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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 language VHDL-AMS. Two sys-
tem implementationsare considered: with and without Viterbi en-
coder/decoder

VHDL-AMS implementationsof various RF blocks (e.g areal-
istic channelmodel) are developed,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
decoderin VHDL to the basic systemresultsin an approximate
1.4dB SNRimprovement.

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

|. INTRODUCTION

As the demandfor system-on-chiffSoC)implemen-
tationsincreasesthe needto accuratelymodel mixed-
signaldesignshecomesgnoreimportant. Digital designs
have beenhighly automatedandthe prevalenceof top-
down designis very strongin this area. In contrast,
traditional analogRF designsare normally bottom-up,
starting at the transistorlevel. Mixed-signaldesigners
mustthentake a combinationof hierarchicaldesignap-
proachesandeffort is beingmadeto automatethis de-
sign o w in a similar mannerasseenfor currentdigital
systems.The overall goal is to provide designergools
to allow the combinationof digital andRF modelsatthe
netlistlevel, creatinga physicalSoC modelfrom which
maskscan be madefor quick prototypingand fabrica-
tion. The ability to modeland co-simulatedigital and
RF componentsogetherwas madepossibleby the cre-
ationof hardwaredescriptionlanguagegHDLSs) suchas
VHDL-AMS [1] andVerilog-A. Thatrequireshedevel-
opmentof high-level behaioral modelsfor mixed-signal
systemsblocks. Later, the abstractionlevels of these
modelscanbe reducedo moreaccuratelymodelphysi-
cal circuitimplementations.

Many of therecentlydocumentedystem-lgel beha-
ioral modelsin VHDL-AMS [2], [3] have beenbasic
functionality teststhat use highly ideal behaioral de-

scriptionsand do not include simulation of the high-

frequeny RF blocks. The next stepin thesesimula-
tionsis to provide a benchmarlfor the transcerer sys-
tem performancedy implementinga realistic RF trans-
missionchannel.Although noisesuchasjitter hasbeen
modeledin VHDL-AMS [4], additve white Gaussian
noise(AWGN) hasnotbeenmplementedThiswork has
not beenperformedin partbecausehereis no inherent
VHDL-AMS commando createvariousnoisedistribu-

tions,arecognizedroblemfor RF behaioral modeling
in VHDL-AMS [5].

In this paper an AWGN channelmodel is imple-
mentedin VHDL-AMS [6], allowing a more complete
modelof systemperformancemeasuredn termsof bit
errorrate (BER). Two VHDL-AMS implementation®f
a =4 DQPSKtransceiersystemaredevelopedo verify
the functionality of the systemillustratea top-down de-
signapproacho mixed-signabehaioral modeling.The
rst systemcloselymatcheghearchitectureof thetheo-
reticalmodel,while the secondsystemis aniterationof
the basicmodel,implementinga Viterbi encodingalgo-

rithm.

Il. BAsic =4 DQPSK SYSTEM

In orderto validatethe ability of VHDL-AMS to suc-
cessfullydescribethe system-lgel performancef afull
transceverdesign,acommonandcomplex mixed-signal
transcerer model is neededto compareto implemen-
tationsin other engineeringdesignautomationcompa-
nies' developmenternvironments. Startingthe designat
thesystem-lgel allows usto compareheoverall design
conceptwith atheoreticaimplementatioranditeratively
decreas¢helevel of abstractionThearchitecturef each
block can be re ned and re-simulatedto continuously
monitor overall systemperformanceas the designpro-
gressesUsing VHDL-AMS, thesearchitecturesanbe
regycledfor future systemimplementations.

The /4 DQPSKtransceieris commonin mary con-
sumerelectronicsandis the IS-54 TDMA standardor
US and Japaneseell phones. It containsmixed-signal



componentsmary of which arenormally implemented
in a DSP[7]. For ourimplementationwe usedhighly

abstractedircuit modelsandarchitecturegontainlinear

modelsin orderto bestcompareo theoretical.

Therearemary advantageso using /4 DQPSKmod-
ulation[8], thetwo mostimportantbeingthatthe signal
canbe differentially detectedand symboltransitionsin
the constellatiordiagramdo not passthroughthe origin.
This allows for a lesscomplex recever implementation,
alessvariantervelope,andbetterspectratharacteristics
thanotherQPSKtechniques.

This modulation techniquecan be viewed as two
QPSK constellation®ffset 45 degreesfrom eachother,
wherephasdransitionsaredeterminedy alternatingoe-
tweenthe two offset constellations.Figure 1 shavs the
constellatiordiagramfor /4 DQPSKandillustratesthe
QPSKandOQPSKconstellations.

Fig. 1. Constellationdiagramof /4 DQPSKmodulation.QPSKand
OQPSKpointsareindicatedasblackandwhite circlesrespectiely

This constellations formedby takingandinput sym-
bol pair (Ag;Bk) and mappingthem to in-phaseand
guadrature-phasgymbols(l x ; Qk):

(I« 1Ak Qx 1Bk)coq =4); 1)
(Qk 1Ak + I 1Bk)coq =4): 2

Ik

Qk

A. VHDL-AMSImplementation

A highly ideal system,modeledafter the theoretical
=4 DQPSKsystemjsimplementedn VHDL-AMS. To
bettermanagehenumberof componentivolvedin this
design,the codehierarchyin Figure2 is implemented,
with eachblock containingthe componentseededto
performits intendedunction. TheDQP SKsystenwrap-
peris usedto initialize variablesconcerningonly the RF
system: transmittey propagationchanneland recever.
The BER wrapperencapsulatethe entiredesignandat-
tachespurely digital component&nd BER testingcom-
ponentgo themixed-signakystemundertest.
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Symbol timing
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Fig. 2. Basic =4 DQPSKcodehierarchyof VHDL-AMS model.

A.1 Transmitter

For the transmittershovn in Figure 3, the incoming
randomserial datastreamis rst corvertedto two-bit
parallelsymbols(A,B) andcorvertedto bi-polaranalog.
Thesesymbolsare then passedo the symbol mapper
which performsthe calculationgn Equationsl and2. A
statemachinearchitecturds usedto simplify the symbol
mappingprocesssincepreviousvaluesof 1, andQy are
needed.

Oncethel andQ channelsarecreatedthe signalsare
passedhroughidenticalpulseshapinglters to decrease
their out of bandspectrum. Most implementationsise
root-raisedcosine lters with a roll-off factor( ) equal
to 0.35, but this requiresthe useof a DSP or otherdis-
creteimplementation. Although z-domainmodelingis
availablein VHDL-AMS, alow-passlter implementa-
tion was chosenfor simplicity. The pulse shaping I-
tersarethree-poldow-passlters with cutoff frequeng
atthe symbolrate. Laterimplementationg€anuseroot-
raisedcosine Iters.

The pulse shapedsignals are then up-corverted by
mixing the | channelwith coq! ;t) andQ channelwith
sin(! ¢t). Theresultingsignalsarethensummedandin-
put to an ideal power ampli er. Normally a band-pass

Iter is placedafterampli cation toimproveoutputspec-
tral characteristicdyut in orderto bestmatchthetheoret-
ical model,this lter is left unimplemented.

A.2 PropagatiorChannel

Therearetwo calculationsperformedsimultaneously
in the AWGN channelcomponentshavn in Figure 4.
First,theinputsignalis attenuate@nddelayed.Second,
Gaussiardistributednoisewith scalablepower settingis
addedothedelayedattenuategdignalateachsimulation
time step. Settingsfor the delay attenuationandnoise
power aresetby valuesin thegenericport.

Althoughsimplein conceptthe designof the AWGN
RF channelis complicatedby the lack of supportfor
VHDL-AMS simultaneousprocedural statements,or
proceduralspy the ADMS tools. This functionality in



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

Fig. 4. Block diagramof AWGN propagatiorchannel

VHDL-AMS providesa designemwith the ability to de-
ne ananalogcalculationasa sequencef steps. Pro-
ceduralstatementsontain an architectureblock and a
declaratve sectionfor creatinglocal items,suchasvari-
ables,types, subtypes.etc. Quantitiesare treatedlike
variableswherenew valuesare calculatechasedon the
currentvalue accordingto the simultaneousstatements
in theprocedurablock. Examplesanda summaryof the
useof proceduraktatementsanbefoundin [9].

In orderto getaroundnotbeingableto useprocedural
statementgaussiamoiseis createdn aprocessshavn
in Figure5. Thesignalawgn dictatesthe next instance
whenthe processwill be calledwhile hmin setsthe pe-
riod at which new noisevaluesaregeneratedWhenthe
processs triggered,the noisesignalis calculatedusing
the Box-Muller [10] method:

X = P 2In(Uy) cos(2 Uy) : 3)

Two uniform randomvariables(U;; U,) arecreatedthe
Gaussiarransformatioris computedandthenthenoise
valueis assertedafter the prescribeddelaytime, which
causeghe processto be triggeredagainat a later time
step. After the procesds completedthe noisesignalis
corvertedto a quantity

With this implementationof noise generation,it is
very importantto setthe minimum and maximumsim-
ulation time stepsequalto eachotherand equalto the
triggering delay of the Gaussiamoise generationpro-
cesslf anew noisevalueis notaddedateverysimulation
time step,repeatedAWGN valueswill be very common
in analogwaveforms.

Testingof the Gaussiamoise generatorin Figure 6
shavsthatthedistributionis within 2% of expectednean
andvariance. Testsperformedat differentpower levels
shawv thatthevariancechangessexpectedanddifferent
seedvaluesproducesimilar distributionsto eachother

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

-- seeds for UNIFORM function call
variable sl : integer = seedl;
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 Pk x2)

after  hmin;

end process noise_calc;

Fig. 5. Procesgor generatingvhite Gaussiamoise

Fig. 6. Distributionsof generatedvhite Gaussiamoise.

A.3 Recever

After the signalis transmittedthroughthe simulated
channeljt is passedo therecever anddemodulatode-
pictedin Figure7. Thesignalis rst ampli ed usingan
ideal LNA andthendown corvertedby mixing it with
thesineandcosineof the carrierfrequeng. It is notnec-
essaryfor the down-corvertingoscillatorto bein phase
with theoriginal carrieroscillatorsincethis signalis dif-
ferentiallydetected Normally the LNA is proceededy
abandpasdter to attenuatehe out of bandnoise,but is



left unimplementedio morecloselymatchthetheoretical
example.

Oncedown corverted,the signalsare passedhrough
low-pass lters identicalto the lters in the transmittey
creatingthereconstructed andQ channelsin thetheo-
reticalmodel,thesearealsoroot-raiseccosine Iters.

ThereconstructedlandQ channelsareroutedto thel-
Q demodulatoraswell asto the symboltiming recovery
circuit. In orderto demodulatehe incoming symbols,
phaseanformationfrom thepreviousandcurrentsymbols
is required.It is shavnin [11] thatonly thesignof cos
andsin g arerequiredto completelydeterminethe bits
transmittedin eachsymbol. Estimatesfor the receved
Ay andBy paralleldatachannelarethenfoundusing:

Ak = sign(cos k) = sign(QkQ«x 1+ Iklk 1);  (4)
Bk = sign(sin k) = sign(lx 1Qx  1kQk 1): (5)

In thesimulateddemodulatos VHDL-AMS architec-
ture, shovn in Figure8, a delayedversiontheincoming
signalis createdn internalquantitiesto storethe previ-
ouslyreceved symbol. Then,Equations4 and5 areex-
ecuted.The demodulatoalsoperformsthresholddetec-
tion and outputsthe estimatedsign of the receved bits.

begin behav
-- set up input port
Ik == li *Zo;
Qk == Qi=*Zo;
-- Perform A, B recovery
Ip == Ik'delayed(2.0e-9);
Qp == Qk'delayed(2.0e-9);
Atemp == Qkx Qp+Ik *Ip;
Btemp == Ip *Qk-lk *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;

impedances

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

To properly sampleeachbit in the middle of its pe-
riod, a dataclock signalis reconstructedrom the input
| and Q channels.Whenthe channelsare squaredand
added,tonesare createdat multiples of the symboling
frequeng, The tone at the symbolingfrequeny is iso-
lated using a narrov band, high-Q Iter, creatinga si-
nusoidthatis in phasewith the input symbols. Passing
this signalthrougha thresholddetectorcreatesa clock
wherethe rising edgeoccursapproximatelyin the mid-
dle of eachsymbolperiod.

The A and B channelsoutputfrom the demodulator
arethendigitizedandpassedo the parallelto serialcon-

verter wherethey aresampledusingtherecoveredsym-
bol clock, hardlimited, andoutputserially.

B. AgilentADSImplementation

For comparison,the BER simulation of ideal =4
DQPSKsystemwasalsoperformedusingAgilent's Ad-
vancedDesignSystem(ADS) simulationsoftware. The
systemis madeup of the following ADS components:
Data, DQPSKPi4Mod, DQPSK Pi4Demod, berMC4,
summerRFnoise,QAM_Mod, andDelay. The datarate
andthemodulationfrequeng arecon guredin thesame
way asin VHDL-AMS implementation.

For the systemnoiseimplementationthe recever is
consideredhoiselesandaknown noisesignalis injected
betweerthe transmitterandrecever. In our systemthe
datais quadrature-phaseodulatedontothe carrier, and
thentransmitted Thetransmittedsignalis representeds
a complec ervelopeaboutthe carrier andthe Gaussian
noisesourcesare injectedat RF asa complex modula-
tion envelopeusingQAM. Thesesignalsarethenpassed
throughthe demodulatoandfed to the BER calculation
block alongwith the delayedoriginal datastream.

I11. =4 DQPSK IMPLEMENTATION WITH VITERBI
ENCODING

In a practicaldigital system,channelcodingis em-
ployedto minimizethe BER performancef the system,
subjectto constrainton transmittecenegy andchannel
bandwidth. As anillustration of a simple designitera-
tion, a rate 3=10 Viterbi encoderanddecoderareadded
to the =4 DQPSKtranscerer. This encodingmethod
is describedand thoroughly analyzedin mary general
communicationgexts,andmary Viterbi algorithmshave
beenpreviously implementedn VHDL. Figure9 shavs
themodi ed codehierarchyof the systemimplemented
with Viterbi encodinganddecoding.

Fig.9. Codehierarchyof =4 DQPSKsystemwith Viterbi encoding.

A. VHDL-AMSViterbi Encoder

The implementedViterbi encoderis a simple rate %
and constraintlength three (K=3) structure. Sincetwo
bits are output for every one input bit, this allows the
transmitterto run at half the clock frequeng of the pre-
viousdesignandeliminategheneedfor aserialto paral-



Fig. 7. Block diagramof VHDL-AMS =4 DQPSKrecever.

lel corverter To furthersimplify the designthreemem-

ory bits areused(M=3). For every three-bitinputto the

encodertwo bits from the clearedshift registerare ap-

pendedcreatinga ve-bitvector This vectoris passed
throughthe encoderresultingten outputbits. Theregis-

tersarethenclearedandthe next setof threeinput bits

is requestedgreatinga continuousdatastreanfor trans-
mission.

B. VHDL-AMSMterbi Decoder

The recever continuouslystreamsdemodulatediata
totheViterbi decoderTo catchupwith thedemodulation
speeda two-registerarray“Ping-Pong”structureis im-
plemented The decodingprocesss partitionedinto two
phasesioadinganddecoding. Whenoneregisterarray
is performing the loading process,the other register
arrayis executingthe decodingprocessgliminatingthe
decodingdelaywhile addingto initial latengy.

IV. RESULTS

The theoretical, closed-form representationof
BER[11] for =4 DQPSKmodulationis

" S S |
P= P
_ Eb(2+ 2)_ Eb(2 2)
BER= 1 Q N, : N,
s p— S s
Q Eo2 2. Ep(2+ 2) 1
No ' No 2’

whereQ(a; b) is the Marcum Q-function. This expres-
sionis alsocloselyestimatedhs

r |

BER=Q 1:1716% ; (7)
(0]
whereQ(x) is
1 41
Q(x) = 97 e U=24t: (8)
X

For this implementationan importantdifferenceex-
ists betweenhow the theoreticalmodelsand the simu-
latedmodelscalculateE ,.=N,. Thethetheoreticaimodel

in [11] andtheAgilent ADS simulationusemethodghat
addnoisedirectly to eachtransmittedbit in thel andQ
channelsseparatelybefore up-corversion. In the sim-
ulated model, noise is addedin the RF channelafter
up-corversionand ampli cation, distributing the noise
power over eachsymbolratherthaneachbit. This pro-
ducesexactly half (afactorof 3 dB) thenoisepowerden-
sity per bit thantheoretical. Thus, the simulatedBER
curve hasbheenshiftedby 3 dB to theright.

BER measuremenis performedusing Monte Carlo
methodsdescribedn [10].

A. BasicVHDL-AMSSystem

Simulationsof theideal VHDL-AMS implementation
of the /4 DQPSK producedBER resultsvery closeto
thoseof the theoreticalmodeland Agilent ADS imple-
mentation all of which are plottedin Figure10. Con -
denceintervalsfor the VHDL-AMS dataarealsogiven,
andshownsthatthe BER curve slightly deviatesfrom the-
oretical as SNR increases. This is expectedsince the
pulse shaping lters are implementeddifferently than
thosein the theoreticaimodel,producingdifferentspec-
tral characteristics.

(6)

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



B. VHDL-AMSSystenwith Viterbi
Encoding

BER resultsfrom simulatingthe /4 DQPSKsystem
with Viterbi encodinganddecodingshavnin Figurel1l,
indicatethatBER performancés improvedoverstandard
theoreticaimplementatiorby approximatelyl.4 dB be-
causeof its inherenterror correctionability. Sincethe
rate of the Viterbi implementationis 30% of the un-
encodedmplementationsimulationtimestendedto be
ratherlengthy As aresult,fewer bits aresimulated giv-
ing rise to much wider con denceintervals than those
seenin thebasic /4 DQPSKBER graph.

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

V. CONCLUSIONS AND FUTURE WORK

In this paper we describeda methodologyfor top-
down modelingand simulationof completeRF/mixed-
signal systemusing VHDL-AMS. As a demonstration
example,we considereda =4 DQPSK systemand de-
velopeda library of behaioral level blocksfor it. We
simulatedour systemin a noisy ervironmentand using
Mentor GraphicsAdvance-MSand Agilent ADS. BER
analysisshaved that, althoughsomeminor differences
existedbetweertheVHDL-AMS andAgilent ADS mod-
els, the performancef the systenvery closelymatched
thatof thetheoreticaimodel.

Following top-davn designmethodologiesthe data
sourceandreceiver weremademorecomplec by imple-
mentinga simpleViterbi encoderanddecodetin VHDL,
resultingin anapproximatel.4dBimprovemenbverthe-
oretical.

The next stepin the designprocessfor the systems
presentederewould beto furtherincreaseheir design
compleity by addingnon-lineareffectsandsub-circuit

implementationgo the architecture®f eachblock. An-

otherextensionof this researchwould be to implement
channeleffects suchasfadingand multipathto the RF

channel.Thiswould seneto bettermeasuresystemper

formancein arealisticRF environment.

Eacharchitecturablock in this designcanbe further
re ned until the desiredlevel of abstractionis reached
beforephysicalimplementationis performed. This im-
plementatiora /4 DQPSKtranscererveri es thatcom-
plete system-lgel modelingand performanceneasure-
mentcanbe easilyexecutedusingVHDL-AMS.

We target this papertoward the audienceof VHDL-
AMS usersand hopethat this paperwill help VHDL-
AMS designerdo betterunderstandhe procesof HDL
modelingandsimulationfor RF/mixed-signakystems.
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