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ABSTRACT

This paperpresentsthe performanceof a directeddecision
frequency synchronizationsystemassociatedto high order
QuadratureAmplitude Modulations(QAM) in presenceof
Gaussiannoiseandlocaloscillatorphasenoise.In thisstudy,
phasenoiseis modelledusingwhite Gaussiannoisefiltered
by an analogshapingfilter which has a transfer function
specifiedby the shapeof the phasenoisepower spectrum
density. Using this model, simulationresultsshow that an
optimumtrade-off betweenAWGN andphasenoiserobust-
nessfor theloopbandwidthcanbedetermined.Furthermore,
novel decisionareasrelatedto QuadratureAmplitudeMod-
ulationsaredeterminedin orderto improvetheperformance
of thecarrierrecovery algorithmin presenceof phasenoise
andfrequency offset.

1 Intr oduction

Recently, considerableattentionhasbeenaddressedto the
design of wireless systemsfor data rate greaterthan 10
Mbit/s. Thelargerbandwidthrequiredto supporthigh speed
transmissionsimpliesthechoiceof increasinglyhigherradio
frequency bands,typically between10 and60 GHz. Nowa-
days,it is difficult to designlow costveryhigh frequency lo-
caloscillatorswith reasonableinstabilitieswhichmeansthat
the phasenoiseof the local oscillator is really a technical
bottleneckin the frequency rangeof sometensof GHz for
singlecarrierandmulti carriersystems[1][2].
A lot of broadbandwirelesssinglecarriersystemshavebeen
developpedat millimeter-wave frequenciesbetween20 and
45GHz. Someof thesecellularradionetworks,referedto as
LocalMultipoint Distribution Service(LMDS) networksare
intentedto offer integratedbroadbandservicesto residential
andbusinesscustomers.So,with the developmentof these
new wirelesssystemsathigh frequency, phasenoisestudyis
alsosensiblefor highbit ratesinglecarriertransmissions.
This paperdealswith the modellingof the phasenoiseand
the optimizationof the carrierrecovery of high bit ratesin-
gle carriersystemsin presenceof phasenoise. First of all,
an original and efficient phasenoise model basedon the
knowledgeof its spectraldensity is presented. Then, the
performanceof a frequency synchronizationsystemfaced

with phasenoiseandAdditiveWhiteGaussianNoiseis stud-
ied for high ordermodulationschemes.Thus,the optimum
trade-off betweenAWGN andphasenoiserobustnessfor the
loop bandwidthis determined.Finally, in orderto increase
phasenoiseandfrequency drift tolerance,new decisionareas
relatedto QuadratureAmplitudeModulationsareproposed,
which leadsto anefficient reductionof theacquisitiontime.

2 Phasenoisemodelling

The output of an oscillator affectedby phasenoisecanbe
definedas

x
�
t ��� �

V0 � ν
�
t ��� sin � 2π

�
f0 � ∆ f � t � ϕ

�
t ��� (1)

where f0 andV0 arerespectively thenominalfrequency and
the nominalsignalamplitude. ∆ f representsthe frequency
drift, ν

�
t � theamplitudefluctuationandϕ

�
t � therandomzero

meanphasenoiseprocesscharacterisedby its powerspectral
densitySϕ

�
f � or its spectralpurity L

�
f � , which is givenby

oscillatormanufacturers. In this study, we neglect the fre-
quency drift andtheamplitudefluctuation.
In [3], it hasbeendemonstratedthattherelationshipbetween
L
�
f � and Sϕ

�
f � is given by L

�
f �
	 1

2Sϕ
�
f � provided that�
� ∞� ∞ Sϕ

�
f � d f � 1rad2. In this study, phasenoiseis mod-

elledusingwhite Gaussiannoisefilteredby ananalogshap-
ing filter whichhasa transferfunctionH

�
f � specifiedby the

shapeof the power spectrumdensityaccordingto the rela-
tion � H �

f ����� Sϕ
�
f � . It providesa usefulsimulationtool

which is subsequentlyusedto take into accountfrequency
sourcesimpairmentsfor theoptimizationof thetransmission
systems.

3 The consideredcarrier recovery system

In order to eliminatethe frequency offset betweenthe car-
rier oscillatorsat the transmitterand the receiver, a phase
locked local oscillatorcanbe implementedfor Intermediate
Frequency (IF) to basebandconversion.Theconsideredcar-
rier synchronizationsystemin this study is a DecisionDi-
rectedderivedfrom theMaximum-Likelihoodcriterionwith
FeedBackandpreliminarily recoveredTiming (DDMLFBT)
[4], [5], which is depictedin Fig. 1. This systemis madeup
of aphasedetector, a loopfilter andanintegrator. Thephase



detectoraimsto provide a representative informationof the
phaseerrorφ

�
k ��� θ

�
k ��� θ̂

�
k � betweentheestimatedsym-

bol d̂
�
k � andthephasecorrectedsamplew

�
k ��� r

�
k � e � jθ̂ � k�

wherer
�
k � is a receivedsampleimpairedby thephaseerror

θ
�
k � . Then,this informationis filteredandintegratedwithin

theloop in orderto updatethephasecorrectionθ̂
�
k � .
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Fig. 1: DDMLFBT structurefor carrierrecovery

3.1 The phasedetector

Thephaseerrordetectorcanbeentirelydefinedby itscharac-
teristic ε � φ � k ��� resultingfrom the ML criterion application.
A study on the phasedetectorpropertiescarriedout in [5]
leadsusto opt for thefollowing characteristic

ε � φ � k ����� Im csgn� w � � k ��� w
�
k ��� d̂

�
k � (2)

wherecsgn
�
x � � sgn� Re� x�!� � jsgn� Im � x�"� .

This phasedetectorcombinedwith QuadraticAmplitude
Modulationsprovidesa π

2 periodiccharacteristic.To clearup
thephaseambiguity, a differentialencodingof thetwo most
significantbits hasbeenimplemented.Thesizeof thelinear
responseandtheslopeKd at theorigin becomesmallerwith
decreasingEs # N0. Moreover, thevaluesof thesetwo param-
etersare all the more reducedas the order of the modula-
tion is high. Thus,the rangeof representative informations
ε
�
φ � # Kd deliveredby the phasedetectordecreasesfor low

signal-to-noiseratioandhighorderQAM.

3.2 The loop characterization

A secondorderloopedstructureis used.Theloopstability is
achievedusingthedampingfactorζ � 0$ 707. Furthermore,
thenormalizedloop bandwidthis definedby theproductBl %
Ts with

Bl % Ts � 1
2

& � ∞

� ∞
� Q �

f ��� 2d f (3)

whereTs is thesymboldurationandQ
�
f � is theclosedloop

transfer function. The normalizedloop bandwidthdeter-
mines the acquisitiontime and the noiseof the estimated
phase.

4 Tracking performance of the DDMLFBT synchro-
nization system

The simulatedsystemusessquaredQAM with differential
encodingof thetwo mostsignificantbits. Thesymbolrateis
equalto Fs � 1# Ts � 6$ 8 MS/s. In thereceiver, the low cost
local oscillator is affectedby the phasenoise, the spectral
purity L

�
f � of which is describedin Table 1. This phase

noiseis modelledusingthemethodpresentedin section2.

L(f) Frequency offsetf

-30dBc/Hz 100Hz
-51dBc/Hz 1 kHz
-77dBc/Hz 10 kHz
-95dBc/Hz 100kHz

Table1: Spectralpurity of a 10 GHzLocalOscillator

In this section,the trackingperformanceof the DDMLFBT
synchronizationsystemcombinedto QuadratureAmplitude
Modulationsis presentedover a theoreticalGaussianchan-
nel.

4.1 Performanceof the system
In orderto determinethe optimumvalueof the normalized
loopbandwidthBl % Ts in presenceof phasenoiseandadditive
white Gaussiannoise,theperformanceof thesystemsusing
the DDMLFBT algorithmhasbeenmeasuredversusBl % Ts.
The BER obtainedfor 16-QAM is plottedin Fig. 2 versus
varioussignal-to-noiseratio Es # N0.
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Fig. 2: SimulatedBER versusBl $ Ts for 16-QAM with vari-
ousSNR

The phase-locked loop getsrid of the phasenoisecompo-
nentswhich fall within the loop bandwidthBl . However,
with high Bl values,Gaussianadditive noiseandself-noise
contributionscauseperformancedegradation.So, the BER
lower limits denotethe rangeof optimumnormalizedloop
bandwidthvalues. Furthermore,resultsobtainedfor 64-
QAM alsobring to thefore that themorecomplex themod-
ulation is, the lesslargethe rangeof optimumBl % Ts values



is. Thus,it is all themorenecessaryto chooseaccuratelyBl

sincetheconstellationis of a highorder.

4.2 The phasejitter

For the tracking mode, the performanceof the synchroni-
sation loop can also be definedby the phasejitter σ2 � φ � ,
alsonamedresidualvarianceof the phaseerror. The phase
jitter resultsfrom the phasenoiseof the local oscillatoras
well astheadditivewhiteGaussiannoise.Eachof thesetwo
noisescontributesto phasejitter in differentproportionsre-
latedto the choiceof the loop bandwidthvalue. The phase
jitter σ2

ϕ
�
φ � inducedby the presenceof phasenoisewith a

powerspectraldensitySϕ
�
f � at theinputof thephaselocked

loop is givenby

σ2
ϕ
�
φ � �

&+� 1
2

� 1
2

� 1 � Q
�
f Ts �,� 2 % Sϕ

�
f Ts � d � f Ts � (4)

whereQ
�
f � is the closedloop transferfunction of the syn-

chronizationsystem. On the other hand, the Cramer-Rao
boundgivesa lower limit of thephasejitter σ2

n
�
φ � resulting

from an additive white Gaussiannoise. It canbe expressed
as

σ2
n
�
φ � - Bl % Ts

N0

Es
(5)

Then, the resultingphasejitter σ2 � φ � in presenceof phase
noiseandadditive Gaussiannoiseis definedas the sumof
thesetwo contributions

σ2 � φ �.� σ2
ϕ
�
φ � � σ2

n
�
φ � (6)

Fig. 3 shows theresultingphasejitter for a 16-QAM system
in presenceof thephasenoisedescribedin Table1 andwith
Es # N0 � 19 dB. The theoriticalCramer-Raoboundis given
asareferencecurveandthephasejitter is measuredfor three
differentsymbolratesFs � 1# Ts. Theseresultsconfirm the
relations(4) to (6) andreflectthegreatestphasenoisesensi-
tivity of thelow symbolratesystems.

5 Optimization of the DDMLFBT synchronization sys-
tem

In this section,it is shown that the DDMLFBT combined
with QuadratureAmplitudeModulationscanbeoptimizedin
acquisitionmodein orderto improve theacquisitionperfor-
mancein presenceof additive white Gaussiannoise,phase
noise and frequency offset. However, the optimizations
presentedfor 16-QAM can be appliedto any higher order
QuadratureAmplitudeModulations.

5.1 Modifications of the decisionboundary lines

Classically, the estimatedsymbolsd̂
�
k � usedby the phase

detectorare deliveredby a decisionmodule basedon the
boundarylines LB of the 16-QAM constellationC16 repre-
sentedin Fig. 4. In absenceof additive white Gaussian
noise,the estimatedsymbolsreliability is directly linked to
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Fig. 3: Simulatedresidualjitter variancefor 16-QAM with
varioussymbolratesandEs # N0 � 19 dB

thephaseerrorsensitivity of theconstellationC16. Thepos-
itive andnegative tolerancesof the four symbolsof thefirst
16-QAM quadrant,representedin Fig. 4, aregivenin Table
2 wherea � 1#32 10 is theenergy normalizationfactor.

Symbols positive tolerance negativetolerance

(+a,+a) + 45 deg - 45 deg
(+3a,+a) + 21.3deg - 18.4deg
(+a,+3a) + 18.4deg - 21.3deg
(+3a,+3a) + 16.9deg - 16.9deg

Table2: Phaseerrorsensitivity of the16-QAM symbols

Without noise,the sizeof the linear responseof the phase
detectorcanclearly be definedasequalto the lowestphase
errortoleranceof theexternalsymbol

� � 3a 4 � 3a � . Then,the
informationε

�
φ � deliveredat theoutputof thephasedetec-

tor will not be representative of the phaseerrorswhich are
superiorto 16$ 9deg. Indeed,theclassicalboundarylinesLB,
representedin dashedlinesin Fig. 4,areoptimizedversusthe
additive white Gaussiannoiseandthey arenot well adapted
in presenceof phaseerrors.In orderto improve theacquisi-
tion performance,it is necessaryto modify them. Thegeo-
metricalrepresentationof themodifiedboundarylinesLBM,
representedin solid lines,is basedonacompromisebetween
the phaseerror toleranceand the additive white Gaussian
noisesensitivity.
The new decisionareasresult from the shifting of a setof
symbolsalongthearcof acircle in presenceof phaseerrors.
In Fig. 4, thecirclescenteredon thefour 16-QAM symbols
have the radiusr � σ and r � 2σ whereσ is the standard
deviation of the additive white Gaussiannoise. The proba-
bility to find asymbolaffectedby theAWGN in acirclewith
a radiusr � σ is about90%. The generalideaconsistsin
modifying thedecisionboundariesin orderto maximizethe
phaseerror tolerancefor all thesymbolsincludedin thecir-
clewith theradiusr � σ or with theradiusr � 2σ whenit is
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possible.

5.2 Acquisition performance of the optimized
DDMLFBT system

In Fig. 5, the characterisitic
�
C16 4 LB � of the detector

basedon the classicaldecisionsd̂
�
k � and the characteris-

tic
�
C16 4 LBM � of the detectorusingtheoptimizeddecisions

d̂M
�
k � arecomparedfor Es # N0 � 19 dB. An increasein the

sizeof the linear responseis obtainedfor theoptimizedde-
tector

�
3rad or 17$ 2deg � , comparedto theclassicaldetector�

2rad or 11$ 5deg � . Then, the rangeof representative infor-
mationsaboutthephaseerrorsdeliveredby thephasedetec-
tor is increasedby 50%.
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The acquisitionperformanceof this optimizedDDMLFBT

synchronisationsystemhasbeenmeasuredin presenceof a
frequency offset∆ f0 � 134kHz with Es # N0 � 19 dB. Some
acquisitiontimesaregivenin Table3 versusvariousnormal-
izedloopbandwidthvalues.

Decisionmodule Bl % Ts � 5 % 10� 3 Bl % Ts � 5 % 10� 2

�
C16 4 LB � 745000Ts 360Ts�

C16 4 LBM � 162000Ts 136Ts

Table3: Acquisitiontimesof theclassicalandtheoptimized
DDMLFBT systemswith ∆ f0 � 134kHz

Theoptimizeddecisionboundarylinesallow to achieve ac-
quisitiontimedividedby about2$ 5 with Bl % Ts � 5 % 10� 2 and
by about4$ 5 with Bl % Ts � 5 % 10� 3.

6 Conclusion

First of all, an original phasenoisemodelhasbeenusedto
measuretheperformancedegradationsof a PLL inducedby
phasenoiseand the simulationresultsprove that it is pos-
sible andessential- mainly for high ordermodulations- to
determineanoptimumtrade-off for theloopbandwidth.Fur-
thermore,novel decisionareasfor high orderQAM in pres-
enceof AWGN andphaseerrorshave beenproposedin or-
der to improve the acquisitionperformanceof the Decision
Directedsynchronisationsystem.Concerningthesenew de-
cision areas,a patentapplicationhasbeenfiled and it can
beappliedto any singlecarrierandmulti-carrierreceiversto
improvetheperformancein presenceof phaseshifts[6].
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