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Abstract—This paper describesa methodologyfor top-down de-
sign, modeling, and simulation of completeRF systemusing hard-
ware description languageVHDL-AMS.

As a demonstration example, we consider a simple BPSK sys-
tem (transmitter, channel, and recever) and show the details of
VHDL-AMS implementation for eachelementaryblock (mixer, os-
cillator, ampli er , channel,etc.). Using thesebehavioral blocks,we
simulate our BPSK systemand evaluate systemperformancein the
presenceof noise.We show that the resultsof VHDL-AMS simula-
tions match both Agilent ADS resultsand theoretical calculations.

This tutorial-lik e paper together with the developedlibrary of
RF blocks is targeted towards engineerswho work on behavioral
modeling and simulation of complete RF systemsusing hardware
description languages.

|. INTRODUCTION

Onegreatchallengein the designof radio frequeny
(RF) communicatiorsystem-on-chipss veri cation and
dehuggingof its functional performanceat differentde-
tail levels: top-level, sub-systentevel, andcircuit level.
To be practical,modelingand simulationtools usedfor
thatmust t into existing RF, analog,anddigital design

o ws. Flow standardstronglydependon electronicde-

sign automation(EDA) companiesproviding the tools
for systemlevel RF simulation (e.g. Agilent ADS or
CadenceSPW), analogcircuit simulation(e.g., Spectre
RF, Hspice),anddigital synthesi{VHDL- andVerilog-
based).

A popularapproachto modeling and simulation of
complex mixed-signaldigital/analog/RFsystemss be-
havioral modeling,whichis moretime ef cient thanfull
circuit-level simulationandis invaluablefor veri cation
purposesBehavioral modelingin modernelectronicde-
sign o w is commonlyperformedwith high-level hard-
waredescriptionanguagegHDLSs) [1]. Two mostoften
usedHDLs areVHDL-AMS [2] (anlEEE standardand
Verilog-A.

Major EDA companiesalreadyprovide designervi-
ronmentsthat can incorporatedesignswritten in vari-
ous languages,ncluding HDLs (e.g. CadenceAMS
Designeror Mentor GraphicsADVance-MS).They also
providelibrariesof functionalblocksthat t intotheirap-
propriatedesign o ws andallow oneto performsimula-
tionsatdifferentlevelsof abstractior{behaioral system-
level andtransistorcircuit-level) from the sameerviron-
ment. This is especiallyvaluablewhen analogcircuits
areaddedto previously designedligital blocks.

So far there have beenvery few works publishedin

theareaof HDL behaioral modelingandsimulationof
RF systems. Sida et al. [3] and Ravatin et al. [4] pre-
sentedresultsof ADVance-MSsimulationsfor commer
cial transcever circuits. Knocheletal. [5] performedbe-
havioral simulationsfor an 802.11asystemin Cadence.
The resultspresentedn the above works are strongly
dependenbn EDA simulationenvironment,usepropri-
etaryblock libraries,andthuscannotbe easilysharedor
runon arbitraryHDL simulators.Fakhfakhetal. [6] and
Milet-Lewis et al. [7] reportedtheir recentwork on open
VHDL-AMS library of RF blocks, but their main focus
werephase-lockdloop andfrequeny synthesizefunc-
tionality issues.

In this paper we concentrateon VHDL-AMS beha-
ioral modelingandsimulationof a completeRF system,
a binary phase-shifkeying (BPSK) transcever, andim-
plementationdetails for variousblocks that it is com-
prisedof. We presenburlibrary of simpleRF blocksthat
canberunin ary HDL simulatorwith properlanguage
supportfunctionality. Any additionallevel of detail can
befurtheraddedo theseblocks,downto thecircuit level
inclusively. For VHDL-AMS simulationswe useMen-
tor GraphicsADVance-MSADMS). We alsomodelour
systemin Agilent ADS (HPtolemy)andcomparethere-
sultsbothto VHDL-AMS andto theoreticakalculations.

Il. TRANSCEIVER SYSTEM

Considerthe following example BPSK transcever
systemshawn in Figure1 that consistsof a transmittey
anantennas/propagatiamannelandarecever. Binary
phaseshift keying useshinary polar signalsto modulate
the phaseof the carrierby 180 degrees. Digital datais
convertedto ananalogsignalby passinghrougha 1-bit
D/A corverter The analogsignalis thenup-corverted,
ampli ed, andtransmittedinto the noisy channel. Re-
ceivedsignalis ampli ed, down-corverted Jow-pass|-
tered,andcorvertedbackinto thedigital domain.

The systemusesa modulationfrequeng of 2.45GHz
and a datarate of 250 Mbps. The power ampli er
(PA) andlow-noiseampli er (LNA) eachhave a gainof
+10dBYV, andthechannelossis assumedo be-20dBV.
The noisein the channelis varied from -16 dBV to -
4 dBV sothat Eb/No valuesrangebetween-6 dbV and
+6 dbV.

The BPSK systemshavn above consistsof several
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Fig. 1. BPSKsystem:itransmitterchannelandrecever.

blocks. VHDL-AMS implementationdor all blocksare
givenin the Appendixwhile the blocksthemselesare
describedn moredetailsin the next section. To obtain
an unbiasedcomparisorbetweenVHDL-AMS simula-
tionsandtheoreticaimodel,all blockswereassumedo
beidealandbasebangulseshapingandbandpasdter -
ing wereomitted.

I1l. VHDL-AMS BEHAVIORAL BLOCKS
A. Modulator

To generaterandomstreamof datafor BPSK mod-
ulator, a non-periodicuniformly-distributeddatasource
was created. The BPSK modulatoritself consistsof a
1-bit D/A corverter an oscillator anda mixer. A D/A
corverter essentiallyshifts voltage levels of the source
dataandmapsa logic '0' to -1V andalogic '1' to +1V.
Multiplied by the oscillator frequeng, this resultsin a
BPSK-modulatedignal. The modulatorblocksareim-
plementedn anideal mannerwith no non-linearitiesor
noisesources.

B. Ampli ers, Antennas/RopagationChannel

The power ampli er (PA) and the low-noise ampli-
er (LNA) areimplementedas ideal pure gain blocks
so that the functionality of the algorithm and relation
to thetheoreticakystemis quickly con rmed in simula-
tion. The channelthatcontainsboththe effectsof trans-
mitting andreceving antennasnd propagatioreffects
is implementedas an ideal gain block with an additive
white Gaussiamoise(AWGN). Although othertypesof
noiseandinterferencerepossiblein arealisticRF envi-
ronment AWGN is mostcommonandalsoallows oneto
compareBER simulationresultsto thetheoreticalalcu-

lations.

C. WhiteGaussianNoiseGenentor

Noisegeneratois necessaryor calculatingoneof the
mostfundamentatharacteristic®f a completeRF sys-
tem: bit errorrate(BER) vs. signal-to-noiseatio (SNR).
Not all simulatorplatformssupportfunctionsfor auto-
matically generatingwhite noise[5]. In our case,we
usedBox-Mullertransformationio createa Gaussiarlis-
tributed variable from two independentuniformly dis-
tributedrandomvariables.A periodicprocessomputes

a new noisevalue at regular intervals and outputsthat
valuescaledo therequestedveragepower level.
Sincea new noisevalueis producedat a given rate,
onemustmake surethatin thetransiensimulationanew
noisevalueis assignedo eachoriginal signal sample.
For that, the samplerate of the original signalmustbe
lessthanor equalto therateat which noiseis produced.
In our VHDL-AMS implementatiorof WGN genera-
tor, we found that with 10° samplesthe meanandthe
varianceof generatedsignal differ from ideal theoreti-
cal valuesby lessthan 3%, makingthis a very effective
meanf introducingAWGN into VHDL-AMS designs.

D. Demodulator

The BPSK demodulatorconsistsof down-corverter,
oscillator alow-passlter (to eliminatealiases)andA/D
converter(whichworksby sensingzero-crossings\Note
thatBPSKrequiresa coherentetection.For illustration
simplicity, we usea transmitter$ oscillatorto provide a
referencesignalfor thedemodulatarin the next level of
architecturatompleity, a coherentdetectomeedgo be
added.

After demodulationthe signalis low-passltered and
sampledat the middle of eachbit period. Low-pass |-
ter wasimplementedusing Laplacetransformpackage.
BER was calculatedby comparingdemodulatedsignal
to theoriginal datastream.

IV. SIMULATION RESULTS

Figure2 shavs threewaveforms. Two top waveforms
aretransmittedandreceved digital datastreamgtaken
on the input of D/A corverter and the output of the
A/D corwverter). The bottom waveform is the received
analogsignal (after Itering but before sampling)for
Ey,=N, = 0dB . Onecanclearly seeseveral bit errors
(discrepanciebetweerinputandoutputdigital databits)
for this particulartime interval due to high noiselevel
(SNRis 0dB)in thesystem.

The BER for ideal theoreticalBPSK systemis given
by the following formula:

BER=0=5 erfc % ; (1)

0

whereEy, is enegy perbit andN,, is noisepowerdensity
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Fig. 2. ADMS simulated waveforms for ideal BPSK system
(Ep=No, = 0dB): inputdata,outputdata,andreceved baseband
analogsignal.
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Fig. 3. Bit error ratefor ideal BPSK system: comparisonbetween
theoreticalformula, Agilent ADS simulations,and VHDL-AMS
simulation ADMS).

We have alsoimplementedand simulatedour BPSK
systemin Agilent ADS (HPtolemy).Figure3 shavsthat
resultsof VHDL-AMS simulationswith x ed datase-
quencelength (10° bits) are very close (within 10%)to
both Agilent ADS resultsand theoreticalresultsfrom
Formulal. Notethatfor low BER (high E,=N, values),
increasinghe datasequencéengthwould yield a better
graphagreement.

V. DISCUSSION

Noise modelingis a dif cult issuein behaioral sim-
ulationsand ultimately dependson the capabilitiesand
languagesupportof HDL simulators. TheWGN genera-
tion methoddescribedereis suitableif simulationsam-
pling ratecanbe x ed,aswasthecasehere.Variablerate
noisegeneratiorin VHDL-AMS requiresthe useof the
"procedural’simultaneoustatementywhich is currently

notsupportecoy ADMS.
In the examplepresentedhere,we intentionally kept

all blocks straightforward and simple to demonstrate
clearly all stepsinvolvedinto the processof behaioral

modelingand simulationof completeRF system. One

canfurtherreducehelevel of abstractiorandaddasepa-

ratecoherentetectoraswell asintroducemoreaccurate
anddetailedmodelsfor PA, LNA, antennas/propagation
channel,etc. Someblocks, suchasmixer or oscillator
canevenbeimplementedat a circuit level. However, in

thatcasethe systemperformancéecomesiependentn

mary variablesandthe BER analysisbecomeénherently
morecomple.

Thesimulationof our examplesystemwascarriedout
in ADVanceMS simulator but any HDL simulatorwith
properlanguagesupportfunctionality can be usedfor
thatpurpose.

VI. CONCLUSIONS

In this paperwe describedca methodologyfor model-
ing andsimulationof completeRF systenusingVHDL-
AMS. As ademonstratiomxample we considerecsim-
ple BPSK systemanddevelopeda library of behaioral
level blocks for it. We simulatedand evaluatedsys-
tem performancen a noisy ervironmentandfound that
VHDL-AMS simulationresultsagreewell with theoreti-
cal calculationsandAgilent ADS simulations.

We target this paper towards the audienceuse of
VHDL-AMS andthusdescribein detailsour library of
behaioral level VHDL-AMS RF blocks. We hopethat
this paperwill helpVHDL-AMS designergo betterun-
derstandthe processof HDL modelingand simulation
for RF systems.
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APPENDIX: VHDL-AMSBLOCKS

Architecturaldescriptiongor all blocksareshovn be-
low. Becausef spacdimitation, entity declarationsre
omitted.

Randomdatagenerator

ARCHITECTUREbehav OF RandData IS

signal  bit_out :obit = 04
BEGIN -- behav
bits_out_flop : process (clk)
variable sl : positive = seedl;
variable s2 : positive = seed2;

variable x : real;
BEGIN -- process
if (clk'event and clk = '1) then
UNIFORM(s1,s2,x);
if (x > 0.5) then bit out <= "1}
else bit_out <= "0}
end if;
end if;
END process;
output <= bit_out;
END behav;

D/A corverter

ARCHITECTUREbehav OF DA_converter IS

quantity V across | through

OUT to electrical_ground;

BEGIN

if  (input='0")

use V == -1.0;

else V == 1.0;

end use;
END;

Oscillator

ARCHITECTUREbehav OF Oscillator IS
quantity V across | through N1 to N2;
BEGIN

V==10**(A/20.0)*sin(2.0*math_pi*f*now);

END;

Mixer

ARCHITECTUREbehav OF Mixer IS
quantity V1 across 11 through
IN1 to electrical_ground;
quantity V2 across 12 through
IN2 to -electrical_ground;
quantity Vout across lout through
OUT to electrical_ground;
BEGIN
V1==V1*R; V2==V2*R; Vout==V1*V2,

END;

Ampli er

ARCHITECTUREbehav OF Amplifier IS
quantity V1 across 11 through
IN to -electrical_ground;
quantity V2 across 12 through
OUT to electrical_ground;
BEGIN
V1==R*1; V2==10**Gain/20.0)*V1,;
END;

Antennas/propagatiochannel

ARCHITECTUREbehav OF AntPropChannel
quantity V1 across 11 through
IN to electrical_ground;
quantity V2 across 12 through
OUT to electrical_ground;
quantity AWGNacross NOISE
to electrical_ground;
BEGIN

END;

IS

V1==I1*R; V2==V1*10**(Att/20.0)+AWGN;

Additive white gaussiamoiseblock

ARCHITECTUREbehav OF AWGNIS
quantity Vo across lo through
OUT to electrical_ground;

signal noise_s : real := 0.0;
BEGIN -- behav
noise_calc . process (noise_s)
variable sl : positive = seedl;
variable s2 : positive = seed2;
variable x1,x2 : real,

BEGIN -- process

noise_s <= SQRT(-2.0*LOG(x1))*
COS(2.0*MATH_PI*x2)  after rate;
END process noise_calc;
Vo == 10.0**(level/20.0)*noise_s;
END;

UNIFORM(s1,s2,x1); UNIFORM(s1,s2,x2);

Lowpasslter

ARCHITECTUREbehav OF LowpassFilter IS
quantity Vin across lin through
IN to electrical_ground;
quantity Vout across lout through
OUT to electrical_ground;
constant num: real_vector:=(1.0,0.0);
constant  den: real_vector:=
(1.0,1.061e-10,5.629e-21,1.493e-31);

BEGIN
Vout==Vin'LTF(num,den)*10**(Gain/20.0);
lout==lin;

END;

A/D corverter
ARCHITECTUREbehav OF AD_converter IS

quantity A across | through
IN to electrical_ground;
signal D : bit := 'O}
BEGIN -- behav
data_out : process (A'above(level))
BEGIN -- process
if A'above(level) then D <= '1';

else D <= 0, end if;
END process;
D_out <= D; == [*Ro;
END;




