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Abstract—Some recent PLL designsutilize a half-rate phase
detector so that the VCO operatesat a fr equencythat is one-half
of the input data rate. In this paper, a technique is proposedto
extend the half-rate phasedetector structur e to a rate of

�������

,
for integer �
	

�

. The concept is explained using a rate 1/8
implementation and simulation resultsare presentedto verify the
scheme.Theserate

�������

phasedetectorscan be usedto raise the
maximum operating fr equencyof clock and data recoverycircuits
in a given CMOS processtechnology.

I . INTRODUCTION

The use of optical �ber as a transmissionmedium in
communicationsnetworksallows very high bandwidthto be
achieved. However, dispersioneffectswithin the �ber require
thatthedataberegeneratedperiodically. Opticallinks typically
convert from the optical domain to the electronic domain
to perform the regenerationand then reconvert the signal
backinto theopticaldomainfor subsequenttransmission.The
relatively lower speedof theseelectroniccircuitsposessignif-
icantdesignchallenges.Additionally, theability to implement
analogfront-endfunctionstogetherwith digital processingin
a mainstreamCMOS technologywould have cost advantages
comparedto a BiCMOS design.However, the relatively lower


��

of MOS transistorslimits the circuit speedthat can be
achieved in suchan approach.

In the receiver front-end,clock information is requiredfor
synchronizedsamplingsuchthatthevalueof theinput signalis
sampledat theoptimumtime. Figure1 shows a genericClock
and Data Recovery (CDR) circuit that is basedon a charge
pumpPhase-LockedLoop (PLL) [1]. A PLL canbe madeto
operateat a higherspeedthanthe technologywould normally
allow if thephasedetector(PD) cansupportan input datarate
that is multiple of the Voltage Controlled Oscillator (VCO)
clock frequency. In particular, designsin which theclock runs
at one-halfof the input dataratehave beendescribed[2], [3],
[4], [5], [6], [7], [8], [9], [10], [11]. In this paper, we propose
anextensionto thehalf-ratephasedetectionschemeto onethat
can supporta datarate that is ��� times the VCO frequency,
for ����� , therebyfacilitating a fasteranalogfront-end.As an
example,a rate1/8 designis studiedin detail.

�
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Fig. 1. Block diagramof a clock/datarecoverysystem.The phasedetector,
which is the focusof this work, is circled.

I I . DESIGN OF RATE ������� PHASE DETECTORS

In the half-ratePD designof Ref. [2], the incomingdatais
appliedto two master/slave latch pairswhich aretriggeredon
oppositepolaritiesof theclock signal.A pair of auxiliary sig-
nals,calledError andReference,aregeneratedby performing
XOR operationson the latch outputs.Thesesignalsare used
to extract two datastreamscomprisingeven andodd samples
of the input signalbut at half of the input datarate.Thus,the
circuit alsocontainsa built in 1:2 demultiplex function,which
maybeusefulfor any downstreamdigital processingthatmay
occur.

Thebasicapproachthatwe employis to instantiatemultiple
true/complementdata paths, each of which is similar in
structureto thedesignusedin [2]. Then,insteadof having only
one Error signal and one Referencesignal, we will produce
a pair of Error andReferencesignal from eachof thesedata
paths.Thesewill thenbe usedto control the charge pumpof
the PLL in the desiredfashion.

A. Rate1/8 PhaseDetector

The structure of the proposedrate 1/8 PD is shown in
Figure 2. The input data signal is applied to four pairs of
master/slave latches.Four VCO clocksareused(togetherwith
their complements),whereeachclock is offset by 90 degrees
with respectto the adjacentclocks. The input datastreamis
sampledat both the rising and falling edgesof eachof these
four clocks.The input datarate is 8 timesasfast asthe VCO
clock frequency andthe four pairsof VCO clocksareusedto
sampleeightconsecutive bits of the input stream.Four latches
thataretransparentduringthehigh timeof eachclockandfour
latchesthat are transparentduring the low time of eachclock
areusedin the �rst stageof the phasedetector.

The Q outputs of these initial four pairs of latchesare
labeledas � O,O' � , � T,T' � , � Th,Th' � and � F,F' � , respectively.
Within eachset, the �rst signal is the outputof the latch that
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fa-fd are the Error Signals; ra-rd are the Reference Signals. These serve as inputs to the Charge Pump.

Fig. 2. Schematicdiagramof the proposed1/8 rate phasedetector.
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Fig. 3. Error signalsf1 - f8 in the lockedstate.
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is transparentwhenthe correspondingclock is high while the
secondis the outputof the latch that is transparentwhen the
clock is low. Considerwhat would happenif a latch becomes
transparentexactly in the middleof a bit time interval. In that
situation, it would output somebit � during the �rst half of
its transparentphaseandbit ��� � during thesecondhalf. The
correspondingcomplementarylatch,on theotherhand,would
hold bit � for the entire time interval. If the XOR function is
performedon thesetwo signals,we would obtain0 for the�rst
half of this interval andthe XOR of bit � with bit ��� � during
the secondhalf of the interval. Sinceonly oneof the latches
becomestransparentin the middle of eachbit period,we can
expectto form theXOR of two successive bits for exactlyone-
half of �����	� in eachbit period.We would thereforehave eight
XOR functionsin eachof the eight bit periodsin oneperiod
of the VCO clock. Theseeight XOR functionsare shown as




� to

�


in Figure3. The durationof an XOR pulseis equal
to � ����� ��� in the locked stateand it would be proportionalto
the phaselag/leadotherwise.

The Referencesignalsare usedto remove the datadepen-
denciesof theErrorsignals.Theeightwaveformpairs � O,O' � ,

� T,T' � , � Th,Th' � and � F,F' � are sampledby a set of slave
latchesthat are complementaryto the previous latch in each
path. The signals � OO', O'O � , � TT',T'T � , � ThTh',Th'Th �

and � FF',F'F � areproducedat the outputsof latchesthat are
transparenton positive andnegative levels of clk1, clk2, clk3
and clk4, respectively. Theseeight waveforms in the second
stageareXORedto obtaintheeightReferencesignals� ��
��




,
asshown in Figure4.
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Fig. 4. Referencesignalsr1 - r8 in the lockedstate.

The signals
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and � ��
��




can be created by
usingthe following genericlogic function: ��� ����� ������� ��� ����� .
Note that the operation(c1.c2)is not a commutative Boolean
AND. Rather, it is implementedduring the time between
a low-to-high transition on c1 and a high-to-low transition
on c2. Each of the sixteen functions




� -

�


and � � - �




requiredfor generatingthe Error and Referencesignalscan
be implementedusing the above logic function with x1, x2,

Function x1 x2 c1 c2

f1 O O' clk1 -clk2
f2 O O' -clk1 clk2
f3 T T' clk2 -clk3
f4 T T' -clk2 clk3
f5 Th Th' clk3 -clk4
f6 O O' -clk3 clk4
f7 F F' clk4 clk1
f8 F F' -clk4 -clk1

TABLE I

VARIABLES USED TO IM PLEM ENT THE ERROR FUNCTIONS  "!$#� &% .

Function x1 x2 c1 c2
r1 O'O T'T clk2 -clk3
r2 OO' TT' -clk2 clk3
r3 T'T Th'Th clk3 -clk4
r4 TT' ThTh' -clk3 clk4
r5 Th'Th F'F clk4 clk1
r6 ThTh' FF' -clk4 -clk1
r7 F'F OO' -clk1 clk2
r8 FF' O'O clk1 -clk2

TABLE II

VARIABLES USED TO IM PLEM ENT THE REFERENCE FUNCTIONS '(!$#)'*% .

c1 andc2 asshown in TablesI andII. The requiredboosting
of theError signalamplitudescanbedonein a mannersimilar
to that describedin [2].

B. Generalization to Rate �������

The rate 1/8 schemecan be generalizedto rate ����� � in a
straightforwardfashion.For integer � � � , the input datarate
is �

� times the VCO clock frequency by using �

��+-, clocks,
eachhaving a phasedifferenceof . � ����+/, from its neighbor.
After this, waveformssimilar to Figures3 and4 canbedrawn
andthesignalsto beusedfor x1, x2, c1 andc2 canbededuced
for generatingthe ���0+-, Error andReferencefunctions.Larger
valuesof � give higherspeedbut at the expenseof increased
area,power anddesigncomplexity.

I I I . IMPLEMENTATION DETAILS AND SIMULATION

RESULTS

A circuit simulationof the rate1/8 phasedetectorwasdone
using rail-to-rail CMOS circuits in the 0.18 micron process
from TSMC that is available through MOSIS. The latches
are implementedusing transmissiongatesand inverters.The
aforementionedlogic functionhasbeenimplementedusingthe
circuit templateof Figure5.

The amplitudesof the Error signalpulsesareboostedby a
factor of two using the symmetriccurrent-steeredXOR gate
designof [2]. Four charge pumpsare employedas shown in
Figure 6 and their currentsare addedat nodesX and Y to
producea �nal differentialdrive signal for the VCO.

The simulationswerecarriedout for an input datarateof 2
Gbpsandthereforea VCO that operatesin the neighborhood
of 250 MHz is suf�cient. Figure 7 shows the Error and
Referencesignals, fa and ra, in the locked condition. (The
waveforms for the three other pairs of Error and Reference
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signals are similar.) The �gure shows that, after an initial
startuptime, the Error signal pulsehas approximatelytwice
the amplitudeand half the width of the Referencepulse,as
expected.Thus,in thelockedstate,thesetwo signalscanhave
the sameaveragevalue.

Fig. 7. The simulatedError andReferencesignalwaveformsfa and ra.

The PD characteristicis shown in Figure8. The input data
wasgiven variousphaselagsandleadsandthe averagevalue
of Error - Referencefor one bit period was calculatedfrom
the simulation results.The magnitudeis plotted againstthe
phaseerror in nanoseconds.The PD is observed to have an
approximatelylinear characteristic.The graphrevealsthat the
averagesof the Error and Referencesignalsbecomeexactly
equalat a phaseerror of about 0.04 nanoseconds.For a bit
periodof 0.5 nanoseconds,this amountsto a systematicoffset
error of 8%.

IV. CONCLUSIONS

An extension strategy for the half-rate phase detection
schemeof [2] hasbeenproposed.As a speci�c designexam-
ple, the implementationof a rate1/8 phasedetectorhasbeen
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Fig. 8. SimulatedPD output characteristic

described.Simulationshave beenperformedto demonstrate
that the circuit operatesas desired.The resultsshow show
thatan approximatelylinearPD characteristicis achieved and
a built-in 1:8 demultiplex operationis automaticallyobtained.
Moreover, other fractional rate phasedetectorscan be con-
structedusing similar techniques.Thesearchitecturescan be
usedto extendthemaximumoperatingfrequency of clock and
datarecovery circuits in any given CMOS technology.
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