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Abstract

This article describes simpleandinexpensve modemintendedto link endusersat 76.8kBit/sto
the high speedbackbonenetwork. The modemcanbe connectedo standardPC’s usingthe Universal
SerialBus(USB).

1 Intr oduction

Lastyear we presented modemdesignfor the EnhancedParallel Port(EPP).Threeyearsago,whenthe
basicdesigndecisiondor thatprojectweremade the EnhancedParallelPortwasthe only ubiquitoushigh
speednterfaceavailableon PC’s andLaptops.

In the meantime, a new high speedinterface emepged: the Universal Serial Bus (USB). The new
interfaceoffersseveraladvantage®ver the EnhancedParallelPort:

high transmissiorspeed,12MBiIt/s

serialtransmissioni.e. thinnerandcheapercables

easiemportsharing,upto 127 devicesperport by usinghubs

rigorousspecification

Furthermorethe necessarynfrastructurdik e operatingsystemdriversfor popularoperatingsystems
like Windows98, Linux, FreeBSDandNetBSDis eitherin placeor emepging at a rapid pace,andUSB
accessoriebk e hubscanbe boughtat every computerstore.

Thereforewe decidedto developa modemsimilar to the EPPdesign but with anUSB interface.



3 DESIGNCONSIDERATIONS

2 DesignGoals

Our goalwasto provide aflexible designthat supportsa wide variety of applicationswithout sacrificing
costeffectiveness.
Our designsupportghefollowing modesof operation:

1. FSK(G3RUJH compatible)rom 9.6 kBit/s up to about300kBit/s
2. 1200BaudAFSK
3. ExternalModemusingstandardMlodemDisconnecinterface[4]

4. Audio lO

1 coversthe sameapplicationsasthe EPPmodemdesigng7, 8]. 2 makesthis designattractve for
1200Baudusersby offering a smoothupgradepathto higherspeeds3 allows it to accomodatenodems
for nonstandardnodulationformats,and 4 togetherwith suitableapplicationsoftware offers the same
featuresasa standard=M transcever, but softwarecontrollable.

If the Modem Disconnectport is not usedto connectto a modem,it may be usedas eight general
purposeP1O pins.

The circuit alsohasa port to control the operationof a T7F [10] transcever. The T7F is a popular
synthesize®600Bauddataradio design.An RSSIADC makesthe signalstrengthaccessibleéo the PC,
four digital lines allow the channelselection,onedigital line selectsl2.5kHzor 25kHz channelspacing,
anda 1200Baudasynchronou§/ART allows the channeimemoryto be programmed.

3 DesignConsiderations

Figurel shows the prototypecircuit diagram.Therewill likely be changedor the productionunit, sodo
not expectthefinal driversto work with thatcircuit.

In orderto shortenthe developmentcycle, we decidedto basethe new designon the successfuEPP
design[7, 8]. On first sight, the circuit diagramsof both modemslook very similar, but thereare some
importantdifferencesasexplainedbelow.

3.1 Microcontroller selection

The USB bus specificatiorrequiresthe devicesto be ableto respondo relatively complicatednquiries.
This necessitatea microcontrolleron the device andmakesthe implementatiorof an USB controlleron
aFPGA! infeasible.In April 1999, we thereforesurveyed the market for suitablemicrocontrollerswith
built-in full speed12 MBit/s) USB interfaceenginegtablel).

The AMD 186CClooksidealfor our purposeon first sight. It is however quite expensve, andsince
it doesnt containany memoryon chip, requiresexternal FLASH and SRAM memoriesmakingit even

l“Field Programmabl&ateArray”: programmabléogic devices[1]
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3.1 Microcontrollerselection

Figurel: PrototypeCircuit Diagram-— seetext




3 DESIGNCONSIDERATIONS

Manufacturer Device CPUcore features problems
AMD Am186CC 8086 HDLC $
AnchorChips AN2131 8051 8kB SRAM, no nonvolatile  slow microcontroller
memoryneeded core
Cypress 7C64213, proprietary 8kB EPROM 256B SRAM,  not yet available,
7C64313 1kB FIFO SRAM, master simplemicrocontroller
DMA into FIFO SRAM
Infineon SAB- 8051 8kB ROM, 256B SRAM very slow microcon-
C541U troller core,notenough
SRAM
Motorola MPC823 PowerPC HDLC, ethernet $$,BGA package

Tablel: April 1999market surwey for microcontrollersvith USB interfaceengine

more expensve. It looks however promisingfor a small nodeapplicationwith threeradio channelsand
oneUSB channelWe alreadyhave a prototypedesignfor that.

TheAnchorChipgparthas8k of on-chipSRAM. Its distinguishingeaturenoweveris thatthecomplete
firmwarefor the CPU canbe downloadedfrom the USB bus. It doesnt requirearny nonvolatile program
storagelts disadantagehowever is the relatively slow CPU core.It’s fasterthanthe original 8051, but
accesgo externaldataand USB datais inefficientin the 8051 architectureBut overall the AnchorChips
partis still agoodchoicefor our purpose.

Unlike the EPPmodem.the microcontrolleralreadyhason chip SRAM andthe USB busis designed
for low latenciesanadditionalSRAM for bufferingis not necessary

3.2 Power Supply Considerations

USB delivers5V overthestandardour conductowire. However, the specificatiorallows hugetolerances
to accomodatéhe resistve lossin the cablingwhich makesit impossibleto directly power 5V devices
withouta DC/DC corverter It is however possibleto feedalow drop 3.3V regulator

Most USB controllersare 3.3V devices, the AnchorChipspartincluding. It features5V tolerantlO
pins,too.

Sincepoweringthe analogcircuitry with only 3.3V would resultin outputvoltageswingstoo low for
mary transcerersin use,we decidedto power the analogpartwith 5V, andto simplify the interfaceof
theanalogpartto the FPGAwe useda 5V FPGA. In fact,the analogcircuitry is the sameasin the EPP
modemdesign[7, 8].

The USB interfacemay supplyup to 500mA?, which is approximately2.5 Watts. Typical 9600Bauds
dataradioshave around7 Wattsof HF outputpower, thereforerequiringabouttwice the supplypower. So
it is impossibleto feedthe radiofrom the USB port, andthereforeat leastthe radio requiresan external

2only if thedevice is connectedo aself poweredhub



3.3 FirmwareDownload

power supply typically 12V DC. Giventhatit doesnot make sensdo useanexpensve DC/DC corverter
to powerthemodemfrom the USB bus, sowe decidedo requireanexternalsupplyfor the modemtoo.

3.3 Firmwar e Download

In orderto achieve the flexibility of the designoutlinedin the designgoalssection,the modemdesign
employs two programmablelevices,namelythe Field Programmablé&ateArray (FPGA) andthe USB
microcontroller Apart from a small I2C-EEPROM thereis no norvolatile storagein the modem.The
EEPFROM only storesUSB vendorand productID codesto make the designdistinguishabldrom other
AnchorChipsdesigns.

To make the modemoperationalthe firmwarefor both programmabldC’s needsto be downloaded
from thehostPC. Thefirst stepfor thehostPCis to downloadspecialcodefor the microcontrollerwhose
only purposeit is to acceptdatafrom the USB bus and downloadit to the FPGA. Oncethe FPGA is
configured,the host PC stopsthe microcontrolleragainand downloadsthe firmware for the particular
operatingmoderequested.

The microcontrollerthensimulateshe unpluggingandrepluggingof the modemfrom the USB bus.
Thisforcestheoperatingsystemo rereadhe USB interfacetablesfrom themodemagain.Thisallowsthe
modemto have differentUSB requirementshanthe default onesprovided by AnchorChips,andit also
allows the modemto supplyanotherproductID to forcethe operatingsystento load anotherdriver.

3.4 The FSK Mode

Unlike the EPPmodemdesignwhich encodesanddecodedHDLC in the driver runningon the hostPC,
the USB modemexchangesaw pacletswith the PC. Thereforethe modemhasto implementthe HDLC
encodinganddecodingprocess.

HDLC processinganbe classifiedinto two cateyories:Bit orientedtaskslik e (un)stufing, CRC cal-
culationandflag detection,and memorymanagementrientedtasks,lik e storinga frameuntil the CRC
is receved andthendeterminingwhetherto keepit or not. It turnsout thatthe former canbe donevery
easilyonthe FPGA,while FPGAs arequite unsuitedto thelatter.

Themicrocontrollecommunicatesvith the FPGAmainly througharegisterinterfaceconnectedo its
addressaanddatabus. The interfaceconsistsof 16 8Bit registersaliasingover the whole external part of
the XDATA addresspaceof the CPU.

SmallFIFOsdecouplehe HDLC encoder/decodemdthe microcontroller The FIFOsstoreeightbits
of dataandaoneor two bit tagwordindicatingif thedatais to be considereds“payload” dataor “meta”
data.

ThetransmitFIFO may beaccessedt four addressesyhich determinesghe two tag bits. Thetag bits
arelistedin table2.

In thereceve casethetagis only onebit wide anddistinguishebetweemayloadandmetadatabytes.
A metadatabyteis insertedvhenaHDLC flagor abortis receved. Thedatabytethencontaindgndications
whethera flag or abortwasreceved,andin theformercasewhetherthe CRC wascorrector notandthe
numberof residualbits. Sinceprocessinga HDLC flag is an expensve operation(the old paclet hasto
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Figure2: Diagramof theFSK mode

beeitherdiscardedr queuedandmemaoryfor a new onehasto beallocated)thereceve FIFO collapses
multiple consecutie flagsinto a singleflag.

The modempart of the FPGA is the sameasin the EPPmodemadapteranda descriptionmay be
foundin [7, 8].

3.5 The AFSK Mode

Implementing=SKmodemswith FPGAshasbeenpopularfor quitesometime, sothereexist “competing”
designsmostnotablythe YAM [11]. Theflexibility of the FPGAs spurredinterestin realisingan AFSK
modemwith thesamehardware,andYAM gotits AFSK modemfirmwareabouta yearago.

But because¢he analogcircuitry of thesemodemswvasdesignedor the FSK case the performanceof
the AFSK demodulatorsmplementedbn thesemodemss pretty unsatiséctory The next sectionshows
how a simplemodificationto theanalogcircuitry boostsAFSK performancdremendously



3.6 Moadificationof theanalogcircuitry for AFSK demodulation

Tag (Address) Purpose

00 FSKTXDATA Transmitpayloaddatabyte. Thebyteis fed throughstuffing
andCRCgeneratar

01 FSKTXCRC Transmit8 CRC bits. Databyte suppliedis don't care.

10 FSKTXRAW Transmit8 raw bits, i.e. without feedingthrough stuffing

andCRC generatarCanbe usedto transmitflags.
11 FSKTXRAWCLR Like10,additionallyinitializesthe CRCregisterto all ones.

Table2: HDLC encodetags

1l

1/2vCC

low pass filter comparator

Figure3: Standard-SK ModemAnalog Circuitry

3.6 Modification of the analogcircuitry for AFSK demodulation

Figure3 shaws a schematicircuit diagramof a standardanalogcircuitry of therecever chainof a FSK
modem.The comparatorsenes asthe dataslicerin the FSK case,but asa 1 bit A/D corverterin the
AFSK caseln literature thesignalto noiseratio of aB bit A/D corverteris givenby (6B 1.25) dB. That
formulahoweveris basedn theassumptiorthatthe quantisatiorerrorof two sampless uncorrelatedan
assumptiorthatis unrealisticfor corverterswith a very low numberof bits. This is alsothe reasorwhy
straightoversamplingdloesnot help.

Sothe AFSK demodulatothasto work with a datastreamthat doesnot provide muchinformation
abouttheincomingsignal.lt thereforecannotmake robustdecisions.

3.6.1 A> A/D Converters

A corvertersare very popularthesedays,evenin quality audio A/D and D/A circuits, asthey allow
the constructiorof high quality corverterswith low precisionanalogcomponentandsomedigital signal
processingFigure4 shavs a diagramof a A~ A/D corverter The A/D andD/A corvertersdo not need
high precision,n factthey areoftenrealisedas1 bit corverters,asl bit converterscannothave a linearity
errof. Theonly importantaspecis thatthey arefast. Theratio of the samplingrateof the corvertersand

3it is alwayspossibleto perfectlyfit a straightline throughtwo points
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Figure4: AZ A/D corverterdiagram[12] thequantisatiomoise

the highestsignalfrequeng is calledoversamplingatio.

Theintegrators taskis to changethe spectrumof the quantisatiomoiseandto decorrelatet. Instead
of a flat noisespectrumthe integrator causesa reductionof the noisepower at low frequenciesandan
increasen noisepower at high frequenciesFigure5 shavs schematicallyheresultingquantisatiomoise
spectrumSinceonly low frequeny signalcomponentsre of interest,a digital low passfilter removes
the unwantedpartof the spectrumanddecimateshe samplingrateto simplify thefollowing circuits. The
A techniqueesultsin animprovementof 9dB or 1.5bits perdoublingof the oversamplingatio (usinga
first orderloop [12]).

Comparinghediagramsf theAZ A/D corverter(figure4) andtheanalogciruitry of the FSKmodem
(figure 3) revealsthatmostcomponentsieededor a AZ corverterarealreadythere.The comparatocan
sene asa 1l bit A/D corverter andthe capacitorin front of the comparatorcando the integratorss job.
The only componenmissingis feedbackpartwith the 1 bit D/A corverter which may be easilyrealised
usinga FPGA pin andaresistor(figure 6). In the FSK casethe FPGA pin maybe programmednto high
impedancestateandthereforetheresistordoesnot hurt.

RAM T
16x8bit a
‘ ! o

| _Decimation Filter, | | |

1/2 vcc ' FPGA Sequencer |

Figure6: AZ A/D Corverter Figure7: AFSK Demodulator



3.7 TheDemodulator
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Figure9: AFSK Modulator

3.6.2 Der A>Z-A/D-Wandler

Figure 6 shavs a diagramof the A/D corverter The digital low passdecimationfilter is realisedasan
“integrateanddump” or “boxcarfilter”. This filter hassomestrongsidelobesn the stopband,but these
sidelobesareunproblematiandthefilter is very easyto implement.Figure8 shows the spectrumof the
circuit in loopbackconfiguration.The outputsignalof the A/D corverterafterthelow passfilter wasfed
to the D/A corverterin the transmitpath. The circuit was excited with a 1kHz sine signalat the input,
andthe outputwas measuredisinga 16bit 48kSamples/&/D corverter The signalwasplottedusinga
216 point FFT.

3.7 The Demodulator

Thedemodulatoblock (figure 7) mainly computedour FIR filters. Simulationshovedthatthe algorithm
is very insensitve to quantisatiorerrorsof the FIR filter coeficients,thereforethe coeficientshave been
codedwith a signbit andanexponentreplacingthe multiplier by a barrelshifter. Both filter outputvalue
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pairsarecombinedby a sum-of-squareapproximatiorandthe resultingvaluescomparedo form the bit
decision.

3.8 The Modulator

The mdoulator(figure 9) implementsa sinegeneratarBecauseanonly implementROMs with very few
addresdinesefficiently, thedifficulty of thistaskliesin producinga goodsinewith only smalltables.The
circuit approximatesin(x-+ Ax) /s sinx-+ AXCOSX.

3.9 Micr ocontroller Interface

Sincethe numberof gatesfor the AFSK modemis significantlybiggerthanfor the FSK modemandthe
dataratesareverylow, theHDLC encoderlanddecodehave beenmovedto the microcontrollerfirmware.
TheFPGAo only providesa doubly bufferedshift registerfor theraw bits.

4 The Analog IO mode

Occasionallyit may be usefulto operatethe dataradio asa normalvoice FM transcever. It is therefore
usefulto provide amodewherethetranscerer basebandignalis sampledusingthetechniquepresented
in the previoussectionandforwardedto thehostPC.ThehostPCthenadaptsamplingratesandforwards
the signal to an installed soundcardor playbackon a spealer. The reversedirectionis similar. USB
supportsthis modeof operationby offering isochronougransferswhich provide guaranteedandwidth
andlatengy, but do not correcterrorsby retransmission.

5 Stateof the Project

Prototypehardwareis working sinceendof may, andbetafirmwareis working sinceendof june. Thecur-
rentprototypewasdesignedandbuilt in ahurryto gethardwarefastto beableto startthe software/FPGA
firmwaredevelopmentThereforewe will have asecondandhopefullylastprototypegeneratiorsoon.

A usermodeapplicationexiststhatis ableto transmitandreceve framesandcanbe (cross)compiled
for Linux andWindows. UnderLinux it usesa smalldriver thatexportsUSB hostcontrollerdriver func-
tionality to usermodeusinganioctl interface,andunderWindows it usesa genericdriver provided by
AnchorChipswhich doesa similar thing.

Hostoperatingsystemdriversdo notexist yet. UnderLinux, the USB hostcontrollerdriver APl is still
emeqging andnot fixedyet, andunderWindows the FlexNet AX.25 stackwhich we will be usingis also
undepgoingsomesignificantchangesatthe moment We expectto have thedriversreadyby fall 1999.The
sourcecodeof theLinux driverwill beavailableunderthe GNU GPL licensein caseanyonewantsto port
it to anoperatingsystem/AX.25stackwe will notbedirectly supporting.



Figure10: Top sideof the prototypePCB Figurell: Bottomsideof the prototypePCB

6 Conclusion

This papermpresented highly versatileamateuradiomodemdesignthatconnectgo a standardPCusing
thenow ubiquitousUniversalSerialBus(USB).

The prototypewas presentedo the public at the FriedrichshafenGermaly Ham fair and generated
significantinterestfrom theamateuccommunity

Themodemshouldbe availablesoonfrom Baycom[5].

7 Outlook

Providing theinterfacesto remotelycontrollingatransceveris only thefirst step.We will belookinginto
combiningmodemandtranscever.

Thehot spotof currentamateuSK transceversis the modulator Quartzoscillatortranscerersoften
have deficienciedn the linearity of their voltage/frequeng curve becausehey usea capacitancealiode
which hasa very nonlinearvoltage/capacitanceurve. Synthesizetranscerershave a PLL with a loop
filter whosecutoff frequeng often lies in the middle of the signal band,requiring the injection of the
modulationsignalto the VCO andthe referenceoscillator This methodcausesye distortionevenwhen
thecircuit waswell trimmed.

Using a high bandwidthPLL andmodulatingit by modulatingthe divider of the prescaleusingAZ
techniquedookslik e a simpleyet promisingtechniqueo improve the modulatorsignal.
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