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ABSTRACT

This paperpresentghe performanceof a directeddecision
frequeng synchronizatiorsystemassociatedo high order
QuadratureAmplitude Modulations(QAM) in presenceof
Gaussiamoiseandlocal oscillatorphasenoise.In this study
phasenoiseis modelledusingwhite Gaussiamoisefiltered
by an analogshapingfilter which has a transferfunction
specifiedby the shapeof the phasenoise power spectrum
density Using this model, simulationresultsshowv that an
optimumtrade-of betweenAWGN and phasenoiserobust-
nesdor theloopbandwidthcanbedeterminedFurthermore,
novel decisionareasrelatedto QuadratureAmplitude Mod-
ulationsaredeterminedn orderto improve the performance
of the carrierrecovery algorithmin presencef phasenoise
andfrequengy offset.

1 Intr oduction

Recently considerableattentionhas beenaddressedo the
design of wireless systemsfor datarate greaterthan 10
Mbit/s. Thelargerbandwidthrequiredto supporthigh speed
transmissiongmpliesthe choiceof increasinglyhigherradio
frequeng bands typically betweenl0 and60 GHz. Nowa-
days,it is difficult to designlow costvery high frequeng lo-
cal oscillatorswith reasonablénstabilitieswhich meanghat
the phasenoise of the local oscillator is really a technical
bottleneckin the frequeng rangeof sometensof GHz for
singlecarrierandmulti carriersystemg1][2].

A lot of broadbandvirelesssinglecarriersystemsave been
developpedat millimeter-wave frequenciesetween?20 and
45 GHz. Someof thesecellularradionetworks, referedto as
Local Multipoint Distribution Service(LMDS) networksare
intentedto offer integratedbroadbandervicedo residential
andbusinesscustomers.So, with the developmentof these
new wirelesssystemsat high frequeng, phasenoisestudyis
alsosensiblefor high bit ratesinglecarriertransmissions.
This paperdealswith the modelling of the phasenoiseand
the optimizationof the carrierrecovery of high bit ratesin-
gle carriersystemsn presencef phasenoise. First of all,
an original and efficient phasenoise model basedon the
knowledge of its spectraldensityis presented. Then, the
performanceof a frequeng synchronizationsystemfaced

with phasenoiseandAdditive White GaussiarNoiseis stud-

ied for high ordermodulationschemes.Thus, the optimum

trade-of betweerAWGN andphasenoiserobustnesdor the

loop bandwidthis determined.Finally, in orderto increase
phasenoiseandfrequeng drift tolerancenew decisionareas
relatedto QuadratureAmplitude Modulationsareproposed,
which leadsto anefficient reductionof the acquisitiontime.

2 Phasenoisemodelling

The output of an oscillator affectedby phasenoisecanbe
definedas

X(t) = (Mo +Vv (t))sin[2m(fo+Af)t+ ¢ (t)] (@)

where fp and\g arerespectiely the nominalfrequeng and

the nominal signalamplitude. Af representshe frequengy

drift, v (t) theamplitudefluctuationand¢ (t) therandonmzero
meanphasenoiseprocessharacterisedy its power spectral
densitySy () or its spectralpurity L (f), which is givenby

oscillator manufcturers. In this study we neglectthe fre-

gueng drift andtheamplitudefluctuation.

In [3], it hasbeendemonstratethattherelationshigbetween
L(f) andSy (f) is givenby L(f) ~ 3S () provided that

[T Sy (f)df < 1rad?. In this study phasenoiseis mod-

elledusingwhite Gaussiamoisefiltered by ananalogshap-
ing filter which hasa transferfunctionH () specifiedby the

shapeof the power spectrumdensityaccordingto the rela-

tion [H (f)| = /S (f). It providesa usefulsimulationtool

which is subsequentlysedto take into accountfrequeny

sourcesmpairmentgor the optimizationof thetransmission
systems.

3 The considerdcarrier recovery system

In orderto eliminatethe frequeng offset betweenthe car
rier oscillatorsat the transmitterand the recever, a phase
lockedlocal oscillatorcanbeimplementedor Intermediate
Frequenyg (IF) to basebandorversion.The considerectar
rier synchronizatiorsystemin this studyis a Decision Di-
rectedderivedfrom the Maximum-Likelihoodcriterionwith
FeedBaclkandpreliminarily recoreredTiming (DDMLFBT)
[4], [5], whichis depictedn Fig. 1. This systemis madeup
of aphasedetectoraloopfilter andanintegrator The phase



detectoraimsto provide a representate informationof the
phaseerror @(k) = 8 (k) — 8 (k) betweerthe estimatedsym-
bol d (k) andthe phasecorrectedsamplew (k) = r (k) e~ 1K)
wherer (k) is areceived sampleimpairedby the phaseerror
6(k). Then,thisinformationis filteredandintegratedwithin

theloopin orderto updatethe phasecorrectiond (k).
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Fig. 1: DDMLFBT structurefor carrierrecovery

3.1 The phasedetector

Thephaseerrordetectoicanbeentirelydefinedby its charac-
teristice[@(k)] resultingfrom the ML criterion application.
A study on the phasedetectorpropertiescarriedout in [5]
leadsusto optfor thefollowing characteristic

e[o(K)] = Im [esgniw” (k)] [w(k) - d(K)]] &)

wherecsgr(x) = sgn[Re[x|] + jsgn[im [x]].

This phasedetectorcombinedwith Quadratic Amplitude
Modulationsprovidesa J periodiccharacteristicTo clearup
the phaseambiguity a differentialencodingof the two most
significantbits hasbeenimplementedThe sizeof thelinear
respons@andthe slopeKy atthe origin becomesmallerwith
decreasinges/No. Moreover, thevaluesof thesetwo param-
etersare all the more reducedas the order of the modula-
tion is high. Thus,the rangeof representatie informations
€() /Kq deliveredby the phasedetectordecrease$or low
signal-to-noiseatio andhigh orderQAM.

3.2 Theloop characterization

A secondrderloopedstructures used.Theloop stability is
achieved usingthe dampingfactor = 0.707. Furthermore,
thenormalizedoop bandwidthis definedby the productB; -
Ts with

B T=3 [ (e @

whereTs is the symboldurationandQ () is the closedloop

transferfunction. The normalizedloop bandwidth deter

minesthe acquisitiontime and the noise of the estimated
phase.

4 Tracking performance of the DDMLFBT synchro-
nization system

The simulatedsystemusessquaredQAM with differential
encodingof the two mostsignificantbits. Thesymbolrateis

equalto Fs = 1/Ts = 6.8 MS/s. In therecever, thelow cost
local oscillator is affected by the phasenoise, the spectral
purity L (f) of which is describedin Table1. This phase
noiseis modelledusingthe methodpresentedn section2.

| L(P) | Frequeny offsetf |
-30dBc/Hz 100Hz
-51dBc/Hz 1kHz
-77dBc/Hz 10kHz
-95dBc/Hz 100kHz

Tablel: Spectrabpurity of a 10 GHz Local Oscillator

In this section,the tracking performanceof the DDMLFBT
synchronizatiorsystemcombinedto QuadratureAmplitude
Modulationsis presentedver a theoreticalGaussiarchan-
nel.

4.1 Performanceof the system

In orderto determinethe optimumvalue of the normalized
loopbandwidthB, - Ts in presencef phasenoiseandadditive
white Gaussiamoise,the performanceof the systemausing
the DDMLFBT algorithmhasbeenmeasurediersusB; - Ts.

The BER obtainedfor 16-QAM is plottedin Fig. 2 versus
varioussignal-to-noiseatio Es/No.
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Fig. 2: SimulatedBER versusB,.Ts for 16-QAM with vari-
OuUsSNR

The phase-lockd loop getsrid of the phasenoise compo-
nentswhich fall within the loop bandwidthB;. However,
with high B, values,Gaussiaradditive noiseand self-noise
contritutions causeperformancedegradation. So, the BER
lower limits denotethe rangeof optimum normalizedloop
bandwidthvalues. Furthermore,results obtainedfor 64-
QAM alsobringto the fore thatthe morecomplex the mod-
ulationis, the lesslarge the rangeof optimumB; - Ts values



is. Thus,it is all the morenecessaryo chooseaccuratelyB
sincethe constellations of a high order

4.2 The phasejitter

For the tracking mode, the performanceof the synchroni-
sationloop can also be definedby the phasejitter 2 (@),

alsonamedresidualvarianceof the phaseerror. The phase
jitter resultsfrom the phasenoiseof the local oscillatoras
well asthe additive white Gaussiamoise.Eachof thesetwo

noisescontritutesto phassjitter in differentproportionsre-

latedto the choiceof the loop bandwidthvalue. The phase
jitter 042, (9) inducedby the presenceof phasenoisewith a
power spectradensityS, (f) attheinputof thephasdocked
loopis givenby

G@= [ 1-QUTPS (AT @

whereQ(f) is the closedloop transferfunction of the syn-
chronizationsystem. On the other hand, the CramerRao
boundgivesa lower limit of the phasejitter o2 () resulting
from an additive white Gaussiamoise. It canbe expressed
as

N
or(9) > By T (5)
S

Then, the resultingphasejitter 62 (@) in presenceof phase
noiseand additive Gaussiamoiseis definedasthe sum of
thesetwo contributions

0% (@) = 05 (9) + T4 (@) (6)

Fig. 3 shawvs theresultingphasgitter for a 16-QAM system
in presencef the phasenoisedescribedn Tablel andwith

Es/No = 19 dB. The theoritical CramerRaoboundis given
asareferencecurve andthe phassgitter is measuredor three
differentsymbolratesFs = 1/Ts. Theseresultsconfirmthe
relations(4) to (6) andreflectthe greatesphasenoisesensi-
tivity of thelow symbolratesystems.

5 Optimization of the DDMLFBT synchronization sys-
tem

In this section,it is shavn that the DDMLFBT combined
with Quadraturémplitude Modulationscanbeoptimizedin

acquisitionmodein orderto improve the acquisitionperfor

mancein presenceof additve white Gaussiamoise, phase
noise and frequeng offset. However, the optimizations
presentedor 16-QAM can be appliedto any higher order
QuadratureAmplitude Modulations.

5.1 Modifications of the decisionboundary lines

Classically the estimatedsymbolsd (k) usedby the phase
detectorare delivered by a decisionmodule basedon the
boundarylines Lg of the 16-QAM constellationCy¢ repre-
sentedin Fig. 4. In absenceof additive white Gaussian
noise,the estimatedsymbolsreliability is directly linkedto
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Fig. 3: Simulatedresidualjitter variancefor 16-QAM with
varioussymbolratesandEs/No = 19dB

thephaseerrorsensitvity of the constellatiorC16. The pos-
itive andnegative tolerancef the four symbolsof thefirst
16-QAM quadrantyepresentedh Fig. 4, aregivenin Table
2 wherea = 1/1/10is theenegy normalizatiorfactot

| Symbols | positivetolerance| negativetolerance]

(+a,+a) +45degg -45dey
(+3a,+a) +21.3degy -18.4dgg
(+a,+3a) +18.4dgg -21.3dgg
(+3a,+3a) +16.9degg -16.9dgy

Table2: Phaseerrorsensitvity of the 16-QAM symbols

Without noise, the size of the linear responseof the phase
detectorcanclearly be definedasequalto the lowestphase
errortoleranceof theexternalsymbol(+3a, +3a). Then,the
informatione (¢) deliveredat the outputof the phasedetec-
tor will not be representatie of the phaseerrorswhich are
superiorto 16.9deg. Indeed the classicaboundarylinesLg,
representeth dashedinesin Fig. 4, areoptimizedversushe
additive white Gaussiamoiseandthey arenot well adapted
in presencef phaseerrors.In orderto improve the acquisi-
tion performanceit is necessaryo modify them. The geo-
metricalrepresentationf the modifiedboundarylines Lgw,
representeth solidlines,is basenacompromiséetween
the phaseerror toleranceand the additive white Gaussian
noisesensitvity.

The new decisionareasresultfrom the shifting of a setof
symbolsalongthearcof acirclein presencef phaseerrors.
In Fig. 4, thecirclescenteredn the four 16-QAM symbols
have the radiusr = o andr = 20 whereg is the standard
deviation of the additive white Gaussiamoise. The proba-
bility to find asymbolaffectedby the AWGN in acircle with
aradiusr = o is about90%. The generalidea consistsin
modifying the decisionboundariesn orderto maximizethe
phaseerrortolerancefor all the symbolsincludedin the cir-
clewith theradiusr = o or with theradiusr = 20 whenit is



Q . o ClassicakconstellatiorCig
— Modified boundaried.gv

--- ClassicaBoundaried g

| 6= AWGN standardieviation

3a +
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possible.

5.2 Acquisition performance of the
DDMLFBT system

In Fig. 5, the characterisitic(Cie, Lg) of the detector
basedon the classicaldecisionsd (k) and the characteris-
tic (C16, Lam) Of the detectorusingthe optimizeddecisions
dwm (k) arecomparedor Es/Ng = 19 dB. An increasen the

sizeof the linear responses obtainedfor the optimizedde-

tector(3rador 17.2deg), comparedo the classicaldetector
(2rador 11.5deg). Then,therangeof representatie infor-

mationsaboutthe phaseerrorsdeliveredby the phasedetec-
tor is increasedy 50%.
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Fig. 5: Phasaletectoresponsefor 16-QAM usingclassical
(Lg) andmodified(Lgm) decisionareaswith Es/No = 19dB

The acquisitionperformanceof this optimized DDMLFBT

synchronisatiorsystemhasbeenmeasuredn presencef a
frequeny offsetAfo = 134kHz with Es/Ng = 19dB. Some
acquisitiontimesaregivenin Table3 versusvariousnormal-
izedloop bandwidthvalues.

| Decisionmodule| B;-Ts=5-10 ° | B- Ts=5-10 ? |
(Cis, LB) 745000Tg 360Ts
(C16, Lem) 1620007, 1367,

Table3: Acquisitiontimesof the classicalandthe optimized
DDMLFBT systemsawith Afo = 134kHz

The optimizeddecisionboundarylines allow to achieve ac-
quisitiontime dividedby about2.5with B; - Ts = 5- 102and
by about4.5 with B - Ts=5-10"3.

6 Conclusion

First of all, an original phasenoisemodelhasbeenusedto
measurghe performancelegradationof a PLL inducedby
phasenoiseand the simulationresultsprove thatit is pos-
sible andessential mainly for high ordermodulations- to
determineanoptimumtrade-of for theloop bandwidth.Fur-
thermore hovel decisionareador high orderQAM in pres-
enceof AWGN andphaseerrorshave beenproposedn or-
derto improve the acquisitionperformanceof the Decision
Directedsynchronisatiorsystem.Concerninghesenew de-
cision areas,a patentapplicationhasbeenfiled andit can
beappliedto ary singlecarrierandmulti-carrierreceversto
improvethe performancen presencef phaseshifts[6].
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