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Abstract

This articledescribesa simpleandinexpensive modemintendedto link endusersat 76.8kBit/sto
thehigh speedbackbonenetwork. Themodemcanbeconnectedto standardPC’s usingtheUniversal
SerialBus(USB).

1 Intr oduction

Lastyear, wepresentedamodemdesignfor theEnhancedParallelPort(EPP).Threeyearsago,whenthe
basicdesigndecisionsfor thatprojectweremade,theEnhancedParallelPortwastheonly ubiquitoushigh
speedinterfaceavailableon PC’s andLaptops.

In the meantime, a new high speedinterfaceemerged: the UniversalSerial Bus (USB). The new
interfaceoffersseveraladvantagesover theEnhancedParallelPort:

� high transmissionspeed,12MBit/s

� serialtransmission,i.e. thinnerandcheapercables

� easierport sharing,up to 127devicesperport by usinghubs

� rigorousspecification

Furthermore,thenecessaryinfrastructurelike operatingsystemdriversfor popularoperatingsystems
like Windows98,Linux, FreeBSDandNetBSDis eitherin placeor emerging at a rapid pace,andUSB
accessorieslikehubscanbeboughtat everycomputerstore.

Therefore,wedecidedto developa modemsimilar to theEPPdesign,but with anUSB interface.
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2 DesignGoals

Our goalwasto provide a flexible designthatsupportsa wide varietyof applicationswithout sacrificing
costeffectiveness.

Our designsupportsthefollowing modesof operation:

1. FSK(G3RUH compatible)from 9.6kBit/s up to about300kBit/s

2. 1200BaudAFSK

3. ExternalModemusingstandardModemDisconnectinterface[4]

4. Audio IO

1 coversthe sameapplicationsasthe EPPmodemdesigns[7, 8]. 2 makesthis designattractive for
1200Baudusersby offering a smoothupgradepathto higherspeeds.3 allows it to accomodatemodems
for nonstandardmodulationformats,and4 togetherwith suitableapplicationsoftwareoffers the same
featuresasastandardFM transceiver, but softwarecontrollable.

If the ModemDisconnectport is not usedto connectto a modem,it may be usedaseight general
purposePIO pins.

The circuit alsohasa port to control the operationof a T7F [10] transceiver. The T7F is a popular
synthesizer9600Bauddataradiodesign.An RSSIADC makesthesignalstrengthaccessibleto thePC,
four digital linesallow thechannelselection,onedigital line selects12.5kHzor 25kHzchannelspacing,
anda1200BaudasynchronousUART allows thechannelmemoryto beprogrammed.

3 DesignConsiderations

Figure1 shows theprototypecircuit diagram.Therewill likely bechangesfor theproductionunit, sodo
notexpectthefinal driversto work with thatcircuit.

In orderto shortenthedevelopmentcycle, we decidedto basethenew designon thesuccessfulEPP
design[7, 8]. On first sight, the circuit diagramsof both modemslook very similar, but therearesome
importantdifferences,asexplainedbelow.

3.1 Micr ocontroller selection

TheUSB busspecificationrequiresthedevicesto beableto respondto relatively complicatedinquiries.
This necessitatesa microcontrolleron thedevice andmakestheimplementationof anUSB controlleron
a FPGA1 infeasible.In April 1999,we thereforesurveyed the market for suitablemicrocontrollerswith
built-in full speed(12 MBit/s) USB interfaceengines(table1).

TheAMD 186CClooks ideal for our purposeon first sight. It is however quiteexpensive, andsince
it doesn’t containany memoryon chip, requiresexternalFLASH andSRAM memories,makingit even

1“Field ProgrammableGateArray”: programmablelogic devices[1]



3.1 Microcontrollerselection

Figure1: PrototypeCircuit Diagram– seetext
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Manufacturer Device CPUcore features problems
AMD Am186CC 8086 HDLC $
AnchorChips AN2131 8051 8kB SRAM, no nonvolatile

memoryneeded
slow microcontroller
core

Cypress 7C64213,
7C64313

proprietary 8kB EPROM 256BSRAM,
1kB FIFO SRAM, master
DMA into FIFO SRAM

not yet available,
simplemicrocontroller

Infineon SAB-
C541U

8051 8kB ROM, 256BSRAM very slow microcon-
troller core,not enough
SRAM

Motorola MPC823 PowerPC HDLC, ethernet $$,BGA package

Table1: April 1999market survey for microcontrollerswith USB interfaceengine

moreexpensive. It looks however promisingfor a small nodeapplicationwith threeradio channelsand
oneUSBchannel.Wealreadyhaveaprototypedesignfor that.

TheAnchorChipsparthas8k of on-chipSRAM.Its distinguishingfeaturehoweveris thatthecomplete
firmwarefor theCPUcanbedownloadedfrom theUSB bus.It doesn’t requireany nonvolatile program
storage.Its disadvantagehowever is the relatively slow CPU core.It’ s fasterthantheoriginal 8051,but
accessto externaldataandUSB datais inefficient in the8051architecture.But overall theAnchorChips
partis still agoodchoicefor our purpose.

Unlike theEPPmodem,themicrocontrolleralreadyhason chip SRAM andtheUSB busis designed
for low latencies,anadditionalSRAM for buffering is not necessary.

3.2 Power Supply Considerations

USBdelivers5V overthestandardfour conductorwire.However, thespecificationallowshugetolerances
to accomodatethe resistive lossin the cablingwhich makesit impossibleto directly power 5V devices
withouta DC/DCconverter. It is howeverpossibleto feeda low drop3.3V regulator.

Most USB controllersare3.3V devices,the AnchorChipspart including. It features5V tolerantIO
pins,too.

Sincepoweringtheanalogcircuitry with only 3.3V would resultin outputvoltageswingstoo low for
many transceiversin use,we decidedto power the analogpart with 5V, andto simplify the interfaceof
theanalogpart to theFPGAwe useda 5V FPGA.In fact, theanalogcircuitry is thesameasin theEPP
modemdesign[7, 8].

TheUSB interfacemaysupplyup to 500mA2, which is approximately2.5Watts.Typical 9600Bauds
dataradioshavearound7 Wattsof HF outputpower, thereforerequiringabouttwice thesupplypower. So
it is impossibleto feedtheradio from theUSB port, andthereforeat leastthe radio requiresanexternal

2only if thedevice is connectedto aself poweredhub
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powersupply, typically 12V DC. Giventhatit doesnot makesenseto useanexpensiveDC/DCconverter
to power themodemfrom theUSB bus,sowedecidedto requireanexternalsupplyfor themodemtoo.

3.3 Firmwar eDownload

In order to achieve the flexibility of the designoutlinedin the designgoalssection,the modemdesign
employs two programmabledevices,namelytheField ProgrammableGateArray (FPGA) andthe USB
microcontroller. Apart from a small I2C-EEPROM there is no nonvolatile storagein the modem.The
EEPROM only storesUSB vendorandproductID codesto make the designdistinguishablefrom other
AnchorChipsdesigns.

To make the modemoperational,the firmwarefor both programmableIC’s needsto be downloaded
from thehostPC.Thefirst stepfor thehostPCis to downloadspecialcodefor themicrocontrollerwhose
only purposeit is to acceptdatafrom the USB bus anddownload it to the FPGA. Oncethe FPGA is
configured,the hostPC stopsthe microcontrolleragainanddownloadsthe firmware for the particular
operatingmoderequested.

Themicrocontrollerthensimulatestheunpluggingandrepluggingof themodemfrom theUSB bus.
This forcestheoperatingsystemto rereadtheUSBinterfacetablesfrom themodemagain.Thisallowsthe
modemto have differentUSB requirementsthanthe default onesprovidedby AnchorChips,andit also
allows themodemto supplyanotherproductID to forcetheoperatingsystemto loadanotherdriver.

3.4 The FSK Mode

Unlike theEPPmodemdesignwhich encodesanddecodesHDLC in thedriver runningon thehostPC,
theUSB modemexchangesraw packetswith thePC.Therefore,themodemhasto implementtheHDLC
encodinganddecodingprocess.

HDLC processingcanbeclassifiedinto two categories:Bit orientedtaskslike (un)stuffing, CRCcal-
culationandflag detection,andmemorymanagementorientedtasks,like storinga frameuntil theCRC
is receivedandthendeterminingwhetherto keepit or not. It turnsout that the formercanbedonevery
easilyon theFPGA,while FPGA’s arequiteunsuitedto thelatter.

Themicrocontrollercommunicateswith theFPGAmainly througharegisterinterfaceconnectedto its
addressanddatabus.The interfaceconsistsof 16 8Bit registersaliasingover thewholeexternalpartof
theXDATA addressspaceof theCPU.

SmallFIFOsdecoupletheHDLC encoder/decoderandthemicrocontroller. TheFIFOsstoreeightbits
of dataandaoneor two bit tagword indicatingif thedatais to beconsideredas“payload”dataor “meta”
data.

ThetransmitFIFO maybeaccessedat four addresses,which determinesthetwo tagbits.Thetagbits
arelistedin table2.

In thereceivecase,thetagis only onebit wideanddistinguishesbetweenpayloadandmetadatabytes.
A metadatabyteis insertedwhenaHDLC flagor abortis received.Thedatabytethencontainsindications
whethera flag or abortwasreceived,andin theformercasewhethertheCRCwascorrector not andthe
numberof residualbits. Sinceprocessinga HDLC flag is an expensive operation(the old packet hasto
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Figure2: Diagramof theFSK mode

beeitherdiscardedor queued,andmemoryfor anew onehasto beallocated),thereceiveFIFO collapses
multipleconsecutiveflagsinto asingleflag.

The modempart of the FPGA is the sameas in the EPPmodemadapter, anda descriptionmay be
foundin [7, 8].

3.5 The AFSK Mode

ImplementingFSKmodemswith FPGA’shasbeenpopularfor quitesometime,sothereexist “competing”
designs,mostnotablytheYAM [11]. Theflexibility of theFPGA’s spurredinterestin realisinganAFSK
modemwith thesamehardware,andYAM got its AFSK modemfirmwareaboutayearago.

But becausetheanalogcircuitry of thesemodemswasdesignedfor theFSK case,theperformanceof
theAFSK demodulatorsimplementedon thesemodemsis prettyunsatisfactory. Thenext sectionshows
how asimplemodificationto theanalogcircuitry boostsAFSK performancetremendously.



3.6 Modificationof theanalogcircuitry for AFSK demodulation

Tag(Address) Purpose
00 FSKTXDATA Transmitpayloaddatabyte.Thebyteis fedthroughstuffing

andCRCgenerator.
01 FSKTXCRC Transmit8 CRCbits.Databytesuppliedis don’t care.
10 FSKTXRAW Transmit8 raw bits, i.e. without feedingthroughstuffing

andCRCgenerator. Canbeusedto transmitflags.
11 FSKTXRAWCLR Like10,additionallyinitializestheCRCregisterto all ones.

Table2: HDLC encodertags

-

+
-

+

1/2 VCC

low pass filter comparator

Figure3: StandardFSK ModemAnalogCircuitry

3.6 Modification of the analogcircuitry for AFSK demodulation

Figure3 shows a schematiccircuit diagramof a standardanalogcircuitry of thereceiver chainof a FSK
modem.The comparatorservesas the dataslicer in the FSK case,but asa 1 bit A/D converter in the
AFSK case.In literature,thesignalto noiseratioof aB bit A/D converteris givenby

�
6B � 1 � 25� dB. That

formulahowever is basedon theassumptionthatthequantisationerrorof two samplesis uncorrelated,an
assumptionthat is unrealisticfor converterswith a very low numberof bits. This is alsothereasonwhy
straightoversamplingdoesnothelp.

So the AFSK demodulatorhasto work with a datastreamthat doesnot provide much information
abouttheincomingsignal.It thereforecannotmakerobustdecisions.

3.6.1 ∆Σ A/D Converters

∆Σ convertersare very popularthesedays,even in quality audio A/D andD/A circuits, as they allow
theconstructionof highquality converterswith low precisionanalogcomponentsandsomedigital signal
processing.Figure4 shows a diagramof a ∆Σ A/D converter. TheA/D andD/A convertersdo not need
highprecision,in factthey areoftenrealisedas1 bit converters,as1 bit converterscannothavea linearity
error3. Theonly importantaspectis thatthey arefast.Theratio of thesamplingrateof theconvertersand

3it is alwayspossibleto perfectlyfit a straightline throughtwo points
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Figure5: schematicplotof
thequantisationnoise

thehighestsignalfrequency is calledoversamplingratio.
Theintegrator’s taskis to changethespectrumof thequantisationnoiseandto decorrelateit. Instead

of a flat noisespectrum,the integratorcausesa reductionof the noisepower at low frequenciesandan
increasein noisepowerathigh frequencies.Figure5 showsschematicallytheresultingquantisationnoise
spectrum.Sinceonly low frequency signalcomponentsareof interest,a digital low passfilter removes
theunwantedpartof thespectrumanddecimatesthesamplingrateto simplify thefollowing circuits.The
∆Σ techniqueresultsin animprovementof 9dBor 1.5bitsperdoublingof theoversamplingratio (usinga
first orderloop [12]).

Comparingthediagramsof the∆Σ A/D converter(figure4) andtheanalogciruitry of theFSKmodem
(figure3) revealsthatmostcomponentsneededfor a ∆Σ converterarealreadythere.Thecomparatorcan
serve asa 1 bit A/D converter, andthe capacitorin front of the comparatorcando the integrator’s job.
Theonly componentmissingis feedbackpartwith the1 bit D/A converter, which maybeeasilyrealised
usinga FPGApin anda resistor(figure6). In theFSK case,theFPGApin maybeprogrammedinto high
impedancestateandthereforetheresistordoesnothurt.
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Figure6: ∆Σ A/D Converter
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3.6.2 Der ∆Σ-A/D-Wandler

Figure6 shows a diagramof the A/D converter. The digital low passdecimationfilter is realisedasan
“integrateanddump” or “boxcarfilter”. This filter hassomestrongsidelobesin thestopband,but these
sidelobesareunproblematicandthefilter is very easyto implement.Figure8 shows thespectrumof the
circuit in loopbackconfiguration.Theoutputsignalof theA/D converterafterthelow passfilter wasfed
to the D/A converter in the transmitpath.The circuit wasexcited with a 1kHz sinesignalat the input,
andtheoutputwasmeasuredusinga 16bit 48kSamples/sA/D converter. Thesignalwasplottedusinga
216 pointFFT.

3.7 The Demodulator

Thedemodulatorblock (figure7) mainlycomputesfour FIR filters.Simulationshowedthatthealgorithm
is very insensitive to quantisationerrorsof theFIR filter coefficients,thereforethecoefficientshave been
codedwith a signbit andanexponent,replacingthemultiplier by a barrelshifter. Both filter outputvalue
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pairsarecombinedby a sum-of-squaresapproximationandtheresultingvaluescomparedto form thebit
decision.

3.8 The Modulator

Themdoulator(figure9) implementsa sinegenerator. Becausecanonly implementROMs with very few
addresslinesefficiently, thedifficulty of this tasklies in producingagoodsinewith only smalltables.The
circuit approximatessin� x � ∆x�	� sinx � ∆xcosx.

3.9 Micr ocontroller Interface

Sincethenumberof gatesfor theAFSK modemis significantlybiggerthanfor theFSK modemandthe
dataratesarevery low, theHDLC encoderanddecoderhavebeenmovedto themicrocontrollerfirmware.
TheFPGAonly providesadoublybufferedshift registerfor theraw bits.

4 The Analog IO mode

Occasionally, it maybeusefulto operatethedataradioasa normalvoiceFM transceiver. It is therefore
usefulto provideamodewherethetransceiverbasebandsignalis sampledusingthetechniquespresented
in theprevioussectionandforwardedto thehostPC.ThehostPCthenadaptssamplingratesandforwards
the signal to an installedsoundcardfor playbackon a speaker. The reversedirection is similar. USB
supportsthis modeof operationby offering isochronoustransfers,which provide guaranteedbandwidth
andlatency, but donotcorrecterrorsby retransmission.

5 Stateof the Project

Prototypehardwareis workingsinceendof may, andbetafirmwareis workingsinceendof june.Thecur-
rentprototypewasdesignedandbuilt in ahurry to gethardwarefastto beableto startthesoftware/FPGA
firmwaredevelopment.Thereforewewill haveasecondandhopefullylastprototypegenerationsoon.

A usermodeapplicationexiststhat is ableto transmitandreceive framesandcanbe(cross)compiled
for Linux andWindows.UnderLinux it usesa smalldriver thatexportsUSB hostcontrollerdriver func-
tionality to usermodeusingan ioctl interface,andunderWindows it usesa genericdriver providedby
AnchorChipswhich doesasimilar thing.

Hostoperatingsystemdriversdonotexist yet.UnderLinux, theUSBhostcontrollerdriverAPI is still
emerging andnot fixedyet,andunderWindows theFlexNet AX.25 stackwhich we will beusingis also
undergoingsomesignificantchangesat themoment.Weexpectto havethedriversreadyby fall 1999.The
sourcecodeof theLinux driverwill beavailableundertheGNU GPLlicensein caseanyonewantsto port
it to anoperatingsystem/AX.25stackwewill notbedirectly supporting.



Figure10:Top sideof theprototypePCB Figure11:Bottomsideof theprototypePCB

6 Conclusion

Thispaperpresenteda highly versatileamateurradiomodemdesignthatconnectsto astandardPCusing
thenow ubiquitousUniversalSerialBus(USB).

The prototypewaspresentedto the public at the Friedrichshafen,Germany Ham fair andgenerated
significantinterestfrom theamateurcommunity.

Themodemshouldbeavailablesoonfrom Baycom[5].

7 Outlook

Providing theinterfacesto remotelycontrollinga transceiver is only thefirst step.Wewill belooking into
combiningmodemandtransceiver.

Thehotspotof currentamateurFSKtransceiversis themodulator. Quartzoscillatortransceiversoften
have deficienciesin the linearity of their voltage/frequency curve becausethey usea capacitancediode
which hasa very nonlinearvoltage/capacitancecurve. Synthesizertransceivershave a PLL with a loop
filter whosecutoff frequency often lies in the middle of the signalband,requiring the injection of the
modulationsignalto theVCO andthereferenceoscillator. This methodcauseseye distortionevenwhen
thecircuit waswell trimmed.

Using a high bandwidthPLL andmodulatingit by modulatingthe divider of the prescalerusing∆Σ
techniqueslookslikeasimpleyet promisingtechniqueto improvethemodulatorsignal.
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