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Abstract— This paper describesa methodology for top-down
design, modeling, and simulation of complete � =4 DQPSK sys-
tem using hardware description languageVHDL-AMS. Two sys-
tem implementationsare considered: with and without Viterbi en-
coder/decoder.

VHDL-AMS implementationsof various RF blocks (e.g. a real-
istic channelmodel)aredeveloped,the systemis simulated,and bit
error rate is evaluated in the presenceof noise. We show that the
resultsof VHDL-AMS simulations for basic � =4 DQPSK system
in Mentor Graphics ADVance-MSmatch both Agilent ADS results
and theoretical calculations. Adding a simple Viterbi encoderand
decoder in VHDL to the basic systemresults in an approximate
1.4dB SNRimprovement.

This paper together is targetedtowards engineerswho work on
behavioral modeling and simulation of completeRF systemsusing
hardware description languages.

I . INTRODUCTION

As the demandfor system-on-chip(SoC) implemen-
tationsincreases,the needto accuratelymodel mixed-
signaldesignsbecomesmoreimportant.Digital designs
have beenhighly automated,andtheprevalenceof top-
down designis very strong in this area. In contrast,
traditional analogRF designsare normally bottom-up,
startingat the transistorlevel. Mixed-signaldesigners
mustthentake a combinationof hierarchicaldesignap-
proaches,andeffort is beingmadeto automatethis de-
sign �o w in a similar mannerasseenfor currentdigital
systems.The overall goal is to provide designerstools
to allow thecombinationof digital andRF modelsat the
netlist level, creatinga physicalSoCmodelfrom which
maskscan be madefor quick prototypingand fabrica-
tion. The ability to model and co-simulatedigital and
RF componentstogetherwasmadepossibleby the cre-
ationof hardwaredescriptionlanguages(HDLs) suchas
VHDL-AMS [1] andVerilog-A. Thatrequiresthedevel-
opmentof high-levelbehavioral modelsfor mixed-signal
systemsblocks. Later, the abstractionlevels of these
modelscanbereducedto moreaccuratelymodelphysi-
cal circuit implementations.

Many of therecentlydocumentedsystem-level behav-
ioral modelsin VHDL-AMS [2], [3] have beenbasic
functionality teststhat usehighly ideal behavioral de-

scriptionsand do not include simulation of the high-
frequency RF blocks. The next step in thesesimula-
tions is to provide a benchmarkfor the transceiver sys-
tem performanceby implementinga realisticRF trans-
missionchannel.Althoughnoisesuchasjitter hasbeen
modeledin VHDL-AMS [4], additive white Gaussian
noise(AWGN)hasnotbeenimplemented.Thisworkhas
not beenperformedin part becausethereis no inherent
VHDL-AMS commandto createvariousnoisedistribu-
tions,a recognizedproblemfor RF behavioral modeling
in VHDL-AMS [5].

In this paper, an AWGN channelmodel is imple-
mentedin VHDL-AMS [6], allowing a more complete
modelof systemperformancemeasuredin termsof bit
error rate(BER). Two VHDL-AMS implementationsof
a� =4 DQPSKtransceiversystemaredevelopedto verify
the functionalityof thesystemillustratea top-down de-
signapproachto mixed-signalbehavioral modeling.The
�rst systemcloselymatchesthearchitectureof thetheo-
reticalmodel,while thesecondsystemis an iterationof
thebasicmodel,implementinga Viterbi encodingalgo-
rithm.

I I . BASIC � =4 DQPSK SYSTEM

In orderto validatetheability of VHDL-AMS to suc-
cessfullydescribethesystem-level performanceof a full
transceiverdesign,acommonandcomplex mixed-signal
transceiver model is neededto compareto implemen-
tationsin other engineeringdesignautomationcompa-
nies' developmentenvironments.Startingthe designat
thesystem-level allowsusto comparetheoverall design
conceptwith atheoreticalimplementationanditeratively
decreasethelevelof abstraction.Thearchitectureof each
block can be re�ned and re-simulatedto continuously
monitor overall systemperformanceas the designpro-
gresses.Using VHDL-AMS, thesearchitecturescanbe
recycledfor futuresystemimplementations.

The� /4 DQPSKtransceiver is commonin many con-
sumerelectronicsandis the IS-54 TDMA standardfor
US andJapanesecell phones. It containsmixed-signal



components,many of which arenormally implemented
in a DSP[7]. For our implementation,we usedhighly
abstractedcircuit modelsandarchitecturescontainlinear
modelsin orderto bestcompareto theoretical.

Therearemany advantagesto using� /4 DQPSKmod-
ulation[8], thetwo mostimportantbeingthat thesignal
canbe differentially detectedandsymbol transitionsin
theconstellationdiagramdonotpassthroughtheorigin.
This allows for a lesscomplex receiver implementation,
a lessvariantenvelope,andbetterspectralcharacteristics
thanotherQPSKtechniques.

This modulation techniquecan be viewed as two
QPSKconstellationsoffset 45 degreesfrom eachother,
wherephasetransitionsaredeterminedby alternatingbe-
tweenthe two offset constellations.Figure1 shows the
constellationdiagramfor � /4 DQPSKandillustratesthe
QPSKandOQPSKconstellations.

Fig. 1. Constellationdiagramof � /4 DQPSKmodulation.QPSKand
OQPSKpointsareindicatedasblackandwhitecirclesrespectively

This constellationis formedby takingandinput sym-
bol pair (Ak ; Bk ) and mappingthem to in-phaseand
quadrature-phasesymbols(I k ; Qk ):

I k = (I k � 1Ak � Qk � 1Bk ) cos(� =4) ; (1)

Qk = (Qk � 1Ak + I k � 1Bk ) cos(� =4) : (2)

A. VHDL-AMSImplementation

A highly ideal system,modeledafter the theoretical
� =4 DQPSKsystem,is implementedin VHDL-AMS. To
bettermanagethenumberof componentsinvolvedin this
design,the codehierarchyin Figure2 is implemented,
with eachblock containingthe componentsneededto
performits intendedfunction.TheDQPSKsystemwrap-
peris usedto initialize variablesconcerningonly theRF
system: transmitter, propagationchanneland receiver.
TheBER wrapperencapsulatestheentiredesignandat-
tachespurelydigital componentsandBER testingcom-
ponentsto themixed-signalsystemundertest.

Fig. 2. Basic� =4 DQPSKcodehierarchyof VHDL-AMS model.

A.1 Transmitter

For the transmittershown in Figure3, the incoming
randomserial datastreamis �rst convertedto two-bit
parallelsymbols(A,B) andconvertedto bi-polaranalog.
Thesesymbolsare then passedto the symbol mapper,
whichperformsthecalculationsin Equations1 and2. A
statemachinearchitectureis usedto simplify thesymbol
mappingprocesssincepreviousvaluesof I k andQk are
needed.

OncetheI andQ channelsarecreated,thesignalsare
passedthroughidenticalpulseshaping�lters to decrease
their out of bandspectrum.Most implementationsuse
root-raisedcosine�lters with a roll-off factor(� ) equal
to 0.35,but this requiresthe useof a DSPor otherdis-
creteimplementation.Although z-domainmodelingis
availablein VHDL-AMS, a low-pass�lter implementa-
tion was chosenfor simplicity. The pulseshaping�l-
tersarethree-polelow-pass�lters with cutoff frequency
at thesymbolrate. Later implementationscanuseroot-
raisedcosine�lters.

The pulse shapedsignalsare then up-converted by
mixing the I channelwith cos(! ct) andQ channelwith
sin(! ct). Theresultingsignalsarethensummedandin-
put to an ideal power ampli�er. Normally a band-pass
�lter is placedafterampli�cation to improveoutputspec-
tral characteristics,but in orderto bestmatchthetheoret-
ical model,this �lter is left unimplemented.

A.2 PropagationChannel

Therearetwo calculationsperformedsimultaneously
in the AWGN channelcomponentshown in Figure 4.
First, theinputsignalis attenuatedanddelayed.Second,
Gaussiandistributednoisewith scalablepowersettingis
addedto thedelayed,attenuatedsignalateachsimulation
time step. Settingsfor the delay, attenuation,andnoise
poweraresetby valuesin thegenericport.

Althoughsimplein concept,thedesignof theAWGN
RF channelis complicatedby the lack of supportfor
VHDL-AMS simultaneousprocedural statements,or
procedurals,by the ADMS tools. This functionality in



Fig. 3. Block diagramof VHDL-AMS � =4 DQPSKtransmitter.

Fig. 4. Block diagramof AWGN propagationchannel

VHDL-AMS providesa designerwith theability to de-
�ne an analogcalculationasa sequenceof steps. Pro-
ceduralstatementscontainan architectureblock and a
declarativesectionfor creatinglocal items,suchasvari-
ables,types,subtypes,etc. Quantitiesare treatedlike
variables,wherenew valuesarecalculatedbasedon the
currentvalueaccordingto the simultaneousstatements
in theproceduralblock. Examplesandasummaryof the
useof proceduralstatementscanbefoundin [9].

In orderto getaroundnotbeingableto useprocedural
statements,Gaussiannoiseis createdin aprocess,shown
in Figure5. Thesignalawgn dictatesthenext instance
whentheprocesswill becalledwhile hmin setsthepe-
riod at which new noisevaluesaregenerated.Whenthe
processis triggered,thenoisesignalis calculatedusing
theBox-Muller [10] method:

X =
p

� 2 ln(U1) cos(2� U2) : (3)

Two uniform randomvariables(U1; U2) arecreated,the
Gaussiantransformationis computed,andthenthenoise
valueis assertedafter the prescribeddelaytime, which
causesthe processto be triggeredagainat a later time
step. After theprocessis completed,thenoisesignalis
convertedto a quantity.

With this implementationof noise generation,it is
very importantto set the minimum andmaximumsim-
ulation time stepsequalto eachotherandequalto the
triggering delay of the Gaussiannoisegenerationpro-
cess.If anew noisevalueisnotaddedateverysimulation
time step,repeatedAWGN valueswill bevery common
in analogwaveforms.

Testingof the Gaussiannoisegeneratorin Figure 6
showsthatthedistributioniswithin 2%of expectedmean
andvariance.Testsperformedat differentpower levels
show thatthevariancechangesasexpected,anddifferent
seedvaluesproducesimilar distributionsto eachother.

-- repeatedly creates a noise value
-- after (hmin) time.
noise_calc : process (awgn)

-- seeds for UNIFORMfunction call
variable s1 : integer := seed1;
variable s2 : integer := seed2;
-- Uniform random variables
variable x1,x2 : real;

begin
-- create two uniform variables
UNIFORM(s1,s2,x1);
UNIFORM(s1,s2,x2);
-- create Gaussian variable using
-- Box-Muller method
awgn<=SQRT(-2.0 * LOG(x1)) * COS(MATH_2_PI* x2)

after hmin;
end process noise_calc;

Fig. 5. Processfor generatingwhiteGaussiannoise

Fig. 6. Distributionsof generatedwhiteGaussiannoise.

A.3 Receiver

After the signal is transmittedthroughthe simulated
channel,it is passedto thereceiveranddemodulatorde-
pictedin Figure7. Thesignalis �rst ampli�ed usingan
ideal LNA and thendown convertedby mixing it with
thesineandcosineof thecarrierfrequency. It is notnec-
essaryfor thedown-convertingoscillatorto be in phase
with theoriginal carrieroscillatorsincethissignalis dif-
ferentiallydetected.Normally theLNA is proceededby
abandpass�lter to attenuatetheoutof bandnoise,but is



left unimplementedto morecloselymatchthetheoretical
example.

Oncedown converted,thesignalsarepassedthrough
low-pass�lters identicalto the �lters in the transmitter,
creatingthereconstructedI andQ channels.In thetheo-
reticalmodel,thesearealsoroot-raisedcosine�lters.

ThereconstructedI andQ channelsareroutedto theI-
Q demodulator, aswell asto thesymboltiming recovery
circuit. In order to demodulatethe incomingsymbols,
phaseinformationfrom thepreviousandcurrentsymbols
is required.It is shown in [11] thatonly thesignof cos� k

andsin� k arerequiredto completelydeterminethebits
transmittedin eachsymbol. Estimatesfor the received
Ak andBk paralleldatachannelsarethenfoundusing:

Ak = sign(cos� k ) = sign(Qk Qk� 1 + Ik Ik� 1) ; (4)

Bk = sign(sin � k ) = sign(Ik� 1Qk � Ik Qk� 1) : (5)

In thesimulateddemodulator'sVHDL-AMS architec-
ture,shown in Figure8, a delayedversionthe incoming
signalis createdin internalquantitiesto storetheprevi-
ouslyreceivedsymbol. Then,Equations4 and5 areex-
ecuted.Thedemodulatoralsoperformsthresholddetec-
tion andoutputsthe estimatedsign of the receivedbits.

begin -- behav
-- set up input port impedances
Ik == Ii * Zo;
Qk == Qi * Zo;
-- Perform A, B recovery
Ip == Ik'delayed(2.0e-9);
Qp == Qk'delayed(2.0e-9);
Atemp == Qk* Qp+Ik * Ip;
Btemp == Ip * Qk-Ik * Qp;
-- Threshold detection
if Atemp > 0.0 use Ak == 1.0;
else Ak == -1.0;
end use;
if Btemp > 0.0 use Bk == 1.0;
else Bk == -1.0;
end use;

end behav;

Fig. 8. VHDL-AMS behavioral descriptionof ideal � =4 DQPSKde-
modulator

To properlysampleeachbit in the middle of its pe-
riod, a dataclock signalis reconstructedfrom the input
I andQ channels.When the channelsaresquaredand
added,tonesare createdat multiples of the symboling
frequency, The toneat the symbolingfrequency is iso-
lated using a narrow band,high-Q �lter , creatinga si-
nusoidthat is in phasewith the input symbols. Passing
this signal througha thresholddetectorcreatesa clock
wherethe rising edgeoccursapproximatelyin the mid-
dleof eachsymbolperiod.

The A and B channelsoutput from the demodulator
arethendigitizedandpassedto theparallelto serialcon-

verter, wherethey aresampledusingtherecoveredsym-
bol clock,hardlimited, andoutputserially.

B. AgilentADSImplementation

For comparison,the BER simulation of ideal � =4
DQPSKsystemwasalsoperformedusingAgilent'sAd-
vancedDesignSystem(ADS) simulationsoftware. The
systemis madeup of the following ADS components:
Data, DQPSKPi4Mod, DQPSKPi4Demod,berMC4,
summerRF, noise,QAM Mod, andDelay. Thedatarate
andthemodulationfrequency arecon�guredin thesame
wayasin VHDL-AMS implementation.

For the systemnoiseimplementation,the receiver is
considerednoiselessandaknown noisesignalis injected
betweenthe transmitterandreceiver. In our system,the
datais quadrature-phasemodulatedontothecarrier, and
thentransmitted.Thetransmittedsignalis representedas
a complex envelopeaboutthe carrier, andthe Gaussian
noisesourcesare injectedat RF asa complex modula-
tion envelopeusingQAM. Thesesignalsarethenpassed
throughthedemodulatorandfed to theBER calculation
blockalongwith thedelayedoriginaldatastream.

I I I . � =4 DQPSK IMPLEMENTATION WITH V ITERBI

ENCODING

In a practicaldigital system,channelcoding is em-
ployedto minimizetheBERperformanceof thesystem,
subjectto constraintson transmittedenergy andchannel
bandwidth. As an illustration of a simpledesignitera-
tion, a rate3=10 Viterbi encoderanddecoderareadded
to the � =4 DQPSKtransceiver. This encodingmethod
is describedand thoroughlyanalyzedin many general
communicationstexts,andmany Viterbi algorithmshave
beenpreviously implementedin VHDL. Figure9 shows
themodi�ed codehierarchyof thesystemimplemented
with Viterbi encodinganddecoding.

Fig. 9. Codehierarchyof � =4 DQPSKsystemwith Viterbi encoding.

A. VHDL-AMSViterbi Encoder

The implementedViterbi encoderis a simple rate 1
2

andconstraintlength three(K=3) structure. Sincetwo
bits are output for every one input bit, this allows the
transmitterto run at half theclock frequency of thepre-
viousdesignandeliminatestheneedfor aserialto paral-



Fig. 7. Block diagramof VHDL-AMS � =4 DQPSKreceiver.

lel converter. To furthersimplify thedesign,threemem-
ory bits areused(M=3). For every three-bitinput to the
encoder, two bits from the clearedshift registerareap-
pended,creatinga � ve-bit vector. This vectoris passed
throughtheencoder, resultingtenoutputbits. Theregis-
tersarethenclearedandthe next setof threeinput bits
is requested,creatinga continuousdatastreamfor trans-
mission.

B. VHDL-AMSViterbi Decoder

The receiver continuouslystreamsdemodulateddata
to theViterbidecoder. To catchupwith thedemodulation
speed,a two-register-array“Ping-Pong”structureis im-
plemented.Thedecodingprocessis partitionedinto two
phases:loadinganddecoding.Whenoneregister-array
is performing the loading process,the other register-
arrayis executingthedecodingprocess,eliminatingthe
decodingdelaywhile addingto initial latency.

IV. RESULTS

The theoretical, closed-form representationof
BER[11] for � =4 DQPSKmodulationis
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whereQ(a; b) is the MarcumQ-function. This expres-
sionis alsocloselyestimatedas
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whereQ(x) is
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x
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For this implementation,an importantdifferenceex-
ists betweenhow the theoreticalmodelsand the simu-
latedmodelscalculateEb=No. Thethetheoreticalmodel

in [11] andtheAgilent ADS simulationusemethodsthat
addnoisedirectly to eachtransmittedbit in the I andQ
channelsseparatelybeforeup-conversion. In the sim-
ulated model, noise is addedin the RF channelafter
up-conversionand ampli�cation, distributing the noise
power over eachsymbolratherthaneachbit. This pro-
ducesexactlyhalf (a factorof 3 dB) thenoisepowerden-
sity per bit than theoretical. Thus, the simulatedBER
curvehasbeenshiftedby 3 dB to theright.

BER measurementis performedusing Monte Carlo
methodsdescribedin [10].

A. BasicVHDL-AMSSystem

Simulationsof theidealVHDL-AMS implementation
of the � /4 DQPSKproducedBER resultsvery closeto
thoseof the theoreticalmodelandAgilent ADS imple-
mentation,all of which areplottedin Figure10. Con�-
denceintervalsfor theVHDL-AMS dataarealsogiven,
andshowsthattheBERcurveslightly deviatesfrom the-
oretical as SNR increases.This is expectedsince the
pulse shaping�lters are implementeddifferently than
thosein thetheoreticalmodel,producingdifferentspec-
tral characteristics.

Fig. 10. Bit errorratefor basic� =4 DQPSKsystem:comparisonbe-
tweentheoretical,Agilent ADS, andVHDL-AMS (ADMS) mod-
els.



B. VHDL-AMSSystemwith Viterbi
Encoding

BER resultsfrom simulatingthe � /4 DQPSKsystem
with Viterbi encodinganddecoding,shown in Figure11,
indicatethatBERperformanceis improvedoverstandard
theoreticalimplementationby approximately1.4dB be-
causeof its inherenterror correctionability. Sincethe
rate of the Viterbi implementationis 30% of the un-
encodedimplementation,simulationtimestendedto be
ratherlengthy. As a result,fewerbits aresimulated,giv-
ing rise to much wider con�dence intervals than those
seenin thebasic� /4 DQPSKBERgraph.

Fig. 11. Bit errorratefor Viterbi encoded� =4 DQPSKsystem:com-
parisonbetweentheoreticalandVHDL-AMS (ADMS) models.

V. CONCLUSIONS AND FUTURE WORK

In this paper, we describeda methodologyfor top-
down modelingandsimulationof completeRF/mixed-
signal systemusing VHDL-AMS. As a demonstration
example,we considereda � =4 DQPSKsystemandde-
velopeda library of behavioral level blocks for it. We
simulatedour systemin a noisy environmentandusing
Mentor GraphicsAdvance-MSandAgilent ADS. BER
analysisshowed that, althoughsomeminor differences
existedbetweentheVHDL-AMS andAgilent ADSmod-
els,theperformanceof thesystemvery closelymatched
thatof thetheoreticalmodel.

Following top-down designmethodologies,the data
sourceandreceiverweremademorecomplex by imple-
mentingasimpleViterbi encoderanddecoderin VHDL,
resultingin anapproximate1.4dBimprovementoverthe-
oretical.

The next stepin the designprocessfor the systems
presentedherewould be to further increasetheir design
complexity by addingnon-lineareffectsandsub-circuit

implementationsto thearchitecturesof eachblock. An-
otherextensionof this researchwould be to implement
channeleffectssuchas fadingandmultipath to the RF
channel.This would serve to bettermeasuresystemper-
formancein a realisticRF environment.

Eacharchitecturalblock in this designcanbe further
re�ned until the desiredlevel of abstractionis reached
beforephysicalimplementationis performed.This im-
plementationa� /4 DQPSKtransceiververi�es thatcom-
pletesystem-level modelingandperformancemeasure-
mentcanbeeasilyexecutedusingVHDL-AMS.

We target this papertoward the audienceof VHDL-
AMS usersand hopethat this paperwill help VHDL-
AMS designersto betterunderstandtheprocessof HDL
modelingandsimulationfor RF/mixed-signalsystems.
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