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Abstract

Unintentionalclock skewsbetweenclock domainsrepresent
anincreasingandcostlyoverheadn high-performanceé/LSI
chips. We describea novel yet easy-to-implementlesign
that reducesskewbetweerocal clock domainsdynamically
or statically by sensing clock-delay differencesand then
tuning the clock of each domainrelative to its neighbors.
Lowering local clock skew is accomplished without
compromising worst- case global skew.
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Introduction

Increasedfrequenciesand higher levels of integration for
microprocessorfave posedsignificantchallengedor clock
generationand distribution. Large die area causesthe
distribution pathto be long andwidely dispersedacrossthe
die. This distribution produceslarge latency in the clock
path which is greatly impactedby variationsin loading on
clock lines,temperatureshifts, voltageswings,cross-talkand
acrossdie processfluctuations. These combineto create
large clock skew andjitter that effectively shortenthe clock
cycle. Ourgoalis to reducethe clock skewto recoversome
of the clock cycle timing in order to improve performance.

With each generation of microprocessorsthe deskew
scheme$avegottenmorecomplex. Initial clock deskewing
schemedor the Intel Pentium®2 [1] measuredhe timing
relationship between two clock spines. Phase detectors
sensedhe differenceandthendelayswithin the appropriate
clock pathwereadjustedo reducethe skewbetweernthe two
clock domains. The Itanium® Processof2] performedde-
skewingin clustersusing8 digitally controlleddelay-locked
loops. EachDLL in turn was usedto deskewthreeor four
clockregions. Skewbetweenregionscontrolledby separate
DLLs wasnot constrained. At lessthanl GHz, this scheme
was effective.

With an increasein the numberof clock domainsthe Intel
Pentium®4 [3] useda modified methodwith threelevels of
phasedetectionwith atotal of 46 detectors.Thiswasa static
schemethat was subjectto errorsimposedby temperature
andvoltagevariations. While effective for the Pentium®4
with a medium clock frequencyof 2-3+ GHz, it may not
meetthe needsof still largerdie sizesrunningat muchfaster
clock speeds. This proposed method was therefore
developed to deskew a microprocessorusing a mesh

structurewherethe domainclocksusea distributedalgorithm
to adapt dynamically to temperature and voltage variations.

The H-tree deskewsectiondescribesone proposeddeskew
solution along with its weaknesses. In the mesh deskew
sectionthe algorithmis discusse@ndthe generaimplement-
ation schemeis explainedalong with timing considerations
followed by the results and summary.

H-tree Deskew

A clock distribution network in a modernVLSI chip often
takesthe form of an H-tree. Figure 1(a) showsan H-tree
clock distribution with the gray boxes representingphase
detectorsand buffers, the chip itself being divided into 16
domainslabeledfrom A to P. The clock originatesat box 4,
is passedo the pair of boxeslabeled3, thengoesto 2, 1, and
theninto the final distributionpointsrepresentetdy thewhite
boxes. The desireis to matchdelaysof eachleg of the tree
by construction. Unfortunately, variationsin clock delays
due to process,supply, temperature,and load can cause
significant skews betweenneighboringleaves of the tree.
This is the reasonthat deskewis needed. Figure 1(b) shows
the upperright quadrantof Figure 1(a) in more detail. The
buffers, which are tunable,are now displayedas separate

from the phase detectors and the phase detectors are not in the

clock path but sit on domain boundaries. The H-tree

distribution concept can extend into each domain as shown by

the gray lines. As an example,phasedetectorl (between
domainsC and G) receivesinput from clock points local to
the detectorfrom both domains. The phasedetectorthen
sendstuning information to the tunable buffers of both
domains. This information tends to zero out the phase
differencein the vicinity of the phasedetector. Eachphase
detectorreducesthe skew betweenthe two measurement
points to within some

Bri e8| gl g
381823 |\ E T

>



Figurel: H-tree deskew

guardbandg. In Figure 1 the path from C to G passes
through one phase detector so the maximum difference
betweenthe domainsis one guardbandIn this mannerthe
domainpair [C, G] is zeroedalongwith domainpair [D, H].
Continuingthe zeroing, phasedetector2 then compareqC,
G] with [D, H] and adjustsits local buffers. This process
continues similarly through phase detector 3 comparing
[C,D,G,H] with [K,L,O,P] and so forth.

Thereare a couple of difficulties with this deskewmethod.
H-tree deskewis hierarchicalso phasedetectorl must be
zeroedprior to zeroing phasedetector2, 2 must precede3,

and3 mustprecedet. Further,theclock mustpassthrougha
chain of tunable buffers on the path to the local domains.
Tunablebuffersaddadditionallatencyto this clock pathand
thuscould worsenclock skewandjitter. A potentiallymore
seriousproblemis that acrosssomedomainboundarieghat
are physically adjoining, the electrically tuned path can be
long. For example,domainsB and C in Figure 1(a), are
neighborsbut the possibleaccumulatedskew offset is the
sumof theguardband& sevenphasedetectorg7*g). Thusa

signalcrossingbetweerB andC will lose7*gin computation
time to clock overheadpotentially leading to significant
performance loss.

Mesh Deskew

Figure 2 showsa meshstructurefor deskewing.Eachstriped
box representsa phase detector between two adjacent
domaingn theclock distributionnetwork. Thecompensators
(numberedwhite boxes)representhe tunablebuffersin the
final leaf nodesof the distributionnetwork. The clock itself
could be delivered to these white boxes using an H-tree
distribution but the meshdeskewwould not requiretunable
buffers until the clock arrived at the compensators. The
compensatorlaveup to four inputs,onefrom eachcardinal
direction,to control the clock domaintiming. The boundary
domainswill haveonly two or threedetectorinputs. These
inputsare essentiallyOR’ed to producethe control signal to
adjustthe delay buffer in a specific domain. Becauseonly
one phase detector separatesneighboring domains, the
maximum delta between any two neighbors is one
guardband. Figure 3 is a flowchart diagramdescribingthe
algorithmfor eachclock domain. This distributedalgorithm
is simple to implement in hardware.

Figure2: Mesh deskew

Therulesat the heartof the algorithmhavefour cases.Case
1 (2) - if adomainis slower (faster)than any neighborby
more than guardbandg and not faster (slower) than any
neighborby morethang, that domainwill reduce(increase)
its delay by a step sizz g on a clock edge.

ase3 - if a domainis fasterthan at leastone neighborby
more than g and also slower than at least one neighborby
more tharg then that domain will maintain its original delay.

Case4 - if adomainis separatedy lessthang from all its
neighbors, that domain will maintain its original delay.

Figure 2(a) shows an ungroomedmesh deskew. In this
example let guardbandy be 1+d and stepsizes be 1. The
compensatorwith the smallesimumbersrepresenthe fastest
domains. DomainG is anexampleof casel, domainJis an
exampleof case2, domainK is an exampleof case3, and
domainL is an exampleof case4. Adjustmentcriteria is
collectedfor all domainssimultaneoushon a clock edgeand
later applied to all domains simultaneously. Figure 2(b)
showsthe die aftera single adjustment. Notice that domains
A andD, whichinitially requiredno adjustmentnow require
a tweak.

Ultimately the meshwill resolveto a stable position,where
clock skewbetweentwo neighborss lessthanor equalto the
guardbandy. This exampleonly requiresone moreiteration
wherein A will increaseto 2 while its neighborsB and E
decreasdo 2, andD will increaseo 3 while H decreaseto
3. All other domains will remain stable in the last iteration.

Figure 4 showsthe local compensatoreceivinginputsfrom
eachof the four cardinal phasedetectors. The compensator
works by shifting onesto the right whenthe local domainis
fast, thus slowing the local domain. If the local domainis
slow, zeroesare shifted to the left. Oncea limit (eitherfast
or slow) is reached,any attemptedshifting in the same
directionhasno impacton the delayline. If both shift right
andshift left signalsare generatedhe shift registerdoesnot
change. The numberof delay adjustmentsl is dependenbn



the numberof bits in the shift registerand adjustablebuffer.

A metastableutputfrom the delaydetectorcould propagate

While not a requirement, the design described here starts wiitho the shift register. This can causethe shift registerto

the shift registersset to the middle position. The initial
adjustmentto any delay buffer can work to either slow it
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Figure4: Compensator

or speedt up. This beingsaid,whenthe shift registerbegins
in a middle positionit will typically resolveto a stablestate
faster than a deskewschemewhere the shift registersare
initialized to one end or the other.

Thevaluesof g, d, ands needto be choserbasedon several
trade-offs. Large guardband$iave a negativeimpacton the
clock cycle becauseghe guardbandmust be subtractedrom

the communicatiortime. On the otherhand,a small guard-
bandis more susceptibleto the effects of jitter since jitter

betweenwo sensectlockscould causdalsetriggeringof the

delaydetector. The stepsize s combinedwith the numberof

adjustmentiterations possibled, determinesthe maximum
adjustmentrange. Thus, a step size just less than the

guardbandj allows the largestadjustmentange. Discretion
is neededn the choiceof stepsizebecauseéf sis largerthan

g thecircuit is unstable. A reasonableesignwill havea step
size approachingthe guardbandsize with the adjustment
iterationschoseno meeta maximumacross-dieskewtarget.
Of course, the larget costs in terms of area and power.

The delaydetector(Figure 5) latchesthe outputsof a pair of

phasedetectors(f D). The devicesreceiveidentical clocks
but the transistorsizing in the inputs has beenadjustedto

changehethresholdsn orderto producea guardbandf g ps

betweenthe inputs. Simulationson a 0.13-micronprocess
indicate that a guardbandbetween3 ps and 12 ps can be

easily designed.

Metastability [4] is an issuein this designbecauseof the

phase detector timing in Figure 5. A phase detector is

essentiallyan S-R latch that allows only the first arriving

signal to passthroughto an output. If two signalsarrive

simultaneouslythe phasedetectorcould enter an unstable
(metastable)state causing a longer than normal time to

resolve. This can producean ambiguoussignalin the flops

just as they are clocked and drive them into a metastable
state.

scrambleits data and causerandomdelaysto occur in the
delay buffer. To preventthis from occurring, additional
settling time could be added on the output of the delay
detector.
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Figure5: Delay detector

A point that needssome discussionis the notion of mode
lock [4][6]. Mode lock is where the clocks between
neighbors are shifted so dramatically as to cause the
neighborgo attemptto lock on differentclock cycles. In the
deskewingmesh, if this were the casethe circuit would
becomeunstableand could not recover (this would be a
problem for any other deskew schemealso). This could
happenf theinitial differencebetweernthe neighboringtiles
were ~% clock period or greater. In Figure 5, if clock 1

arrived much later than clock 2, the delay detector could
interpret the result as clock 2 arriving later than clock 1

becauséhe delaydetectorgot shiftedby a clock cycle. Once
this occurs the circuit cannot correct the problem.
Practically, a circuit would not be expectedto have such
dramaticskewsandthe adjustmenbudgetwould be lessthan
1, periodat anyrate. But, if thiswerea concernperhapgshe
simplestway to avoid the problemwould be to pre-tunethe
circuit at a slow frequencythus preventingmode lock. In

otherwords,if thetwo clocksin figure 5 werepreciselyl80

out of phaseat a specific frequency(assuminga 50% duty
cycle), by cutting the frequencyof the clocks in half, the
phasedifferencewould become9(’ (the rising clock edges
would remain separatedby the same amount of time).

Enablingthe meshat the lower frequencywould allow the
deskewcircuitry to reducethe phasedifferenceto a point

where the frequency could then be increased and tuned again.

Results

Circuit simulationsweredonewith guardbandy andstepsize
sset to about 3.3 ps and 1.5 ps respectively. W#h16, the
maximum adjustment across domains was d*s =24 ps.
Figure 6 showsthe timing of the clock at one nodeof a 16
domain mesh relative to its bottom, left, right and top
neighborsprior to activatingthe deskew. The centerdomain
is labeledD34 andis removedfrom its farthestneighborby



9.94ps. The nodesdisplayedin Figures6 and7 arelabeled
in Figure 8. After adjustmentFigure 8(b) showsthe worst
caselocal skewfor D34 with its neighborsdropsto about2.5
ps. This adjustmenttook about 25 iterationsto settleto a
stable state.

The maximum number of iterations required for stability is
dependent on the initid clock divergence over the whole die. We
have developed an empirical formulaof m*n+m-+n+(d/2)(m+n-
2
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Figure6: Local clock timing before deskew

Figure7: Local clock timing after deskew

to determine this number. Here m and n are the clock domain
counts in the vertical and horizontal directions. This formula is
accurate for 10 x 10 meshes or smdler but we have discovered that
for lager meshes the formula underestimates the maximum
number of iterations. In our previous example we were using a4
x 4 mesh. The bound above was based on the assumption that the
deskew compensator started with the shift registers centered.  If
the shift registers were at their limits at initialization the bound
would be m* n+m+n+(d)(m+n-2).

Figures 8(a) and 8(b) use the lower Ieft hand corner domain asthe
reference point by which dl other clock skews are measured. In
Figure 8(a) the total skew before adjustment between the fastest
and dowes domains across the die is 23 ps and the worst case
locd skew isabout 11 ps. The maximum skew across the die that
can be compensated for is (m+n-1)(g-s)+d*s. Fnally, Figure 8(b)
shows the globa clock timing after deskew with the local and
global skew minimized to about 3 psand 13 ps, regpectively.

Summary and Conclusion

The paper demondrates a complete deskew mesh network which
minimizes clock skew to within an arbitrarily small guardband
while still sttling to a stable gate. One mgor advantage of the
mesh deskew over other deskew configurations is its ability to
lower local dock skew to a minimum guardband g. In contrast,
the loca skew in the H-tree deskew method could be as high as
(2*h+1)*g where h is the number of hierarcha levels.
Furthermore, the mesh scheme requires tunable final lesf nodes
that add minimum latency. The latency penalty for the H-
deskew is much higher and depends on the number of
hierarchies. For amesh network, the number
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Figure8: Timing - before and after

of phase detectors asymptoticaly approaches two per doman as
the number of domains grows. With 16 domains 24 phase
detectors are needed for a fully populated mesh. With 64
domains, 112 phase detectors are needed.

The basic principles for mesh desgn have been outlined. The
authors recognize the potential to improve the implementation
presented in the paper and are continuing with that work. A study
of the effects of jitter needs to be performed in order to determine
the final size of the guardband. This could impact the choice
of making the mesh dynamic or gaic. A ddic version would
deskew during the reset/startup of the chip and then hold the skew
gate during norma operation. This would only compensate for
process variations and design devidgions A dynamic deskew
would remain enabled during normal operation and congtantly
adjust for voltage and temperature varigtions.

The H-tree clock deskew configuration can lead to both large local
and large globa skews. On the other hand, the mesh deskew is
designed to minimize the locd skew without compromising
global skew. Also, the mesh deskew is gable with al physicaly
locd skews reduced to a mog one guardband. At high
frequencies the importance of global deskew is diminished
because dgnas traveling long distances must pass through
clocked repeaters dong the way. However, the mesh deskew
method additionaly guarantees an upper bound of n*g on the
clock skew if asignd crosses n dock domains with a guardband

a.
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