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Timing Analysis Including Clock Skew

David Harris, Mark Horowitz,Senior Member, IEEEand Dean Liu

Abstract—Clock skew is an increasing concern for high-speed which tolerate clock skew are gaining popularity. In systems
circuit designers. Circuit designers use transparent latches and pyilt from transparent latches or skew-tolerant domino, rea-
skew-tolerant domino circuits to hide clock skew from the crit-  ¢55ple amounts of clock skew have no impact on cycle time

ical path and take advantage of shared portions of the clock . . .
network to budget less skew between nearby elements than @S long as data arrives when the latch is transparent or domino

across the entire die, but current timing analysis algoritthms 9ate is evaluating. As clock frequencies reach the multi-GHz
do not handle correlated clock skews. This paper extends the regime, skew from one corner of the die to another may still be
Sakallah—Mudge—Olukotun (SMO) latch-based timing analysis difficult to tolerate. Fortunately, many paths involve clocked
to include different amounts of clock skew between different 5jaments sharing a common local clock buffer and, therefore,

elements. The key change is that departure times from each latch | k Wi take ad ¢ f thi i
must be defined with respect to launching clocks so that the skew SEE 1ESS SKEW. YVe Cal 1ake acvantage o this COMMOon Case o

between the launching and receiving clocks can be determined Obtain less-conservative skew budgets.

at each receiver. The exact analysis leads to an explosion in the Timing analysis addresses the question of whether a par-
number of timing constraints, but most constraints are not tight  ticular circuit will meet a timing specification. The analysis
in practical situations and a modified version of the Szyman- must check maximum delays to verify that a circuit will meet

ski—Shenoy relaxation algorithm gives exact results with only a tup ti t the desired f d mini del
small increase in runtime. The timing analysis formulation also SEp Umes at e Cesired irequency, and minimum- delays

captures the effects of skew on edge-triggered flip-flops, domino to verify that hold times are satisfied. This paper extends a
circuits, and min-delay constraints. Our exact algorithm, applied traditional formulation of timing analysis to handle clock skew,

to a supercomputer node controller with over 12000 clocked including different budgets for skew between different regions
elements, finds the system can run 50-90 ps faster than a singleof a system
skew analysis would predict and requires searching fewer than S . . . .

4% more latch departures than conventional algorithms. With We begin by reV|eW!ng previous work .|n_ Section ”_’
the less conservative skew budgets enabled by better timing Particularly the formulation of latch-based timing analysis
analysis, we expect clocked systems will remain viable to multi- from Sakallahet al. [4]. We build upon this formulation

GHz frequencies. in Section Ill to analyze systems with clock skew. We can
Index Terms—Clock skew, domino, min-delay, timing analysis, €asily analyze systems with a single clock domain by adding
transparent latches. worst case skew to the setup time of each latch. We then

develop an exact set of constraints for analyzing systems with
different amounts of skew between different elements. This
|. INTRODUCTION exact analysis leads to an explosion of the number of timing

CLOCK skew is an increasing concern for high-speeﬁonStraints' By introducing a hierarchy of clock domains

circuit designers. Cycle times have been dramaticalfith tighter bounds on skews within smaller domains, we
er an approximate analysis with fewer timing constraints

more aggressive designs using fewer gates per cycle ich is conservative, but less pessimistic than the single skew

Unfortunately, clock skew, the difference between actual arfgenario. In Section 1V, we apply these various formulations to
nominal interarrival times of a pair of clock signals, dependd'@lyZ€ an abstract processor core. Many real systems include
on process and environmental variations, wire RC delay, afgt Only transparent latches, but also edge-triggered registers
clock loading, all of which have been increasing relative g"d domino gates. Therefore, we extend the formulation
gate delays. Therefore, designers have been forced to spkhdiandle such clocked elements in Section V. Min-delay

more power and area on the clock network and expect t¥alysis, described in Section VI, is simpler because it
clock skew as a fraction of cycle time will increase involves only one constraint between pairs of clocked elements

In systems built with normal flip-flops or traditional doming®Ven With skew. Section VIl extends the Szymanski-Shenoy

design techniques [2], clock skew directly reduces the amodftexation timing analysis algorithm to accommodate different
of the cycle available for useful computation. This is too mucimounts of skew between different elements. Although one

overhead for aggressive designs, so better circuit techniq§@4!d construct pathological cases which increase runtime
proportional to the number of clocks in the system, most

constraints are loose in real systems. Section VIl presents the
Manuscript receiveiij Ddet;:ember 8, 19%8: revised Januakry 12, 1999 Thissults of timing analysis on a supercomputer node controller
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Il. BACKGROUND 0 Ty =T1J2 7ch
We begin by reviewing some of the key developments in — : y—
timing analysis, then look more closely at the formulatioM S¢1_0 1

presented by Sakalladt al. [4], which handles level-sensitive i 5027 T2 Ty,=TJ2
latches. In the next section, we will build upon this formulatio |4 - >|
to analyze systems with clock skew. 0, }

] . . _ 1
A. Previous Work Sp102= Sp2p1 = -Tc/2

Early efforts in timing analysis, surveyed in [6], onlyFig. 1. Two-phase clock waveforms.
considered edge-triggered flip-flops. Thus, they had to analyze
just the combinational logic blocks between registers becaus
the cycle time is set by the longest combinational path betwe
registers. Netlist-level timing analyzers, such as CRYSTAL [
and TV [8], used switch-level RC models [9] to compute del

A system contains a set of clocks = {¢1, ¢, -, dx}

h a common cycle time and a set of latchés =

L1, Lo, ---, L;}. Without loss of generality, assume all clock

o hases are active high; i.e., latches are transparent when the

through th.e cpmb|nat|onal bIocI§§. . . controlling phase is high. Define the following clock variables
Many circuits use level-sensitive latches instead of 1EI'FHescribing the cycle time and the nominal waveforms of each

flops. Latches complicate the analysis because they allow ti'agck. These variables are illustrated in Fig. 1 for a two-phase
borrowing: a signal which reaches the latch input while t stem with 50% duty cycle clocks

latch is transparent does not have to wait for a clock edge, but . .

rather can immediately propagate through the latch and be used® CIOCk_ cycle t|m_e, or perl(_)d.

in the next phase of logic. Analysis of systems with latches ~ ¢ Duratu_an for Wh.'Ch¢i IS h'gh'. .

was long considered a difficult problem [7] and various netlist- ¢: Start time, relative tc_) the 'beglnnlng of the common

level timing analyzers applied heuristics for latch timing, but clock cyclg, of¢; being h'ghj . , ,

eventually Unger [10] developed a complete set of timing =% Phase_ shift operator describing the difference in

constraints for two-phase clocking with level-sensitive latches. start time from¢; to the next occurrence af,

LEADOUT [11], by Szymanski, checked timing equations Soi0; = 54, — (54, + W), whereW counts cycle
crossings between clocks. Note th&f.,, = -1

to properly handle multiphase clocking and level-sensitive b it is the shift b . -
latches. Champernowret al. [3] developed a set of latch to ecause it Is the shift between consecutive rising
edges of clock phase;.

latch timing rules which allow a hierarchy of clock skews but ) ] )
did not permit time borrowing. For each of the latches in the system, define the following

Sakallahet al. [4] provide a very elegant formulation of variables and parameters that describe which clock is used to

the timing constraints for latch-based systems. They show ti§@Ntrol each latch, when data arrives and departs each latch,
maximum delay constraints can be expressed with a syst@Rf! the setup time and propagation delay of each latch.

of inequalities. They then use a linear programming algorithm p; Clock phase used to control lat¢h

to minimize the cycle time and to determine an optimal clock A; Arrival time, relative to the start time of;, of a

schedule. Since the clock schedule is usually fixed and the valid data signal at the input to lateh

user is interested in verifying that the circuits can operate D; Departure time, relative to the start time pf, at

at a target frequency, more efficient algorithms can be used which the signal available at the data input of latch

to process the constraints, such as the relaxation approach 1 starts to propagate through the latch.

suggested by Szymanski and Shenoy [5]. Moreover, many of@; Output time, relative to the start time of;, at

the constraints in the formulation may be redundant, so graph- which the signal at the data output of lateh

based techniques proposed by Szymanski [12] can determine starts to propagate through the succeeding stages

the relevant constraints. Ishét al. [13] offer yet another of combinational logic.

efficient algorithm for verifying the cycle time of two-phase Apc: Setup time for latchi required between the data

latched systems. Burkat al. [14] express timing analysis in input and the trailing edge of the clock input.

terms of critical paths and support a min/max model of clock Apg: Maximum propagation delay of latetfrom the data

skew, though the model does not reflect correlations between input to the data output while the clock input is high.

clocks which reduce local skew. Finally, define the propagation delays between pairs of latches
A;; Maximum propagation delay through combinational

B. Timing Analysis Formulation logic between latchi and latchj. If there are no

The simplicity of the latch-based timing analysis formula- combinational paths from latetto latchj, A;; = —oco
tion from Sakallahet al. [4] stems from a careful choice of effectively eliminates the path from consideration by

time variables describing data inputs and outputs of the latches. ~ ensuring it will never be critical.

In this section, we consider only D-type latches with data itJsing these definitions, Sakallaét al. express constraints
data out, and clock terminals. Section V extends the modeldo the propagation of signals between latches and the setup
include other clocked elements such as flip-flops and dominb signals before the sampling edges of the latches. These
gates. constraints are given as equalities involving the max function.
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Setup time constraints require that a signal arrive at a latch — — — —tD—- — 1
some setup time before the sampling clock edge. Thus | ¢, i 3 |
a —
. . | S S ———— 1
The propagation constraints relate the departure, output, and | I
arrival times of latches. Data departs a latch input when thia y ! A 4
data arrives and the latch is transparent | ( Ad | : A6 :
Vi e L D; =max(0, 4;). (2 : D, : | D, |
The latch output becomes valid some latch propagatiop $rg — Ly i bsp Lg |
delay after data departs the input | | :
Yie L Q;=D;+Apg:. 3 || l
Finally, the arrival time at a latch is the latest of the possibld || |
arrival times from data leaving other latches and propagating Ds | 11 Dy |
through combinational logic to the latch of interest. Notice that 020 — Ls I ¢2p L, |
the phase shift operatd¢t must be added to translate betweenl ul |
relative times of the launching and receiving latch clocks. 4 |

ALU (clock domain a) Data Cache (clock domain b)
L |

Vi,j € L A =max(Q; + Ay + Spp, ) 4)

Observe that both?; and ; will always be nonnegative Fig- 2. Example circuit with clock domains.
guantities because a signal may not begin propagating through
a latch until t_he clock has rlsené_li is unrestricted in sign A clock Skew
because the input data may arrive before or after the latch ) ) o .
clock. Assuming that clock pulse widths are always greater . e have defined clock variables describing the nominal
than latch setup timeg pe; and eliminating the) and A timing relationships between various clocks. In a real circuit,
T

variables, we can rewrite these constraints exclusively in tenfi§ timing relationships may be slightly different due to
of signal departure times and the clock parameters. clock skew, which includes both systematic and random

L1. Setup Constraints: or time-v_arying components. CirCL_Jit design_e_rs can manage
systematic clock skews by appropriately partitioning logic be-
Vie L D;+Apci <Tp,. (5) tween clocked elements and may even intentionally introduce

skew to provide more time in a cycle for a critical path. Timing
analyzers also easily handle systematic skews by defining
Vi,j € L D; =max (0,max(D; + Apg; + Aji + Sp,»,)).  multiple clocks which include the predicted skew. However,
(6) random clock skew is a serious problem because a latch input
o ) _ must be ready by the earliest time a clocked element may
The minimum cycle time can be computed by solvingample, yet the latch output may not be valid until the latest
an optimization problem of minimizing’. subject to latch time the clocked element activates.
constraints L1 and L2. Often the designer is only interested inTg model clock skew, we use a large set of physical clock
whether a system can operate at a specified frequency, ralfighalsc, even when there are only a small number of distinct
than knowing the minimum possible cycle time. This simplgpgical clock phases. Conceptually, it is easy to envision a
timing verification problem can be solved more efficiently Wmﬂmique clock for each latch, but one can quickly group clocks

L2. Propagation Constraints:

relaxation algorithms [5], [14]. that have very small skew relative to each other into one clock
to reduce the number of clocks. For example, the system in
[ll. TIMING ANALYSIS WITH CLOCK SKEW Fig. 2 uses clock' = {¢p1a, P15, P24, P2s} Where ¢q, and

The formulation discussed in the previous section does nor are nominally identical but located in different parts of the
account for clock skew. Since clock skews are becomi§ip and subject to skew. Only a sméff}c% exists between
increasingly important, we now examine how to include skeglocks in the same domain, but the largéf’’’ may occur
in timing analysis. We first review a simple modification tdetween clocks in different domains. Systematic skews are
the setup constraints which account for a single clock skeagcounted for by defining multiple physical clocks so only
budget across the chip. Unfortunately, this is very pessimistiopredictable components of skew appear in the skew budgets.
because most clocked elements see much less than worst caer any two clocksp; and ¢;, the skew between particular
skew. Next we develop an exact analysis allowing for differeeges of the two clocks is the absolute value of the difference
skews between each pair of clocks. This leads to an exploskgtween the nominal and actual interarrival times measured at
in the number of timing constraints. By making a simpla@ny latches served by the clocks. For design purposes, it is
approximation of clock domains, we finally formulate thenost useful to know an upper bound on the skew between
problem in a way which is conservative, yet less pessimistiwo clocks tf,ijij, which is the maximum value of skew

than the single skew approach. between any two edges of the clocks. Notice that skew is the
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positive difference between the two clock positions, rather tharith one dimension per clock in the system. These times are
being plus or minus from a reference point. When using théill nominal, not including skew.
information in a design, we assume the worst: for maximum A¢  Arrival time, relative to the beginning of;, of a valid

delay (setup time) checks, that the receiving clock is skewed ~  data signal launched by cloeckand now at the input
early relative to the launching clock; and for minimum delay to latch i.

(hold time) checks, that the receiving clock is skewed late p¢  Departure time, relative to the beginning pf, at
relative to the launching clock. This model is more powerful which the signal launched by clock and available
than the min/max skew model of Burles al. [14] because it at the data input of latchstarts to propagate through

supports correlations and lower skew between nearby clocks the latch.

sharing part of the distribution network. If skews are not 14 setup constraints must budget the sk&fi, between
Kew

symmetrical around the nominal interarrival times, we Caf\e |aunching clock: and the sampling element controlled by
define skew as a range rather than an absolute value. D;
T

B. Single Skew Formulation VieLceC Dj+Apci+tili <T,. (8)

skew
The simplest and most conservative way to accommodate]-he arrival time at latch for a path launched by clock

clock skew in timing analysis is to use a single upper boungnenqs on the propagation delay and departure times from
on clock skew. Slubp|loose that We assume a worst case amyiby |atches for signals also launched by cleck

of clock skewt?,””*", may exist between any two clocked

elements on an integrated circuit. Such skew can be accoé,j € L,c € C A = max(Dj+Apg;+A;i+Sp,)- (9)
modated in the analysis by modifying the setup time constraint . o )

[5]. Data must setup before the falling edge of the clock, yet If a latch is transparent Whgn its input arrives, _data should
there may be skew between launching and receiving elemefigpart the latch at the same time it arrives and with respect to
such that the data was launched off a late clock edge aﬁ’i‘& same launching clock. If a Igtch is opaque when its input
is sampled on an early edge. Therefore, we must add cl®KVes, the path from the launching clock will never constr{;un
skew to the effective setup time. The propagation constraift®ing and a new path should be started departing at time

are unchanged because the logic delay between latche€§&: launched by the latch’s clock. Because of skew between

independent of skew. the launching and receiving clocks, the receiving latch may be
L1S. Setup Constraints with Single Skew: transparent even if the input arrives at a slightly negative time.

. tobal To model this effect, we allow departure times with respect to

Vie L Di+Apcititfe, STy (7) " a clock other than that which controls the latch to be negative,

) equal to the arrival times. Departure times with respect to the

C. Exact Skew Formulation latch’s own clock are strictly nonnegative. To achieve this, we

In a real clock distribution system, clock skews betweettefine an identity operatafy, 4, on a pair of clocksp; and
adjacent elements sharing a local clock generator are typicatty Which is the minimum departure time for a signal launched
much less than skews between widely separated elements.eone clock and received by the other: zer@if= ¢. and
can avoid budgeting global skew in all paths by considering tiegative infinity if the clocks are different.
actual launching and receiving elements and only budgetingThese setup and propagation constraints are summarized
the possible skew which exists between the elements. below. Notice that the number of constraints is proportional

Unfortunately, the transparency of latches makes thist@the number of distinct clocks in the system and: ismes
complex problem. Consider the setup time on a signal arriviggeater than the skewless formulation. Also, notice that the
at latch Ly in Fig. 2. How much skew must be budgeted igonstraints are orthogonal; there is no mixing of constraints
the setup time? The answer depends on the skew betw§em different launching clocks.
the clock which originally launched the signal apg,, the L1E. Setup Constraints with Exact Skew Analysis:
clock which is receiving the signal. For example, the signal . . e.pi
might have been Iauncﬁed froﬂ% on the rising gdge oe[m,g Vi€ Le€C Di+Apci+ti, <Ly  (10)
in which case global skew must be budgeted. On the otheJg  propagation Constraints with Exact Skew Analysis:
hand, the signal might have been launched frégon the
rising edge ofp,, . then propagated throughs and L, while  Vi,j € L,ce C
both latches were transparent. In such_a case, only_ I(_)cal skeyye — max (Ie,p s max(DS + Apg; + Aji + Spp)). (11)
must be budgeted because the launching and receiving clocks
are in the same local domain despite the fact that the signaAn example may help explain negative departure times.
propagated through transparent elements in a different dom&hensider a path launched frohg in Fig. 2 on the rising edge
We see that exact timing analysis with varying amounts of ¢1;: D§™ = 0. Let the cycle timeZ. be ten units, and
skew between elements must track not only the accumulatéf’*>* be one. Thereforep,, may transition up to one unit
delay to each element, but also the clock of the launchimdtime earlier or later than nominal, relative ¢g;, as shown
element. in Fig. 3. Also, suppose the latch propagation delay is zero, so

To track both accumulated delay and launching clock, we?“’ = A7-5.If A7 s less than four, the signal arrivesiat
can define a vector of arrival and departure times at each latbkefore the latch becomes transparent, even under worst case
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0 5 10 hij Level of the smallest clock domain containing clocks
! i andj, i.e., the minimumi s.t. ¢, > % .
16 /ll \ )I Skew hierarchies apply especially well to systems con-
1 5 I structed in a hierarchical fashion. For example, Fig. 4 illus-
D trates an H-tree clock distribution network. It attempts to
d2p //‘/ \ E i } } provide a two-phase clock consisting®f and¢, to the entire
' s 1 chip with zero skew. Although there are only two phases, the
1

system actually contains 16 clocks for the purpose of modeling
skew. All of the wire lengths in principle can be perfectly
matched, so it is ideally possible to achieve zero systematic
clock skew in the global distribution network. Even so, there
clock skew. IfA7 is between four and six units, correspondings some RC delay along the final clock wires. Also, process
to AZ* in the range of-1 to 1, the signal arrives dt; when and environmental variation in the delays of wires and buffers
the latch might be transparent, depending on the actual skgithe distribution network cause random clock skew. The
betweenp,, and¢s,. If A7 is between six and nine units, thegjock skews between various phases depend on the level of
signal arrives atl; when the latch is definitely transparentipeir common node in the H-tree. For exampbesy; and o
Since the signal may depart the latch at the same time a%,i,qy see a small amount of skew, caused by the final stage
arrives when the latch is transparent, the departure mﬁk—‘;‘ buffers and local routing. On the other had:,; and ¢1,,

may be physically as early as1. We allow the departure oy gpposite corners of the chip may experience much more
time to be arbitrarily negative; if it is more negative thafl, gkew. The boxes show how the clocks could be collected into
it will always be less critical than the path departibgon the 5 five-level skew hierarchy.

rising edge of¢y, because it will arrive beford.; becomes  The concept of skew hierarchies also applies to other distri-
transparent. Departure times must be nonnegative with respggtion systems. For example, in a grid-based clock system, as

1

Fig. 3. Clock waveforms including local skew.

to the clock controlling the latch; for exampl®7** > 0. used on the DEC Alpha 21164 [15], local skew is defined to
be the RC skew between elements in a pd@+adius, while
D. Clock Domain Formulation global skew is defined to be the RC skew between any clocked

The exact timing analysis formulation leads to an explosi()“arlements on the die. Global skev_v is 90 ps, Wh"e_ !ocal s_kew
OT:yonly 25 ps. Therefore, the chip could be partitioned into
I

in the number of constraints required for a system with mary °© . I
clocks; a system with clocks hask times as many constraints stinct 500xm blocks so that elements communicating within

as the single skew formulation. We would like to develop af'0Cks only see local skew, while elements communicating
approximate analysis which gives more accurate results tHAH{0SS blocks experience global skew.

the single skew formulation, yet has fewer constraints thanNOW that we have defined skew hierarchies and clock
the exact formulation. To do this, we will use the concepts GPmains, we return to the timing analysis approximation. The
skew hierarchies and clock domains [3]. problem of an excessive number of timing constraints occurs

We wish to take advantage of the fact that the skew betweldgcause we must track the launching clock of each path so that
nearby clocks is smaller than the skew between clocks y¢hen the path crosses to another clock domain, then returns to
opposite corners of the die without introducing a large numbiie original domain, only local skew must be budgeted at the
of constraints by tracking the precise launching clock datches in the original domain. An alternative is to only track
every path. We, therefore, define a skew hierarchy, whid¥hether a signal is still in the same domain as the launching
is a collection of sets of clocks in the system. The sets aq_.@ck or if it has ever crossed out of the local domain. In the
called clock domains. Each clock domaih ¢ C of the first case, we budget only local clock skew. In the second case,
hierarchy has an associated numidemhich is called the We always budget global clock skew, even if the path returns
level of the clock domain. A skew hierarchy haslevels, tO the original domain. This is conservative; for example, in
where level-1 clock domains are the smallest domains and #ig- 2, a path which starts in the arithmetic logic unit (ALU),
level n domain contains all the clocks of the system. Define then passes through the data cache while the cache latches
H = {1, --,n} to be the set of levels. Clock domains do no&re transparent and returns to the ALU would unnecessarily
partially overlap; in other words, for any pair of clock domaingudget global skew upon return to the ALU. However, it
either one is a subset of the other or the domains are disjointgreatly reduces the number of constraints, since we must only
one domain contains another, the larger domain has the higiiéek whether the path should budget global or local skew,
level. n = 1 corresponds to the single skew approximatiofgading to only twice as many constraints as the single skew
n = 2 is another interesting case, corresponding to a systégnmulation. In general, we can extend this approach to handle
with local and global skews. We define the following skew levels of hierarchical clock domains.
hierarchy variables. Again, we define multiple departure times, now referenced

t" . Upper bound on skew between two clocks in & the clock domain level of the signal rather than to the

level & clock domain. This quantity monotonicallylaunching clock.
increases withh. The top level domain experiences A Arrival time, relative to the beginning of;, of a valid
global skew:t?, == toiobe! data signal on a path which has crossed clock domains

skew skew *
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’ -———— —
o L O L O
Level 1 Level 2 Level 3 Level 4 Level 5
Clock Domain Clock Domain  Clock Domain  Clock Domain  Clock Domain

Fig. 4. H-tree clock distribution network.

at level h of the clock domain hierarchy and is now at.2D. Propagation Constraints with Clock Domain Analysis:
the input to latchi. . o

D! Departure time, relative to the beginningzgf at which th," €Ly € H ho = I?ax(hl’ fpip;)
the signal which has crossed clock domains at lével D;” = max(ly,, max (D;* + Apg; + Aji + Spp.))  (13)

of the clock domain hierarchy and is now available at L :
. Yet another option is to lump clocks into a modest number
the data input of latch starts to propagate through the b P

of local clock domains, then perform an exact analysis on

latch. o paths which cross clock domains. The number of constraints
When a path crosses clock domains, it is bumped up {9 sych an analysis is proportional to the number of local
budget the greater skew; in other words, the skew level at thgck domains, which is smaller than the number of physical
receiver is the maximum of the skew level of the launcheqycks required for exact analysis, but larger than the number
signal and the actual skew level between the clocks of t3ejevels of clock domains. Paths within a local domain always
departing and receiving latches. As usual, departure times Wifjget local skew. This hybrid approach avoids unnecessarily

respect to the latch’s own clock are strictly nonnegative Whil?udgeting global skew for paths which leave a local domain
departure times with respect to other clocks may be negatiyg return a receiver in the local domain.

Because we do not track the actual launching clock, but treat
all clocks within a level-1 clock domain the same, we require
that departure times from level-1 domains be nonnegative. To _ )
achieve this, we define an identity operafgron a level of L€t us return to the microprocessor example of Fig. 2
the skew hierarchy which is the minimum departure time for@ ilustrate applying timing analysis to systems with four
departure time at that level of the hierarchy: zero for departurg/@cks and a two-level skew hierarchy. We will enumerate the
with respect to level-1, and negative infinity for departurddMing constraints for each formulation, then solve them with
with respect to higher levels. a linear programming tqol to obtaln_mlnlmum cycle time. The
The setup and propagation constraints are listed belgfxample will illustrate time borrowmg, the |m_pact_ of global

Notice that the number of constraints is now proportional onr%]d local skews, and the conservative approximation made by
to the number of levels of the clock domain hierarchy, not tH8€ inéxact algorithms.

number of clocks or even the number of domains. For a systenUPPOSe the nominal clock and latch parameters are identi-
with two levels of clock domains, i.e., local and global, thi§@! t© those in the example of Section I, but that the system

. . . . i local __ H H
requires only twice as many constraints as the single Sk(g;@per!ence$s,%ual_ 1 of skew between clocks in a pa_lrt|cular
formulation. domain andt? = 3 of skew between clocks in different

skew
L1D. Setup Constraints with Clock Domain Analysis: domains. _ _
The timing constraints for each formulation were entered
into a linear programming system. Various valueg\dfto A7
Vie LLhe H DI+ Apci+t.. <T,.. (12) were selected to test the analysis. The values were all selected

IV. EXAMPLE
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TABLE |
EXAMPLES OF TIMING ANALYSIS RESULTS
Tc TC Tc
A | A5 | A6 | AT exact clock domains | single skew Notes
5 10 10 10 balanced logic
5 10 10 10 time borrowing
05 19512515 10.5 10.5 12.5 local skew limit
5 10.67 10.67 11 global skew limit
2 5 11 11 11 global skew limit
7 6 5 10 105 10.5 conservative result

so that a cycle time of ten units could be achieved in the camed departure constraints are written differently for flip-flops
of no skew. The examples illustrate well-balanced logic, timend latches.
borrowing between phases and across cycles, cycles limited byetup Constraints for Flip-Flops:
local and global skews, and a case in which the clock domain
analysis yields conservative results.

Table | shows the values of combinational logic delay and Setup Constraints for Latches:
cycle times achieved in each example. Bold data indicates
conservative results caused by inexact modeling. The clock Vie Lice C A{+ Apci + 55, < 1. (15)
domains results match the exact results in all cases but one . . )
in which a path started in the ALU, passed through the Departure Constraints for Flip-Flops:
cache while the latches were transparent, and returned to the Yic F DY =0. (16)
ALU. Only local skew must be budgeted on return, but the
clock domain analysis method conservatively budgeted globalNote that there is no departure constraint from clocks other
skew, leading to a pessimistic cycle time. The single skeijan the flop’s launching clock because flip-flops are not
formulation is conservative in three cases which used larj@nsparent.
amounts of time borrowing where only local skew actually Departure Constraints for Latches:
applied but global skew was unnecessarily budgeted. Vie Lice C Df =max(I.,,, AS) 17)

Vie F,ce C Af—i—ADCi—i-tpi’c <0 (14)

skew

V. EXTENSION TO FLIP-FLOPS AND DOMINO CIRCUITS These departure constraints capture the nonnegativity con-

So far, we have addressed the question of timing anal gltraint of the latch.
' Y ropagation Constraints for All Elements:

for transparent latches. Pulsed latches have identical cycle
time constraints as transparent latches and, therefore, are also VieLUZF,jeLuUVFceC

handled. Edge-tngg_ered f||p-f|0PS .are even simpler because AL > DS+ Apg; + Aji + Spo (18)
they do not allow time borrowing; therefore, the departure

time from a flip-flop is always with respect to the flip-flop’s Although this formulation has more variables than the
own clock. We can also extend the framework to handfermulations including only latches, it actually involves less
domino circuits, which may have the timing requirements @fomputation because the arrival times of latches are just
transparent latches or edge-triggered flip-flops, depending intermediate variables requiring no more computation and
the monotonicity of the inputs. The main change introduced because flip-flop analysis is simpler than latch analysis since
this section is to track both arrival and departure times, becauisee borrowing never occurs. Also note that we can use
inputs to edge-triggered devices must arrive some setup tithe same setup and departure constraints for flip-flops as for
before the edge and do not depart until after the edge. \feches if we substitutd; = 0 for flip-flop clocks.

present only the exact analysis; the formulation assuming clock

domains is very similar. B. Domino Gates

Domino gates can easily be extended to this framework.
When inputs to a domino gate are monotonically rising, they

For flip-flops, data must arrive before the rising edge ahay arrive after the gate has entered evaluation and the domino
the clock phase, rather than the falling edge. llét = gate may be modeled exactly as a latch. When the inputs to
{F1,Fs5,---, Fs} be the set of flip-flops. Data always departthe domino gate are nonmonotonic, they must arrive before the
the flop at the rising edge. We must, therefore, separately tragse has entered evaluation and the gate may be modeled as a
arrival and departure times and introduce a set of departdlip-flop for cycle-time calculations, with the additional caveat
constraints which relate arrival and departure times. The sethat the inputs must not change while the gate is evaluating;

A. Flip-flops
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i.e., the hold time is quite long. Hold times only appear if ~ For each latch i:

min-delay calculations and are discussed in the next sectign. Di=0; D™ =0; /™= P
Additional constraints are added to ensure precharge finishes in ’ v, ’ :
time, as described in Venkat al.[16] and Van Campenhoutt 3 Enqueue D,
al. [17]. In summary, one can label each domino gate inputas rFor each flip-flop i:
either monotonic or nonmonotonic model it as a latch or flip- P,
flop input, accordingly, with additional constraints to ensuré D=0
precharge is fast enough. 6 Enqueue D
r
VI. MIN-DELAY 7 While queue is not empty
c
Timing analyzers must not only compute long paths, b Dequeue D;

also short paths. Indeed, short paths are more serious becajise  ror ecach latch i in fanout of 7
a chip can operate at reduced clock frequency if paths are

4

longer than predicted, but will not operate at any frequency? A= Dj+Apgt A+ S,
if min-delay constraints are not met. Such min-delay analysis Tf (A>DS) AND A4+ t;lﬂ’“ >D;naX)
checks that data launched from one latch or flip-flop will not o,
propagate through logic so quickly as to violate the hold tim&? T A+ Apeit tgew > T))
of the next clocked element. Therefore, min-delay analysis; Report setup time violation
only must check from one element to its successor; this is
much easier than cycle time analysis in which a path may! Else
borrow time through many transparent latches. 15 D = 4; Enqueue D

To avoid min-delay failure, also known as “race-through” or max
“double-clocking,” data departing one element must encountéP It (4>D;)
enough delay that it does not violate the hold time of the; D™ = 4; =
next element. The earliest that data could possibly depart an _ o .
element is at time zero with respect to the element's locaf For each flip-flop i in fanout of j
clock; this earliest time is guaranteed to occur if the chip isg A= D;+ADQ1'+ Ayt S,
run at reduced frequency where no time borrowing occurs. e p; &
We define minimum propagation delays through the clocked IE A+ Apeit Lo > 0)
element and combinational logic. 21 Report setup time violation

Acp; Hold time for latchi required between the falling

edge of the clock input and the time data changes

again.

Minimum propagation delay of latchfrom the data €asier than setup time checks. Better estimates of the skew

input to the data output while the clock input is highbetween launching and receiving clocks makes guarantee-

8 Minimum propagation delay through combinationalng min-delay constraints easier. A conservative design may
logic between latch and latchj. If there are no assume a single worst case skew between all elements on
combinational paths from latetto latchy, 6;; = oc. the chip; this leads to excessive minimum propagation delay

Equation (19) describes this min-delay constraint betwe&pauirements between elements. By computing actual skews
adjacent latches and flip-flops. A circuit is safe from rac&etween each clock, smaller skews can be budgeted between

through if, for every consecutive pair of clocked elements, dagarby elements.
from the earlier element cannot arrive at the later element until
some hold time after the previous sampling edge of the later VII. A V ERIFICATION ALGORITHM

element. In t_he worst case, data departs.o'ne element at _timgzymanski and Shenoy present a relaxation algorithm for

3e:0 art:d arr;:/ ers] at lthe next ?jfter th; m|_n|mL|JrIn F?rOp_I‘:’?g""t'%rifying that timing constraints are met at a given cycle time
g_ay tdrot;Jg ht € Eemen;_?tn com |nat|otr)1a olgu_:. ime hsssuming no clock skew [5]. We extend the algorithm to handle

adjusted by the phase shift operator to be relative to tQf’oitrary skews between elements and prune unnecessary

receiver's clock. Data must not arrive at the receiver until nstraints, as shown in the pseudocode of Fig. 5. A key aspect
hold time after its sampling edge of the previous cycle; clockt yhe aigorithm is the introduction of extra variables for each
skew between the launching and receiving clocks effectively, ., pmax gndemax which track the latest departure from a

Increases t_he hold “F"e- As in Section V, we substifjte- 0 latch with respect to any launching clock so that other paths
for edge-triggered flip-flops through the latch can be pruned if they cannot be critical.
Vi,je L UF Let us first see how this algorithm handles latches, then
) . ] PP return to the simpler case of flip-flops. The algorithm initializes
00Qi + 8ji + Spip 2 Lt Bepi + iy = 1o (19) the departure times from each latch with respect to its own
Note that the number of constraints does not grow wittlock to be zero. It also initializes a variablg!*** to track
the number of clocks, so min-delay checks are fundamentathe latest departure time from the latch with respect to any

. 5. Timing verification algorithm.

OpQi
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d1a clock skew between the launching cloelof the path under
| consideration and the launching clogk®* of the path causing
- the latest departure time. If the path is not pruned, it is checked
% for setup time violations and added to the queue so that paths
- ¢2 G1c to subsequent latches can be checked. Also, if it is later than
L 1 | | the latest previously discovered departure time, it replaces the

5 Dla 5 previous time (Step 17).

o L - -l O Flip-flops are handled in a similar fashion, but only have a
1b m— I = departure time of zero with respect to their own clock because
I L3 D3 Ly no time borrowing takes place. As discussed in Section V,
g'? domino gates are analyzed either as latches or flip-flops,
53_" depending on the monotonicity of the inputs.

The algorithm is very similar to one which assumes no clock

I—2 skew, but may take longer because it may trace multiple paths

through the same latch. This occurs when paths originating
at different latches with skew between them all arrive at
a common latch at nearly the same time. Fortunately, as
clock and a variable to track the clock that launched that lates¢ shall see, real systems tend to have a relatively small
departure (Step 2). The algorithm then follows paths from eaobimber of critical paths passing through any given latch so
latch to its successors and computes the arrival time at tifie runtime is likely to increase by much less than the number
successors with respect to the launching clock (Step 10). of constraints. Setup time constraints are only checked as paths
A key idea of the algorithm is to prune paths which arrivare enqueued, so constraints involving pruned paths never need
early enough that they could not possibly be more critickh be checked. Timing analysis with clock domains is similar
than existing paths. To be potentially more critical and hente analysis with exact skew. The runtime may be somewhat
avoid pruning, an arrival time must satisfy two conditiongnproved because a hierarchy bflevels of clock domains
(Step 11). One is that the arrival time must be later than afust trace at mogst paths through any given latch. Of course,
other departure times with respect to the same clock. The otliee results are more conservative.
is that the arrival time must potentially be as critical as the So far, we have addressed the question of verifying that a
latest previously discovered departure time. If there were design meets a cycle time goal because this is the primary
clock skew or a single global skew budget everywhere, @uestion asked by designers. It is also straightforward to
arrival would only be more critical than the latest existingompute the minimum cycle time of a design using Sakallah’s
departure time if it actually were latert > D***. However, linear programming approach [4]. The constraints as presented
we allow different amounts of skew between different clocksre not quite linear because they involve the max function.

Fig. 6. Pruning of paths with different clock skews.

Fig. 6 shows how this complicates our pruning: The max function can be replaced by multiple inequalities,
Suppose that”;:*'= = 3, while t%}*:*' = 1. Suppose that transforming the constraints into linear inequalities while

the departure time fronks Di* on a path launched from, preserving the minimum cycle time. These inequalities can be

is two units and that we find a path arrives/at from L; at solved by linear programming techniques. The clock domain

time one unit. Can we prune this path? If the clock skews wel@mulation may be particularly relevant to linear program-

the same, we could because the path frbmarrives earlier ming because the number of constraints impacts runtime.

than the path fronl,. Because the clock skews are different,

however, data launched frofy, must arrive atL earlier than

data launched froni,. Therefore, the path fromk,; may also VIIl. REsULTS

be critical even though its departure time is earlier. To evaluate the costs and benefits of the exact formulation,
Clearly, if one path arrives at a latch more than the worgfe analyzed a timing model of the memory and general in-

case global clock skew before another, the early path canf@iconnect controller (MAGIC) of the FLASH supercomputer

possibly be critical and may be trimmed. We can prungs], implemented in a 0.6-CMOS process. MAGIC includes

more aggressively by computing the difference in clock skewéstwo-way superscalar RISC processing engine and several

between a pair of launching clocks and¢; and any possible |arge data buffers. We extracted a timing model from the

receiving clock,j;ffj standard delay format (SDF) data produced by LSI Logic
tools, then trimmed long paths such as those involving reset
t9507 = max(£50r —t5:57) Ve, € C. (20) or scan. After trimming, we found 1819 latches and 10559

flip-flops connected by 593153 combinational paths (Model
From this definition, we can show thai’;;fj < %% A). To obtain an entirely latch-based design, we replaced
Moreover, in a system budgeting a single global skew betweeach flip-flop with a pair of latches and divided the path
all clocks, t4;; is zero and negative departure times nevelelay between the two latches, obtaining a system with 22 937
occur, agreeing with the single skew formulation. latches (Model B). The chip was partitioned into ten units,
In general, Step 11 checks this criteria, pruning all patlesch a local clock domain. We assumed 500 ps of global skew

with arrival times before the latest departure by more than thetween domains and 250 ps of local skew within domains.
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TABLE 1

COMPARISON OF SINGLE AND EXACT SKEW FORMULATIONS tively increases the setup time of each latch. An exact analysis

allowing different amounts of skew between different elements

Model A Model B involves tracking the clock which launched each path so that
Single Skew | 9.43 ns 8.05 ns paths which leave a local skew domain and then return only
3866 departures | 24995 departures budget the local skew. Most practical systems use clocked
Exact Skew 1938 s 796 s glements besides Jt_Jst transparent or pulsed Igtches, so we also
incorporate edge-triggered flip-flops and domino gates into the
4009 departures | 25328 departures timing analysis formulation by separately tracking arrival and

departure times at each clocked element. In addition to verify-
ing cycle time, we check for min-delay violations, effectively

. . . , . increasing the hold time of each element by the potential
We applied the timing analysis algorithm of Section VI Qlock skew between launching and receiving elements. We

the _timing model. Table Il shows the minimum cycle t.ime§n dified the Szymanski—Shenoy timing analysis algorithm to
achievable and number of latch departures enqueued in e g

than Model A because latches allow the system to borrow timg er of clocks, we showed that a real design involved few
aﬁross chycleﬁ, solving some CI’IIIC(B)J ggths. fThe exr?ct analy§isyative departure times and thus required fewer than 4% more
shows that the system can run 50-90 ps faster than a singie.iong for an exact analysis. With the less conservative

skew analysis conservatively predicts. Each latch departuresk%w budgets enabled by better timing analysis, we expect

enqueued at least once when its departure time is 'n't'al'zedc'igcked systems will remain viable to extremely high operating

zero. Paths borrowing time enqueue later departure times. -Ifnﬁqeuencies.
exact analysis also enqueues more latch departures becaus
potentially critical paths from multiple launching clocks may

pass through a single latch. The exact analysis enqueues 143

more than the single skew analysis in Model A and 333 more ]
in Model B. These differences are less than 4% of the total Th€ authors would like to thank O. Olukotun, N. Shenoy,
number of departures, indicating that pruning makes the exdctAvidan, R. McGowen, and M. Greenstreet for fruitful
analysis only slightly more expensive than the single skeq\l,'s_cussmns about timing z_;maly5|s. The authors also than_k the
approximation. In all cases, the CPU time for analysis is undgfitor and anonymous reviewers for many helpful suggestions.

a second, much shorter than the time required to read the
timing model from disk.

These results indicate that the exact skew formulation works
well in practice because only a small fraction of paths requir¢l] P. Gronowski, W. Bowhill, R. Preston, M. Gowan, and R. Allmon,
time borrowing and because an even smaller fraction of paths ‘High-performance microprocessor desigdPEE J. Solid-State Cir-

. ; . . . cuits, vol. 33, pp. 676-686, May 1998.
involve negative departure times. In this particular problem; N. weste and K. EshraghiaRrinciples of CMOS VLSI Design Read-

no critical paths depart a clock domain and return to it, so ing, MA: Addison-Wesley, 1993, p. 351.

: : 3] A. Champernowne, L. Bushard, J. Rusterholtz, and J. Schomburg,
the clo_ck domain formulation would have found equally gopo{ “Latch-to-latch timing rules,” IEEE Trans. Comput.vol. 39, pp.
cycle times. However, the cost of the exact skew formulation 798-808, June 1990.
is low enough that no approximations are necessary. In dAl K. Sakallah, T. Mudge, and O. Olukotun, “Analysis and design of latch-

. . " controlled synch digital circuits|EEE Trans. Computer-Aided
aggressive system such as a full-custom microprocessor in B8 STETONOS GOl SRAISERE Trans. ComputerAlde

which a large number of paths narrowly meet timing, the€s] T. Szymanski and N. Shenoy, “Verifying clock schedules,”l@CAD

benefits of budgeting exact skews are likely to be more_ Dig. Tech. PapersNov. 1992, pp. 124-131. . )
N . 6% R. B. Hitchcock, “Timing verification and timing analysis program,
Slgr.'IIfI.CE.int because the_y a.HOW the designer to_ spend less effort iy 25 vears of Electronic Design AutomationPiscataway, NJ: IEEE
optimizing the paths within local clock domains. Press/ACM, 1988.
[7] J. Ousterhout, “A switch-level timing verifier for digital MOS VLSI,”
IEEE Trans. Computer-Aided Desigawol. CAD-4, pp. 336—349, July
IX. CONCLUSION 1985.
. . . . [8] N. Jouppi, “Timing verification and performance improvement of MOS
We expect that systems operating in the multi-GHz regime ~ vLSI designs,” Ph.D. dissertation, Stanford Univ., Stanford, CA, 1984.

will be unable to achieve acceptably low global clock skewd?l J. Rubinstein, P. Penfield, and M. Horowitz, “Signal delay in RC tree

. . - networks,” in IEEE Trans. Computer-Aided Desigmol. CAD-2, pp.
across the entire die. Instead of abandoning the synchronous 545 511 juiy 1983.

paradigm for a fully asynchronous design, designers will dit0] S.Ungerand C. Tan, “Clocking schemes for high-speed digital systems,”

i in i i i IEEE Trans. Comput.vol. C-35, pp. 880-895, Oct 1986.
vide the die into local clock domains Oﬁermg smaller amoun 1] T. Szymanski, “LEADOUT: A static timing analyzer for MOS circuits,”

of skew within each domain. Timing analyzers will nee in ICCAD-86 Dig. Tech. Papersl986, pp. 130-133. '
to recognize these domains and only budget the appropriétd » “Computing optimal clock schedules,” iRroc. 29th Design

Automation Conf1992, pp. 399-404.
amount of clock skew. o . [13] A. Ishii, C. Leiserson, and M. Papaefthymiou, “Optimizing two-phase,
We have extended the latch-based timing analysis formu- level-clocked circuitry,” inJ. ACM vol. 44, no. 1, pp. 148-199, Jan.

lation of Sakallahet al. to handle clock skew, particularly 1997.

. . 14] T. Burks, K. Sakallah, and T. Mudge, “Critical paths in circuits with
different amounts of clock skew between different elements: level-sensitive latches,1EEE Trans. VLS| Systvol. 3, no. 2, pp.

Allowing a single amount of clock skew everywhere effec-  273-291, June 1995.
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