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Chapter 1

Intr oduction

Certainanimalssuchasbatsanddolphinsgeneratesonarsignals(chirpsor clicks)for the purposeof echolo-
cation and object detectionand classification. “Biomimetic sonar”refersto electrically-genettad sonar
signalsdesignedo matchthe propertiesof the biologically-geneated sonarsignals. A biomimeticsonar
signalprocessingystemattemptgo electronicallymimic neuralprocessing.This may be for the purpose
of biologicalmodeling,or for performingatasksuchasobjectrecognition.
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Figurel.1: Bottlenosedolphin.

The Biomimetic SonarFront-endSignal ProcessoBystem(generallyreferredto in this manualasthe
“BioSonarProcessor’jvasdesignedsaboard-leel systento investigatearchitecture$or a (future)single-
chip integratedbiosonarsignal processor At the sametime, however, the systemis a functionalanalog
signalprocessingystemcapableof performingbasictasksassociateavith biologicalcochleamprocessing,
includinggaincontrol,filtering throughparallelbandpasfunctions signalrectification,amplitudeervelope
extraction,andzerocrossingdetection. Thesystenwasdesignedisingthelatestcommerciaprogrammable
analogand digital technologyto make the systemarchitectureflexible. The boardrelies on In-System
Programmabl€“ISP") circuits suchthat the systemarchitecturemay be reconfiguredon the fly from an
external controller (suchas a computerwith a digital I/O interface). However, the ISP circuits usenon-
volatile memoryto storeconfiguratiorinformation,sothebiosonaifront-endboardretainsits configuration
whenpoweredoff, andmaybe programmedo operaténdependentlyf any externalcontroller






Chapter 2

SystemOverview

Figure 2.1 shavs the systemsetupas currently expectedby the driver program. In this configuration the
boardprocessedigital signalsdownloadedfrom the hostcomputer Main component®f the systemareas
listedbelow:

A Hostcomputerintel or equvalent,runningLinux.

B Digital I/O card,PCI-DIO48,CIO-DI1048,0r equialent.
C BidirectionalFIFO buffer board

D BioSonarfrontendprocessor

E DC Pawversupplycapableof delivering1.2A at5V.

Becausehe host computeris using a non-real-timeoperatingsystem(Linux), and also becausehe
82C55-basediigital I/0 cardcannotkeepup with the datarate of the biosonarprocessqra bidirectional
FIFOmustbe placedbetweerthecomputerandthebiosonaboard.Whenreal-timeanalognputis available
to the board,andthe boardoutputdirectly drives a real-timeback-endprocessqrthe bidirectional FIFO
buffer is not neededThatsituationalsoallows the boardto be configuredo run without ary connectiorto
thecomputerthedigital interfaceis thenusedfor new configurationdownloadsonly.

50-pin ribbon cable
and connectors E

PCI-DIO48
or equivalent

C

bidirectional
FIFO buffer

PC running Linux

D yd
biosonar signal
processing board

Figure2.1: BiosonarSignalProcessorSystem-lgel diagram.

Figure2.2is adepictionof theBioSonarfrontendprocessoboard. Theboardcontainsafilterbankof 34
channelsmplementedy LatticeispPAC programmablanalogarrays(oneispFAC-10andoneispFAC-20
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for eachfilter), oneispFAC-20 chip actingasa preamplifierwith digital or analoginput selectablefour
Maxim MAX1202 12-bit analog-to-digitalconverter chips, a Lattice ispLSI-6192FField-programmable
gatearray (FPGA) chip actingasan1/O interface,anda 20MHz clock to drive the system. The ispPAC
chipscontaincontinuous-timebiquadfilter sectiongprogrammablén a rangeof 10kHz to approximately
150kHz, dependingntheprogrammed) valueandinputgainselection.Thisis contraryto theindications
of the Lattice documentationyhich declareghe upperlimit to be 100kHz. The continuous-timenature
of the chipsalsomeanghatthe preamplifieris not subjectto the Nyquistfrequeng of the digital input, as
would adigital or discrete-timdilter.
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Figure2.2: BiosonarSignalProcessorFrontendcircuit board.

The signal-level block diagramof the frontendboard, indicating its major componentsis shovn in
Figure2.3.
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Figure2.3: BiosonarSignalProcessorBlock diagramof the frontendfilterbank.






Chapter 3

Hardware

3.1 Jumpered power supply and input configuration

Figure3.2shavsjumpersettingsonthebiosonaboardwhicharetheonly configuratioroptionsontheboard
thatcannotbe setremotely In additionto the jumpers,the figure shavs two of the threeinput connectors
(the 50-pin digital I/0O headersoclet is to the right of the figure andis not shawvn). All pins are pitched
at 0.1in spacing. The connectordabeled“Power” and“Ground” is the main power input. The connector
labeled“analogin” is the sonarsignalinput (microphone)whenanaloginput is selected. Power supply
optionsareselectedy jumper.J1, while signalinput optionsareselectedy jumpersJj2, J3, andJ4, and
alsoby the programmedettingof the preamplifier Jumperconfigurationsaredescribedelow.
Powver modesareshawvn in Table3.1anddescribedelow:

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

Table3.1: Jumperconfigurationfor input modes.‘top’ indicatesthatthe two pins closestto thetop of the
boardare connectedogether andthe bottompin is unconnected.bottom’ indicatesthat the bottomtwo
pinsareconnectedogetherandthetop pin is unconnected.

A Connectthe top two pinsof J1 for unregulatedinput. For this setting,power mustbe suppliedby
a regulatedpower supply (‘unregulated’ meansthat the biosonarboardis not doing the regulation).
‘Power’ mustbe 5V and‘Ground’ mustbe 0V. The supplymustbe ableto deliver a sustaineddC
currentof atleast1.2A at 5V. Becausamostof the chips containcontinuous-timeanalogcircuits,
power consumptionis fairly constant.

B Connectthe bottomtwo pinsof J1 for regulatedinput. For this setting,an LM7805 5V regulator
mustbeinstalledin theindicatedpositionontheboard.‘Power’ mustclearthedropoutvoltageof the
regulator which usuallymeansabout8 V.

Inputmodesareshavn in Table3.1anddescribedelov. Figure3.1shavs thebiascircuit betweerthe
input pinsandthe preamplifier

A Differentialsignalgoesdirectly from inputpinsto the‘Inl’ inputof the preamplifey bufferedthrough
5kQ resistorsDifferentialinput mustbe biasedaround2.5V.
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Figure3.1: Analoginputcircuit andconfiguratiorjumpers.

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 | X1{J

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

B

C

Differentialsignalgoesdirectlyfrom inputpinsto the‘lnl’ inputof thepreamplifiemwith nobuffering
of ary kind. Differentialinput mustbebiasedaround2.5V.

Differential signalgoesfrom input pinsto the ‘In1’ input of the preamplifier Signalis rebiasedo
operateat or closeto the preamplifers referencevoltageof 2.5V.

Single-endedignalgoesdirectly from input‘+’ pin to the‘In24’ input of the preamplifier with no
buffering. Thesingle-endedhputis assumedo bebiasedo alwaysremainabore ground(preferably
around2.5V).

Single-endedsignalgoesfrom input ‘+’ pin to the ‘In2+" input of the preamplifiey buffered by a
5kQ resistor Biasrequirementsrethe sameasmode'D’ above.

Single-endedignalgoesfrominput‘+’ pintothe‘In2+' inputof thepreamplifier Signalis rebiased
to operateat or closedto the preamplifiers referencevoltageof 2.5V.

Likemode'D’ abore,butinput‘—’ pinis heldatthereferencevoltage.
Likemode'E’ abore, butinput‘—' pinis heldatthereferencevoltage.

Likemode'F' above,butinput‘—' pinis heldatthereferencevoltage.
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Chapter 4

Firmwar e

Much of the BioSonarsystems novelty liesin its ability to reconfigurdts architecturehroughnonvolatile,
re-writableconfigurationmemaoryin the filter andinterfacechips. For the analogchips, filter frequeny,
filter resonancé@), andfilter type (lowpass,bandpasshighpassireall programmableandinputs may
be selectedrom a numberof differentsources.In addition,the ispPAC20 featureswo comparatorsvith
selectablénputs,andan8-bit DAC. TheispLS16192-FHs afull-featured-PGAwith general-purposiegic
resourcesThesignalrouting on the BioSonarprintedcircuit boardis designedo allow severallarge-scale
filterbankarchitecturesaswell asletting the FPGA handleall routing betweerthe boardandary external
computeror back-endorocessor

4.1 ThelSP JTAG protocol

Four I/0 pins on the 50-pin connectorare dedicatedo the ISP JTAG chain. JTAG is a protocoldesigned
to allow boundaryscansof programmablehips. Lattice Semiconductomakesdual useof the JTAG pro-
tocol to do both the boundaryscanand also handledevice configurationon the ispLSI-serieschips. The
ispFAC analogechipshave no equivalentboundaryscancapability but they usethe JTAG protocolfor device
configuration.

TheBioSonarsystemis intendedo hidethe detailsof the JTAG protocolfrom the end-userthesepro-
tocolsareembeddedh the softwarebut the end-useis intendedo usehigherlevel callsto eraseprogram,
and verify the devices. However, somedetailsof the JTAG architectureslucidatethe useof the software
subroutinesJTAG is a serialprotocol,requiringfor eachchip two databit lines (TDI andTDO), plusone
modebit (TMS andoneclock signal(TCK). A well-definedstatemachine calledthe TAP controllerand
shavn in Figure4.1,allows 5-bit commandssomeof which aredefinedby theprotocol,suchas*BYPASS”
to form aone-bitlink betweenT DI andTDO which bypassethe chip. Latticedefinesothercommandsuch
as“ERASE; “PROGRAM, and“VERIFY."” All chipson the boardform onelong serial JTAG chainby
linking TDO of onechipto TDI of the next chip in the chain,andsupplyingTMS and TCK to all chipsin
parallel. Thechain,in order is shavn in redin Figure4.2.

While it is convenientto think of the JTAG chainasasingle,verylong configurationword, in realitythe
ispLSIchipmustbeprogrammediifferently by supplyingl80separatéit streamsaddresseby adifferent
bit. Sotheactualprogrammingdor theboardis donein two stagespnefor theispLSI,andonefor all of the
ispFAC chips.During eachstagethesetof chipsnotbeingaccessedreplacedinto BYPASSmode.

In additionto being programmedn a differentmanneyr the ispLSI chip is a general-purpos&€PGA
which requirescomplicatedplacementandrouting to program. Becausehe placementandrouting algo-
rithms,andthe purposeof eachconfiguratiorbit is Lattice proprietaryinformation,theispLSI chip mustbe
designedn Lattice software,outsideof the BioSonarsystem producinga “JDEC” file containingthe con-
figurationbit streamfor theispLSI. The purposeof eachconfiguratiorbit in theispFAC chipsis known, so
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Figure4.1: The JTAG TestAccessPort (“TAP") statemachine. Bit valuesshavn representhe stateof
signalTMS atthetime of arising edgeof signalTCK.

all configuratiorcanbedetermineanthefly by theBioSonarsystensoftware(seethesectionon software).

4.2 TheispLSI-6192FFI/O Interface

TheispLSI-6192FFdevice is a 207-pinsurface-mountevice, runningat 5V, containingnorvolatile EEP-
ROM configurationmemory andimplementinga JTAG interfacecompatiblewith theispPAC devices. On
the biosonarboard,the ispLSI chip hasbeenmountedon top of a surface-mount-to-PGAonverterboard,
andpluggedinto a17x 17 PGAsoclet.

Unfortunately Lattice Semiconductohasdiscontinuedhe ispLSI-6192FFdevice (the entire 6000se-
rieshasbeendiscontinued)andeven moreunfortunatelythey have madethe poordecisionto discontinue
softwaresupportfor thedevice, aswell. Althoughthe Lattice Semiconductosoftwareis freely distributed,
recentversionsof the programwill not compileschematic$or the 6192device. Theonly optionis to con-
tinueto useanolderversionof theLattice“ispDesignExpert’software(version8.0). A copy of thissoftware
versionis includedwith the software packagdor the BioSonarfrontendboard.A softwarelicenseis freely
availablefrom LatticeSemiconductotht t p: / / www. | at ti cesemi . com), but mustbeobtainedbefore
thesoftwarecanbeused.

In the provided software,the schematidayoutcorrespondingo the latestBioSonarboardrevision can
befoundin directoryLat t i ce\Bi osonar \. The“project” is thefile bi osonar . syn andis configured
to launchtheispDesignExpertProjectManageprogramuponselection.

Theschematidor the BioSonarinterface(assuminga FIFO board)is dravn in Figure4.4. Altering the
interfacerequiresunderstandingheinterface,soa brief descriptiorfollows.

Two maincircuitsin the schematicFIFO4andT4R4CPYV arehardwiredcircuitsontheispLSI6192FF
The T4AR4CPVis one of several possibleconfigurationsof the on-boardregister bank. This particular
configurationtreatsthe registerbankasfour 16-bit up-davn countersandfour 16-bit registers. Eachreg-
ister/countehasits own clock signal,andeachcounterprovidesa “terminal count” output(BnTC). Three
“select” pins(BS0-BS2)selectwhichregisterrecevesinputfrom bus DI andappliesits valueto outputbus
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Figure4.2: The JTAG serialchainlinks every chip ontheboardinto onelong serialbit stream.

DO. The T4R4CPVdefinesa presetbit sequencéor eachcounterwhichis loadedon “enable” (BnPLEN)
for thatcounter(n = {1,3,5,7}). The presetvalue canbe setby editing the T4AR4CPVschematicand
changingthe appropriatdénputs. Figure4.5 shavs how the presetvaluesarespecifiedin theispDesignEx-
pertsoftware: Eachbit is determinedyy the connectionof the presetvalueblock’s input to eitherVdd or
GND, to denotea presetvalueof 1 or 0. No otherschematiconnectiongo theinputsarevalid. Similarly,
the CAOCTRL block indicatesthe polarity of the carry-outbit of the counter andthe POLCTRL block
indicatesthe polarity of the EN enablebit of the T4AR4CPVmodule.

In the BioSonarsystemapplication,the four registersof the T4AR4CPVarenot used,andthe counters
areusedto divide down theinput 20MHz clock into seseraldifferentfrequenciesequiredby the BioSonar
system. Note in particularthat the BioSonarboards input and output operateindependently therefore,
input- and output-handlingeircuits are clocked at separateates. The circuit usestwo of the 5 dedicated
clockinputsontheispLSI16192FHor thesetwo rates.Theslowver clockinputis generatedby theispLS16192
circuit. However, becauseheispL Sl clock networksarefixed, it is necessarjyo putthedivided-davn clock
(signal CLK_OUT) on anispLSI16192outputpin, androutethe outputbackto the secondclock input via
the printedcircuit board. Eachcountersterminal count” outputis fed directly backto the “enable”input,
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Figure4.5: Schematiof the TAR4CPVregister/countemodule,shaving register presetvalue program-
ming.



forming a continuousoutput. The “select” pins are groundedto enablethe continuousmonitoring of the
value of the first counteron the DO outputbus. Mux logic generatesariousinternaland external event
signalsbasen thevalueof the primarycounters instantaneousalue.

Thepresetvaluesfor thefour countersasindicatedin Figure4.5,are:

counter| bit value hex value | decimalvalue | time frequeng
1 000000000100111| Ox004e | 78 3.9us | 256kHz
3 0000011111010@0| Ox07d0 | 2000 100ps | 10kHz
5 000000000000010| 0x0005 | 5 0.25ps | 4MHz
7 0000000100000@0| 0x0100 | 256 64ps | 15.625«Hz

Table4.1: Default timer valuesprogrammednto the interface. Time andfrequeng valuesare measured
assumingan input masterclock rate of 20MHz for countersl, 3, and5, andassuminghatthe outputof
counter5 becomesheinputto counter7 (connectiommustbe madeoff-chip).

The FIFO moduleis effectively replacedy the externalbidirectionalFIFO board. The arrangemenbf
theBioSonarboardrequiresthatthe FIFO be putin the“FIFO4” configurationjn which it actsasaninput
buffer betweerthe I/O connectorandthe preamplifiers DAC inputs,andhasa sizeof 9-bit words x 8192
locations. Becausahe FIFO outputsare hard-wiredto specificpins on the ispLSI6192 the FIFO cannot
beremoved from the system.For usewith the external FIFO board,however, it mustbe bypassedThisis
accomplishedavith atimed sequencef signalsto the FIFO’s “read” (ARDL) and“write” (BWRL) inputs,
ensuringthatthe FIFO4 moduledoesexactly onewrite andonereadoperationin sequencéor every input
retrieved from the externalFIFO board.The externalboardis queriedby the FIFORD ssignal.

In additionto clock frequeng division andinput retrieval, the ispLS16192interfaceis responsibldor
collectingoutputsfrom theBioSonarfrontend.Therearetwo separat®utputsavailablefrom eacHfilterbank
channel.Oneis a single-bitdigital output,andoneis an analogvalue. The natureof the outputdepends
on the configurationof the analodfilterbankchips(seebelov). Eachof the 34 digital outputsis connected
directly to ispLS16192inputs. The presenschematiaoesnot make useof the digital outputs,sothey are
shavn asnot connected.The analogoutputsfeedto four Maxim MAX1202 ADC chips,eachwith eight
multiplexed inputs (sothereare 32 analogoutputsavailablefor 34 channelsthe analogoutputof the two
highest-frequencchannelsannotbe accessedilthoughthedigital outputis available). TheispLS16192is
responsibldor generatinghesignalsthatdrivertheMaxim chips.ADCIN is theserialbit streancontaining
configurationinformationfor the ADC chip. SCLK clocksthe ADC. The ADC configurationis an 8-bit
word, describedn the Maxim MAX1202 datasheetandsummarizedn Table4.2:

Bit Name | Description

START | Firstbit definesheginningof controlbyte.
SEL2 | Selectwhichchanneis read.Numerically
SEL1 | Channel0-7)= Sell(MSB), Sel0,Sel2(LSB)
SELO

UNI/BP | 1=unipolar(aways)

SGLMDIF | 1=singleendedalways)
PD1 Power-dovn modeandclock select
PDO PD1=1, PD0O= 1 Externalclock mode(always)

O R NWPAOI ON

Table4.2: Bit valuesof the Maxim MAX1202 configuratiorword.

All ADC configurationbits are‘l’ exceptfor the channelselection. The Mux logic provided by the
“MUX4” and“MUX2" gatesinsertsthe properchannelnumbersuchthat eachchannelis accesseih se-



quence.

ADCSSTRBIndicatesa completedADC output,andis usedin this schematido drive the output. FI-
FOWRis deriveddirectlyfromthe ADCSSTRBsignal. The ADC outputis 12 bitslongandreadoutserially
Eachof thefour ADC chipsprovidesa separat®utputbit stream.The ADC clock (SCLK) hasamaximum
rateof 2 MHz andthetimefor anADC corversionis 16 clocks(theminimumpossibleiime for aconversion
is 15 clocks,but the convenienceof generatingsignalsbasedn a cycle of 16 outweighshe advantageof a
slightly fasterconversion).Sothe minimumpossibletime to captureall 32 analogoutputsis

5 ML x 16 cycles x 8 channels = 64 us

which is anoutputrateof 15.625«Hz. No attemptshouldbe madeto setthe outputrate (counter)to
a cycle frequeng greaterthanthis number It representshe maximumrate at which analogdatacanbe
extractedfrom the BioSonarboard.Thisis thedefault rateprogrammednto the outputcounterasshavn in
Table4.1.

Eachcycle of outputsamplingproducesl2 bits x 32 channels = 384 bits output. However, in this
circuit instantiation outputis generatedt the fastestrate usingthe simplestpossiblemethod,in which no
attemptis madeto organizethe outputinto meaningfulwords. Instead the 8 lowestbits of the 9-bit output
FIFO areloaded4 bits atatime with the4 ADC outputs.The FIFO is written every two clock cyclesof the
ADC clock. Onthefirst ADC clock, the ADC outputis latchedinto the upperfour bits of the FIFO word.
Onthe secondADC clock, the ADC outputis directedto the lower four bits of the FIFO word, andall 8
bits arewritten into the FIFO. After all 12 bits areloadedinto the FIFO, the ADC receves configuration
informationfor the next input channelandthe cycle repeatsuntil all 8 channelsave beenread,corverted,
andtransferredo the outputFIFO. In thecurrentinstantiationjt is thereponsibilityof the back-endsystem
to translatehisbit blockbackinto meaningfulalues and,if necessarsortthechannelsnto theirsequence
in thefilterbank.

Becausehe FIFO has9 bits, the 9th bit is usedto generate synchronizatiorit which indicatesto the
back-endsystemthata block of datais beginning. This synchronizatiorbit is sentcoincidentwith thefirst
bytewrittento the FIFO.

On the schematidrawving, eachinput or outputpad containsthe numbercorrespondindo the ispLSI
pinto whichit is attachedPin numbersandsignalnamesrefixedaccordingo the BioSonaiprintedcircuit
board. However, internalsignalsandall routing are determinedy the Lattice ispDesignExperplacement
androutingalgorithms.

Thegoalof compilingthecircuitin ispDesignExpetis to generata “JDEC” file containingtheconfigu-
rationbitsfor theispLSI6192FFThisfile, whichhastheextension'. j ed’, is transferredrom theWindows
machineusedto runtheispDesignExpersoftwareto the Linux machinerunningthe BioSonarboardappli-
cation(seebelav). Theapplicationprogramacceptghefile exactly aswritten by ispDesignExpert.

Tables4.3through4.6 give a completelist of pinson theispLSI6192FFtheir signalnamesasrelevant
to the BioSonarboard,and a descriptionof eachsignal. The first pin numberis for the ispLSI6192FF
guadflat packpackagefor usein assigningsignalsto pinsin the ispDesignExperprogram. The second
pin numberis the correspondingin grid array(PGA) pin numbey for the purposeof probingsignalsonthe
BioSonarfrontendcircuit board.DIO pin numbersarefor the CIO-DIO960r PCI-DIO9650-pinconnectors,
with namescorrespondingo the BioSonarsystemsoftware (C1O-DIO96 driver software and filterbank
applicationprogram).

All of thesignalnamesn thetablecorrespondo signalnamesntheschematicexceptfor signalswhich
arehardwiredto theispLS16192FFor thepurposeof JTAG programmingandarethereforenot availableas
inputsandoutputs.TheseincludeTDI, TDO, TCK, TMS, BSCAN, and!RST. PinslabeledY1 andY2 are
dedicateatlocknetwork inputs,andpinslabeledrIFO_n arededicated-IFO outputs.Becauseéhe FIFOpins
arehardwiredto the preamplifierDAC inputson the BioSonarcircuit board the FIFOis requiredto operate



pin | PGA | ispLSIname| signalname description
8 Cl | /085 MOUT[15] DIO (pin 25)
16 | F2 |1/091 MOUT[14] DIO (pin 26)
1 D3 | I/0_79 MOUT[13] DIO (pin 27)
18 | F1 |1/0.93 MOUT[12] DIO (pin 28)
7 E4 | 1/0.84 MOUT[11] DIO (pin 29)
9 F3 | 1/10_86 MOUT[10] DIO (pin 30)
12 | F4 | 1/0_88 MOUT[9] DIO (pin 31)
14 | G3 | 11089 MOUT[8] DIO (pin 32)
17 | G4 |1/0.92 MOUT[7] DIO (pin 33)
19 | H3 | /094 MOUT[6] DIO (pin 34)
20 | G2 | 1/0.95 MOUT[5] DIO (pin 35)
32 | K2 |1/0.0 MOUT[4] DIO (pin 36)
3 | L4 |1/03 MOUTI3] DIO (pin 37)
34 | L3 |1/02 MOUT[2] DIO (pin 38)
33 | L1 [1/01 MOUTI1] DIO (pin 39)
38 | M2 | 1/05 MOUT[O] DIO (pin 40)
200| C5 |1/0_72 FDI7 DIO (pin 9)
6 C2 | 1/0.83 FDI6 DIO (pin 10)
199| A4 | 1/0.71 FDI5 DIO (pin11)
189 | A7 | 1/0_64 FDI4 DIO (pin 12)
203| A3 | 1/0_74 FDI3 DIO (pin 13)
206| A2 |1/0_77 FDI2 DIO (pin 14)
204 | B3 | 1/0_75 FDI1 DIO (pin 15)
5 | B1 |1/082 FDIO DIO (pin 16)
88 | P11 | 1/0_40 ALE DIO (pin41)
37 | M1 | 1/04 ALF DIO (pin 42)
83 | P10 | /035 FE DIO (pin43)
41 | M4 | 1107 FF DIO (pin 44)
196 | A5 | 1/0.69 FIFORD DIO (pin5)
194| B6 | 1/0.68 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 | IRST ITRST DIO (pin 23)
26 | J4 | BSCAN BSCAN DIO (pin 24)
72 | R7 | TOE TOE DIO (pin 48)
198| B5 | 1/0_70 STROBE DIO (pin 8)
205| C4 | 1/0_76 SELECT1 DIO (pin 19)
10 | D2 | /087 SELECTO DIO (pin 20)
207 | D4 |1/0_78 FWR DIO (pin 21)
4 E3 | 1/081 RST DIO (pin 22)
40 | N1 | I/O6 Calibrate DIO (pin 45)

Table4.3: Signalsconnectinghe ispLSI6192FFnterfacechip to the digital I/O (DIO) 50-pin connectaqr

andtheir correspondingin numbers.




pin | PGA | ispLSIname| signalname| description

193| A6 | /067 FDI8 DIO (B) (pin 48)
186| A8 | 1/0.61 count1lOut | DIO (B) (pin 46)
183 | A9 | 1/0.59 CLK_OUT | DIO (B) (pin44)
179 | B10 | /056 SCLK DIO (B) (pin 42)

Table 4.4: Signalsconnectingthe ispLSI6192FFinterface chip to the auxiliary /0 (DIO) area,andthe
correspondingin numbers. Thesepins are expectedto be usedto probediagnosticsignals;no physical
headeiis connectedo the boardin thisarea.

pin | PGA | ispLSIname| signalname description

27 | J1 | TDI TDI JTAG inputfrom lastfilter

64 | P6 |1/0.26 ADCDOUTI[0] | ADC #1 (pin15)

68 | R6 | 1/0_30 ADCDOUTI1] | ADC #2 (pin15)

90 | R12 | I/0_42 ADCDOUTI[2] | ADC #3(pin15)

175| C10 | I/0.53 ADCDOUTI3] | ADC #4 (pin15)

188 | B8 | 1/0.63 ADCCSBAR | ICStoall ADCs (pin 18)

184| B9 | 1/0.60 ADCSSTRB | SSTRBfrom all ADCs (pin 16)
187 | D8 | 1/0.62 SCLK SCLKto all ADCs (pin 19)
182| D9 | /058 ADCIN DIN to all ADCs (pin 17)

24 | J3 | VY1 CLKLIN clock chip output

78 | P9 | Y2 CLK2.IN connectedo CLK_OUT

190| C7 | /065 CALflt all ispFAC10and20 Calibrate
192 | D7 | /066 MSELTlt filter ispFAC20 mux select

65 | R5 | /027 ENSPIflt filter ispPAC10and20 ENSPI
55 | S1 |1/0.19 ENSPIpmp preampENSPI(pin 4)

58 | R3 | 1/0.21 MSELpmp preampMSEL (pin 5)

60 | S3 | /022 PCpmp preampPC (pin 21)

62 | R4 |1/0.24 NCSpmp preampCS (pin 22)

63 | S4 | 1/0.25 DMODEpmp | preampDMODE (pin 24)

124 | L16 | FIFO9 FDOO preampDAC datain Isb (pin 32)
125| L17 | FIFO.10 FDO1 preampDAC datain (pin 33)
127 | K16 | FIFO11 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 | 1/0.10 (unconnected)

49 | P3 | 1/0.14 (unconnected)
201| B4 | 1/0.73 (unconnected)

15 | E1 | 1/0-90 (unconnected)

Table4.5: SignalsconnectingheispLS16192FFnterfacechip to therestof the BioSonarfrontendboard,
andtheir correspondingin numbers.



pin | PGA | ispLSIname| signalname| description

61 | Q6 | /023 MIN[1] filter channell digital output
56 | Q5 | 1/0_.20 MIN[2] filter channeP digital output
53 | Q4 | I/0.17 MIN[3] filter channeB digital output
51| P4 | 1/0.15 MIN[4] filter channel digital output
52 | R2 | 1/0.16 MIN[5] filter channeb digital output
48 | Q2 | 1/0_13 MINI[6] filter channeb digital output
47 | Q1 | 1/012 MIN[7] filter channel7 digital output
54 | Q3 | 1/0.18 MINI[8] filter channeB digital output
43 | P1 | 1/09 MIN[9] filter channeD digital output
45 | P2 | 1/0.11 MIN[10] filter channetlO digital output
84 | R10 | 1/0_36 MIN[11] filter channelll digital output
82 | S10 | 1/0.34 MIN[12] filter channeltl2 digital output
80 | R9 | /033 MIN[13] filter channell3 digital output
79 | S9 | 1/0.32 MIN[14] filter channell4 digital output
86 | Q11 | I/0_38 MIN[15] filter channell5 digital output
69 | P7 | 1/031 MIN[16] filter channell6 digital output
66 | Q7 | /028 MIN[17] filter channell7 digital output
67 | S5 | 1/0.29 MIN[18] filter channell8 digital output
96 | Q13 | I/0_46 MIN[19] filter channetl9 digital output
97 | R14 | /047 MIN[20] filter channeRO0 digital output
95 | S14 | 1/0_45 MIN[21] filter channeR1 digital output
94 | R13 | 1/0_44 MIN[22] filter channeR2 digital output
92 | S13 | 1/0.43 MIN[23] filter channeR3 digital output
89 | S12 | /041 MIN[24] filter channel4 digital output
87 | R11 | I/0_39 MIN[25] filter channeR5 digital output
85 | S11 | 1/0.37 MIN[26] filter channeR6 digital output
181 | A10 | I/0.57 MIN[27] filter channel7 digital output
177 | A1l | /055 MIN[28] filter channeR8 digital output
176 | B11 | /054 MIN[29] filter channeR9 digital output
172 | B12 | /051 MIN[30] filter channeB0 digital output
171 | A13 | I/0.50 MIN[31] filter channeB1 digital output
170| C11 | /049 MIN[32] filter channel32 digital output
169 | B13 | 1/0.48 MIN[33] filter channeB3 digital output
173 | D11 | /052 MIN[34] filter channel34 digital output

Table4.6: Signalsconnectingthe ispLSI6192FFinterface chip to the filterbank channelsingle-bitdigital
outputs,andtheir correspondingin numbers.



in the modein which thesepins areusedasFIFO outputs,notinputs. The pin marked “(unused)”"wasnot

requiredby the schematicalthoughit is availablefor generaburposeoutput. Pinsmarked“(unconnected)”
aretheremaininggeneral-purposkO ontheispLSI6192FFThesepinsareunconnectedueto boardlayout

errorsandcutsmadefor rewiring, andshouldnot beused.



4.3 TheDIO Interface

From the standpointof arny back-endhardwvare, the DIO interfaceis simply a collectionof pins, mostof
which canbe programmedkitherasinput or outputon the ispLSI-6192FFor ary purposewhatsoger, but
with a few pinsresenred for useby the JTAG programming.Figure 4.6 shavs the 50-pin connectar For
usewith arbitraryback-endhardware, Figure 4.6 (a) highlightswhich pins (correspondindo Figure 4.3)
areavailablefor general-purposkO throughtheispLSI-6192interface,andwhich pinsarereseredfor the
JTAG interfaceandfor power, andwhich pinshave no connections.

a b c
N/C [ 12| N/IC A7 | 1| 2| A6
N/C |8 4| TDO EFi’nQut data out A5 |3|4| A4 |
1/0_69 (196) | 5| 6| 1/0_68 (194) | onl to FIFO A3 |5(6| A2
y
N/C | 7| 8| 1/0_70(198) Al |7|8| A0
110_72 (200) | 9 | 10| 110_83 (6) BPA. B7 | 9 |10| B6
1/0_71 (199) |11{12| 1/O_64 (189) ?iPan output B5 [11]12| B4 |g
1/0_74 (203) |13|14| 1/0_77 (206) | or oﬂtput B3 |13|14| B2 BP
1/0_75 (204) |15|16| 1/0_82 (5) 17| N/IC B1 15|16/ BO
N/C [17]18| TMS 1/0_81 (4)| 22| 18| TMS C7 |17|18| C6
1/0_76 (205) | 19|20| 1/0_87 (10) ?F(’J lﬁ ut TRST |23|24| BSCAN C5 [19|20| C4 c
1/0_78 (207) |21|22| 1/10_81 (4) only P FIFO1,2 MR FIFO1 WR C3 [21(22| C2
TRST |23|24| BSCAN 1/0_76 (205) |19 FIFO2 RD C1 |23|24| CO
1/0_85 (8) |25|26| 1/0_91 (16) A7 |25|26| A6
1/0_79 (1) |27|28| 1/0_93 (18) data in A5 [27|28| A4 A
1/0_84 (7) |29|30| 1/0_86 (9) from FIFO QP_A, A3 |29(30| A2
1/0_88 (12) |31|32| 1/0_89 (14) AP A, inp_ut Al |31({32| A0
110_92 (17) |33|34] 1/0_o4 (19) ﬁ’pﬁt”; Syncbit| |34]1/0_94 (19) B7 |33[34| B6
1/0_95 (20) |35|36| 1/0_0 (32) output 1/0_95 (20) | 35|36/ 1/0_0 (32) B5 [35(36| B4 8 |ap
1/0_3 (36) |37|38| 1/0_2 (34) 1/0_3 (36) [ 37| 38| 1/0_2 (34) B3 |37|38| B2
1/0_1 (33) |39|40| 1/0_5 (38) 1/0_1 (33) (39| 4 | TDO B1 [39(40| BO
1/0_40 (88) |41|42| 1/0_4 (37) 1/0_40 (88) |45[46| TCK AP CH C7 |41|42| C6
1/0_35 (83) |43|44| 1/0_7 (41) TDI|47|48| TOE = output C5 |43|44| C4
1/0_40 (88) |45(46| TCK ﬁzﬁbm FIFO1 full FIFO1 empty AP CL c3 |a5l46| c2 |C
TDI |47|48| LSI TOE only FIFO2 full FIFO2 empty = input C1 |47|48| CO
Vdd |49(50| GND Vdd |49(50( GND Vdd [49(50| GND
DIO pins on the biosonar board as seen DIO pins on the biosonar board as seen DIO connector, 50 pin
from the computer (software) with a from the computer (software) with the and 82C55 ports as
direct connection between the computer dual FIFO board in between. This arranged on the
and the biosonar board (no FIFO board). corresponds to the “filterbank” program. ClO-DIO48 card
open-circuit as seen from computer Pin on biosonar board does not L -~
- side; can be wired to unused output pins. connect to any circuits. D Reserved—Vdd D General-purpose 1/O
connection from computer into one of :
D the FIFO buffer chips l:‘ Reserverd—JTAG interface l:‘ Reserved—GND

Figure4.6: TheDIO 50-pininterface(genericpin names).

On the computerendof the system the softwaredriver programaccessethe BioSonarboardthrough
the 50-pinconnectomttheinput of the dual FIFO board.Whenthe dual FIFO boardis connectedetween
the computerandthe BioSonarboard,mary interfacepinsbecomeresered for useby thetwo FIFO chips
(datalines andthe FIFO read/writecontrols). Someof the remaininginterfacelines simply passthrough
the FIFO boardunchanged.However, otherlines are rearrangedsthey passthroughthe FIFO boardto
accomodatehe vagariesof the 82C55portson the CIO-DIO48 interfaceto the computer Figure4.6 (b)
shavs whatsignalsandispLSI-6192FFgeneral-purposgO pins canbe addresseffom softwarewith the
FIFOboardin place.Thenumberingof the pinsin this figurematchthepin numbersontheBioSonaroard,
shaving how the pinsarerearrangedby the wire-wrappedumperson the FIFO board. The softwaredoes
not addresghe interfaceby pin number however, but by referenceo the two 82C55interface chipsand
their ports (A, B, andC, 8 bits each). Figure 4.6 (c) mapsthe 82C55portsof the CIO-DIO48 interface



to the 50-pin connectar This mappingis reproducedrom the MeasuremenComputing,Inc. (formerly
ComputerBoarddnc.) PCI-DIO96 Digital Input/OutputUser’s Manual (Rev. 2, Nov. 2000). The 82C55
portsaregroupedn bytesandeachbyte mustbe configuredn softwareto be (exclusively) aninputportor
anoutputport, exceptfor port C whichis splitinto high andlow nybblesCH andCL, respectiely, eachof

which may be selectedndependentlyfor input or output. Port C canbe addressedit-wise usinginternal
82C55commandsmakingthis the properport to usefor outputcontrol signals,which mustbe prohibited
from glitching. PortsA andB aremoreappropriatdor databuseswhich canbe addressedsa singlebyte
or word, andinput signals,whereglitching is not a problem. Theseconsiderationgeadto the groupingof

the JDECsignalsat positionscorrespondingo port C of the 82C55devices,similarly for FIFO read/write
lines,andthe groupingof FIFO databusesto fit in asingleport A or B. To theright of eachconnectotin

thedrawing is marked the port andanindicationasto whetherthat port mustbe configuredasaninput or
anoutputport, or may be either Here,“input” and“output” arerelative to the computer:“input” signals
areproducedby the BioSonarfrontendor FIFO boardand capturecby the computer;‘output” signalsare
producedby the computerandcapturedby the FIFO boardor BioSonarfrontendboard. The insertionof

the FIFO boardconstraingll of the ports,andthereforeconstrainghe directionof pin signalson all of the
accessibl¢/O pinsontheispLSI6192interfaceFPGA.

Figure4.7 shavs the sameview asFigure4.6,exceptwith all thegeneral-purposkO labeledaccording
to their designationn theschemati¢Figure4.4)for usewith the currentinstantiatiorof the JDECprogram
for the ispLSI-6192(file expt . j ed), the bidirectionalFIFO board,and the applicationprogramfilter -
bank. Figure4.7 (b) thereforeis theview of the BioSonarsystemasseenby thefilterbank software. The
mappingof signalnamesn Figure4.7 (b) to 82C55portsin Figure4.7 (c) exactly matcheghe definitions
in thefilterbank sourcecode(file def i nes. h). Thedirection(“input” or “output”) requiredon eachport
matchedhe modessetby thefilterbank program.

It is very importantto understandhe differencebetweerthe pin orderingandlabelingasseenby the
software,andasseenby the hardware. Admittedly, the rearrangemerdt the FIFO boardmalesthis espe-
cially confusing butthisis aresultof switchingbetweerinterfaceboardswith differentpin correspondences
for the 82C55chips,which precipitateda wholesalerearrangementf signals. The rearrangemeris done
asmuchaspossiblein the firmware of the ispLSI-6192,but dueto the necessityof having a numberof
hardwiredsignals the restof therearrangemeris doneon thedual FIFO boarditself.
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|:| General-purpose 1/0O

[ ] reserved—iTAG [_] Reserved—GND [ | FIFO 10

BP

AP

Figure4.7: The DIO 50-pin interface (signal namesspecificto the currentinstantiationof the interface

firmwareandsoftware).



4.4 TheispPAC-10filterbank

Thefilterbankdiffersfrom the interfacechip in thatthe configurationbits areknown, andall configuration
canbedeterminedon thefly” by theapplicationprogram.in spiteof the easeof programminghe various
high-level configurationsit is helpfulto understandiow thefrontendprintedcircuit boardis wired andhow
this affectswhatcanandcannotbe programmednto theispPAC chips’ configuratiormemory

Internalconfiguratiordiagramsn Figures4.8,4.10,4.12,and4.14follow the conventionof the Lattice
PAC-DesignesoftwareandtheispFAC chip datasheetDifferentialsignalsareagainshavn assinglewires
exceptwherebroken out at the input/outputpins. Programmableonnectionsareshavn in red. Wiring on
the printedcircuit board,externalto theispFAC chips,is indicatedin green.

Figure4.8 shavs the standardmplementatiorof a biquadratidilter in the LatticeispPAC architecture,
usingtwo “PAC blocks! Thearrangemenproducesoththe 2nd-ordetandpassr the 2nd-ordedowpass
functions,oneateachoutput,asshavn. The exactfunctionproduceds

o — k12ko1
07\ (C1 - 250kQ)(C; - 250kQ)

Q= \/ @kukm

for thebandpassandunity-gainamplitude

with resonance

k11
ADC="p,

for the2nd-ordelowpass.SeetheLattice Semiconductoapplicationnoteon biquadfilters for details.Both
wp and@ arefunctionsnotonly of the capacitowalues but alsoof theinstrumentatiommplifiers’ (integer)
gains. Knowing the available capacitorvalueson the Lattice chips, an algorithmwhich searchedor the
closestwy and@ valuesto a giventamgetfunctionover k1o = {1,2} andky; = {1,2} will alwaysfind a
solutionwithin 1% for both parameters.

G
||
ki=+1 Il
IN1 . AL >——MW— —=—a— \\—
OAl OuUT1
JPY) —ya— ]

ki=-1 - (bandpass)
G
||
ko =+1 I

IA3 >——VW— —a —/ A\

OA2 ouT2
— A4 >—VW— .

ko=+1 — (lowpass)

Figure4.8: ispPAC-10schematiof agenericbiquadfilter.



Thelayoutof theBioSonarprintedcircuit boardessentiallyestrictstheuseof theispFAC-10devicesto
threemainfilterbankconfigurationgothersarepossible but unlikely to be of muchuse):

1. Parallel
2. Cochlear

3. Parallel/Cascade

Eachof theseconfigurationgs describedn detailin the sectionsbelow.

4.4.1 Parallel Filterbank Configuration

The primaryfilterbankconfiguration andthe only oneextensvely testedandknown to work asadwertised,
is the parallelbandpassilterbank. In this configuration eachfilter channelrecevesthe sameinput (from
thepreamplifieroutput). Eachchannelis formedfrom two 2nd-ordetbiquadbandpas§lters,in seriesgach
with the samecenterfrequenyg andsameresonancé(@). The seriescombinationof thefilters effectively
createsa singlefilter with a 4th-orderresponseandan effective Q which is the productof the individual
filter @ values.

Theuseof the samevaluew, and(@ for eachof the two filtersin seriesis nota necessitybut wasdone
for simplicity. An alternatve methodusingthe sameconfigurationmight split the frequencie®of the two
filters, creatingaresponseavhichis wider but flatter (moreuniform throughthe passband).

4.4.2 CochlearFilterbank Configuration

The purposeof the cochlearfilterbank configurationis to mimic the signal processingf the mammalian
cochlea.A simpleone-dimensionasimplified modelof basilarmembranenechanicgdescribedn detail
in Caner Meads Analay VLSIandNeurl Systemsonsistsof alinearcascadef 2nd-orderdowpassfilter
sectionsstartingat the high frequeng end,with the signalmoving throughsuccessk filtering operations
to thelow frequeng end. The 2nd-ordedowpassfunctionrequiresa Q which rangesrom 1/v/2 = 0.707
(maximally flat responselpward. The cumulatie effect of cascadinghe filters is to multiply together
thefrequeng responsef eachfilter betweerthe signalinput andthe tappedoutput. Any gainlargerthan
0dB causes “pseudoresonancethich is largerthanthe Q of ary onefilter. The sizeof the pseudores-
onancedependsn the spacingof the cutoff frequeng of eachfilter. For the pseudoresonande remain
roughlyconstanbver the lengthof thefilterbank,the cutoff frequencie®f thefilters shouldbeplacedona
logarithmic,notlinear, spacing.

In this configurationthereare 68 filter sectionsn the cascadewith anoutputtap at every otherfilter
output.

4.4.3 Parallel/CascadeFilterbank Configuration

Theone-dimensionaignalmodelof basilarmembranenechanicss known to have stability problemsand
alsolacksa high passfilter functionto knock off the lower end of the frequeng respons€in the abore
configuration,this can be donein the ispPAC-20 which follows eachfilter output, but this also restricts
the functionswhich canbe implementedn the ispFAC-20). Oneway to getaroundthe stability problem
is to implementthe cascadaising 1st-orderlowpassfilters (which areinherentlystable,even cascadedn
arbitrarynumbers)andboosttheoutputateachtap usinga bandpasf§ilter, which alsoknocksoutthe unity-
gainrespons®n the low sideof the cutof frequeng. This modelretainsthe adwantagefrom the cochlear
modelthatthe high-endcutof getsmultiplied by 6 dB/decadeat eachstage creatinga very sharpresponse
only a few tapsinto the filter. The frequeng spacingdoesnot needto be on a logarithmicscale. The



importantthing is the placementf the bandpassenterfrequeng with respecto the cascadeBecausghe
frequeng responsef thecascadés themultiplicationof theresponsef eactfilter goingfrom thetapback
to theinput,the3dB cutof frequeng of thetotal responsés shiftedsignificantlydownwardwith respecto
the3dB cutof of thelastfilter in the cascaddeforethetap.

Thisconfiguratiorcannoteusedasa cochleamodelbecauseo male all threeconfigurationgossible,
it wasnecessarto requireasingle“PAC-block” for thelowpasdilter, from which only a 1st-orderresponse
canbeelicited. Theresponsés actuallyafirst-ordercascadetiappedateachsegmentwith eachtapfollowed
by a 2nd-orderbandpassunction andthenfollowed by one more 1st-orderowpassfunction. While the
simplecurrentimplementatiorsetsthe cutof of this final filter ashigh aspossibleto have a minimal effect
on the signal,it canbe usedin conjunctionwith the bandpasdilter to createa bandpassesponseavith a
slightly steepecutoff onthehigh endof thecenterfrequeng.

4.4.4 Filterbank Details

Figure4.15shaws the hardwiredconnectionsnto the ispPAC-10andispFAC-20which form oneof the 34
filterbankchannelson the board. All 34 channelsare connectedn the sameway. Pinslabeled“1l”, “2I”,
“31", and“41” aredifferentialanaloginputs,andpinslabeled*10”, “20”, “30”, and“40” aredifferential
analogoutputs. Wires aredravn assinglelinesin keepingwith the Lattice PAC-Designersoftwares no-
tation, but notethat eachanalogsignalis differentialand carriedon two lines. The input labeled“Input”
comesfrom the preamplifieroutputandis appliedto all filters in parallel. All otherinputscomefrom the
previousfilter andoutputsgo to the next filter in a serialchain. Thesequencef filtersin the serialchainis
definedby theseconnectionsThe numberingof filtersis givenin Figure4.16.

Thenumberingof thefiltersis unimportanin theparallelconfigurationjut thatit is critical for the cas-
cadedconfigurationsin addition,cascadedonfigurationgnusthave thehigh andlow endsof thefrequeng
rangein theindicatedpositions.

4.5 TheispPAC-20analogsignal processors

Thefilter outputsof eachchanne(tap)pasdo a LatticeispPAC-20chipfor simplepost-processinglhecon-
figurability of the ispPAC-20 chip enablesnumerousisefulpost-processinéunctions,including full-wave
rectification half-wave rectification,ervelopecapture nearest-neighbamluesubtractionzerocrossingde-
tection,thresholdingandoffsetcorrection. The channebutputcanbe capturedasananalogvoltagevalue
convertedto a12-bitwordby theMaxim MAX1202 ADC chips,or it canbecapturedasasinglebit (hamely
a comparatooutput,aswould betheresultof a thresholdingor nearest-neighbaromparison)with all 34
channelgeadin parallel.

Figures4.10,4.12,and4.14all shav the configuratiormapfor theispPAC-20chip, in keepingwith the
notationof the PacDesignesoftwareandtheispPAC-20datasheet. The mappingshavn correspondso the
preseninstantiationwhichis afull-wave rectificationandenvelopecaptureproducingananalogresult.

Full-wave rectificationrequiresthe useof oneof the comparatorg&ndthe input multiplexer onthe IA4
inputamplifier Whenthe selectbit of this multiplexer is logic high, the multiplexer swapsthe (differential)
inputsinto 1A4, effectively negatingthe signal. The ispFAC-20 hasa modecalled“PC direct; in which
this multiplexer is controlledby the outputof comparatolCP1. By routing thefilter outputto the positive
input of CP1,andconnectingthe negative input of CP1to the referencevoltage, CP1computeghe sign
of thefilter output(notethatthis sign bit canbe useddirectly for zero-crossingnformation). If thefilter
outputis selectedastheinputto amplifier|IA4, andthe CPloutputcontrolsthe signof thisinput,thenlA4
seesa full-wave rectified versionof the filter output. The “PAC Block” of which 1A4 is a partcanthen
be usedasa 1st-orderlowpassfilter, or both “PAC Blocks” canbe usedas a 2nd-orderowpassfilter, to
smooththerectifiedsignal,producinganestimateof thesignals amplitudeenvelope.The outputof thefirst



“PAC Block” (OUT1)is thesignalsuppliedto the ADC input on the BioSonarboard. If the second’PAC

Block” is configuredor a 1st-ordersmoothindfilter, thenthefirst “PAC Block” maybeusedasanenvelope
comparatomby routing the input of amplifier A1 to IN1, which is the smoothindfilter output(OUT2) of

theispRAC-20in the previousfilterbankchannel. Thenthe first “PAC Block” computeghe subtractiorof

theneighboringchannek amplitudeenvelopefrom its own channeb amplitudeenvelope.The setupshavn

in the figuresgoesone stepfurther by configuringthe multiplexer inputto IA1 suchthatthe valueof the
ispRAC-20 pin “MSEL” (signal“MSELfIt" in the interfacecircuit schematicontrolswhetherthe output
seerby theADC istheamplitudeenselopeof thechannebr thedifferencebetweertheamplitudeenvelopes
of neighboringchannelsTheinterfaceschematiof Figure4.4 shavs thatthis controlsignalis passedrom

softwarethroughthe“SELECT1" signal.
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Chapter 5

Software

Themain principle behindtheterm“ISP” (in-systemprogrammablejs thatchipswith true ISP capability
canbe reprogrammeadvithout requiringremoval from the applicationsystem. A typical applicationis to
updatefirmware with bug fixes or protocol changesand extensions. The BioSonarboardtakes the ISP
principle one stepfurther, to the extent that the systemconsistsalmostentirely of programmablechips
and can be reconfiguredto matchthe parameter®f eachexperiment. When analyzingsonardata, the
BioSonarboard can be reconfiguredto look at different frequeng rangesand spacingsthresholdecor
sampledoutput, amplitudeervelopesor zero crossingsand differentinput and dovnsamplingrates,all
throughlSP downloads.Thedetailsof theISPinterfacearemostly hiddenfrom theend-userat the highest
level, the end-usecanmerely specifythe rangeof frequenciego obsere, for instance.At a lower level,
the end-usercan micro-managehe signal-flav by choosingwhich inputsget routedto which amplifiers
insidethe ispFAC chips. However, the software setupencourageshe useof a hierarchyof subroutinego
ensurghattheprogrammabléeaturef thesystemwhichareshavn to theend-useareonashighalevel as
possibleandmeaningfuin thecontet of theapplication.Lettingtheenduserchoosehelow frequeng and
high frequeng boundsof the filterbankis a usefulfunction; requiringthe enduserto determinecapacitor
valuesandfigure outwhich channels thefirst andlastin thefilterbankis not.

The applicationprogramsuppliedwith the systemhardvareis calledfilterbank andsenestwo major
purposes.Thefirstis to actasthe programmefor the BioSonarsystem.filterbank canerasereprogram,
andverify every programmablehip ontheboard.The secondunctionis to operatehe boardin its digital-
input mode,whereinput to the boardis generatedrom a datafile, and outputfrom the boardis captured
andinterpretedby the computer Becausdhe computer(runningLinux) is not areal-timesystem,it must
communicatavith theBioSonaroardthroughabidirectionalFIFO buffer; otherwisat cannotkeepup with
theinputandoutputdataratesof theboard.

5.1 Usingthefi |t er bank program to changethe firmwar e
Theusagestatementor f i | t er bank readsasfollows:

filterbank [jedecfile. j ed] [generaloptions][programoptions— runtime.options]

[jedecfile. j ed] is the nameof a JEDECbitstreamfile to beloadedto theispLSl chip; it defaultsto
“conbo4. j ed” andis ignoredif theispLSlis not programmedr verifiedaccordingo the options
set(seebelaw).

[generaloptions]canbeary of thefollowing:
-di agnosti ¢ printall thebit streams
-verbose print all diagnostidnformation
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[programoptions]canbeary of thefollowing for programming:

- nholLSl dont dofor theispLSIchip

- noPAC dont dofor theispFAC chips

-noDAC dont dofor theispPAC200nboardDACs
-LSlonly only dofor theispLSl chip

- PAConl y only dofor theispFAC chips

- DAConl y only dofor theispPAC200onboardDACs

-verifyonly dont programonly verify
-setval ues  querynew valuesfor ispLSI countersandFIFO

[runtime.options]canbeary of thefollowing for dataprocessing:

-run putthesystemin runmode

- qui et dont print to stderrduringrun

-of fset n startprocessin@tn bytesinto theinputfile
-attenuaten attenuaténput by factorof 2"

-lengthn downloadonly n bytesof theinputfile

- out put filename usefilenamefor the outputfile, ratherthanthe default “data/channels.dat”

Theoptionsparsersearchethecommandine for astarting-" followedby key stringstakenfrom three
sets:1) no andonl y; 2) veri f y, PAC, DAC, andLSlI , and3) theremainingsingle-word options(r un,
set val ue, qui et , ver bose, andout put . Only the presencef thesestringsin the option word is
required,andall othercharactergareignored.Thus,- noLSI , - no_LSI , and- LSI =no areall equivalent
options.Combinationno + veri f y is notallowed. Certainoptionswill combine,so- noLSI - noPAC
is equivalentto - DAConl y, and- DAConl y - PAConl y doesnothing,asthesetwo optionsaremutually
exclusie.

As theusagestatemenshavs, programmings splitinto threeparts.Oneof theses for programminghe
ispLSI6192FHRnterfaceFPGAchip. Thispartis separatbecausef thecompleity of theLSI programming
method.Thesecondpartis for programmingall of theispPAC10andispPAC20chipsin parallel. Thethird
partis for programmingthe DAC valuesin all of the ispPAC20 chips. Becausédhe currentsystemdoes
not malke useof thefilter DACs, the third functionis not required.However, theispPAC20 chipscould be
setup suchthatthe negative input to comparatoiCP1wasattachedo the internal DAC outputinsteadof
the referencevoltage,andthenthe DACs could be usedto trim offset errorsin the channeloutputs. The
DACscanalsobeusedto setthresholdvaluesfor amplitudethresholding.Currently the parametersf the
filterbankare hard-codednto the source,so changego the filterbanksetuprequirechangeso the source
codeandrecompilation.

5.1.1 ExampleUses

Thefollowing aresereralexampleusesof the “filterbank” programfor firmwareprogramming.

filterbank -PAConly
Progranthefilterbankandpreamplifierasdefinedin thesourcecode.

filterbank -PAConly -verifyonly
Verify thatthefilterbankconfiguratiormatcheghe configurationdefinedin the sourcecode.

filterbank -LSlonly data/expt.jed
Programthe ispLSI6192FFinterface chip with the bitstreamdatafound in the file “data/expt.jed”
(producedoy ispDesignExpert).



filterbank -LSlonly -verifyonly data/expt.|ed
Verify thatthe currentinterfaceconfiguratiormatcheghe datain thefile “dat a/ expt . j ed”.

filterbank -LSlonly -seval ues data/expt.jed

Using JEDEC file "datal/expt.jed"

JEDEC file [datal/new. jed]:

Set counter/Fl FO val ues:

| nput rate [100000.0 Hz]:

Qut put rate [10000.0 Hz]:

FI FO ALE | evel [12.3%:

FI FO ALF | evel [87.5%:

Wote file "data/ new. jed" with new val ues.

Thisis theonly commandhatdoesnot communicatevith the BioSonarboard.lts purposds to alter
severalbit subsquenceasf theispLSI6192FRIEDECile whichhave afixedpositionandpurpose The
built-in registerandFIFO modulesof theispLS16192FFarchitectureunlike therestof the FPGA,are
not built from genericmodulesandtheir configurationbits occupy afixed positionin the JTAG data
stream Fixed-positiorconfiguratiorbit sequenceiscludethepresetountevaluesfor the TAR4CPV
register/counte(seeFigure4.5)andpositionsof the ALE (“almostempty”) andALF (“almostfull”)
flagsonthebuilt-in FIFO. Becausehe countervaluesrepresentheinputandoutputdataratesof the
BioSonarsystem,it is more corvenientto programthemas such,and have the computercalculate
whatcountervaluesareneeded This call to “filterbank” displaystheinteractve input shavn abore,
promptingfor the valuesof the input datarate, outputdatarate, and FIFO flag positions. It then
generateanoutputfile “data/nav.jed” with the alteredconfigurationdata,andexits.

5.2 Usingthefi | t er bank programto procesgdata

The currentinstantiationof the filterbank run-time codeis designedor digital input and analogoutput
convertedto 12-bit digital words. The input comesfrom threedifferentBioSonardatasetsOneof theseis
the“LFM” datasetwith a samplerate of 256kHz, andthe othertwo arethe “Expt” and“BOSS” datasets,
both with a samplerate of 100kHz. “LFM” containsdatafrom pinging six buried objects,undervater
with sonarpingsproducedat 5-degreeintenals on a circle aroundthe object, for a total of 72 recordings
of sonarbackscattefor eachof the objects. “Expt” containsfive objectswith multiple (but nonuniform)
recordingstaken for each. The recordingshave beensplit arbitrarily into threesetsfor training, test,and
cross-alidation. “BOSS” containstwo objectswith multiple (but nonuniform)recordingstaken for each.
Therecordingshave beensplit arbitrarily into threesetsfor training, test,andcross-alidation.

5.2.1 Matlab Scripts Part 1

The“convert *. ni scriptswerewrittento convertthedatasetsasrecevedfrom OrinconCo, Hawaii, from
binary Matlabformatinto a simpleraw file (samplesnly, no header¥or quick donvnloadsto the BioSonar
board.Althougheventsin eachdatasetcanbegroupedogetheandprocesseih seriedn realtime for speed
andeffictiengy, thepresensetof shellscriptsassumesneinputfile perevent,whichis slower but simplerto
implement.Theoriginalfilesarer ev_pad _LFM2. mat for theLFM dataset,Expt 4 5C assDat a. nat
for the Expt dataset,andOCEANS2001 2Cl _dat a. mat for theBOSSdataset. Thelasttwo of thethree
arein astructuredormatdesignedor the BioSonarprogram definingsix fieldsasfollows:



datasetnamet r n
Trainingdatamatrix, no. eventsx samplegerevent

datasetname est
Testdatamatrix, no. eventsx samplegerevent

datasetnamecv
Cross-\alidationdatamatrix, no. eventsx samplegerevent

datasetnamet _t rn
Vector(length= no. events)of classtypesfor eacheventin thetrainingset

datasetname _t est
Vector(length= no. events)of classtypesfor eacheventin thetestset

datasetnamet _cv
Vector(length= no. events)of classtypesfor eacheventin thecross-alidationset

Outputof the“convert *. ni’ scriptsis a completesetof files namedtype mn. r aw, wheretypecan
beoneof trai n, t est, or cr oss, wheremis the classnumbey andn is the event numberwithin the
class. Theseraw files are placedin subdirectoriesiamed| f mdat a, expt _dat a, andboss_dat a,
correspondingo thethreedatasetsSomeof theconvert scriptshave beenmisplacecor overwritten,but
ary of themcanberegeneratedrom theintactexamplescriptfor the BOSSdata,whichisconvert 4. m

5.2.2 Runtime Scripts

Althoughthe simplestway to operatehefilterbankis to issuethe command
filterbank -run
thebestwayto handlelarge datasetsis throughscripts.Severalshell(csh)scriptsareprovidedfor handling
the“LFM”, “Expt”, and“BOSS” datasets.Theavailablescriptsaresummarizedn Table5.1
Below is anexamplescriptfor the“Expt” datasetshaving theloop overall raw filesin theexpt _dat a
subdirectory

set i =1
while ($i <= 5)
set | =1
while (-f expt_data/train_${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 ++
end
echo Processed training class ${i}, ${k} nmenbers
@i ++

end
echo "Done with training set"

The- att enuat e 8 option shiftsthe 16-bit input databy 8 bits to fit the 8-bit word written to the
FIFO and, ultimately corvertedto a differentialanalogvoltageandappliedto thefilterbankinput. Thisis
merelyaformatconsiderationnot gaincontrol.



Figuresb.1and5.2 shav samplenputsandoutputswritten to andreadfrom the BioSonarboardby the
aborementionedhellscript.
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Figure 5.1: Plot of an example sonar backscatter signal from the dataset ‘Expt’ (original
‘Expt4_5ClassData.mat’).

Theinput file formatis binary with 16-bit sampleq2 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, onefor eachfilterbank channel. Eachline representa
successke time sampleof the output. Nominally, the ADC outputsshouldbe centeredaroundthe value
2500, correspondingo the common-modevoltage of the ispPAC devices, or a differential value of zero
volts. Normally, this meanvalueshouldbe subtracteaut of the data.

5.2.3 Matlab Scripts Part 2

Additional Matlabscriptsreadthe processe@ASCII) outputfiles generatedby theshellscripts,andcreatea
Matlab. mat format(binary)file whichis compatiblewith the Matlabsimulationsof the baclendsupport-
vectormaching(SVM) algorithm. Finally, otherscriptsgeneratea completedisplayof all processediata,
whereeacheventis a colored2-dimensionamapsuchasis shavn in Figure5.2. Table5.1 lists the scripts
which handlevariousdatasets.

5.3 Customizingfi | t er bank

Thefi | t er bank programis only usefulif it canbe alteredto matchthe demand®f a particularexperi-
ment,soit is critical to understandhe sourcecodeandhow to modify it for customapplications.

This sectiondescribeghe softwareinterface, building up from the lowest-level callsto the high-level
descriptionof the applicationprogramitself.
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Binary datafile creation

Script Dataset Subset
create frontend LFEM2. mat N/A
createfrontendcv. m Expt 4 5C assDat a. mat Cross-Val i dation
createfrontendtest. m Expt45C assDat a. mat Testing
createfrontendtrain.m Expt4.5C assDat a. nat Tr ai ni ng
creat e boss cv. m OCEANS2001 20 data. mat Cross-Validation
create_boss_test. m OCEANS2001.2C data. mat Testi ng
create bosstrain.m OCEANS2001 2C data. mat Trai ni ng

Data display
Script Dataset Subset
showfrontend. m LFEM2. mat N/A
showfrontend2. m (others) (all)

Table5.1: Matlabscripts




5.3.1 CIO-DIO96 Driver

Onthe lowestlevel is the CIO-DIO96 driver. Any of the following list of Measuremen€omputing,Inc.
digital input/outputboardsarecompatibleandmaybeusedwith thedriverandwith theapplicationprogram:

Cl0-DIO48 ClO-DIO48H CIO-DIO96
CIO-DIO96H  CIO-DI0192 CIO-DIO192H
PCI-DIO48H PCI-DIO48H/CTR15 PCI-DIO96H
CPCI-DIO48H CPCI-DIO48H/CTR15 CPCI-DIO96H

Thefollowing boardsarenotcompatible:

(notenoughinterfacepins) (differentpin arrangemenon 50-pinconnector)
ClO-DI024 NICB-DIO96

PCI-DIO24

PCI-DIO24H

CPCI-DIO24

CPCI-DIO24H

Thedriver programcanbefoundin sourcedirectoryCl O- DI 096 andconsistf aLinux kernelmodule
di 096. o andaheadefile to beincludedin ary sourceusingthemodule di 096. h. In addition,executing
“make” createneUNIX charactedevice for each82C55chip ontheDIO board:

\ def\ di o\ AP
\ dev\ di o\ BP
\ dev\ di o\ CP
\ dev\ di o\ DP

The devicesallow r ead() andw it e() callsto eachdevice to readthe 82C55portsA, B, andC
individually or at once. However, the usualmodeof operationis to make i oct | () callsto thedevice to
set,clear or read8-bit portsor singlebits without disturbingthe otherports. Theioctl callsaredefinedin
thedi 096. h headefile.

SET_MODE
GET_MODE
SET p
CET p
SET pn
CLRpn
CET pn

wherep is oneof thethreeports“A”, “B”, or“C”, andn is abit numberfrom 0 to 7. Bitwise commands
take noagument(agumentis NULL). The SET_MODE commandakesanamgumentwhichis definedin the
headefile:

QUTPUT
CNTL_A
CNTL_B
CNTL_CH
CNTL_CL



Themodeof eachportis setto outputby default (OQUTPUT = 0). Modesneedto beexplicitly declared
asinput by ORingtogethetthe modedfor theindicatedchannelsFor example the C languagecall

ioct| (AP, SET_MODE, CNTL_A | CNTL_CH);

Would setthe modeof 82C55chip “AP” for port A input, port B output, port C upperfour bits input,
andport C lower four bits output.

Thedriver methodsencourageiseof preprocessodefinitionsto make the applicationprogramsource
codemorereadableAlso, it encouragetheuseof otherpracticedo increaseeadability suchasthenaming
of file pointersto opendevicesto matchthe device name:

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

Preprocessadefinitionsarecollectedin file “def i nes. h”. Becausahedefinitionshidethe portdes-

ignationdfor signalsijt is usefulto alsodefinethe 82C55mode(input or outputdirectionof eachport) within

thefile:

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

suchthattheapplicationprogrammakesa call which hidesthe details:
i octl (AP, SET_MODE, AP_MODES);

Individual bit lines aredefinedsuchthatthe sourcecodecallsthemby signalname,not by port desig-
nation:

#def i ne SET_MSEL(a) ioctl (BP, ((a) == 0) ? CLR. C1L : SET_C1, NULL)
#def i ne GET_TDQ( a) ioctl (AP, GET_BO, &a)
#def i ne GET_FLAGS(a) ioctl (AP, GET_C, &a); a &= O0OxOf

#defi ne COVW_WRI TE DATA(a) ioctl (BP, SET A, a)

The abore four calls represenbit-wise set, clear andread,and byte-wisereadandwrite operations.
Hardwarechangeso theinterfacewhichchangein positionsaremanagedby editingthefile “def i nes. h”
only.

A few definitionscombinemultiple signal operationsinto a single command. This ensureghat the
propersequencef signalsis definedwhereit is lesslikely to be accidentallychangedyy programmaodifi-
cations:

#def i ne TCLOCK ioctl (AP, SET_C6, NULL); \
ioctl (AP, CLR _C6, NULL)

#defi ne conmpwriteval ue(v) COWP_WRI TE(0); COVP_WRI TE DATA(V); \
COW_WRI TE( 1)

Thefirst definitiondefinesacommandTCLOCK” which pulsegheJTAG TCK line (setoperatiorfol-
lowed by a clearoperation).The seconddefinesa FIFO write operationby droppingthe WR line, applying
8 bits data thenraisingthe WR line.



5.3.2 JTAG Calls

The JTAG interfaceis too complicatedto be explainedin detail here; a good descriptionof the JTAG
interface usedfor ispFAC chip programmingcan be found in the Lattice SemiconductoispFAC-10 and
ispFAC-20 datasheets JTAG operationsare built up in hierarchicalfashion,startingat the lowest level
andworking up to high-level chip programmingunctions. For clarity, theselayersaredefinedandwill be
referredto asfollows:

1. Hardware Layer: 82C55ports;directaddressingo the hardwarethroughmachineinstruction‘inb’
and‘outb’ calls. Thislayeris writteninto thedriver.

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

3. SignalLayer: Definition layerwhich hidesthe detail of ioctl() callsbehindsignalnamegelevantto
theapplication.

4. StateMachine Layer: Directimplementatiorof the JTAG statemachineusingSignalLayercalls
5. Instruction Layer: Implementatiorof JTAG instructions
6. Device Layer: Implementatiorof the setof instructionsfor a particulardevice.

7. Application Layer: The overall applicationcalls the JTAG Device Layer commandgo program
devicesin thesystento performspecifictasks.Theentire JTAG interfaceis hiddenfrom theend-user
by thislayet

TheJTAG interfaceis definedin the C sourcefile conmon. ¢, containingroutinescommonto all of the
BioSonarboardprogrammablehips. Operationof the JTAG statemachineis carriedout by SignalLayer
callsto setandclearthefive JTAG controlanddatabits. Thedefinitionsfor thesebits areasfollows:

#def i ne SET_TM5( a) ioctl (BP, ((a) == 0) ? CLR. C6 : SET_C6, NULL)
#defi ne SET_RST(a) ioctl (BP, ((a) == 0) ? CLR C5 : SET_C5, NULL)
#defi ne SET_TDI (a) ioctl (AP, ((a) == 0) ? CLR C5 : SET_C5, NULL)
#def i ne GET_TDQ( a) ioctl (AP, CGET_BO, &a)

#def i ne TCLOCK ioctl (AP, SET_C6, NULL); ioctl (AP, CLR C6, NULL)

The exactsequencef thesesignalsneededo move aroundthe JTAG statemachinearehiddenbehind
the StateMachineLayerfunctions:

voi d HardReset ()
hardware-initiatedresetusingthe TRST signal.

voi d Soft Reset ()
software-initiatedresetusingthe statemachine.
void ldle()
Move from ary stateinto theidle state.
voi d Pause_To_l dl e()
Move from the pausedstateinto theidle state.

void Init _Data()
Prepardor datasend(datafollows).



void Init_Instruction()
Prepardor instructionsendon ispPAC device (instructionfollows).

void LSI Init_Instruction()
Prepardor instructionsendon ispLSl device (instructionfollows).

Noneof the StateMachineLayercallstakesary agument;they aresimply sequencesf appliedSignal
Layercalls(TMS andRST signalsandpulsesof TCK). The StateMachineLayer callsarebundledinto the
InstructionLayer callsfor readingandwriting the Lattice devices(foundin file conmon. ¢ for ispFAC-10
andispRAC-20 operationsfile i spDAC. ¢ for operationson the ispPAC-20 DAC configuration,andfile
i spLSI . c for ispLSI6192FFoperations).

Most InstructionLayer and Device Layer calls requirea parametechai n_t ypes. Thisis aninte-
gerarrayof size CHAI N_.TOTAL which containsthe ID numberof eachchip in the JTAG chain. For the
BioSonamoard,CHAI N_.TOTAL is 70(34ispPAC-10chips,34ispFAC-20chipsin thefilterbank,1 ispRAC-
20 chip for the preamplifier and1 ispLSI6192FF)Chip ID’s arethe ID numbergeturnedby eachchip on
aQuer yl Dcommandhex 0x100for theispFAC-10, hex 0x111for theispFAC-20,andhex 0x32for the
ispLSI6192FF)The subroutinesisethis device arrayinformationto addres®r bypassspecificchipsin the
JTAG chain.

void Instruction(int *chai ntypes, uchar inst)
Apply ispRAC instructionvaluei nst

void DACI nstruction(int *chaintypes, uchar inst)
Apply ispPAC DAC instructionvaluei nst

void LSlIInstruction(int *chaintypes, uchar inst)
Apply ispLSI-6192instructionvaluei nst

void Capture(int bits, int lastbit, uint *rval)
Readbi t s bits (up to 32) from the JTAG TDO line. If | ast bi t is reachedgxit the JTAG
readcycle. Resultis placedin unsignednteger pointedto by r val .

void CaptureStream(uint *bitstream int ssize)
Readssi ze bits from the JTAG TDO line, placingthe resultin the unsignedinteger array

pointedto by bi t st r eam
void Capturel DStream(uint *bitstream int ssize, int LSIcount, int

*chai ntypes)
Readssi ze bits from the JTAG TDO line, placingthe resultin the unsignedinteger array

pointedto by bi t st r eam LSI count is the numberof ispLSI chipsin thechai n_t ypes
array Thisis differentfrom Capt ur eSt r ean() becauseheispLSIchipsdo notprovide an
ID codein thesamemannetastheispPAC chipsandmustbebypassed.

uint Wite(int bits, int lastbit, uint testword, uint *rval)
Write bi t s bits(upto 32)totheJTAG TDI line. Bits aretakenfromt est wor d. If | ast bi t

is reachedexit the JTAG write cycle. JTAG write operationgpasshroughthe chainandcanbe
capturedat TDO for verification,so TDO is readbeforeeachbit is written, andtheresultstored
inrval asit is donefor theCapt ur e() instruction.

void WiteStream(uint *bitstream int ssize, uint *rval)
Write ssi ze bits to the JTAG TDI line, usingthe bits storedin the unsignedinteger array

bi t stream The TDO resultis readbeforeeachbit write andthe resultis returnedin the
unsignedntegerarrayr val .

Thefull JTAG instructionsetusedby all of theLatticechipsontheBioSonamoardis shavnin Table5.2.



Instruction Value Description

GenericJTAG deviceinstructionset

EXTEST 0 Externaltest.Defaultto BYPASS
SAMPLE 30 Sample/PreloadDefaultto BYPASS
BYPASS 31 BypasgqconnecfTDI to TDO)
isSpPAC devicevalid instructionset

ADDUSR 1 AddressUserdataregister
UBE 2 Userbulk erase

VERUSR 3 Verify Userdataregister
PRGUSR 4 ProgramUserdataregister
IDCODE 13 Readldentificationdataregister
ENCAL 16 EnableCalibrationsequence
ispPAC20device extendednstructionset

DBE 17 DAC bulk erase

VERDAC 18 Verify the DAC register
PRGDAC 19 Progranthe DAC register
ADDDAC 20 Addresshe DAC register
ispLSldevicevalid instructionset

SHIFT_ADDRESS 1 Enableaddresshift register
SHIFT_DATA 2 Enabledatashift register
LSI.IDCODE 21 Get8-bit ID Codeof device
LSI_.BYPASS 14 BypasgqconnecfTDI to TDO)
ERASEALL 16 Enableaddresshift register
PROGRAM_LOW 8 Programlow orderbits
PROGRAM_HIGH 7 Programhigh orderbits

VERIFY_LOW 11 Verify low orderbits
VERIFY _HIGH 10 Verify high orderbits

Table5.2: Tableof all instructions




TheDevice LayercallsbundlethelnstructionLayercommandperationsnto large-scaldunctionssuch
asprogramminga chip or verifying aprogram:

i nt Queryl DCode(int *chai ntypes, uchar quiet_node)
ChecktheID codereturnedby every ispFAC chip on the board. Returns) on successind—1

onfailure.If qui et _node is nonzerono outputis generated.
int QueryLSI ID(int *chaintypes uchar quiet_node)
Sameasabore, but for theispLSI6192only.
voi d QueryProgran(int *chaintypes)
Readthe currentprogramin all of the ispFAC chips and print the completebitstreamto
st derr . Return9) onsuccesand—1 onfailure.
voi d Quer yDACProgran(int *chai n_types)
Sameasabore, but readsonly the programmedAC valuesin theispFAC20chips.
int VerifyOnly(int *chain_types)
Comparethe programin the ispFAC chipsto the programdescribedby the bitstreamglobal
variablei spbi t s[] . Returnd) onsuccesand—1 onfailure.
nt VerifyOnl yDAC(i nt *chai n_types)
Sameasabore, but compareghe bitstreamcontainingthe valuesof all the programmedAC
registersof all theispPAC20chipsagainst spbits[] .
nt VerifyOnlyLSl (char *filenanme, int *chaintypes)
Theprogramin theispLSI6192is comparedagainsthe JEDECbitstreamfoundin JEDECfile
fil ename. Return9) onsuccessind—1 onfailure.

nt EraseAndVerify(int *chai n_types)
Eraseghe contentsof theispFAC10 andispFAC20 chips,andverifiesthatthe erasehasbeen

successfulReturnd) onsuccessind—1 onfailure.
nt EraseAndVeri fyDAC(i nt *chai ntypes)

Sameasabore, but eraseshe contentsof theispPAC20DAC registersonly.

nt ProgramAndVerify(int *chai n_types)
Programthe ispPAC10 and 20 chipswith the bitstreaminformationfoundin the global array

i spbi ts[]. ThisfunctioncallsEr aseAndVeri f y() beforeprogramming.Returnsd on
succesgnd—1 onfailure.
nt ProgramAndVeri fyDAC(i nt *chai n_types)

Sameasabore, for the DAC registersof theispPAC20chipsonly.

nt ProgramAndVerifyLSl (char *fil enane, int *chai n_types)
ProgramtheispLSI16192with the bitstreamdescribedy the JEDECTile f i | enane. Returns

0 onsuccessind—1 onfailure.

nt CheckBypass(int *chain_types)
Initiatesa testoperationin which all chipsaresetto BYPASS mode,anda randombitstream

is writtento TDI andreadout of TDO CHAI N_.TOTAL clock cycleslater Returns) onsuccess
and—1 onfailure.
void Calibrate(int *chaintypes)

Initiatesa calibrationcycle on all of theanalogchips(ispFAC10andispFAC20)simultaneously

int ispJTAGenabl e(int *chai n_types)
Putsthe ispLSI16192into JTAG mode. This requiresa bizarresequencef instructionsand

JTAG commandsawhich is not part of the standardJTAG definition. It is requiredbeforeary
callto Progr amAndVeri fyLSI () orVeri fyOnl yLSI ().
int i spJTAGi sabl e(i nt *chai n_types)



PutstheispLS16192into normalruntimemode. This routinemustbe calledafter every call to
Pr ogramAndVeri f yLSI () andVeri fyOnl yLSI ().

5.3.3 ispPAC10andispPAC20 Configuration

Application Layer commandsare divided into two parts: SetupCommandsand Execution Commands.
SetupCommandsrefoundmainlyin filesi spPAC10. ¢ andi spPAC20. c, whereasheExecutionCom-
mandsarefoundmainlyin fi | t er bank. c. SetupCommandspreparethe configurationbitstreamto be
downloadedto the chip. They do not make arny JTAG calls. Thefilterbank SetupCommandshide the de-
tails of which configurationsits in the Lattice chip performwhatfunction,andallow callsto turn certain
functionson or off, to selectamplifier gainandamplifierinput routing by referenceo the amplifier “PAC
block” by nameor number The SetupCommandgely on a general-purposeoutine called “ispstuff()”
which megesbit fieldsinto the singlelong configurationdatastreamwhich will be loadedinto all of the
ispPAC10andispFAC20devicessimultaneously

Propertiesf theispPAC10 andispFAC20 devicesaredefinedas macrosfor clarity. The applicability
of ary function shouldbe checled againstthe configurationmap (programmingdiagram)for eachchip
(see, for instance,Figure 4.10). Valid input sourcesfor amplifier inputs in the setamproute10()and
setamproute20()subroutineslepencbn the amplifierchosenasdefinedin Table5.3. As shavn in theta-
ble, mostinstrumentatioramplifiersaredeclaredoy number(1-8ontheispPAC10for theinputamplifiers,
1-4for theoutputamplifiers) but becaus¢éheispPAC20hasa multiplexedinputon thefirstinstrumentation
amplifier, its inputsarenamedAMP1 A andAMP1 B andshouldusethe definedword, notanintegernumber
TheispPAC20device canrouteinputsto thecomparatorsyhoseinputsarereferencedslistedin Table5.3,
for usewith the setcomproute()andsetcomphiz() subroutines:

A completelist of configurationsubroutiness belon. Eachof thesesubroutinegakes an integer pa-
rametergl obal . This parameteis the numberof bits into the bitstream(global variablei spbi t s[])
at which the bitstreamrepresentinghe chip in questionbegins. The beginning of the filterbank program
createghe orderingcorrespondingo the BioSonarcircuit board,andcreatesanarraychi p_of f set s[ ]
holdingthevalueof gl obal to bepassedo theconfiguratiorsubroutines.

int set_anmplO(int global, int nunber, int route, int gain)
Declaregheinputroutingandgainfor theinput (instrumentationamplifiersin theispFAC10.
nunber is 1-8for the 8 amplifiers. gai n is in the integer range—9 to +9 inclusive, but
excludingzero.r out e is ary of thevalid inputsto ispPAC10amplifiers listedin Table5.3.

i nt set_capacitor10(int global, int nunber, float val ue)
Setsthe value of the feedbackcapacitorfor outputamplifier nunber on anispFAC10 chip,

wherenunber maybe 1-4. val ue is the taiget capacitorvaluein picoFarads. The routine
will find the closestcapacitanceralue supportedoy the chip, andwarnif the valueis out of
rangeof capacitorvalueson the chip.

i nt set_feedbacklO(int global, int nunber, int val ue)
Setsthe feedbackor outputamplifiernunber onanispPAC10chip, wherenunber maybe
1-4.valueis 1 for closedcircuit (feedback)or 0 for opencircuit (no feedback).

i nt set_common_nodelO(int global, int nunmber, int val ue)
Setsthe commonmodesource(externalor internal)for eachoutputamplifierof anispPAC10
chip. nunber may be 1-4. val ue is 1 for externalcommon-modesource,0 (default) for
internalcommon-modeource.

int set_conproute(int global, int nunber, int route)



ispPAC-10inputamplifiersources

amplifier sources

1 INPUT_1 INPUT2 OUTPUT1 OQUTPUT2 OUTPUT 4

2 INPUT_1 INPUT2 OUTPUT1 OQUTPUT2 QUTPUT 4

3 INPUT_1 INPUT2 OUTPUT1 OQUTPUT2 OUTPUT 4

4 INPUT_1 INPUT2 OQUTPUT1 OQUTPUT2 QOUTPUT 4

5 INPUT.3 INPUT4 OQUTPUT2 OQUTPUT.3 OUTPUT 4

6 INPUT.3 INPUT4 OUTPUT2 CQUTPUT.3 QUTPUT 4

7 INPUT.3 INPUT4 OQUTPUT2 OQUTPUT.3 OUTPUT 4

8 INPUT.3 INPUT4 OUTPUT2 CQUTPUT.3 QUTPUT 4

iSpPAC-20inputamplifiersources

amplifier sources

AVP1A INPUT_1 INPUT2 INPUT3 QUTPUT.1 QUTPUT2 DACOUT
AVP1B INPUT.1 INPUT2 INPUT3 QUTPUT.1 QUTPUT2 DACOUT
2 INPUT_1 INPUT2 INPUT3 QUTPUT.1 QUTPUT2 DACOQUT
3 INPUT.1 INPUT2 INPUT3 QUTPUT.1 QUTPUT2 DACOUT
4 DACFULL DACHALF |INPUT2 QUTPUT.1 QUTPUT2 DACOUT

ispPAC-20compaator sources

comparator sources

CP1_I N1 QUTPUT2 [INPUT3 CPIN DACHALF DACFULL DACOQUT
CP1_.I N2 OQUTPUT2 [INPUT3 CPIN DACHALF DACFULL DACQUT
CP2_I N1 QUTPUT2 [INPUT3 CPIN DACHALF DACFULL DACQUT
CP2_I N2 OQUTPUT2 [INPUT3 CPIN DACHALF DACFULL DACOQUT

Table5.3: Inputsourceroutingchoicesn theispPAC10andispFAC20chips.




Setsthe origin of aninputto oneof the comparator®n anispFAC20 chip. nunber is oneof
thedefinedtypesCP1_l N1, CP1_I N2, CP2_I N1, or CP2_I N2, asshavn in Table5.3.1 N2 is
thepositive input,andl N1 is thenegative input.

int set_anmp.route20(int global, int nunber, int route)
Definesthe routing sourcefor the ispPAC20 input amplifiers. The sourceis dependenbn the
amplifier chosen;valid sourcesareshavn in Table5.3. Amplifier nunber is referencedy
numberexceptfor amplifier 1, which hasa multiplexedinputandthereforedefineswo routine
destinationsgefinedasAMP1A andAMP1B.

i nt set_anp_gai n20(int global, int nunmber, int gain)
Setsthe gainon eachinput amplifier (numberedy nunber , 1-4). Valid gainsareintegersin
therange—9 to +9 inclusive, exceptingvaluezero.

i nt set_capacitor20(int global, int nunber, float val ue)
Setsthe value of the feedbackcapacitorfor outputamplifier nunber on anispPAC20 chip,

wherenunber maybe 1-2. val ue is the taiget capacitorvaluein picoFarads. The routine
will find the closestcapacitanceralue supportedcby the chip, andwarnif the valueis out of
rangeof capacitotvalueson the chip.

i nt set _feedback20(int global, int nunber, int val ue)
Setsthe feedbackor outputamplifiernunber onanispPAC20 chip, wherenunber maybe

1-2.valueis 1 for closedcircuit (feedback)or 0 for opencircuit (no feedback).

i nt set_comon_node20(int gl obal, int nunmber, int val ue)
Setsthe commonmodesource(externalor internal)for eachoutputamplifierof anispPAC10

chip. nunber may be 1-4. val ue is 1 for externalcommon-modesource,0 (default) for

internalcommon-modesource.
voi d set PCnode(int global, int val ue)
Determinesvhatcontrolstheinputinversiononinputamplifier4 of anispPAC20chip.val ue

may be oneof thedefinedmodes-1 XED, PC_PI N, LATCH, or CP1. Seethe Lattice Semicon-
ductordatasheefor theispPAC20for anexplanationof thesemodes.

Theremainingcommandgontrolboolean(ON/OFF)propertiesof the chip, soeachtakesanargument
val ue whichis eitherTrue (1) or False(0). Thesecommandsreonly definedfor theispPAC20 chip.

voi d set hysteresis(int global, int value)
Enable/Disabld7mV hysteresi®n comparatoinputs.

voi d set conp_node(int global, int val ue)
Enable/Disabldatchingof the outputof comparatolCP1. Latchis updatedoy togglingthe PC
pin.

voi d set dsthru(int global, int val ue)

Enable/Disablserialaddressingf the onboardDAC.

voi d set tdo_enabl e(int global, int val ue)
Enable/Disabld DO output. DisablingTDO putsit in high-impedenceutput. This shouldnot
bedoneontheBioSonarboard!

voi d set security20(int global, int val ue)
Setsthe securitybit, which preventsreadoutof the chip programuntil disabledwith a bulk
erase This shouldnot beusedon the BioSonarboard!

voi d set wi ndow(int global, int val ue)
Setthe function of the Window outputpin to be the XOR of the comparatorsopr FF (latched
comparatooutput).

voi d set conp_hiz(int global, int value)



Disconnectghe outputpins from the comparatorgandthe Window pin) sothatinternal-only
useof thecomparatorgeneratetessnoiseon theanalogcomponents.

void set slewate(int global, int val ue)
Enable/Disablslenrateenhancemeran inputamplifier4.

It is helpful to declarethe completeconfigurationinformationfor anentiredevice in onesubroutineso
onesubroutings dedicatedo eachof the threetypesof chipsusedin thefilterbank: The ispRAC10filter,
the ispPAC20 signal processqgrandthe ispPAC20 preamplifier The main purposeof theseroutinesis to
hidethe abore device-specifiadefinitionsfrom the applicationprogram.

int set filter nmodelO(int global, int node, float bpfreq, float Q
Configurean ispFAC10 chip for BioSonarfiltering. The tamget filter centerfrequeng is

bpf req, in Hz, andthe filter resonance) is parametelQ The node parameteis defined
in filterbank.c andis one of the definedtypesPARALLEL, COCHLEAR, or TAPPED,
correspondingo themajorarchitectureslescribedabore.

int set_filter_nobde20(int global, float |Ipfreq, int gain)
ConfigureanispPAC20chipfor BioSonaffilter outputrectificationandsmoothing. Thesmooth-

ing filter cutof frequeny is designatedby | pf r eq, in Hz, andthegain(signalboosting)going
into thefinal outputis definedby gai n.

i nt set_preanp(int global, uchar source, uchar node, int gain)
ConfiguretheispFAC20 preamplifieron the BioSonarboard.Parametesour ce is oneof the

definedtypesSOURCE_ANAL OGor SOURCE DI G TAL. Parametenode is oneof thedefined
typesS|I NGLE_ENDED or DI FFERENTI AL.

5.3.4 Filter Parameter Calculation

Becausehedetailsof thefilter parametecalculationds hiddenin the setfilter mode*() commandswhich
take afloating-pointfrequeng valueasa parameterthe calculationof filter parametersequiresonly to set
upanarrayof centerfrequenyg valuesfor the 34 bandpasshannelsandchoosea () valueandinputgainto
thefilter. Thefunction

voi d makecfval ues(fl oat *bpfreq, int channels, int mnchan, fl oat
m nfreq, int maxchan, float maxfreq, int node)

generatethefrequeny array basednaminimumfrequeng m nf r eq to besetatthelow-frequeng end
of thearray anda maximumfrequeng maxf r eq to besetatfilter numbemaxchan (because¢heanalog
outputis only valid for the lowest32 channelsjt is more cornvenientto declarewhat the top frequeng
shouldbe at channel32, not the highest-frequencchannelwhich is 34). Parametemode canbe either
L1 NEAR for linearspacedrequenciespr LOGARI THM Cfor logarithmically-spaceffequencies.

5.3.5 BioSonarBoard Control

Runtimeoperationof the BioSonarboardis initiated by callingfi | t er bank -r un andcallsthe main
executionroutine

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



wheredat af i | e istheraw inputfile, andout put fi | e is theformattedoutput.

Thefirst partof thisroutinesetscontrollinesasnecessario resetheBioSonatboard,andthenperforms
a direct hardware resetof the FIFO chips. The “full” flag of the FIFO driven by the BioSonarboardis
monitoredandthe systemis stoppedvhenthe FIFO is full. Writesto afull FIFO areignored,sothetime
delaybetweerthe FIFO flag signalandthe shutdevn of the BioSonarboardis unimportant.

Most of the hardware-level callsmadein the Fi | t er bankRun(') routine cannotbe alteredwithout
adwerselyaffectingthe operationof the system.However, theinterfacecanbe configuredto acceptcertain
softwaresignalsto alter run-timeparametersn the board. Onesuchsignalis Sel ect 0 whichis toggled
by the SET_MSEL () macrodefinitionin the runtime code. This controlsthe value of the MSEL pin on
theispPAC20devicesin thefilterbank. The MSEL pin selectghe sourceof thefirst inputamplifieron the
first “PAC-Block” of theispRAC20. In the configurationgdescribedn this documentthis pin canbe used
in oneof two ways: Whencapturinganalogoutput,the commandSET_MSEL ( 1) selectsnon-diferential
output,in whichthe ADC capturegshe amplitudeervelopeof eachchannel.ThecommandSET _MSEL ( 0)
selectddifferentialoutput,in which the ADC measureshe differencebetweerthe amplitudeenvelopeof
eachchannelandthat of its neighboron the higherfrequeng side. When capturingthe two-bit digital
output (thereis no correspondingchematidor the interface chip describedn this documentfor two-bit
digital outputmode),SET_MSEL() canbeusedto togglebetweertheamplitudeandthe signbit.

5.4 Error Messages

filterbank will generatesrrormessageary time it getserroneousnformationbackin the bitstreamfrom
theLatticechips.

“I DCODE Query: failed. Manufacturer not Lattice Sem conductor.”
This is the mostlikely errorto shav up, asit is the first testmadeby the programwhich readsdata
off of the BioSonarboard.Failure canindicatethatthe boardis not attachecbr is not povered(most
likely), thatthereis an errorwith the interfaceconnectionglesslikely), or thata chip hasgonebad
(leastlikely).

“LSI Query ID failed: Expected 0x32, Read: ...~

Canindicatethe sameas“IDCODE Query”if the“-LSlonly” optionis chosenpecausét is thenthe
first attemptthe programmakesto communicatavith the BioSonarboard. Otherwisejt indicatesan
errorwith theispLSI6192FFchip (suchasabadchip).

“Pass TDI through to TDO failed. Wote bits: ...~

This is a simpletestto put all the chipsin bypassmode(1 bit registerper chip in the JTAG chain)
andseeif abit sequenceassednto the first chip comesbackunaltered70 clock cycleslater As

the secondjueryto the board this cansometimedail asaresultof animproperJTAG statemachine
state.lt shouldnot occurwith the currentsoftwareversion.

“Fifo I ength unknown”
Systemtried to clock datainto the FIFO chip and wait for the “Full” flag to change. Error here
indicateghatthe FIFO boardis notpresenor thatthe FIFO chip and/orsignallingis bad.

“***WArni ng: 1st value returned is not OxfO!”

Thefirst byte of ablock of raw outputdatashouldnominallybe 0xfO (MSBsof therestingstateof the
system—outputannotchangeanstantaneouslgo this value mustalwaysbein range).If it is not, it

signifiesaglitch in the systemwhich maybe eithera power transientor a FIFO controlline transient
error Datais lostandmustbereprocessed.



“error opening DI 96 device AP”

Thisis adevice-level errorandindicateseitherthatthe CIO-DIO device driver is notinstalledin the
kernel,is not operatingproperly(e.g.,hasthewrong /O addresgor anISA card),or the device has
beenopenediy anotherapplicationandis in use.

“Erase all: failed at bit n”
IndicateghattheispPAC devicesfailedto erase Thisindicatesabaddevice.

“Program failed. Wote: ..."
IndicateghattheispFAC 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, sothatif the program
alreadyexistson thechips,it will saze anerase/rerite cycle.

“Error: Chip count is mbut should be n”
Thisis asoftwareerrorandis aheads-uphatthedevice orderinghasbeenalteredandis notconsistent
with thedeclarechumberof devices,CHAI N.-TOTAL.

5.5 SourceDirectory Structure

Figure5.3 shavs the directoryhierarchyof the softwareincludedwith the BioSonardistribution andmen-
tionedin thisdocument.

llattice/ | |matiab/ |
[ |
| control / | |doc/ | :.mat
.||| . m
[
|boss_dat a/|| | f m dat a/ ||expt_ldat a/|| filterbank | * txt
*.I’EliW *.rlaw *.r;w " ps mnual!
* dat * . dat * dat :
|rranua|.* |psflles/|
*. ps

Figure5.3: Biosonarsourcecodedirectoryhierarchy



