dat \
expt_data/train_${i}_${j}.raw

set k = $j
@ j++

end
echo Processed training class ${i}, ${k} members
@ i++

end
echo "Done with training set"

The-attenuate 8 option shifts the 16-bit input databy 8 bits to fit the 8-bit word written to the
FIFO and,ultimately, convertedto a differentialanalogvoltageandappliedto thefilterbankinput. This is
merelya formatconsideration,notgaincontrol.



Figures5.1and5.2show sampleinputsandoutputswritten to andreadfrom theBioSonarboardby the
abovementionedshellscript.
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Figure 5.1: Plot of an example sonar backscatter signal from the dataset ‘Expt’ (original
‘Expt4 5ClassData.mat’).

The input file format is binary, with 16-bit samples(2 bits per sample,low-orderbytefirst, or “little-
endian” format). The outputfile is ASCII, with outputvaluesin the range0–4096(the rangeof the 12-
bit ADC outputs),arranged32 valuesto a line, one for eachfilterbankchannel. Eachline representsa
successive time sampleof the output. Nominally, the ADC outputsshouldbe centeredaroundthe value
2500,correspondingto the common-modevoltageof the ispPAC devices,or a differential valueof zero
volts. Normally, thismeanvalueshouldbesubtractedoutof thedata.

5.2.3 Matlab Scripts Part 2

AdditionalMatlabscriptsreadtheprocessed(ASCII) outputfilesgeneratedby theshellscripts,andcreatea
Matlab.mat format(binary)file which is compatiblewith theMatlabsimulationsof thebackendsupport-
vectormachine(SVM) algorithm. Finally, otherscriptsgeneratea completedisplayof all processeddata,
whereeachevent is a colored2-dimensionalmapsuchasis shown in Figure5.2. Table5.1 lists thescripts
whichhandlevariousdatasets.

5.3 Customizingfilterbank

Thefilterbank programis only usefulif it canbealteredto matchthedemandsof a particularexperi-
ment,soit is critical to understandthesourcecodeandhow to modify it for customapplications.

This sectiondescribesthe softwareinterface,building up from the lowest-level calls to the high-level
descriptionof theapplicationprogramitself.
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Figure5.2: Plot of thecapturedoutputfor asingletrainingeventof dataset‘Expt’.

Binary data file creation
Script Dataset Subset
create frontend LFM2.mat N/A
create frontend cv.m Expt4 5ClassData.mat Cross-Validation
create frontend test.m Expt4 5ClassData.mat Testing
create frontend train.m Expt4 5ClassData.mat Training
create boss cv.m OCEANS2001 2Cl data.mat Cross-Validation
create boss test.m OCEANS2001 2Cl data.mat Testing
create boss train.m OCEANS2001 2Cl data.mat Training

Data display
Script Dataset Subset
show frontend.m LFM2.mat N/A
show frontend2.m (others) (all)

Table5.1: Matlabscripts



5.3.1 CIO-DIO96 Dri ver

On the lowestlevel is the CIO-DIO96driver. Any of the following list of MeasurementComputing,Inc.
digital input/outputboardsarecompatibleandmaybeusedwith thedriverandwith theapplicationprogram:

CIO-DIO48 CIO-DIO48H CIO-DIO96
CIO-DIO96H CIO-DIO192 CIO-DIO192H
PCI-DIO48H PCI-DIO48H/CTR15 PCI-DIO96H
CPCI-DIO48H CPCI-DIO48H/CTR15 CPCI-DIO96H

Thefollowing boardsarenotcompatible:

(notenoughinterfacepins) (differentpin arrangementon50-pinconnector)
CIO-DIO24 NICB-DIO96
PCI-DIO24
PCI-DIO24H
CPCI-DIO24
CPCI-DIO24H

Thedriverprogramcanbefoundin sourcedirectoryCIO-DIO96 andconsistsof aLinux kernelmodule
dio96.o andaheaderfile to beincludedin any sourceusingthemodule,dio96.h. In addition,executing
“make” createsoneUNIX characterdevice for each82C55chipon theDIO board:

\def\dio\AP
\dev\dio\BP
\dev\dio\CP
\dev\dio\DP

The devicesallow read() andwrite() calls to eachdevice to readthe 82C55portsA, B, andC
individually or at once.However, theusualmodeof operationis to make ioctl() calls to thedevice to
set,clear, or read8-bit portsor singlebits without disturbingtheotherports. Theioctl callsaredefinedin
thedio96.h headerfile.

SET MODE
GET MODE
SET p
GET p
SET pn
CLR pn
GET pn

wherep is oneof thethreeports“A”, “B”, or “C”, andn is abit numberfrom 0 to 7. Bitwisecommands
takenoargument(argumentis NULL). TheSET MODE commandtakesanargumentwhichis definedin the
headerfile:

OUTPUT
CNTL A
CNTL B
CNTL CH
CNTL CL



Themodeof eachport is setto outputby default (OUTPUT = 0). Modesneedto beexplicitly declared
asinputby ORingtogetherthemodesfor theindicatedchannels.For example,theC languagecall

ioctl(AP, SET MODE, CNTL A | CNTL CH);

Would setthemodeof 82C55chip “AP” for port A input, port B output,port C upperfour bits input,
andportC lower four bitsoutput.

Thedriver methodsencourageuseof preprocessordefinitionsto make theapplicationprogramsource
codemorereadable.Also, it encouragestheuseof otherpracticesto increasereadability, suchasthenaming
of file pointersto opendevicesto matchthedevice name:

int AP = open("/dev/dio/AP", O RDWR);

Preprocessordefinitionsarecollectedin file “defines.h”. Becausethedefinitionshidetheport des-
ignationsfor signals,it is usefulto alsodefinethe82C55mode(inputor outputdirectionof eachport)within
thefile:

/* Define I/O modes for channels A and B */
#define AP_MODES CNTL_CL | CNTL_A | CNTL_B

suchthattheapplicationprogrammakesacall whichhidesthedetails:

ioctl(AP, SET MODE, AP MODES);

Individual bit linesaredefinedsuchthat thesourcecodecalls themby signalname,not by port desig-
nation:

#define SET_MSEL(a) ioctl(BP, ((a) == 0) ? CLR_C1 : SET_C1, NULL)
#define GET_TDO(a) ioctl(AP, GET_B0, &a)
#define GET_FLAGS(a) ioctl(AP, GET_C, &a); a &= 0x0f
#define COMP_WRITE_DATA(a) ioctl(BP, SET_A, a)

The above four calls representbit-wise set,clear, andread,andbyte-wisereadandwrite operations.
Hardwarechangesto theinterfacewhichchangepinpositionsaremanagedbyeditingthefile “defines.h”
only.

A few definitionscombinemultiple signaloperationsinto a singlecommand. This ensuresthat the
propersequenceof signalsis definedwhereit is lesslikely to beaccidentallychangedby programmodifi-
cations:

#define TCLOCK ioctl(AP, SET_C6, NULL); \
ioctl(AP, CLR_C6, NULL)

#define compwritevalue(v) COMP_WRITE(0); COMP_WRITE_DATA(v); \
COMP_WRITE(1)

Thefirst definitiondefinesacommand“TCLOCK” whichpulsestheJTAG TCK line (setoperationfol-
lowedby a clearoperation).TheseconddefinesaFIFO write operationby droppingtheWR line, applying
8 bitsdata,thenraisingtheWR line.



5.3.2 JTAG Calls

The JTAG interface is too complicatedto be explainedin detail here; a good descriptionof the JTAG
interfaceusedfor ispPAC chip programmingcanbe found in the Lattice SemiconductorispPAC-10 and
ispPAC-20 datasheets.JTAG operationsare built up in hierarchicalfashion,startingat the lowest level
andworking up to high-level chip programmingfunctions.For clarity, theselayersaredefinedandwill be
referredto asfollows:

1. Hardware Layer: 82C55ports;directaddressingto thehardwarethroughmachineinstruction‘inb’
and‘outb’ calls.This layeris written into thedriver.

2. Dri ver Layer: Low-level UNIX protocol:open(),close(),read(),write(), andioctl() calls.

3. Signal Layer: Definition layerwhich hidesthedetailof ioctl() callsbehindsignalnamesrelevant to
theapplication.

4. StateMachine Layer: Direct implementationof theJTAG statemachineusingSignalLayercalls

5. Instruction Layer: Implementationof JTAG instructions

6. DeviceLayer: Implementationof thesetof instructionsfor aparticulardevice.

7. Application Layer: The overall applicationcalls the JTAG Device Layer commandsto program
devicesin thesystemto performspecifictasks.TheentireJTAG interfaceis hiddenfrom theend-user
by this layer.

TheJTAG interfaceis definedin theC sourcefile common.c, containingroutinescommonto all of the
BioSonarboardprogrammablechips. Operationof theJTAG statemachineis carriedout by SignalLayer
callsto setandclearthefiveJTAG controlanddatabits. Thedefinitionsfor thesebitsareasfollows:

#define SET_TMS(a) ioctl(BP, ((a) == 0) ? CLR_C6 : SET_C6, NULL)
#define SET_RST(a) ioctl(BP, ((a) == 0) ? CLR_C5 : SET_C5, NULL)
#define SET_TDI(a) ioctl(AP, ((a) == 0) ? CLR_C5 : SET_C5, NULL)
#define GET_TDO(a) ioctl(AP, GET_B0, &a)
#define TCLOCK ioctl(AP, SET_C6, NULL); ioctl(AP, CLR_C6, NULL)

Theexactsequenceof thesesignalsneededto move aroundtheJTAG statemachinearehiddenbehind
theStateMachineLayerfunctions:

void HardReset()

hardware-initiatedresetusingtheTRSTsignal.

void SoftReset()

software-initiatedresetusingthestatemachine.

void Idle()

Move from any stateinto theidle state.

void Pause To Idle()

Move from thepausedstateinto theidle state.

void Init Data()

Preparefor datasend(datafollows).



void Init Instruction()

Preparefor instructionsendon ispPAC device (instructionfollows).

void LSI Init Instruction()

Preparefor instructionsendon ispLSIdevice (instructionfollows).

Noneof theStateMachineLayercallstakesany argument;they aresimplysequencesof appliedSignal
Layercalls(TMS andRSTsignalsandpulsesof TCK). TheStateMachineLayercallsarebundledinto the
InstructionLayercallsfor readingandwriting theLatticedevices(foundin file common.c for ispPAC-10
andispPAC-20 operations,file ispDAC.c for operationson the ispPAC-20 DAC configuration,andfile
ispLSI.c for ispLSI6192FFoperations).

Most InstructionLayer andDevice Layer calls requirea parameterchain types. This is an inte-
ger arrayof sizeCHAIN TOTAL which containsthe ID numberof eachchip in the JTAG chain. For the
BioSonarboard,CHAIN TOTAL is 70(34ispPAC-10chips,34ispPAC-20chipsin thefilterbank,1 ispPAC-
20 chip for thepreamplifier, and1 ispLSI6192FF).Chip ID’s aretheID numbersreturnedby eachchip on
aQueryID command(hex 0x100for the ispPAC-10,hex 0x111for the ispPAC-20,andhex 0x32for the
ispLSI6192FF).Thesubroutinesusethisdevicearrayinformationto addressor bypassspecificchipsin the
JTAG chain.

void Instruction(int *chain types, uchar inst)

Apply ispPAC instructionvalueinst

void DACInstruction(int *chain types, uchar inst)

Apply ispPAC DAC instructionvalueinst

void LSIInstruction(int *chain types, uchar inst)

Apply ispLSI-6192instructionvalueinst

void Capture(int bits, int lastbit, uint *rval)
Readbits bits (up to 32) from theJTAG TDO line. If lastbit is reached,exit theJTAG
readcycle. Resultis placedin unsignedintegerpointedto by rval.

void CaptureStream(uint *bitstream, int ssize)
Readssize bits from the JTAG TDO line, placing the result in the unsignedinteger array
pointedto by bitstream.

void CaptureIDStream(uint *bitstream, int ssize, int LSIcount, int
*chain types)

Readssize bits from the JTAG TDO line, placing the result in the unsignedinteger array
pointedto by bitstream. LSIcount is thenumberof ispLSI chipsin thechain types
array. This is differentfrom CaptureStream() becausetheispLSIchipsdonot provide an
ID codein thesamemannerastheispPAC chipsandmustbebypassed.

uint Write(int bits, int lastbit, uint testword, uint *rval)
Writebits bits(upto 32)to theJTAG TDI line. Bits aretakenfromtestword. If lastbit
is reached,exit theJTAG write cycle. JTAG write operationspassthroughthechainandcanbe
capturedatTDO for verification,soTDO is readbeforeeachbit is written,andtheresultstored
in rval asit is donefor theCapture() instruction.

void WriteStream(uint *bitstream, int ssize, uint *rval)
Write ssize bits to the JTAG TDI line, using the bits storedin the unsignedinteger array
bitstream. The TDO result is readbeforeeachbit write andthe result is returnedin the
unsignedintegerarrayrval.

Thefull JTAGinstructionsetusedbyall of theLatticechipsontheBioSonarboardis shown in Table5.2.



Instruction Value Description
GenericJTAG deviceinstructionset
EXTEST 0 Externaltest.Default to BYPASS
SAMPLE 30 Sample/Preload.Default to BYPASS
BYPASS 31 Bypass(connectTDI to TDO)
ispPAC devicevalid instructionset
ADDUSR 1 AddressUserdataregister
UBE 2 Userbulk erase
VERUSR 3 Verify Userdataregister
PRGUSR 4 ProgramUserdataregister
IDCODE 13 ReadIdentificationdataregister
ENCAL 16 EnableCalibrationsequence
ispPAC20deviceextendedinstructionset
DBE 17 DAC bulk erase
VERDAC 18 Verify theDAC register
PRGDAC 19 ProgramtheDAC register
ADDDAC 20 AddresstheDAC register
ispLSIdevicevalid instructionset
SHIFT ADDRESS 1 Enableaddressshift register
SHIFT DATA 2 Enabledatashift register
LSI IDCODE 21 Get8-bit ID Codeof device
LSI BYPASS 14 Bypass(connectTDI to TDO)
ERASEALL 16 Enableaddressshift register
PROGRAM LOW 8 Programlow orderbits
PROGRAM HIGH 7 Programhighorderbits
VERIFY LOW 11 Verify low orderbits
VERIFY HIGH 10 Verify highorderbits

Table5.2: Tableof all instructions



TheDeviceLayercallsbundletheInstructionLayercommandoperationsinto large-scalefunctionssuch
asprogrammingachipor verifying aprogram:

int QueryIDCode(int *chain types, uchar quiet mode)
ChecktheID codereturnedby every ispPAC chip on theboard.Returns¦ on successand ÕÖ�
on failure. If quiet mode is nonzero,nooutputis generated.

int QueryLSI ID(int *chain types uchar quiet mode)

Sameasabove,but for theispLSI6192only.

void QueryProgram(int *chain types)
Readthe current programin all of the ispPAC chips and print the completebitstreamto
stderr. Returns¦ onsuccessand Õf� on failure.

void QueryDACProgram(int *chain types)

Sameasabove,but readsonly theprogrammedDAC valuesin theispPAC20chips.

int VerifyOnly(int *chain types)
Comparethe programin the ispPAC chips to the programdescribedby the bitstreamglobal
variableispbits[]. Returns¦ onsuccessand ÕÖ� on failure.

int VerifyOnlyDAC(int *chain types)
Sameasabove, but comparesthebitstreamcontainingthevaluesof all theprogrammedDAC
registersof all theispPAC20chipsagainstispbits[].

int VerifyOnlyLSI(char *filename, int *chain types)
Theprogramin theispLSI6192is comparedagainsttheJEDECbitstreamfoundin JEDECfile
filename. Returns¦ onsuccessand ÕÖ� on failure.

int EraseAndVerify(int *chain types)
Erasesthecontentsof the ispPAC10andispPAC20chips,andverifiesthat theerasehasbeen
successful.Returns¦ onsuccessand ÕÖ� on failure.

int EraseAndVerifyDAC(int *chain types)

Sameasabove,but erasesthecontentsof theispPAC20DAC registersonly.

int ProgramAndVerify(int *chain types)
Programthe ispPAC10and20 chipswith the bitstreaminformationfound in the globalarray
ispbits[]. This functioncallsEraseAndVerify() beforeprogramming.Returns¦ on
successand Õf� on failure.

int ProgramAndVerifyDAC(int *chain types)

Sameasabove, for theDAC registersof theispPAC20chipsonly.

int ProgramAndVerifyLSI(char *filename, int *chain types)
ProgramtheispLSI6192with thebitstreamdescribedby theJEDECfile filename. Returns¦ onsuccessand ÕÖ� on failure.

int CheckBypass(int *chain types)
Initiatesa testoperationin which all chipsaresetto BYPASSmode,anda randombitstream
is written to TDI andreadoutof TDO CHAIN TOTAL clockcycleslater. Returns¦ onsuccess
and ÕÖ� on failure.

void Calibrate(int *chain types)

Initiatesacalibrationcycleonall of theanalogchips(ispPAC10andispPAC20)simultaneously.

int ispJTAGenable(int *chain types)
Putsthe ispLSI6192into JTAG mode. This requiresa bizarresequenceof instructionsand
JTAG commandswhich is not part of the standardJTAG definition. It is requiredbeforeany
call to ProgramAndVerifyLSI() or VerifyOnlyLSI().

int ispJTAGdisable(int *chain types)



PutstheispLSI6192into normalruntimemode.This routinemustbecalledafterevery call to
ProgramAndVerifyLSI() andVerifyOnlyLSI().

5.3.3 ispPAC10and ispPAC20Configuration

Application Layer commandsare divided into two parts: SetupCommandsand ExecutionCommands.
SetupCommandsarefoundmainlyin filesispPAC10.c andispPAC20.c, whereastheExecutionCom-
mandsarefoundmainly in filterbank.c. SetupCommandspreparetheconfigurationbitstreamto be
downloadedto thechip. They do not make any JTAG calls. ThefilterbankSetupCommandshidethede-
tails of which configurationsbits in theLatticechip performwhat function,andallow calls to turn certain
functionson or off, to selectamplifiergainandamplifier input routingby referenceto theamplifier “PAC
block” by nameor number. The SetupCommandsrely on a general-purposeroutinecalled “ispstuff()”
which mergesbit fields into thesinglelong configurationdatastreamwhich will be loadedinto all of the
ispPAC10andispPAC20devicessimultaneously.

Propertiesof the ispPAC10andispPAC20devicesaredefinedasmacrosfor clarity. Theapplicability
of any function shouldbe checked againstthe configurationmap(programmingdiagram)for eachchip
(see,for instance,Figure 4.10). Valid input sourcesfor amplifier inputs in the setamproute10()and
setamproute20()subroutinesdependon theamplifierchosen,asdefinedin Table5.3. As shown in theta-
ble,mostinstrumentationamplifiersaredeclaredby number(1–8on theispPAC10for theinputamplifiers,
1–4for theoutputamplifiers),but becausetheispPAC20hasamultiplexedinputonthefirst instrumentation
amplifier, its inputsarenamedAMP1A andAMP1B andshouldusethedefinedword,notanintegernumber.
TheispPAC20devicecanrouteinputsto thecomparators,whoseinputsarereferencedaslistedin Table5.3,
for usewith thesetcomproute()andsetcomphiz() subroutines:

A completelist of configurationsubroutinesis below. Eachof thesesubroutinestakesan integer pa-
rameterglobal. This parameteris the numberof bits into the bitstream(global variableispbits[])
at which thebitstreamrepresentingthechip in questionbegins. Thebeginningof thefilterbank program
createstheorderingcorrespondingto theBioSonarcircuit board,andcreatesanarraychip offsets[]
holdingthevalueof global to bepassedto theconfigurationsubroutines.

int set amp10(int global, int number, int route, int gain)
Declarestheinput routingandgainfor theinput (instrumentation)amplifiersin theispPAC10.
number is 1–8 for the 8 amplifiers. gain is in the integer range Õ=× to ØÙ× inclusive, but
excludingzero.route is any of thevalid inputsto ispPAC10amplifiers,listedin Table5.3.

int set capacitor10(int global, int number, float value)
Setsthe valueof the feedbackcapacitorfor outputamplifiernumber on an ispPAC10 chip,
wherenumber maybe 1–4. value is the target capacitorvaluein picoFarads.The routine
will find the closestcapacitancevaluesupportedby the chip, andwarn if the valueis out of
rangeof capacitorvalueson thechip.

int set feedback10(int global, int number, int value)
Setsthefeedbackfor outputamplifiernumber on anispPAC10chip,wherenumber maybe
1–4.valueis 1 for closedcircuit (feedback)or 0 for opencircuit (no feedback).

int set common mode10(int global, int number, int value)
Setsthecommonmodesource(externalor internal)for eachoutputamplifierof an ispPAC10
chip. number may be 1–4. value is 1 for externalcommon-modesource,0 (default) for
internalcommon-modesource.

int set comp route(int global, int number, int route)



ispPAC-10inputamplifiersources
amplifier sources
1 INPUT 1 INPUT 2 OUTPUT 1 OUTPUT 2 OUTPUT 4
2 INPUT 1 INPUT 2 OUTPUT 1 OUTPUT 2 OUTPUT 4
3 INPUT 1 INPUT 2 OUTPUT 1 OUTPUT 2 OUTPUT 4
4 INPUT 1 INPUT 2 OUTPUT 1 OUTPUT 2 OUTPUT 4
5 INPUT 3 INPUT 4 OUTPUT 2 OUTPUT 3 OUTPUT 4
6 INPUT 3 INPUT 4 OUTPUT 2 OUTPUT 3 OUTPUT 4
7 INPUT 3 INPUT 4 OUTPUT 2 OUTPUT 3 OUTPUT 4
8 INPUT 3 INPUT 4 OUTPUT 2 OUTPUT 3 OUTPUT 4

ispPAC-20inputamplifiersources
amplifier sources
AMP1A INPUT 1 INPUT 2 INPUT 3 OUTPUT 1 OUTPUT 2 DAC OUT
AMP1B INPUT 1 INPUT 2 INPUT 3 OUTPUT 1 OUTPUT 2 DAC OUT
2 INPUT 1 INPUT 2 INPUT 3 OUTPUT 1 OUTPUT 2 DAC OUT
3 INPUT 1 INPUT 2 INPUT 3 OUTPUT 1 OUTPUT 2 DAC OUT
4 DAC FULL DAC HALF INPUT 2 OUTPUT 1 OUTPUT 2 DAC OUT

ispPAC-20comparator sources
comparator sources
CP1 IN1 OUTPUT 2 INPUT 3 CP IN DAC HALF DAC FULL DAC OUT
CP1 IN2 OUTPUT 2 INPUT 3 CP IN DAC HALF DAC FULL DAC OUT
CP2 IN1 OUTPUT 2 INPUT 3 CP IN DAC HALF DAC FULL DAC OUT
CP2 IN2 OUTPUT 2 INPUT 3 CP IN DAC HALF DAC FULL DAC OUT

Table5.3: Inputsourceroutingchoicesin theispPAC10andispPAC20chips.



Setstheorigin of aninput to oneof thecomparatorson anispPAC20chip. number is oneof
thedefinedtypesCP1 IN1, CP1 IN2, CP2 IN1, or CP2 IN2, asshown in Table5.3.IN2 is
thepositive input,andIN1 is thenegative input.

int set amp route20(int global, int number, int route)
Definestheroutingsourcefor the ispPAC20 input amplifiers.Thesourceis dependenton the
amplifier chosen;valid sourcesareshown in Table5.3. Amplifier number is referencedby
numberexceptfor amplifier1, whichhasamultiplexedinputandthereforedefinestwo routine
destinations,definedasAMP1A andAMP1B.

int set amp gain20(int global, int number, int gain)
Setsthegainon eachinput amplifier(numberedby number, 1–4). Valid gainsareintegersin
therangeÕ=× to ØÙ× inclusive,exceptingvaluezero.

int set capacitor20(int global, int number, float value)
Setsthe valueof the feedbackcapacitorfor outputamplifiernumber on an ispPAC20 chip,
wherenumber maybe 1–2. value is the target capacitorvaluein picoFarads.The routine
will find the closestcapacitancevaluesupportedby the chip, andwarn if the valueis out of
rangeof capacitorvalueson thechip.

int set feedback20(int global, int number, int value)
Setsthefeedbackfor outputamplifiernumber on anispPAC20chip,wherenumber maybe
1–2.valueis 1 for closedcircuit (feedback)or 0 for opencircuit (no feedback).

int set common mode20(int global, int number, int value)
Setsthecommonmodesource(externalor internal)for eachoutputamplifierof an ispPAC10
chip. number may be 1–4. value is 1 for externalcommon-modesource,0 (default) for
internalcommon-modesource.

void set PC mode(int global, int value)
Determineswhatcontrolstheinput inversionon inputamplifier4 of anispPAC20chip.value
maybeoneof thedefinedmodesFIXED, PC PIN, LATCH, or CP1. SeetheLatticeSemicon-
ductordatasheetfor theispPAC20for anexplanationof thesemodes.

Theremainingcommandscontrolboolean(ON/OFF)propertiesof thechip,soeachtakesanargument
value which is eitherTrue(1) or False(0). Thesecommandsareonly definedfor theispPAC20chip.

void set hysteresis(int global, int value)

Enable/Disable47mV hysteresisoncomparatorinputs.

void set comp mode(int global, int value)
Enable/Disablelatchingof theoutputof comparatorCP1.Latchis updatedby togglingthePC
pin.

void set dsthru(int global, int value)

Enable/Disableserialaddressingof theonboardDAC.

void set tdo enable(int global, int value)
Enable/DisableTDO output.DisablingTDO putsit in high-impedenceoutput.Thisshouldnot
bedoneon theBioSonarboard!

void set security20(int global, int value)
Setsthe securitybit, which preventsreadoutof the chip programuntil disabledwith a bulk
erase.Thisshouldnotbeusedon theBioSonarboard!

void set window(int global, int value)
Setthe functionof theWindow outputpin to be theXOR of thecomparators,or FF (latched
comparatoroutput).

void set comp hiz(int global, int value)



Disconnectstheoutputpins from thecomparators(andtheWindow pin) sothat internal-only
useof thecomparatorsgenerateslessnoiseon theanalogcomponents.

void set slewrate(int global, int value)

Enable/Disableslewrateenhancementon inputamplifier4.

It is helpful to declarethecompleteconfigurationinformationfor anentiredevice in onesubroutine,so
onesubroutineis dedicatedto eachof the threetypesof chipsusedin thefilterbank: The ispPAC10filter,
the ispPAC20 signalprocessor, andthe ispPAC20 preamplifier. The main purposeof theseroutinesis to
hidetheabove device-specificdefinitionsfrom theapplicationprogram.

int set filter mode10(int global, int mode, float bpfreq, float Q)
Configurean ispPAC10 chip for BioSonarfiltering. The target filter center frequency is
bpfreq, in Hz, and the filter resonance� is parameterQ. The mode parameteris defined
in filterbank.c and is one of the definedtypesPARALLEL, COCHLEAR, or TAPPED,
correspondingto themajorarchitecturesdescribedabove.

int set filter mode20(int global, float lpfreq, int gain)
ConfigureanispPAC20chipfor BioSonarfilter outputrectificationandsmoothing.Thesmooth-
ing filter cutoff frequency is designatedbylpfreq, in Hz, andthegain(signalboosting)going
into thefinal outputis definedby gain.

int set preamp(int global, uchar source, uchar mode, int gain)
ConfiguretheispPAC20preamplifieron theBioSonarboard.Parametersource is oneof the
definedtypesSOURCE ANALOG orSOURCE DIGITAL. Parametermode is oneof thedefined
typesSINGLE ENDED or DIFFERENTIAL.

5.3.4 Filter Parameter Calculation

Becausethedetailsof thefilter parametercalculationsis hiddenin thesetfilter mode*()commands,which
take a floating-pointfrequency valueasa parameter, thecalculationof filter parametersrequiresonly to set
upanarrayof centerfrequency valuesfor the34bandpasschannels,andchoosea � valueandinputgainto
thefilter. Thefunction

void makecfvalues(float *bpfreq, int channels, int minchan, float
minfreq, int maxchan, float maxfreq, int mode)

generatesthefrequency array, basedonaminimumfrequency minfreq to besetat thelow-frequency end
of thearray, anda maximumfrequency maxfreq to besetat filter numbermaxchan (becausetheanalog
output is only valid for the lowest32 channels,it is moreconvenientto declarewhat the top frequency
shouldbe at channel32, not the highest-frequency channel,which is 34). Parametermode canbe either
LINEAR for linear-spacedfrequencies,or LOGARITHMIC for logarithmically-spacedfrequencies.

5.3.5 BioSonarBoard Control

Runtimeoperationof the BioSonarboardis initiatedby calling filterbank -run andcalls themain
executionroutine

void FilterbankRun(char *datafile, char *output file)



wheredatafile is theraw inputfile, andoutput file is theformattedoutput.
Thefirst partof thisroutinesetscontrollinesasnecessaryto resettheBioSonarboard,andthenperforms

a direct hardware resetof the FIFO chips. The “full” flag of the FIFO driven by the BioSonarboardis
monitoredandthesystemis stoppedwhentheFIFO is full. Writesto a full FIFO areignored,sothetime
delaybetweentheFIFOflagsignalandtheshutdown of theBioSonarboardis unimportant.

Most of thehardware-level callsmadein theFilterbankRun() routinecannotbealteredwithout
adverselyaffectingtheoperationof thesystem.However, theinterfacecanbeconfiguredto acceptcertain
softwaresignalsto alter run-timeparameterson theboard.Onesuchsignalis Select0 which is toggled
by theSET MSEL() macrodefinition in the runtimecode. This controlsthe valueof the MSEL pin on
theispPAC20devicesin thefilterbank.TheMSEL pin selectsthesourceof thefirst input amplifieron the
first “PAC-Block” of the ispPAC20. In theconfigurationsdescribedin this document,this pin canbeused
in oneof two ways: Whencapturinganalogoutput,thecommandSET MSEL(1) selectsnon-differential
output,in which theADC capturestheamplitudeenvelopeof eachchannel.ThecommandSET MSEL(0)
selectsdifferentialoutput,in which the ADC measuresthe differencebetweenthe amplitudeenvelopeof
eachchanneland that of its neighboron the higher-frequency side. Whencapturingthe two-bit digital
output(thereis no correspondingschematicfor the interfacechip describedin this documentfor two-bit
digital outputmode),SET MSEL() canbeusedto togglebetweentheamplitudeandthesignbit.

5.4 Err or Messages

filterbank will generateerrormessagesany time it getserroneousinformationbackin thebitstreamfrom
theLatticechips.

“IDCODE Query: failed. Manufacturer not Lattice Semiconductor.”
This is themostlikely error to show up, asit is thefirst testmadeby theprogramwhich readsdata
off of theBioSonarboard.Failurecanindicatethattheboardis not attachedor is notpowered(most
likely), that thereis anerrorwith the interfaceconnections(lesslikely), or thata chip hasgonebad
(leastlikely).

“LSI Query ID failed: Expected 0x32, Read: ...”
Canindicatethesameas“IDCODE Query” if the“-LSIonly” optionis chosen,becauseit is thenthe
first attempttheprogrammakesto communicatewith theBioSonarboard.Otherwise,it indicatesan
errorwith theispLSI6192FFchip (suchasabadchip).

“Pass TDI through to TDO: failed. Wrote bits: ...”
This is a simpletestto put all the chipsin bypassmode(1 bit registerper chip in the JTAG chain)
andseeif a bit sequencepassedinto the first chip comesbackunaltered70 clock cycleslater. As
thesecondqueryto theboard,this cansometimesfail asa resultof animproperJTAG statemachine
state.It shouldnotoccurwith thecurrentsoftwareversion.

“Fifo length unknown”
Systemtried to clock datainto the FIFO chip and wait for the “Full” flag to change. Error here
indicatesthattheFIFOboardis notpresentor thattheFIFOchipand/orsignallingis bad.

“***Warning: 1st value returned is not 0xf0!”
Thefirst byteof ablockof raw outputdatashouldnominallybe0xf0 (MSBsof therestingstateof the
system—outputcannotchangeinstantaneouslysothis valuemustalwaysbein range).If it is not, it
signifiesaglitch in thesystemwhich maybeeitherapower transientor aFIFO controlline transient
error. Datais lostandmustbereprocessed.



“error opening DIO96 device AP”
This is a device-level errorandindicateseitherthattheCIO-DIO device driver is not installedin the
kernel,is not operatingproperly(e.g.,hasthewrongI/O addressfor anISA card),or thedevice has
beenopenedby anotherapplicationandis in use.

“Erase all: failed at bit n”
IndicatesthattheispPAC devicesfailedto erase.This indicatesabaddevice.

“Program: failed. Wrote: ...”
IndicatesthattheispPAC device failedto verify aftera programmingstep.Indicatesa baddevice.

“Verify: failed. Expected: ...”
This is not necessarilyan error but simply indicatesthat the programreadoff of the chip doesnot
matchthe programto be verified. Every programis verified beforewriting, so that if the program
alreadyexistson thechips,it will save anerase/rewrite cycle.

“Error: Chip count is m but should be n”
Thisis asoftwareerrorandis aheads-upthatthedeviceorderinghasbeenalteredandis notconsistent
with thedeclarednumberof devices,CHAIN TOTAL.

5.5 SourceDir ectory Structure

Figure5.3shows thedirectoryhierarchyof thesoftwareincludedwith theBioSonardistribution andmen-
tionedin this document.

biosonar/
Ú

lattice/ matlab/

*.mat
*.m

control/ doc/
Û

manual/

psfiles/Ü
*.ps

*.txt
*.ps

manual.*

filterbankexpt_data/Ýlfm_data/boss_data/
Ú

*.raw
*.dat

*.raw
*.dat

*.raw
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Figure5.3: Biosonarsourcecodedirectoryhierarchy.


